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Abstract
In the last two decades, growing interest in extracellular vesicle (EVs) related research has been observed. EVs, a cell secreted vesicle, have been reported to be found in biological fluids such as saliva, plasma, urine, amniotic fluid, semen, follicular fluid and breast milk. They are believed to act as a messenger for cell to cell communication that contributes to a specific role in body function. The interesting fact about EVs are the cargoes that they carry which includes protein, miRNA, lipid, DNA and other RNA moieties. There is an increasing number of promising pieces of evidence relating EVs to the field of reproduction. However, the role of EVs in mediating embryo-maternal communication especially during trophoblast-endometrial interactions is still unclear. Furthermore, implantation failure has been reported to be contributing to 2/3 of the reproductive defect and this issue needs more attention to be able to improve the outcomes of the assisted reproductive technologies (ART). Therefore, this thesis is dedicated to investigate the role of EVs in mediating embryo-endometrial communication. 
Since research on EVs and embryo-maternal communication is a relatively new field to be explored, with the absence of a standard in vitro model of implantation, optimisation of the 3D in vitro model of embryo-maternal communication is required to further discover and understand the functional and molecular processes involved in the implantation process. Studies reported during the course of this thesis showed the effects of EVs biogenesis inhibition on trophoblast and endometrial cells and demonstrated their effect on trophoblast-endometrial binding/implantation rate. Further investigation of the EVs physical, biochemical and proteomic properties revealed significant differences in the EVs-derived from different cell culture systems. These findings suggest the importance of proper in vitro model design and cell selection to mimic the in vivo environment to further explore the role of EVs in embryo-maternal interaction. Breakdown in these processes of communication may lead to implantation failure and/or miscarriage. Hence, further elucidation of the molecular and cellular pathways in which EVs play a role are required for enhancement of diagnostic and therapeutic approaches in ART. 
As the impact of the pandemic, the present study was not able to be completed as planned however, within the limited time and resources available, a full description of all the experimental work conducted with exciting findings is presented in this thesis.  
This thesis is dedicated to
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“my MAK and my late BAPAK”
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Chapter 1: General Introduction
1.1 Fertility
Parenthood is the dream for many couples, unfortunately, since the 1970’s, reports have shown that global fertility rates are declining. These numbers decreased from 2010 to 2015 and are predicted to fall sharply from the existing numbers by 2050 (Vereinte Nationen, 2016). Infertility is described as the failure to achieve clinical pregnancy after 12 to 24 months of regular unprotected sexual intercourse in a fertile phase of the menstrual cycle (O’Flynn, 2014). Normally, 84% of women will conceive within 12 months, and 92% within 24 months of regular intercourse. Many factors are associated with infertility, and they are equal between male and female factors. Ray et al. reported that, there are 25%-35% of infertility cases identified in couples that showed normal results in all of the infertility standard investigations conducted, and this situation is known as unexpected infertility (Ray et al., 2012).
There are many reasons for the reduction in fertility rates worldwide. In developed and developing countries, demographic distribution, economic status including living standards, social and cultural influences are possibly to be associated with this condition (Lee et al., 2014, 2014). Failure to achieve this so-called natural process in life can be marked as abnormal, leading to physiological distress, poor quality of marital relationship and being labelled as barren by society (Ergin et al., 2018; Satheesan & Satyaranayana, 2018). Subsequently, this will affect women’s emotions (Jedrzejczak et al., 2004), and not forgetting its effects on men’s personality and self-esteem (Basar et al., 2018)(Lundberg et al., 2019). Recently research from a large population-based study disclosed that infertility among women is associated with risk of breast and gynaecological cancer 
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 indicating disturbances in normal physiological processes in life that may lead to other serious consequences in the body system.
Robert Edward, a physiologist started to study human fertilisation in the 1960’s. 18 years later, in 1978, the first ‘test tube baby’, Louise Brown was born (Steptoe & Edwards, 1978)in vitro fertilisation:(IVF)" . Since then, researchers have noticed the importance of in vitro fertilisation (IVF) and explored it with the intention to increase fertility rates. Over the last three decades, with the development of new technologies in Science and Technology, many studies have been conducted in an effort to improve the quality of IVF reaching maximum success rate in every attempt, unfortunately this has not been achieved (Consensus Group, 2020; Kupka et al., 2014; Stern et al., 2007). In the UK particularly, the average success rate for IVF treatment using fresh eggs is only about 28.2% in women aged <35 years old. An increase in age decreases the success rate of IVF to 10.6% (Abe et al., 2020; Ray et al., 2012). This may also be due to the impact of societal changes that have seen a shift in marital and family traditions to a focus on economic security and companionship. 
There is still no guarantee on the success of a planned IVF procedure despite the selection of the best embryo(s) (Sjöblom et al., 2006)
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. Embryonic factors contribute only one-third to the success of IVF procedure (Urman et al., 2005)
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, while two-thirds of the reasons are due to inadequate uterine receptivity that leads to implantation failure. Research has disclosed and highlighted the interactions that take place during the implantation process (Lédée-Bataille et al., 2002; Simón et al., 1998). Hence, in this introduction chapter of my thesis, I will try to elaborate on the theories and mechanisms behind the implantation process, and introduce the concept of communications between the embryo and the maternal endometrial cells, known as “Intercellular communication” that is the key leading to successful embryo-endometrial implantation. 
1.2 Implantation
Implantation is a crucial step in reproduction where a fertilized embryo or blastocyst (consisting of an inner cell mass in a fluid filled cavity known as blastocoel and enclosed by trophoblast cells, outside) (Solomon et al., 2018) embeds itself into the endometrial (which is composed of luminal and glandular epithelial cells, stroma with stromal ﬁbroblastic cells, immunocompetent cells and blood vessels) (Allen, 2008) during a specific window of implantation (WOI) XE "window of implantation:(WOI)" . It consists of three phases: the apposition, adhesion and invasion (Cross et al., 1994)(Hill, 2001). The blastocyst-endometrial ‘cross-talk’ involves a dynamic sequence of events, demanding a combination of signalling moderated by endocrine, paracrine and/or autocrine molecular regulators . Interestingly, during the past two decades, researchers have discovered a new wave in the sequence of the implantation process, which involves intercellular communication (Paria et al., 2002; Red-Horse et al., 2004)
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 that occurs during the phases of the implantation process between the blastocyst and the endometrial epithelial cells (EEC) XE "endometrial epithelial cells:(EEC)"  apart from the endocrine, paracrine and/or autocrine molecular regulators.
1.2.1 Stages in implantation
The first step in embryo-endometrial implantation is apposition. It is a step whereby a blastocyst makes a close contact with the endometrium at the correct orientation where the inner cell mass faces the endometrium (Hertig et al., 1959)(Aplin et al., 2001; Dharmaraj et al., 2014). During this phase, the surface of the EEC is covered by glycocalyx, with anti-adhesive properties that forms a gel like-layer, composed of heavily glycosylated mucin; MUC1, 4, 6 and 16 
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. This thick glycocalyx functions to protect the endometrial epithelial surface from infection and provide lubrication, however, it may act to deter the blastocyst implantation too. The glycocalyx will be selectively cleared by the presence of the blastocyst, resulting in exposure of the epithelial apical epitopes for further interaction with the trophoblast (Aplin et al., 2001). 
The sequence of events during the apposition to attachment phase of the implantation process is poorly understood. However, many studies speculate that there is a communication between the blastocyst and the EEC that causes huge alteration to the surrounding cells throughout this event. In mice, it has been reported that endometrial epithelial glycocalyx thinning was signalled by a tremendous decrease in MUC1 through down-regulation of its mRNA (DeSouza et al., 1998). In contrast, in women, during the WOI, the level of endometrial epithelial MUC1 has been reported to be increased suggesting differences in endometrial epithelial glycocalyx between species. The levels of MUC1 on the surface of the EEC not only increased during the WOI but also were up-regulated with the presence of an embryo during the proliferative to the secretory phase in endometrial tissue (Meseguer et al., 2001). Hence, the role of MUC1 is still controversial whether it acts as a true anti-adhesive molecule or as the first site of attachment for embryo to the apical endometrial epithelial surface. 
The removal of the glycocalyx from the surface of the EEC, enables the trophoblast to have a direct contact with the pinopodes (Thathiah et al., 2004). This is the beginning of the attachment phase of the implantation process. Pinopodes are the cytoplasmic projections that arise from the apical surface of the EEC (Murphy, 2000). It is presumed to be an ultra-structural marker of the endometrial receptivity (Nikas, 1999) that helps the blastocyst to be exposed to the EEC (Enders & Nelson, 1973). The presence of pinopodes was first observed in mice and rats (Vokaer & Leroy, 1962)(Johannisson & Nilsson, 1972). 10 years later, Johannisson and colleagues were the first to report the presence of pinopode-like structures in human endometrium . Pinopodes are progesterone dependent, and are inhibited by the presence of oestrogen (Stavreus-Evers et al., 2001)
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. The stable attachment between trophoblast cells and EEC was reported to occur on day six or seven of implantation indicating the beginning of the attachment phase of implantation of the conceptus (Wilcox et al., 1999a). Besides hormones such as progesterone and estrogen, there are several factors controlling blastocyst implantation to the EEC including cytokines, corticotropin releasing hormone (CRH) XE "corticotrophin releasing hormone:(CRH)" , integrins, and matrix metalloproteinases (MMP) XE "matrix metalloproteinases:(MMP)"  XE "matrix metalloproteinases:(MMP)"  (Minas et al., 2005). 
Studies in rodents revealed that the EEC at the attachment side undergoes apoptotic changes (Parr et al., 1987)
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. These apoptotic bodies are being phagocytosed by the trophoectoderm during epithelial invasion (Schlafke & Enders, 1975). Apart from embryonic implantation, apoptosis is a normal mechanism that occurs in gonadal function (Piquette et al., 1994), human endometrial physiology (Tabibzadeh, 1995)
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, peri-implantation embryo development (Jurisicova et al., 1995), and placenta formation (Welsh & Enders, 1993)
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. During the apposition phase, the presence of a blastocyst was reported to rescue EEC from the apoptotic pathway, by inducing apoptotic resistance in EEC as a preparation for the initial contact (attachment phase). However, when the blastocyst adheres to the EEC monolayer, it induces a paracrine apoptotic reaction induced by the embryo. This mechanism is mediated by the Fas±Fas ligand system. The Fas ligand (death ligand) is present in the trophoectoderm, while the receptor is located on the apical cell surface of the EEC (Galán et al., 2000). This evidence suggests that, both the trophoectoderm and EEC may be having the same molecular component that interacts as ligand-receptor and allows apoptosis to occur. 
Classic experiments showed that implantation of the mouse blastocyst to the surface of the endometrium at any stage of the oestrous cycle was successful when the EEC was damaged (Cowell, 1969). These proved that the EEC acts as a barrier to prevent blastocyst invasion through the endometrium. Indeed, in mice, the apoptosis mechanism was shown to be induced by the embryo itself under the autocrine/paracrine regulation mediated by Transformation Growth Factor-β (TGF-β) XE "Transformation Growth Factor-β:(TGF-β)"  XE "Transformation Growth Factor-β:(TGF-β)"  (Kamijo et al., 1998). Besides TGF-β, human chorionic gonadotropin (hCG) XE "human chorionic gonadotropin:(hCG)"  XE "human chorionic gonadotropin:(hCG)"  was thought to have a direct effect on the endometrium. It mediates cross talk between the embryo and the endometrium, through chorionic gonadotropin receptors that are present on the EEC (Srisuparp et al., 2003)
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. However, the correlation observed on the endometrial receptivity and the markers mentioned above to support their action on implantation are insignificant (Acosta et al., 2000)
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. Currently, interest has been diverted to cellular interaction between cells, suggesting possible gene expression changes leading to successful implantation. Cha and colleagues, in 2014 in their study on genetically altered mice revealed that implantation is controlled by a programme of epithelial gene expression (Cha et al., 2014).
A successful implantation is influenced by three factors including the embryo quality, the endometrial receptivity and the time of transfer (Diedrich et al., 2007). Time of transfer or the WOI, is predicted to occur between days 20 to 24 of a regular menstrual cycle (Psychoyos, 1973) and it varies between human and animal (Aplin & Kimber, 2004). During IVF, implantation is one of the most delicate and crucial moments for achieving a pregnancy. However, emerging research evidence suggests that exchange of signals takes place between the embryo and maternal endometrium that leads to attachment and further invasion of the embryo to the endometrium. Otherwise, implantation may fail due to rejection from the maternal site. 
It is also important to know that endometrial structural changes, which comprises three stages; the pre-receptive, receptive and resistant, occur simultaneously with the implantation process (Ringler & Strauss, 1990)(Campbell et al., 1995). It is mediated by the paracrine mediators and stimulated by maternal endocrine loops with the existence of a developing blastocyst. Concurrently, the blastocyst expresses a number of integrin subunits which may be crucial for the blastocyst proper development and adhesion to the uterine surface (Stavreus-Evers et al., 2001). Previously, we thought that implantation was mediated by progesterone alone . This notion changed when delayed implantation was observed in suckling mice suggesting the involvement of other mediators in implantation such as oestrogen (Mantalenakis & Ketchel, 1966)
(Simón et al., 1998; Young, 2013; Zhang et al., 2013)

 ADDIN EN.CITE . This evidence indicates that implantation is triggered directly by the endocrine regulators under the influence of ovarian steroid, (oestrogen and progesterone), and indirectly by the various growth factors and cytokines 


. 
There are a few methods developed to visualize the interaction of gametes and embryos with the maternal endometrium. These include in vivo models that represent the exact biological environment of a living organism and in vitro models that provide a simple, attractive and defined context, but sometimes may generate an unexpected result compared to in situ modelling (Weimar et al., 2013). In addition, there are in-silico models that mimic the natural development as seen in in vivo, in vitro and in situ modelling (Van Soom et al., 2010)
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. Reading of the literature shows an absence of clarification on the implantation process observed directly in vivo in humans. However, animal studies, primarily on rodents, sheep and primates, have provided some clues about the hormonal and morphological changes that might occur in women prior to and during implantation (Lee & DeMayo, 2004). Indeed, the three stages of endometrial development observed in animals (endometrial neutrality, receptivity and refractoriness) are also thought to occur in humans (Rogers, 1995).
1.3 The communication
Gametogenesis, fertilization, implantation and early embryo development are complex processes that are highly dependent on communication between two or more structures. For instance, in vivo, changes in the oviduct transcriptome and secretory proteome caused by sperm were observed. This modulation gives an encouraging microenvironment of the oviduct for the arrival of the embryo (Georgiou et al., 2007)
 ADDIN EN.CITE 


. Furthermore, differentiation in gene expression were reported in in vitro embryo-endometrial communication that had been studied using embryo co-culture, embryo culture with oviductal fluid and embryo culture with oviductal extracellular vesicles (EVs) (Maillo et al., 2016). It is clear that the cross-talk between the blastocyst and the endometrium takes place at that specific time, which is only during the WOI. Another issue to be considered is the existence of maternal immune surveillance during the WOI, and how the blastocyst confronts it (Mor et al., 2011).
Embryo-maternal communication involves long-range signals (including sex hormones) and/or short-range signalling molecules (Fazeli & Pewsey, 2008). The short-range signalling molecules in cell to cell maternal communications with gametes and embryos are of our interest. Compensatory effects that involve the actions of receptors and ligands exist in maternal-embryo communication. Pre-implantation embryos for instance, demonstrate receptors for insulin, IGFs, GH, EGF and cytokines while the supporting tissues of the oviduct and the uterus secrete the ligands (Guzeloglu-Kayisli et al., 2009)
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. Oviductal secretary proteomes are reported to be altered due to the presence of gametes in the oviduct. This alteration was identified using a combination of two-dimensional gel electrophoresis and liquid chromatography-tandem mass spectrometry (Seytanoglu et al., 2008)
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. There are a few other techniques used to compare gene expression profile from oviduct and preimplantation embryos including messenger RNA differential display (DDRT-PCR), suppression subtractive hybridization (SSH) and cDNA arrays (Almiñana & Fazeli, 2012). 
The advantage of studying maternal communication with gametes and embryos may help in tracking altered developmental potential associated with postnatal disease back to the periconceptional period. Throughout this discussion, we understand that implantation is triggered by specific dynamic signalling including the endocrine, paracrine and autocrine regulators. Yet, in each of the phases described, there is still some uncertainty to encourage our thinking to further explore the hidden science behind this “cross talk”. 
1.3.1 EVs and communication

For the past 3 decades, research had been focusing on the extracellular vesicles (EVs) XE "extracellular vesicles:(EVs)"  as one of the important mediators that are involved in information transfer and exchange, recognition and ability to interpret the “language” or communication between two cells (Cruz et al., 2018; Thakur et al., 2021). Meanwhile, research pertaining to EVs and its association between embryo and endometrium and its important role in intercellular communication are becoming a major field of interest that is increasingly being studied (Jiang & Li, 2021; Nakamura et al., 2020a). There are three mechanisms reported to be associated with intercellular communication; (i) contact-dependent signalling via membrane-bound signalling molecules (receptors) or gap junctions, (ii) short-range paracrine signalling via secreted soluble molecules, such as cytokines and chemokines, and (iii) long-range endocrine signalling via secreted hormones (Alberts, 2002). We can add to this the embryo-maternal communication mediated by EVs as illustrated in Figure 1.1.
EVs play important roles in cell to cell communications via cross-transferring of important signaling components (Ellen et al., 2009; Yáñez-Mó et al., 2015). For instance, EVs can carry and transmit mRNAs and miRNAs for promoting tumour growth (Boomgarden et al., 2020), which have been identified as the diagnostic biomarkers for lung cancer (He et al., 2021; Whittle et al., 2022), breast cancer (Lin et al., 2021; St-Denis-Bissonnette et al., 2022) and ovarian cancer (Li et al., 2021; Pink et al., 2022). The mRNAs found in smaller EVs (exosomes) can be transferred and translated to functional proteins after uptake by other cells (O’Brien et al., 2020). The RNA content in EVs varies depending on the cell type and cellular status from their parent cells, for performing cell to cell communications 
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Figure 1.1: Embryo-maternal communication during implantation. The transfer and exchange of information between embryo and maternal endometrium by the extracellular vesicles. 
1.4 Extracellular vesicles (EVs)
EVs were first discovered in 1946 as ‘pro-coagulant platelet-derived particles’ (Chargaff & West, 1946). However, the value of EVs was ignored as it was thought to be a trash from a cell that eliminates waste product to the extracellular space (Kalra et al., 2016). Advancement in scientific research for the past 4 decades revealed that EVs mediate intercellular communication between neighbouring cells and tissues, as well as more distant communication (Ronquist et al., 1978). Maternal communication with gametes and/or embryos is a complex and dynamic process yet to be fully discovered and understood. The presence and combination of various signalling and molecular pathways leads to a successful conversation between the embryo and maternal endometrium 
(Das & Kale, 2020; Massimiani et al., 2019; Raposo & Stoorvogel, 2013)
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. 
Generally, EVs are membrane-bound vesicles, size ranging from 20 to 1000nm in diameter, and surrounded by a lipid bilayer (Yáñez-Mó et al., 2015; Zaborowski et al., 2015). They are released by prokaryotic and eukaryotic cells to deliver signals to target cells and are found in biofluids including blood (Zhang et al., 2020), breast milk (O’Reilly et al., 2021), saliva (Iwai et al., 2016), amniotic fluid (Balbi et al., 2017) and urine (Lozano-Ramos et al., 2015)
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. Interestingly, EVs carry DNA, RNA including many small ncRNAs (sncRNAs) such as miRNA, small nucleolar RNA, Y RNA, mitochondrial RNA, and vault RNA. They also carry long ncRNA and mRNA (mostly fragmented), hundreds to thousands of different proteins, lipids and nucleic acids as their cargoes (Maas et al., 2017; Simpson et al., 2008; Subra et al., 2007).
EVs are classified into exosomes, microvesicles (MVs) XE "microvesicles:(MVs)"  and apoptotic bodies based on their biogenesis and release pathways, size, content, and function. EVs play a critical role in normal cell physiology by mediating intercellular communication between cells and tissues (Ellen et al., 2009; Yáñez-Mó et al., 2015; Zaborowski et al., 2015). It is proposed that they act as a novel mode of intercellular communication for both short- and long-range signalling events (Cossetti et al., 2014; Fazeli & Pewsey, 2008; Simons & Raposo, 2009)
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. Interestingly, EVs are also known to cross tissue barriers such as the blood brain barrier highlighting their potential as being a focus area for therapeutics development (Kauffman et al., 2021; Maas et al., 2017)
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. Thus, for EVs to functionally communicate with cells, different types of interactions may be involved. This could include the release of EV contents into the extracellular space, EVs binding to the cell surface, EVs plasma membrane fusion, and EVs uptake by endocytosis (Gurung et al., 2021)
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. Proteins are found on both the outside (the membrane protein in between the lipid bilayer of the plasma membrane) and inside (the intraluminal proteins as the cargoes) of EVs (Bebelman et al., 2018; Kalluri & LeBleu, 2020). These proteins are likely indicators of both biogenesis mechanisms and potential communicative functions. Thus, the ‘language’ of EVs is by its nature combinatorial, multifaceted, and contextually complex (Maas et al., 2017)
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. The key features of EVs are summarised in Table 1.1.
Table 1.1: Summary of key features of Extracellular vesicles (EVs) sub-classes

	EVs
	Exosomes
	
	Microvesicles (MVs)
	
	Apoptotic Bodies

	Origin
	Endo-lysosomal pathway; Multivesicular bodies fusing with cell membrane


	
	Cell surface; outward budding
	
	Cell surface; outward blebbing during apoptosis

	Size
	30 – 150nm


	
	100 – 1000nm
	
	800 – 5000nm

	Contents
	mRNA, miRNA, non-coding RNA, lipid, proteins (cytoplasmic and membrane)


	
	mRNA, miRNA, non-coding RNA, DNA, lipid,  proteins (cytoplasmic and membrane)


	
	Nuclear fractions, cell organelles 

	Enriched Markers
	Tetraspanins (CD63, CD9, CD81), ESCRT components (Alix), PDCD61P, TSG101, flotillin, and MFGE8 


	
	Integrins, selectins, and CD40 ligand
	
	Phosphatidylserine, thrombospondin,

C3b, VDAC1, and calreticulin.


1.4.1 EV subtypes, biogenesis and release
As mentioned earlier, EVs are classified into three subtypes according to their biogenesis and release pathways. However, since it is difficult to totally isolate and name EVs according to its biogenesis and release pathway generally due to overlaps in the size, International Society for Extracellular Vesicles (ISEV) XE "International Society for Extracellular Vesicles:(ISEV)"  recommended the usage of generic or operational term “extracellular vesicles” while referring to small vesicles (<~250 nm) (Théry et al., 2018). In this section however, we will briefly define the three subtypes of EVs for a better understanding of the mechanism behind EVs biogenesis, release and its size. 

1.4.1.1 Exosomes
Exosomes were the first types of EVs to be discovered while working on the maturation of reticulocytes (Harding et al., 1984; Pan et al., 1985)
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. Exosomes are categorised as small EVs (sEVs), size range between 30-150nm in diameter (Zaborowski et al., 2015) and appear as cup-like shapes under the transmission electron microscope (TEM) (Raposo & Stoorvogel, 2013). Basically exosomes are generated by endocytosis of plasma membrane forming inward budding of the late endosomes. Invagination of the endosomal membrane leads to the formation of intraluminal vesicles (ILVs) XE "intraluminal vesicles:(ILVs)" . Accumulation of ILVs in this late endosomal membrane or known as large multivesicular bodies (MVBs) XE "multivesicular bodies:(MVBs)"  will finally lead to release of exosomes outside the cells through the fusion of MVBs with the plasma membrane. Alternatively, MVBs may either merge with lysosomes, deteriorate their contents and recycle their protein, nucleotide, and lipid contents for other usage or fuse with the plasma membrane and release their contents (the ILVs) into the extracellular space (Cocucci & Meldolesi, 2015). 
Exosomes can also carry growth factors and other signalling molecules. Due to the fusion of MVBs with the lysosomes, the autocrine signalling is turned off. By contrast, both autocrine and paracrine signalling is promoted/activated due to the fusion of plasma membrane and MVBs that lead to the release of exosomes and their cargoes to the extracellular space and targeted cells (Hyenne et al., 2015; Ostrowski et al., 2010). On the other hand, the uptake of the exosomes by the receptor cells is an energy-dependent active process (Mulcahy et al., 2014). Basically, it is receptor mediated endocytosis in which exosomal membrane proteins and lipids, such as tetraspanins and phosphatidylserine, interact with the complementary molecules found on the plasma membranes of cells and are subsequently internalized (Escrevente et al., 2011; Morelli et al., 2004)
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. 
This evidences the multiple signalling events that occur simultaneously in intercellular communication. The molecular signals carried by exosomes and/or their uptake by target cells can be triggered i) through the direct interaction of a receptor with its ligand, ii) through adhesion molecules (i.e. integrins, ICAMs) which induce fusion and endocytosis, and iii) through the phagocytosis of opsonized exosomes (Whiteside, 2016). Exosomes have been reported to carry RNA, including mRNAs, miRNAs and some non-coding RNAs (Sato-Kuwabara et al., 2015). The biogenesis of exosomes are illustrated in Figure 1.2.
[image: image11.png]Q@ oo
Rough & Smooth
Endoplasmic reticulum

. Free-Ribosomes

§ Mitochondria
. Extracellular Vesicle

Extracellular Vesicles Cargoes

DNA

Intracellular Protein
Lipids

miRNAS

N

e mRNA
A

N

)

Blastocyst

Endometrial epithelial cells





Figure 1.2: Exosome biogenesis. Inward budding of late endosomes due to endocytosis of plasma membrane forms the multivesicular bodies (MVBs) with the presence of endosomal sorting complexes required for transportation (ESCRT). MVBs merge with lysosomes and deteriorate their contents or fused with plasma membranes and release their contents into the extracellular space.

1.4.1.1.1 MVBs biogenesis
The formation of MVBs and ILVs that leads to the formation and release of exosomes is a complicated process. It requires endosomal sorting complexes required for transportation (ESCRT) XE "endosomal sorting complexes required for transportation:(ESCRT)" , RABs, syndecan, ceramide and/or tetraspanin (Ha et al., 2016; Kim et al., 2018). The most frequently discussed pathway involves ESCRT subunits known as the ESCRT-dependent pathway
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. In the ESCRT-dependent pathway, there are four types of ESCRT (0, I, II and III) subunits and Vps4 complex, indicating that many proteins with different functions are involved in the formation of exosomes (Cocucci & Meldolesi, 2015).
Basically, the ESCRT mechanism is initiated in a stepwise manner starting with the recruitment of ESCRT-0 subunits on the surface of the endosomal membrane via ubiquitin-binding. Total complexes formed due to interaction of ESCRT-I and ESCRT-II complexes will then combine with ESCRT-III, promoting the endosomal membrane budding processes. Finally, Vps4, a sorting protein, is involved in the separation or cleavage of ESCRT-III from the MVB. Other proteins such as Alix, TSG101 and CHMP4 are also involved in these mechanisms. 
Interestingly, an ESCRT-independent pathway with the synthesis of ceramide and tetraspanin-mediated (CD9, CD63, CD81, and CD82) was described as an alternative pathway that together was involved in exosome formation (Andreu & Yáñez-Mó, 2014)
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. Exosomes are highly enriched in sphingomyelin, cholesterol, and ceramide. Ceramide induces vesicular curvature and budding. While tetraspanin are abundant in ILVs of the MVBs and in the exosomes. Tetraspanin-mediated organization involves a specific protein, amyloidogenic protein premelanosome protein (PMEL) XE "amyloidogenic protein premelanosome protein:(PMEL)"  (Kajimoto et al., 2013; Theos et al., 2006).

1.4.1.2 Microvesicles (MVs)
In 1991, Stein and Luzio discovered a vesicle with larger diameter, size range between 100–1000nm, shedding from the plasma membrane of stimulated neutrophils in an ectocytotic manner. They named them ectosomes (Stein & Luzio, 1991)(Raposo et al., 1996). There are also a few other names given by researchers describing ectosomes according to their visible character which is a vesicle budding out or released from the plasma membrane . These include shedding vesicles, MVs, exosome-like vesicles, nanoparticles, microparticles, and oncosomes (Cocucci & Meldolesi, 2015)
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The exact route of MVs formation is not well understood however it was reported to be initiated by nucleation at the plasma membrane. The transmembrane proteins such as tetraspanin, are clustered in discrete membrane domains that later promotes the outward membrane budding. Abundance of tetraspanins and other proteins may also act as a precursor that promotes sorting of other components at the domain (Kalra et al., 2016)
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. Proteins are accumulated in the lumen by the lipid anchors (myristoylation, palmitoylation) of proteins contributing to membrane curvature. Randomization of lipid distribution between the two faces of the plasma membrane is controlled by Ca2+-activated scramblases. Changes in the plasma membrane organization result in cleavage of the cytoskeleton, the cytoskeleton becomes loose. 

The cytosolic proteins and RNA molecules are then sorted to MVs. Mobilization to the plasma membrane of ESCRT-III is mediated by recruited TSG101, a member of the ESCRT-I complex. This promotes the assembly of a spiral. The disassembly of the spiral was mediated by the specific ATPase VPS4 by pulling its end. MMPs, glycoproteins, P-selectin, and integrins, seem to be enriched in MVs depending on its cell types although the exact molecular composition of MVs are unknown. The molecular composition of MVs is less defined although they have similar cargoes as the exosomes (Kalra et al., 2016; Mezouar et al., 2015; Mochizuki & Okada, 2007). The biogenesis of MVs is illustrated in Figure 1.3.
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Figure 1.3: Microvesicles (MVs) biogenesis. It is initiated by the nucleation at the plasma membrane that leads to outward membrane budding. With the presence of proteins for instance tetraspanins that promote other components sorting, ESCRT and other cargoes such as lipid changes the plasma membrane organization and resulted in the cleavage of the cytoskeleton forming the outward budding membrane, the MVs.

1.4.1.3 Apoptotic bodies (ABs)
Much earlier in 1972, Kerr and co-workers introduced apoptosis or programmed cell death forming the apoptotic bodies (ABs) XE "apoptotic bodies:(ABs)"  (Kerr et al., 1972)(Mathivanan et al., 2010; Taylor et al., 2008). ABs are heterogeneous vesicles that are known to be released from cells undergoing apoptotic cell clearance, particularly a wide range of size, from 800-5000nm 
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. Furthermore, the function of ABs is to ensure selective removal of aged, damaged, infected or aberrant cells from healthy tissues. Regardless of their names, the size range and/or how they are produced, the term EVs are applied to represent all these vesicles due to their similar functions and roles in intercellular communication. ABs function to transport and present cellular debris from intentional cell suicide to phagocytic cells for further dismantling and recycling of building-blocks (Elmore, 2007; Kerr et al., 1972). The diagrammatic features of apoptotic bodies are shown in Figure 1.4.
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Figure 1.4: Apoptotic Bodies (ABs) biogenesis. The condensation of the nuclear chromatin, membrane blebbing and disintegration of the cellular content into an enclosed vesicle form the ABs.

1.4.2 EV in Reproduction (EV maternal communication relation) 
EVs are known to trigger, maintain and be involved in the progression of reproductive pathologies. The interest in understanding EVs roles within male and female reproductive tract are increasing due to the speculated ability of this component to induce cell to cell communication as well as playing potential roles as biomarkers and substances that carry therapeutic agents to the targeted area.

1.4.2.1 EVs, its cargoes and male reproduction

Research on male reproduction and its association with EVs have contributed to numerous interesting findings showing well-characterized interaction and communication throughout the male reproductive tract especially related to epididymal and seminal fluid EV populations. EVs secreted by the epithelial cells of the epididymis are known as epididymosomes. Cargoes of the isolated epididymosomes vary between different segments of the epididymis. A further interesting fact about epididymosomes is, they contain adhesion molecules, such as tetraspanin and integrins that play important role in sperm maturation, by promoting sperm motility and deter premature acrosome reaction and capacitation and also exclusive role in fertilization (Machtinger et al., 2016; Sullivan & Saez, 2013). 
In addition, another type of well-characterized EVs is the prostasomes. It was first described by Ronquist et al. as a vesicle isolated from human semen. It is surrounded by lipoprotein membranes with size ranges from 30-500nm and contain proteins, lipids, and nucleic acids (Ronquist et al., 1978). Prostasomes have been associated with sperm maturation and function. Moreover, prostasomes have a role in the control of the sperm capacitation and acrosome activity preventing premature occurrence of these processes. During reproductive events, prostasomes have a role in protecting the sperm cells from female immune reaction and acidic environment of the female reproductive tract (Machtinger et al., 2016). The significance of this observation, however, remains to be determined.

1.4.2.2 EVs in female reproduction

1.4.2.2.1 Follicular fluid derived EVs
The role of EVs in female reproduction have been observed during folliculogenesis, oogenesis, fertilization, embryo quality assessment, embryo-endometrial implantation as well as in the diagnosis of reproductive disease state. EVs were found in follicular fluid (FF) XE "follicular fluid:(FF)"  of equine, bovine and human indicating potential communication between ovarian follicle and oocyte maturation (da Silveira et al., 2018; Santonocito et al., 2014; Sohel et al., 2013). Furthermore, fluorescent-labelled FF EVs were found in the granulosa and cumulus cells indicating EVs uptake activity during the follicular development (da Silveira et al., 2012; Hung et al., 2017). Interestingly, it is speculated that, the source of EVs in the FF may also be originated from other cells such as theca cells, oocytes and/or from the non-ovarian tissues origin too (Barraud-Lange et al., 2012; Matsuno et al., 2019). 

In bovine reproduction, during the early stage of the antral follicle growth, miRNA abundant EVs were isolated from the small follicles showing gene enrichment in cell proliferation pathways. In comparison, genes enriched in inflammatory response pathways were isolated from EV-miRNA rich in larger follicles during the late stages of antral follicle development. These findings indicate the possible functional changes occurring in the ovarian follicles are depending on the stage of the follicle development (Hung et al., 2017; Navakanitworakul et al., 2016). EV cargo such as the miRNAs secreted by the cells may add value in triggering the interaction between granulosa cells and oocytes besides its bidirectional essential communication in the presence of autocrine, paracrine, and endocrine signaling factors (Santonocito et al., 2014). 

On the other hand, in porcine reproduction, mRNA isolated from FF derived EVs shows enrichment in genes that are critical for follicular development and oocyte competence including genes annotated to metabolic pathways, PI3K-AKT and MAPK (Collado-Fernandez et al., 2012; Matsuno et al., 2019). Thus, studying FF derived EVs may assist in understanding the important role of certain biological process presence during the follicle and oocyte development thus may aid in diagnostic and therapeutic approaches to enhance in vitro oocyte maturation and embryo quality. To this extent, we are clear about the presence of EVs secreted from different types of cells during the follicle development and maturation in the female reproductive system especially FF derived EVs and its role in preparation of the gametes for a successful implantation. 
1.4.2.2.2 Oviductal fluid derived EVs
Fertilisation includes a series of events that take place in the oviduct/fallopian tube resulting in fusion of sperm with the oocyte membrane (Georgadaki et al., 2016). Fertilization has been reported to be improved by the presence of EVs produced by the oviductal epithelial cells. These EVs also have been shown to be involved in preventing polyspermy hence assisting in embryo development (Harris et al., 2020). Similar to other EVs, EVs released from oviductal epithelial cells carry miRNA, mRNAs, protein and lipid as cargoes that can be released and up taken by the recipient cells. The presence of EVs were noticed on the surface of fertilizing sperm as well as on the oocytes microvilli at the place where sperm attaches (Miyado et al., 2008). These findings indicate an early communication between oocytes and sperm in the oviduct mediated by either oviductal epithelial cells derived EVs or gametes derived EVs itself.  
In another example, in a cat for instance, incubation of in vitro culture of sperm with oviductal derived EVs showed an increase in the fertilization capacity (Ferraz et al., 2019). In addition, in pigs, polyspermy has been reported as the major constraint for a successful IVF procedure. However, significant increase in the rates of monospermy were observed after supplementation with oviductal derived EVs during the IVF procedure thus highlighting the potential role of oviductal cells derived EVs in prevention of polyspermy occurrence during the fertilization (Alcântara-Neto et al., 2020). CD109 a specific EVs marker was reported to be highly expressed in the EVs from porcine as well as bovine oviductal fluid (Almiñana et al., 2018). This marker can be used as a special characterization parameter of oviductal derived EVs in exploring the role of oviductal derived EVs in fertilisation. 

Interestingly, differences in the protein cargo were observed between the in vivo and in vitro derived oviductal EVs. For instance, the presence of the above-mentioned marker, CD109 antigen, was only observed in in vivo derived oviductal EVs. In contrast, lactadherin, a glycoprotein that is involved in adhesion and fertilization was reported to be present only in in vitro derived oviductal EVs (Sayedyahossein & Dagnino, 2013). The differences observed were inconsistent between studies, maybe due to cell culture systems thus affecting the comparison method of preimplantation embryo development between studies. However recently, the cellular architecture has been reported to influence the EVs properties. EVs released from in vitro 3D culture system of the oviductal epithelial cells were reported to resemblance the EVs secreted in vivo compared to the 2D monolayer derived oviductal epithelial cells EVs (Rocha et al., 2019; Thippabhotla et al., 2019). Lack of paracrine regulation in 2D in vitro settings was associated with the findings. Therefore, oviductal derived EVs seem to have a special role in ensuring optimum early embryo development leading to successful fertilization. 

1.4.2.2.3 Embryo derived EVs

Studies in bovine, porcine, murine, and human reported the secretion of EVs from zygotes, embryos at cleavage, morula, and/or during the blastocyst stages (Dissanayake et al., 2020; Giacomini et al., 2017; Melo-Baez et al., 2020; Saadeldin et al., 2014). In addition, EV-miRNAs have been reported to be isolated from blastocoel fluid (Battaglia et al., 2019). These embryo-derived EVs may be important to reflect the quality of the embryo, hence be used as a non-invasive biomarker in reproductive study (Tiwari et al., 2021). In bovine, the embryo quality can be determined via the size and concentration of the EVs released by the embryo (Dissanayake et al., 2020; Melo-Baez et al., 2020). In one study, fluorescent-labelled embryonic derived EVs were reported to be internalized by other embryos and also were found crossing the intact zona pelucida (Pavani et al., 2018). 


Furthermore, culture of single bovine embryo in EVs enriched medium revealed a significant increase in the blastocyst rates and decreased the apoptotic cells percentage compared to the non EV supplemented embryo (Pavani et al., 2018). Similar findings were also reported in mice (Lv et al., 2018). Moreover, in cattle, changes in the mRNA expression of metabolic and development related genes, blastocyst rates, and global DNA methylation, were observed by supplementation of pre-ovulatory follicles derived EVs to the culture media during oocyte maturation and early embryo development (Andrade et al., 2017; da Silveira et al., 2017). The known fact is, embryos release EVs. Besides the role of embryo derived EVs as biomarkers, these EVs also contribute following their autocrine or paracrine manners in the development of their co-cultured embryos (Katz-Jaffe et al., 2006; Saadeldin et al., 2014). For instance, culture of embryos in groups showed a better effectivity compared to single embryo culture (Pavani et al., 2018). 
Moreover, similar findings were reported in pigs where internalization of embryo-derived EVs were observed in other embryos that were cultured in the same culture media. Significant increase in the mRNA expression of pluripotency genes were also observed among blastocysts that were cultured in groups (Saadeldin et al., 2014). Indirectly, this finding indicates the EVs intercellular interaction between embryo to embryo, inner cell mass to trophoblast epithelial and the delivery route of the EVs cargo from the embryo or its surrounding cells such as cumulus cells to its target cells for better embryo development.  

1.4.2.2.4 Uterine derived EVs
EVs has been detected and isolated from the uterine lumen fluid or known as uterine flushing fluids (UF) XE "uterine flushing fluids:(UFs)"  in ovine (Burns et al., 2014), bovine (Kusama et al., 2018), mouse (Tan et al., 2020) and human (Vilella et al., 2015) during various stages of the oestrus/menstrual cycle as well as from the immortalized ovine uterine glandular epithelial cells (Racicot et al., 2012). CD9 and CD63, the EVs surface markers have been located on the apical surface of human endometrial epithelial cells (Ng et al., 2013). In terms of EVs cargoes, abundant small RNAs have been isolated from UF EVs that function in regulating trophectoderm development. In vitro, the presence of these RNAs has been detected in neighbourhood cells indicating cargo sharing and uptake activity between cells (Burns et al., 2014). Furthermore, EVs isolated from ewe’s UF at P15 and P17 (pregnant) were reported to be enriched in protein cargoes that were involved in embryo implantation such as interferon tau (IFNT) XE "interferon tau:(IFNT)" , macrophage-capping protein (CAPG) and aldo-keto reductase family 1, member B1 protein (AKR1B1) (Nakamura et al., 2016). 

In addition, in bovine, more than 1.5-fold changes of the differentially expressed protein were isolated from EVs treated endometrial epithelial cells during different phases of pregnancy P17, P20 and P22 (Kusama et al., 2018) indicating the positive changes in the uterine environment that enhance the conceptus attachment potential and further development. Indirectly, the involvement of hormones such as progesterone and oestradiol also have been reported to influence EVs secretion in humans (Greening et al., 2016). Also, in mouse, differences in the miRNAs expression were observed during the pre-receptive and receptive phase as well as during the time of implantation in endometrial derived EVs (Tan et al., 2020).  Importantly, this accumulating evidence helps in understanding the mechanism involved in EVs modulation that may affect the EVs cargo (protein, mRNA, and miRNA levels) such as the hormones status during the endometrial development. Furthermore, studying the day of pregnancy is crucial in acknowledging EVs’ role as possible biomarkers for the establishment and maintenance of pregnancy.
Proteomic analysis of human endometrial adenocarcinoma epithelial cell line (ECC1) XE "human endometrial adenocarcinoma epithelial cell line:(ECC1)"  derived EVs exhibited enrichment in pathways related to cell adhesion, embryo growth and development. (Gurung et al., 2020). In addition, recently, in vitro culture of primary human endometrial epithelial cells (pHEECs) derived EVs proteins were reported to be enriched in pathways related to endometrial receptivity, embryo implantation, and early embryo development. Identification of these proteins may be used as a non-invasive biomarker in determination of endometrial receptivity for successful implantation as well as a tool in development of therapeutics and innovative treatments in order to enhance pregnancy (Segura-Benítez et al., 2022). 
1.4.2.3 EVs in trophoblast-endometrial communication
The field of embryo–endometrial interaction remains largely unexplored, especially in humans due to the complexity of studying implantation, in vivo (Simons & Raposo, 2009). However, recently in vitro studies suggested the presence of two-way communication between the conceptus and the endometrium mediated by EVs where embryo derived EVs has been visualised in the epithelial and stroma cells of the endometrium and conversely (Blázquez et al., 2018; Burns et al., 2016; Greening et al., 2016). Furthermore, fluorescent dye labelled embryo-derived EVs have been reported to be visualized in the primary human endometrial cells. Therefore, effective interactivity between embryo and endometrium has been acknowledged as a key for a successful implantation. 
Numerous studies relating to EVs and implantation have been conducted in farm animals. In sheep for instance, internalization of EVs from uterine lumen flush by the trophectoderm cells of the ovine conceptus in vitro, was shown to decrease the cell proliferation rates of the trophectoderm (Bridi et al., 2020). On the other hand, in bovine, downregulation of endometrial epithelial cell transcripts associated with the immune system including cathepsin C (CTSC) XE "cathepsin C:(CTSC)"  and interleukin-6 (IL6) XE "interleukin-6:(IL6)"  were recorded through addition of UF-derived EVs at the time of implantation (Nakamura et al., 2019) thus allowing the attachment of the conceptus to the endometrium during the peri-implantation period on the epithelium. Furthermore, in mice, blastocyst survival rate was improved after being introduced to endometrial epithelial cells derived EVs enriched in let-7 g. Subsequently, transfer of this blastocyst to foster maternal uterus lead to successful development of the live pups (Liu et al., 2020) confirming the role of EVs in enhancing conceptus development.
In porcine, trophectoderm-cells derived EVs exhibited stimulatory effects potentially promoting angiogenesis in maternal endometrial cells. Moreover, in in vitro, internalization of human primary uterine epithelial cell-derived EVs by the human trophoblast cells functionally enhanced the adhesive capacity of the trophoblast cells through activation of the focal adhesion kinase (FAK) XE "focal adhesion kinase:(FAK)"  signaling pathway (Bidarimath et al., 2017). Similarly, in another study, proteomic analysis of trophoblast cells treated with endometrial cells derived EVs reported involvement of these proteins enriched in cell adhesion related pathways which is the main element for embryo implantation (Evans et al., 2019). Recently, combination of three methods of EVs characterisation including fluorescent labelling, CCK-8 and transwell migration assays reported the internalization of UF derived EVs in the trophoblast thus regulating cell proliferation and migration of the trophoblast cells (Hu et al., 2022).  
As briefly elaborated above, there are abundant studies investigating the role of EVs on embryo-endometrial communication. EVs mediated effect during the implantation process are multiple and it is exhibited in both trophoblast cells and the endometrial cells. EVs cargoes work in various ways, contributing to different mechanisms that occur simultaneously and trigger changes in embryo-endometrial reaction; however there still remain a number of unanswered questions. Most of the studies are shifting towards molecular changes of EVs mediated action focusing on the cargo effects on recipient cells however, the knowledge on earlier stages of implantation are still limited. Furthermore, the utilisation of suitable research models that enable comparison between studies are also required. EVs properties, characterisation, collection and isolation are also important factors to be considered to obtain reliable findings in studying EVs mediated embryo-endometrial communication during implantation.

1.4.3 EVs isolation
Separation of EVs from other particles, mixture of vesicles or contaminants present in the body fluid and conditioned culture media is one of the main challenges in EV research. Increasing number of studies demonstrating considerable techniques of EVs isolation, however many of which are still poorly standardized. The purpose of EVs isolation is merely to provide a prompt, effortless and efficient EV enrichment for further analysis and evaluation in a study. Generally, there are three common methods of EVs isolation suggested/developed such as density-based, size-based, and/or affinity-based EVs isolation (Brennan et al., 2020; Carnino et al., 2019; Liangsupree et al., 2021). 

Ultracentrifugation (UC) XE "Ultracentrifugation:(UC)"  is classified under density-based EVs isolation technique. It is the most widely used primary EVs isolation method in EVs research (around 81%) (Gardiner et al., 2016). The advantages of the UC method are; it is easy to be used with a high level of purity and, most importantly, it is suitable for large volume sample preparation. Despite the advantages, the limitations of UC methods of EVs isolation are it is time-consuming, tedious and requires expensive equipment besides the ability to form potential aggregation and incomplete separation of the EVs with other non-vesicles like component such as protein aggregates and lipoproteins (Li et al., 2017). The structure and biological function of EVs may also be affected due to the continuous and prolonged period of the UC operation forces (Van Deun et al., 2014).

In contrast to UC, another relatively well used centrifugation method in EVs isolation is differential centrifugation. The principle of this isolation technique is based on sedimentation velocity. It separates larger cells and cell debris at lower rotation speed from less complex samples such as cell culture media (usually under 20,000g) compared to UC centrifugation forces that can reach up to 200,000g (Théry et al., 2006). This isolation technique is one of the methods of choice because of the capacity to work with massive quantities of solution and isolate a considerable quantity of EVs at once. It also possesses broad application, economical, ease to perform and free from additional chemical input that may interfere EVs purity (Gardiner et al., 2016; Lucchetti et al., 2019). However, the latter method is not suitable for EVs isolation from viscous biological fluids such as plasma and serum.

From the survey conducted by Gardiner et al., 59% of the respondents utilized combination isolation techniques for EVs separation, and this combination of techniques was reported to be less applied with conditioned media samples (Gardiner et al., 2016). In Fazeli’s lab, despite the usage of conditioned culture media, I performed EVs isolation by applying a combination of several EVs isolation techniques including differential centrifugation, followed by filtration and size exclusion chromatography (SEC) XE "size exclusion chromatography:(SEC)" . Generally, the principles behind filtration and SEC are that it separates EVs based on their size (Tiwari et al., 2021). EVs isolation associated with a filtration method can be divided into tangential flow filtration, ultrafiltration and microfluidics (Davies et al., 2012). Filtration is a low equipment cost method performed with addition of the samples in a special tube with the presence of membrane such as polyethersulfone (PES) with selected pore size and small centrifugation force. In a study comparing the performance of several filters, a cellulose membrane filter with 10 kDa sized pores revealed the best recovery of EVs from plasma, urine as well as EV-spiked PBS (Vergauwen et al., 2017). The disadvantage of this method is, EVs may easily get blocked due to the vesicles clogging and trapping.

Whereas with SEC, heterogeneous population of EVs isolation is performed in the presence of a stationary phase column filled with a porous matrix, for instance Sepharose gel (Liangsupree et al., 2021). The principle of SEC is, larger sized particles will be allowed to elute first through the column followed by smaller sized particles that pass through the matrix beads and take longer time to elute from the column (Tiwari et al., 2021). SEC is a well-established technique for EVs isolation, where it separates EVs through passive gravity flow with the presence of physiological buffers, which indirectly protect and maintain the native state and integrity of the isolated EVs as well as the structure and its biological functions (Gámez-Valero et al., 2016). However, the weakness of SEC is, it produces a large volume of samples after elution requiring extra time and work in concentrating the samples (Zhang et al., 2021). 

Subsequently, the third method is affinity based EVs isolation. This method is among the popular methods of EVs isolation and was recently applied to isolate targeted subpopulation of EVs rather than “universal” EV isolations through interaction with EVs biochemical composition such as EVs surface antibody/protein, aptamer, metal oxides and lipid-based probe. Furthermore, through the electrostatic interactions, negatively charged EVs have been reported to allow capture of positively charged molecules. Due to these biophysical/chemical properties, other affinity based EVs isolations methods involving surface charge and hydrophilicity of the EVs were introduced (Zhang et al., 2021). The advantages of affinity based EVs isolation techniques are that it is a fast process, using simple instruments, easy to operate and high in specificity and selectivity (Liangsupree et al., 2021). In contrast, the disadvantages include the need of expensive or costly ligand for the assay, and the need of several optimization steps before the isolation. In addition, affinity based EVs isolation techniques may work efficiently in cell culture samples compared to biological fluid such as plasma due to multiple competitive binding sites thus resulting in low EVs yield (Tiwari et al., 2021). 
There are numerous EVs isolation methods developed for the removal of contaminating non-vesicular components in the biological sample and conditioned culture media (Gardiner et al., 2016; Lucchetti et al., 2019; Zhang et al., 2021). This is a crucial step needed before the analysis of EVs to minimize the presence of non-EV particles in order to investigate and study the role of EVs in cell to cell communication as well as biomarkers for therapeutic and drug delivery. Apart from the commonly applied techniques mentioned above, there are also a few other techniques introduced such as contact-free mode for EVs isolation, magnetic bead separation and separation based on precipitation; however these methods are rarely applied (Tiwari et al., 2021).  

Of all the listed isolation techniques, UC continues to be the top choice in the list despite some of its drawbacks (Royo et al., 2020). The selection of EVs isolation method is influenced by the types and volume of the samples (Stam et al., 2021). This is important to sustain/maintain the efficiency in the recovery of sufficient amounts of EVs. Different isolation techniques may also affect the findings of downstream analyses (Gardiner et al., 2016). Interestingly, combination of a few isolation techniques seems to be a trend and it works better in obtaining purified EVs (Liangsupree et al., 2021; Simon et al., 2020; Stam et al., 2021). Therefore, it is important to consider a few parameters before selecting the suitable EVs isolation methods depending on the objective and the direction of the study as recommended by ISEV. 
1.4.4 EVs characterization
EVs characterization is the fundamental method to distinguish EVs between varieties of EVs subpopulations. It is identification through physical properties, biochemical composition and/or via quantification of surface markers (Tiwari et al., 2021). There are abundant EVs characterisation methods available nowadays, however, most widely utilized techniques includes western blotting, single-particle tracking, and microscopy (Gardiner et al., 2016; Lucchetti et al., 2019; Royo et al., 2020; Tiwari et al., 2021). One EVs characterisation method is through the identification of the unique features of EVs, where it is surrounded by a specific plasma membrane protein, containing members of the tetraspanin family such as CD9, CD63, and CD81 (Andreu & Yáñez-Mó, 2014). 
Western blotting is one of the widely utilised conventional methods of EVs characterisation to detect the presence of these common EVs associated protein markers (Gardiner et al., 2016). Western blotting is not a quantification method of EVs characterisation however it functions more as a confirmatory method of efficient EVs isolation (Conde-Vancells et al., 2008; Lässer et al., 2012). Although, it is a tedious process and often results with insufficient detection of EVs protein markers, however, only thoroughly purified EVs samples are recommended to be analysed to avoid the analysis of the contaminants during the assay (Lucchetti et al., 2019). 

Microscopy usually is the method of choice to observe the morphology and size of the EVs. It is divided into two, namely, transmission electron microscopy (TEM) XE "transmission electron microscopy:(TEM)"  and cryo-electron microscopy (cryo-EM) XE "cryo-electron microscopy:(cryo-EM)" . TEM is used for direct imaging of EVs size, shape (morphology) and phenotype with the presence of electron beams producing a magnified image of the sample (Linares et al., 2017). EVs are described as a cup-shaped vesicle through observation under the TEM (Raposo et al., 1996). However, the limitation of TEM is, the electron beam radiation may cause damage to the biological samples, indirectly affect the EVs morphology and quality (Reimer, 1997; Szatanek et al., 2017). Therefore, cryo-EM was introduced for EVs analysis especially for biological samples. With cryo-EM, a direct visualization of densely-staining vesicular contents were observed on frozen EVs (Ramirez et al., 2018). On the other hand, previously, with the utilization of scanning electron microscopy (SEM) XE "scanning electron microscopy:(SEM)" , Gopal et al. reported a spherical structure with textured surface of EVs derived from oncogenic epithelial cells. SEM offers further morphological description of EVs by allowing three-dimensional imaging. However, the limitation of SEM is it may introduce some artifacts effect from chemical fixation and dehydration steps during the processing. More importantly, a specific expertise is required in handling the electron microscopy based EVs characterisation (Gopal et al., 2016).
Additionally, atomic force microscopy (AFM) XE "atomic force microscopy:(AFM)"  is another alternative method used for the analysis of size, distribution and quantity of EVs. AFM methods of EVs characterisation have been performed on saliva samples and conditioned cell mediums to observe the differences in physiochemical characters of these EVs in different conditions (Iwai et al., 2016). The advantage of the AFM technique is it enables measurement of EVs in the samples in their native conditions with reduced sample preparation. It also allows recording of real 3D images of surface topography with high resolution. However, some changes in the shape of the EVs may be observed due to the attachment of the sample to the atomically flat surface such as mica (Szatanek et al., 2017; Tiwari et al., 2021).  
Besides the microscopic method, EVs can be characterised by a single particle tracking method. These include several that were extensively used including nanoparticles tracking analysis (NTA) XE "nanoparticles tracking analysis:(NTA)" , dynamic light scattering (DLS) XE "dynamic light scattering:(DLS)"  and flow cytometry. NTA, the most commonly used EVs characterisation method measures the average size, mode value, size distribution and concentration of EVs based on Brownian motion of particles in a solution (Gardiner et al., 2013). The mean size of the particles was calculated based upon the Stokes-Einstein equation with the presence of a laser beam directed into the sample/solution. Most importantly NTA allows measurement of EVs/particle size ranging between 10nm to 2 µm. It is also a non-invasive technique with easy sample preparation steps in a short duration of time. However, the disadvantage of NTA is, it measures every single particle that displays Brownian motion thus is unable to distinguish an EV from other different particles. NTA also works with fluorescently labelled specific antibodies thus aiding in detection of antigens presence on EVs. Nevertheless, the critical parameters that have to be taken into consideration before the running of NTA are the sample preparation and the dilution factor especially when the sample volume is limited (Ramirez et al., 2018; Szatanek et al., 2017).  
In addition to NTA, EVs are also characterised using DLS. DLS EVs isolation technique, utilises similar principle of EVs characterisation as NTA by measuring the size distribution of EVs and their zeta potential as well, based on their Brownian motion in solution (Serrano-Pertierra et al., 2019; Szatanek et al., 2017). An interesting fact about DLS is, it can measure smaller sized particles (less than 10nm) to particles larger than a micron (Tiwari et al., 2021). Although the characterisation of EVs through DLS technique does not require specific expertise and is less time consuming compared to TEM, it is less accurate and are not the best technique to measure heterogeneous particles like EVs (Szatanek et al., 2017). 

Another innovative downstream assay method in EVs characterisation is flow cytometry. It is an attractive method of EVs characterisation used over the last two decades that measures small particles with the presence of light-scatter signals (Pospichalova et al., 2015). It allows simultaneous multi-parametric measures such as physicochemical properties of the EVs including the size of the EVs, the shape and the surface markers. More interestingly, it enables measurement up to thousands of particles per second hence labelled as a potent method that quantify, sort and purify particles in a solution, however this remains debatable (Szatanek et al., 2017). 
Growing interest in EVs research especially on EVs characterisation leads to evolution of this area beyond its physical characters and properties. Research is moving towards the characterisation of EVs content including EVs RNA, protein, lipids and other metabolites. A few methods such as microarray, quantitative reverse transcriptase-PCR (qRT-PCR) XE "quantitative reverse transcriptase-PCR:(qRT-PCR)" , bioinformatics analysis, proteomic, liquid Chromatography with tandem mass spectrometry (LM-MS/MS) XE "liquid Chromatography with tandem mass spectrometry:(LM-MS/MS)"  and metabolomics have been introduced however, the standardization between methods are still lacking (Ramirez et al., 2018). Hence, despite all the readily available methods of EVs characterization, there is a critical need for further exploration on the experimental aspect of EVs research as a platform to understand the intercellular communication in reproductive biology. 

1.5 The objectives of the study     
It is well established that embryo-endometrial implantation is a complicated event and its success is dependent on a few factors such as hormone regulation, cytokines, chemokines and growth factors.  To date, research has suggested the crucial contribution of EVs widely in the field of reproduction. Therefore, the main aim of this research project is to identify the role and the function of EVs in embryo-endometrial communication especially during the implantation process. I hypothesise that trophoblast-endometrial communication during implantation is mediated by EVs. 

To visualise and prove the overall hypothesis, I first aimed to establish a 3D in vitro model of implantation consisting of blastocyst and endometrial cells. JAr cells, the human choriocarcinoma cell line, was optimised to form solid, dense, oval shaped spheroids representing the blastocyst. In order to obtain these specific features of spheroids, I set a hypothesis that incubation time of the JAr cells on the shaker affects and contributes to the formation of the spheroids. Besides spheroid formation, endometrial adenocarcinoma cell lines, the RL95-2 cells, were also optimised in order to produce a good quality of monolayer representing the receptive endometrium. I hypothesized that the concentration of cells seeded affects the growth pattern and the growth duration of the RL95-2 monolayer. Further, in chapter 2, I aimed to established the 3D in vitro model of implantation by optimising the number of spheroids transferred onto the monolayer and the incubation time of the system to record the binding affinity of the JAr spheroids towards the RL95-2 monolayer. 

The important part here is regarding the culture media used to conduct the binding assay. FBS is one of the crucial components of the culture media but it is also a known source of EVs in the culture media. In chapter 3, to prove that EVs are mediating embryo-endometrial communication, some optimization steps on the nature of the culture media have been considered. Therefore, firstly I hypothesised that different types of culture media used as the medium of the assay affect the binding affinity of the JAr spheroids towards the RL95-2 monolayer. Next I aimed to introduce GW4869, an EVs biogenesis inhibitor and observe the effect produced by this inhibitor on the biogenesis of EVs from both of the cell types and its impact on implantation. The first aim of this chapter was to optimise the concentration of GW4869 that is safe to be used to inhibit the EVs biogenesis of both cells. The second aim of this chapter was to observe and measure the JAr spheroid RL95-2 binding affinity in the presence of GW4869.  I hypothesised that pre-inhibition of JAr spheroids and RL95-2 cells and addition of 20µM GW4869 during the binding assay inhibit the EVs biogenesis in both cells thus decrease the JAr spheroids and RL95-2 cells binding affinity. 

After inhibition, I continued the experiment further and aimed to introduce a therapeutic and diagnostic approach in this research that may be beneficial to the ART. With the idea that inhibition of EVs biogenesis affects the implantation therefore, is it possible for the inhibitory effect to be reversed? I introduced different concentrations of JAr and HEK EVs that may enhance the JAr spheroid’s RL95-2 binding affinity. I hypothesized that restoration of binding systems with reproductive origin EVs increase the trophoblast-endometrial binding affinity. 

In chapter 4, I aimed to characterize the EVs properties released from two different cell culture systems which are from the 2D JAr cells monolayer and 3D JAr cells spheroids in terms of its physical, morphological, biochemical and proteomic properties. I hypothesized that the EVs properties released from the 2D JAr cells monolayer and 3D JAr cells spheroids are different. 

My in vitro 3D model of implantation acts as a preliminary finding that shows the presence and involvement of EVs in implantation in normal reproductive settings.  In chapter 5, I divert our focus to a disease sample from recurrent early pregnancy loss (REPL) XE "recurrent early pregnancy loss:(REPL)"  patients and healthy control. In this study, I aimed to observe the differentially expressed gene and several pathways associated with this condition and the possible relation of it to EVs biogenesis, release and uptake. 

Eventually in chapter 6, I aimed to discuss the findings obtained from my study and summarised the potential usefulness of the obtained result in promoting the reproductive field in the near future. 
Chapter 2: Optimization and establishment of a 3D implantation model of human trophoblast and endometrial cells in vitro
2.1 Abstract
Introduction: Trophoblast-endometrial implantation is a remarkable orchestrated process that occurs in the female reproductive system with the attachment of an embryo on the surface of the endometrium. Studying implantation in vivo is unethical and mostly impossible. To study and understand the communication between embryo and maternal endometrium, a 3D in vitro model of implantation is needed. I hypothesized that the pairing of JAr cell spheroids and RL95-2 cell monolayer allows the formation of an excellent model of 3D in vitro of trophoblast-endometrial implantation. Aim: Therefore, I aimed to optimize and create a 3D in vitro model of embryo-endometrial implantation that will be the core model to be used throughout this research project. Methods: Spheroids mimicking the blastocyst were formed by culturing 3X105 JAr cells on the petri dishes, incubated at 37°C in 5% CO2 atmosphere on the gyratory shaker for 24, 48 and 72 hours. 2.4X106, 2.0X106 and 1.6X106 RL95-2 cells were seeded on a 12 well plate to form a monolayer of cells that mimic the receptive stage of endometrium. To create the optimum 3D in vitro model of implantation. 5, 15, 35 and 50 optimized spheroids were transferred onto the optimized RL95-2 monolayer, respectively and the incubation time was set to 30 minutes, 1, 2, 4 and 6 hours, respectively. Spheroid attachments were counted and the binding percentage were calculated. Results: 48 hours was the optimum incubation time for the formation of JAr spheroids while 2.4X106 was the optimum concentration of RL95-2 cells for formation of a monolayer. 35 spheroids transferred onto the monolayer and incubated for 1 hour is the optimum spheroids number and incubation time to create a 3D in vitro model of trophoblast-endometrial implantation. Conclusion: Optimization in the formation and functionality of the trophoblast and endometrial cells are crucial for the construction of a 3D in vitro model of trophoblast-endometrial implantation and was achieved in this work. 
2.2 Introduction
Trophoblast-endometrial implantation is a remarkable orchestrated process occurring in the female reproductive system with the attachment of an embryo on the surface of the endometrium. It is generally consisting of three steps, which are the apposition, attachment and invasion (Cross et al., 1994). The success of this process depends on the embryo competency and the endometrial receptivity (Diedrich et al., 2007; Simón et al., 2000). On top of that, the dialogue used as the medium of communication within the specific WOI between those two factors is still unclear and is at the area of interest that is yet to be discovered. 

Looking at the recent research approaches, the physiology and continuous molecular dialogue between the embryo and the mother, again, are of interest. A successful embryo-endometrial implantation is highly dependent on circulating factors such as hormones, cytokines, and chemokines (Hill, 2001). Current research paradigms are shifting the observation towards nanoparticles such as EVs and their cargoes (Burnett & Nowak, 2016; Desrochers et al., 2016). Furthermore, the genetic and epigenetic responses towards these circulating factors are also being investigated (Verma et al., 2015). It is fascinating to explore and understand the indistinct mechanisms underlying the early physical interaction between the embryo and the endometrium, where interference in this exchange contributes to impairment of the implantation process in particular.

It is impossible, impractical and unethical to study embryo-endometrial implantation in vivo. It is also challenging to study the initiation of embryo implantation within the WOI in vivo thus restricting interpretation of the molecular mechanism of the process (Weimar et al., 2013). Replacement with animal models such as rodents however exhibited inaccuracy in the findings (Kinnear et al., 2019). Moreover, the usage of primates may contribute to the extinction of these animals although they share 93% of their genes with humans (Enders, 1997). Furthermore, an in vivo model is unable despite thorough observation to completely generate understanding of the coordinated action exchanged between the embryo-expressed molecules and uterine signals during implantation. Hence, an in vitro model is the best option providing promising evidence that replicates or mimics the embryo-endometrial interactions in vivo (Weimar et al., 2013). It is crucial to create an in vitro model especially in reproductive research as a platform to provide a better understanding of the embryo-endometrial interaction. 
Currently, the presence of a considerable number of in vitro models for embryo-endometrial implantation research are of concern due to the uncertainty in their efficacy and functionality in answering specific research questions (el Azhar & Sonnen, 2021). The basic principle in creating an in vitro model for embryo-endometrial implantation involves the co-culturing of the endometrial cells with the trophoblast cells. Primary cell culture, immortalized cell lines or the combination of both cell types have been previously utilized as the potential source of cells for creation of in vitro embryo-endometrial implantation model (Vertrees et al., 2009; Weimar et al., 2013). The model created may only partially mimic the embryo-endometrial implantation process hence it has to be specific according to the objective of the study. For instance, an embryo cultured on a monolayer of uterine epithelial cells successfully attached and exhibited outgrowth but failed to invade through the monolayer due to lack of structural and molecular supports that are available in vivo (Tan et al., 2005).   
Utilization of in vitro primary cell culture contributes to a better understanding of the phenotype and physiology of the embryo-endometrial implantation. It is also a good option to study the molecular exchange during implantation such as protein expression comparisons (Hannan et al., 2010). Pre-implantation communication between endometrial cells and human embryos was first demonstrated in 1985 by Lindenberg and colleagues. This study basically established the early adhesion and implantation technique in vitro using human fertilised blastocysts (Lindenberg et al., 1985). Using an almost similar concept, an increase in blastocysts formation and implantation rates were observed in embryos obtained from women with implantation failure cultured on endometrial epithelial cell monolayers before transferring it to the uterus. Instead of direct transfer to the patients, the day 2 embryos obtained from IVF patients and patients undergoing ovum donations, respectively, were co-cultured with autologous human endometrial epithelial cells (AEEC) first until the formation of blastocyst was obtained and subsequently was transferred to the women’s endometrium (Simón et al., 1999).
In another study, an up-regulation of the expression of CXCR1, CXCR4 and CCR5, proteins that act as receptors for IL8 in the endometrial epithelial cells were observed in the presence of a blastocyst (Dominguez et al., 2003). Recently, endometrial explants pre-treated with drugs and hormones to study the cellular effects including the specific molecular markers expression and receptivity, in vitro, resulted in efficient attachment of the blastocysts co-cultured with the explants (Islam et al., 2017). All these previously conducted studies indirectly showed the different aspects of communication observed from primary cell culture of an embryo-endometrial implantation model. Even so, the quality of the embryo and the endometrial biopsy obtained from the ART clinic are questionable and may impact the findings. 

Additionally, and most importantly, there are ethical implications of obtaining embryos for research. It also may contribute to huge variation in the observations due to heterogeneity in the cell populations isolated from different donors. Furthermore, small number of cells from the biopsy, restricted ability to grow in culture and low cell passage number are some of the drawbacks in utilising primary cells for in vitro model of embryo-endometrial implantation (Miserocchi et al., 2017).  
Apart from offering an alternative to primary cells, building the in vitro implantation models using immortalized cell lines are economical, practical, limitless and most importantly circumvent the ethical concerns related to the utilization of animal and human tissues (Kaur & Dufour, 2012). Cell receptivity issues are overcome by selection of suitable cell types that have been previously reported upon. However, lack of effective and precise models to visualize the first contact made between the embryo and the endometrial epithelium limits our understanding on the molecular cascade of this event.  
2.2.1 Aim and objectives
Therefore, by considering all the gaps, advantages and limitations obtained from previous studies, the aim of this chapter is to create and develop a 3D in vitro model of trophoblast-endometrial implantation that mimics the attachment phase of the implantation process. Establishment of this model will enable further exploration and understanding of the possible cell to cell interactions that regulates normal and abnormal reproductive function. Furthermore, it may contribute to improving ART in mammals and humans. I hypothesized that the pairing of JAr cell spheroids and RL95-2 cell monolayer allows the formation of an excellent model of 3D in vitro of trophoblast-endometrial implantation.
2.3 Materials and Methods
2.3.1 General methods

2.3.1.1 Cell line
Two types of cells were being used in this study. The human choriocarcinoma trophoblast cell line (JAr) XE "Human choriocarcinoma trophoblast cell-line:(JAr)"  and the human endometrial adenosquamous carcinoma cell-line (RL95-2) XE "Human endometrial adenosquamous carcinoma cell-line:(RL95-2)" . JAr cells, derived from first trimester trophoblast cells, were acquired from American Type Culture Collection (ATCC) (Cat. No. HTB-144) and used to mimic trophoblast cells in vitro. RL95-2 obtained from ATCC (Cat. No. CRL-1671, Teddington, UK) are being used to represent the receptive endometrial cells in vitro. 
2.3.1.2 Culture media

Two types of culture media were being used in this study which are the Roswell Park Memorial Institute (RPMI-1640) XE "Roswell Park Memorial Institute:(RPMI-1640)"  and Dulbecco’s Modified Eagle’s Medium (DMEM) XE "Dulbecco’s Modified Eagles Medium:(DMEM)" . For the JAr cell, the culture media were further categorised to (i) Complete culture media which consists of RPMI-1640 culture media (Sigma, Cat. No. R0883) supplemented with 10% foetal bovine serum (FBS) XE "Foetal bovine serum:(FBS)"  (Sigma), 1% L-glutamine (Sigma) and 1% penicillin (100IU/ml) / streptomycin (100µg/ml) (Sigma-Aldrich, Poole, UK); (ii) EV-free culture media, which consists of RPMI-1640 culture media (Sigma, Cat. No. R0883) supplemented with 10% FBS (Sigma), 1% L-glutamine (Sigma) and 1% penicillin (100IU/ml) / streptomycin (100µg/ml) (Sigma-Aldrich, Poole, UK) and centrifuged at 10,000g for 10 minutes to deplete the EVs in the FBS and (iii) FBS-free culture media, which consists of RPMI-1640 culture media (Sigma, Cat. No. R0883) without any FBS and other supplementation. 

For the RL95-2 cell, the culture media used were (i) Complete culture media which consists of DMEM culture media (Sigma-Aldrich, Dorset, UK) supplemented with 10% FBS (Sigma), 1% L-glutamine (Sigma), 1% penicillin (100IU/ml) / streptomycin (100µg/ml) (Sigma-Aldrich, Poole, UK) and 5 µg/ml Insulin (human recombinant insulin; Gibco Invitrogen, Denmark); (ii) EV-free culture media consists of DMEM culture media (Sigma-Aldrich, Dorset, UK) supplemented with 10% FBS (Sigma), 1% L-glutamine (Sigma), 1% penicillin (100IU/ml) / streptomycin (100µg/ml) (Sigma-Aldrich, Poole, UK) and 5 µg/ml Insulin (Gibco Invitrogen, Denmark) and centrifuged at 10,000g for 10 minutes to deplete the EVs in the FBS and (iii) FBS-free culture media which consists of DMEM culture media (Sigma-Aldrich, Dorset, UK) without any FBS and other supplementation. 
2.3.1.3 Cell culture

JAr cells were cultured in T75 flasks (Greiner, bio-one) in complete RPMI-1640 culture media (Sigma, Cat. No. R0883) supplemented with 10% FBS (Sigma), 1% L-glutamine (Sigma) and 1% penicillin (100IU/ml) / streptomycin (100µg/ml) (Sigma-Aldrich, Poole, UK). JAr cells were grown at 37°C in 5% CO2 atmosphere until confluent. At confluence, cells were washed using Ca2+ and Mg2+ free Dulbecco’s phosphate-buffered saline (DPBS Sigma, Cat. No. D1408). The cells were then harvested using trypsin-EDTA (Sigma, Cat. No. T3924) and pelleted by centrifugation at 300g for 4 minutes.

RL95 cells were cultured in T75 flasks (Greiner, bio-one) in complete DMEM culture media (Sigma-Aldrich, Dorset, UK) supplemented with 10% FBS (Sigma), 1% L-glutamine (Sigma), 1% penicillin (100IU/ml) / streptomycin (100µg/ml) (Sigma-Aldrich, Poole, UK) and 5 µg/ml Insulin (human recombinant insulin; Gibco Invitrogen, Denmark). RL95 cells were grown at 37°C in 5% CO2 atmosphere until confluent. At confluence, cells were washed using Ca2+ and Mg2+ free DPBS (Sigma, Cat. No. D1408). The cells were then harvested using trypsin-EDTA (Sigma, Cat. No. T3924) and pelleted by centrifugation at 300g for 4 minutes.
2.3.2 Optimization of JAr spheroids formation
This optimization was done to create and select the best spheroids mimicking the trophoblast to be used in an in vitro experiment planned in this research work (experimental design 2.3.5.1).

2.3.2.1 Formation of JAr cells spheroids

JAr spheroids were formed according to the previous study with some modification (Grümmer et al., 1994; Hohn et al., 2000; John et al., 1993). After harvesting of the JAr cells and re-suspension of the pellet in 3mL complete RPMI-1640 culture media, 3X105 cells were counted with a haemocytometer and cultured in 60mm X 15mm petri dishes (CellStar tissue culture dishes, Greiner Bio-One, Stonehouse, UK) containing 5mL of complete RPMI-1640 culture media to generate the best multicellular spheroids (100-150µm in diameter) to be used in next assay. The cells were incubated in a humid atmosphere with 5% CO2 at 37°C on a gyratory shaker (IKA MTS 2/4, Staufen, Germany), set at 300rpm for 24 hours, 48 hours and 72 hours of incubation time. Approximately 3000 spheroids were obtained per petri dish.

2.3.2.2 Microscopic analysis

Spheroids formed and the spheroid counting was done by viewing it using the stereoscopic microscope (LEICA, MZ125, Newcastle upon Tyne, UK). 

2.3.3 Optimization of RL95-2 monolayer seeding in 12 well plate
This optimization was done to select the best concentration of RL95-2 cells for the formation of a monolayer mimicking the endometrium in vitro in the 12 well plate (experimental design 2.3.5.2).
2.3.3.1 Formation of RL95-2 cells monolayer

After harvesting of the RL95-2 cells and re-suspension of the pellet in 3mL complete DMEM culture media, 2.4X106, 2X106 and 1.6X106 cells were counted with a haemocytometer and added to three 50mL tubes (Greiner Bio-One, Stonehouse, UK) containing 12mL of complete DMEM culture media, respectively. 1mL of the cells with different concentrations were seeded in three 12 well plates, respectively. The cells were incubated in a humid atmosphere with 5% CO2 at 37°C until confluent.  

2.3.3.2 Microscopic analysis
Monolayer cells were viewed under the inverted routine microscope (NIKON Eclipse, TS100, UK) to observe the cell growth pattern in different time duration and confluency.
2.3.4 Optimization of 3D in vitro trophoblast endometrial implantation model

The experiment was continued to further create and optimise the 3D in vitro trophoblast endometrial implantation model using the optimised spheroids and endometrial monolayer. This process includes (i) optimization of spheroid concentration (number of spheroids) transferred onto the endometrial monolayer surface and (ii) selection of optimum incubation time of the 3D implantation model (experimental design 2.3.5.3). 

2.3.4.1 Formation of JAr spheroids

As described in 2.3.2.1.

Cells were incubated for 48 hours on a gyratory shaker. 

2.3.4.2 Formation of RL95-2 cells monolayer

As described in 2.3.3.1.

2.4X106 cells were counted and seeded in 12 well plates.
2.3.4.3 Co-incubation of JAr spheroids with RL95-2 cells monolayer with regards to number of spheroids transferred and incubation time

After 48 hours of incubation, only round, compact and nicely formed JAr spheroids size ranged between 100-150µm in diameter were chosen and gently transferred onto the upper surface of the confluent endometrial RL95-2 cells monolayer in 12 well plate culture dishes (Greiner, bio-one). The assay system was maintained with DMEM culture media and incubated according to the planned number of spheroids (spheroid concentration) and incubation time at 37°C in 5% CO2 atmosphere. Spheroids transferred were counted and recorded at the end of each incubation time. 

2.3.4.4 Removal of unattached JAr spheroids and counting attached JAr spheroids

Physical forces using an automatic horizontal shaker (Labman Automation LTD) which was set at 200rpm for 4 minutes were introduced to the spheroids to detach the loosely bound or unbound spheroids from the RL95-2 cells monolayer. Non-adherent spheroids were removed by flipping the 12 well plate culture dishes (Greiner, bio-one) roughly. Each well was filled with 1mL of Ca2+ and Mg2+ containing DPBS XE "Dulbecco’s phosphate-buffered saline:(DPBS)"  (Sigma) and the plate was introduced to the automatic horizontal shaker (Labman Automation LTD) set at 200rpm for another 4 minutes. 

The plate was then gently inverted to discard the PBS. Tightly bounded spheroids were counted under the stereoscopic microscope (LEICA, MZ125, Newcastle upon Tyne, UK) and the results were recorded and expressed as the percentage of spheroids attached from the total number of spheroids used to initiate the co-incubation experiments (adhesion percentage) and in some experiment as the total number of spheroids attached.

2.3.4.5 Microscopic analysis
JAr spheroids attached to the RL95-2 monolayer counting were done by viewing it using the stereoscopic microscope (LEICA, MZ125, Newcastle upon Tyne, UK).
2.3.4.6 Statistical Analysis

All the data obtained were tabulated in an excel file. Graphs were made in excel and statistical analysis were performed using SPSS statistic 26. Results were expressed as mean ± SEM. Statistical analysis was performed by using ANOVA and Tukey’s post-hoc test. *p < 0.05; **p<0.01 was considered significant.

2.3.5 Experimental Design

2.3.5.1 Study of optimum incubation time and culture media for JAr spheroids formation
This experiment was designed to determine the best incubation time and types of culture media to be used for JAr spheroid formation as outlined in Figure 2.1. JAr cells were cultured in complete RPMI-1640 culture media. At confluence, cells were washed using Ca2+ and Mg2+ free DPBS, harvested using trypsin-EDTA and then pelleted by centrifugation at 300g for 4 minutes. 
3X105 JAr cells were counted with a haemocytometer and cultured in 60mm X 15mm petri dishes containing 5mL of 4 different types of media; (i) Complete RPMI-1640 culture media, (ii) EV-free RPMI-1640 culture media, (iii) FBS-free RPMI-1640 culture media, and (iv) Ca2+ and Mg2+ free DPBS to generate the best multicellular spheroids sized between (100-150µm in diameter) from the JAr cells monolayer. 
The cells were incubated in a humid atmosphere with 5% CO2 at 37°C on a gyratory shaker, set at 300rpm. The size (diameter), the morphology (the shape and compactness) and the estimated number of the spheroids formed were observed under the stereoscopic microscope and photographed at 24 hours, 48 hours and 72 hours of incubation time. Experiments were performed in 3 replicates. 
[image: image14.jpg]



Figure 2.1: Experimental design for the optimization of culture media and incubation time for JAr spheroids formation. 
2.3.5.2 Study of optimum cells concentration for RL95-2 monolayer formation

This experiment was designed to determine the best concentration for RL95-2 monolayer formation as simplified in Figure 2.2. RL95-2 cells were cultured in complete DMEM culture media. At confluence, cells were washed using Ca2+ and Mg2+ free DPBS, harvested using trypsin-EDTA and then pelleted by centrifugation at 300g for 4 minutes. 
2.4X106, 2X106 and 1.6X106 RL95-2 cells were counted with a haemocytometer and seeded in 12 well plates containing 1mL of complete DMEM culture media, in each well, respectively. The cells were incubated in a humid atmosphere with 5% CO2 at 37°C. The growth pattern of the monolayer was observed under the microscope and were photographed. Experiments were performed in 3 replicates. 
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Figure 2.2: Experimental design for determination of optimum RL95-2 cells concentration in complete DMEM culture media. 
2.3.5.3 Determination of optimum spheroids concentration and incubation time for Trophoblast–endometrial binding assay in complete DMEM culture media
This experiment was designed to observe the trophoblast-endometrial binding affinity and to determine the optimal JAr spheroid concentration and incubation time required for trophoblast-endometrial binding affinity in complete DMEM culture media (Figure 2.3). JAr cells were cultured in complete RPMI-1640 culture media. At confluence, cells were washed using Ca2+ and Mg2+ free DPBS, harvested using trypsin-EDTA and then pelleted by centrifugation at 300g for 4 minutes.
3X105 JAr cells were counted with a haemocytometer and cultured in 60mm X 15mm petri dishes containing 5mL of complete RPMI-1640 culture media to generate multicellular spheroids sized between (100-150µm in diameter) from the JAr cells monolayer. The cells were incubated in a humid atmosphere with 5% CO2 at 37°C on a gyratory shaker, set at 300rpm for 48 hours of incubation time. 
RL95-2 cells were cultured in T75 flasks with complete DMEM culture media until confluent. Cells were then harvested using trypsin-EDTA and 2.4X106 RL95 cells were counted with a haemocytometer and seeded in 12 well plate culture dishes and incubated at 37°C in 5% CO2 atmosphere until it reaches 80-90% confluent.
The concentration (number of spheroids) of the JAr spheroids used for this assay were divided into four groups which consists of 5, 15, 35 and 50 spheroids. After 48 hours of incubation, only round, compact and nicely formed JAr spheroids were chosen and gently transferred onto the upper surface of the confluent endometrial RL95-2 cells monolayer in each of the 12 well plate culture dishes. The culture media during the assay was maintained with complete DMEM culture media. The co-cultures were incubated for 30 minutes, 1 hour, 2 hours, 4 hours and 6 hours respectively at 37°C in 5% CO2 atmosphere (Figure 2.4).
At the end of each incubation time, the spheroids transferred were observed under the stereoscopic microscope, counted and findings were recorded. Physical forces using an automatic horizontal shaker set at 200rpm for 4 minutes were introduced to the spheroids to detach the loosely bound or unbound spheroids from the RL95-2 cells monolayer. The non-adherent spheroids were removed by flipping the 12 well plate culture dishes roughly. Each well was filled with 1mL of Ca2+ and Mg2+ containing DPBS and introduced again to the automatic horizontal shaker set at 200rpm for 4 minutes. 
The plate was then inverted to discard the DPBS. Tightly bounded spheroids were counted under the stereoscopic microscope and the results were recorded and expressed as the percentage of spheroids attached from the total number of spheroids used to initiate the co-incubation experiments (adhesion percentage) and in some experiment as the total number of spheroids attached. The experiment was repeated in three biological replicates and nine technical replicates.
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Figure 2.3: Experimental design for determination of optimum spheroids concentration and incubation time for trophoblast–endometrial binding assay. 
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Figure 2.4: Diagrammatic representation of spheroid concentration transferred to 12 well plate RL95-2 cells over incubation time of 30min, 1 hour, 2 hours, 4 hours and 6 hours in complete DMEM culture media.
2.4 Results
2.4.1 Study on optimum incubation time and culture media for JAr spheroids formation

The morphology of the JAr cell spheroids formed in four different culture media and its incubation time were shown in Figure 2.5. In all of the culture media used for this experiment, (complete RPMI-1640, EV-free RPMI-1640, and FBS-free RPMI-1640 culture media), around 3000 spheroids were formed from 3X105 cells. At 24 hours of the incubation time, a mixture of round and irregular shaped spheroids, fragile in appearance and sized about 50-100µm in diameter were produced.
Prolongation of incubation time to 48 hours in all of the culture media still maintained the shape of the spheroids formed as a mixture of round and irregular shaped spheroids but with more compact morphological composition compared to the 24 hours of incubation time. There was an increment in the size of the spheroids formed, which ranged between 100-150µm in diameter. Unfortunately, additional incubation time up to 72 hours showed signs of deterioration of the spheroids formed. No spheroids were formed in the DPBS at incubation time of 24 hours, 48 hours and 72 hours. 
From this experiment, spheroids formed at 48 hours of incubation time were chosen as the best, well-formed spheroids that will be used for the next experiment, the binding assay. The result of the spheroid formation in different culture media is shown in Figure 2.5. 
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Figure 2.5: JAr spheroid morphology formed in different types of culture media and incubation time. Scale bar = 100µm and picture captured under X10 magnification. 3X105 cells were counted and cultured in 15mm X 60mm petri dishes containing 5 mL of complete, EV-free, FBS-free RPMI-1640 culture media and PBS respectively, to generate JAr multicellular spheroids.
2.4.2 Study of optimum cells concentration for RL95-2 monolayer formation
The growing pattern of the RL95-2 cells seeded in 12 well plates is shown in Figure 2.6. On day 1, single cells seeded in different concentrations were seen covering the well plate evenly (picture not shown). 

With supplementation of enriched DMEM culture media, all the cells with regards to its concentration start to grow from day 2 to day 5. Culture media were changed every two days. On day 6 of growth, cell with the highest concentration (2.4X106) reached almost 80-95% confluency followed by 70-80% confluency of the medium cell concentration (2.0X106) and 50-60% confluency of the lowest cell concentration (1.6X106). 

The cell’s growth starts to deteriorate on day 7 onwards. Dead cells can be seen floating on the culture media and the cells lose their characteristics. Only cells with the lowest concentration (1.6X106) did not reach confluency on day 8 of the growth but had died. 
Basically, from these findings we can see that the concentration of the RL95-2 cells is optimized and suitable to be used depending on the purpose and length of the experiment. Considering the growth pattern, rate and period, therefore for this experiment, I chose 2.4X106 as the optimum concentration of RL95-2 cells to be seeded in 12 well plates to create the endometrial monolayer that mimics the receptive stage of the endometrium. 
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Figure 2.6: RL95-2 cells monolayer seeded in different concentration in complete DMEM culture media and incubation time (days). Scale bar = 100µm and picture captured under X4 magnification. 2.4X106, 2.0X106 1.6X106 cells were counted and seeded in 12 well plates containing 1mL of complete DMEM culture media in a well respectively to obtain smooth monolayer of endometrial cells.
2.4.3 Determination of optimum spheroids concentration and incubation time for trophoblast–endometrial binding assay in complete DMEM culture media
The optimization of 3D in vitro trophoblast-endometrial implantation model is shown in Figure 2.7. Overall, this experiment shows that the number of spheroids added, and the incubation time affect the binding affinity of the system. The results obtained are shown in table below (Table 2.1).

The estimated maximum number of spheroids transferred using 10µL pipette were 5, 15, 35 and 50, respectively. However, it is difficult to fix the spheroid transfer number into each well, hence showing calculation of more than maximum attachment in 6 hours incubation time. 

In conclusion, 30 minutes incubation time seems to be too short to observe the optimum binding affinity of the JAr spheroids on the RL95-2 monolayer. The binding percentage was almost similar in 1, 2 and 4 hours of incubation time and became plateaued at 6 hours. Therefore, 35 spheroids and 1 hour incubation time were selected as the optimum spheroids number to be transferred and time of incubation for this experiment considering the convenience in transferring process, and ergonomics factors.  

Table 2.1: Number of spheroids attached and the binding percentage according to incubation time.
	
	Number of spheroids attached to the endometrial monolayer (Mean ±SEM)

	Incubation time
	5 spheroids
	15 spheroids
	35 spheroids
	50 spheroids

	30 minutes
	3.89±0.26
(77.8%)
	12.22±0.76
(81.5%)
	15.27.89±0.87
(43.6%)
	38.56±3.19
(77.12%)

	1 hour
	4.44±0.29
(88.8%)
	14.56±0.50
(97%)
	32.67±0.71
(93.3%)
	48.44±0.67
(96.9%)

	2 hours
	4.89±0.31
(97.8%)
	13.56±0.97
(90.4%)
	32.44±0.88
(92.7%)
	48.33±1.24
(96.7%)

	4 hours
	4.67±0.17
(93.4%)
	14.78±0.40
(98.5%)
	33.89±0.56
(96.8%)
	48.56±0.63
(97.%)

	6 hours
	6.22±0.40
(100%)
	15.33±0.29
(100%)
	35.33±0.50
(100%)
	49.67±0.50
(99.3%)
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Figure 2.7: Optimization of 3D in vitro embryo-endometrial implantation model. Graph showing JAr spheroid concentration over incubation time. Yellow bars showing number of JAr spheroids added and blue bars showing the number of JAr spheroids attached after 30 minutes, 1 hour, 2 hours, 4 hours and 6 hours of incubation time, respectively. JAr spheroids attached to RL95-2 cells in a time-dependent manner. Each bar indicates the (mean ± SEM) of the number of attached spheroids.
2.5 Discussion
A successful implantation is in need of a receptive endometrium, a good quality of embryo and the cross talk between these two components. These complex processes are also dependent on various growth and regulatory factors whose requirements and involvement in implantation are still incompletely understood (Diedrich et al., 2007; Evron et al., 2011; Simón et al., 2000). Without doubt, in vivo research is the most informative way to investigate and study human implantation however, due to ethical reasons mainly, the only choices left for investigation of human implantation process are animal models and in vitro studies using immortalized cell lines (Kinnear et al., 2019; Wang et al., 2012). Moreover, due to the variation of implantation process among different species, in vivo research using animal models is not very informative in regards to understanding the human implantation process (Lee & DeMayo, 2004). Therefore, there is a genuine need to establish in vitro models of human implantation using cell lines.  
2.5.1 The cell lines: Receptive endometrium 

Different cell lines have been used for mimicking the human endometrium in vitro. In trophoblast-endometrial functional study particularly, endometrial adenocarcinoma derived cell lines are the preferred choice (Hannan et al., 2010). In the late 1960’s, Kuramoto et al. discovered a human cell line, HEC-1, a non-receptive endometrial epithelial cell for research on implantation, despite having a low adhesive property (Kuramoto et al., 1972). Later in the 1980’s, Nishida et al. introduced the Ishikawa cell line that possesses a mixed glandular and luminal epithelium (Nishida et al., 1985) with apical adhesive properties to JAr cells, a trophoblast cell line 
(Lessey, 1998)
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. In addition, apart from primary endometrial epithelial cells, ECC-1 (Mo et al., 2006) and HES cell lines (Desai et al., 1994) that exhibit similar endometrial epithelial cells characteristics in vivo, RL95-2 is another model of receptive endometrial cells that has been reported to be highly adhesive to trophoblast cell lines 
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and mouse blastocysts (Hohn et al., 2000). Besides its adhesiveness to trophoblast cell lines, RL95-2 cell lines also exhibited a permanent and non-polar epithelial phenotype (Thie et al., 1995, 1996). Thus, compared to other available endometrial cell line models, RL95-2 cell lines imitate in vivo implantation environment and suitable to be used as an in vitro model of a receptive human endometrium (Dominguez et al., 2003; Hohn et al., 2000; Raboudi et al., 1992). 

2.5.2 The cell lines: Trophoblast cells

To mimic the trophoblast cells, some of the frequently used choriocarcinoma cell lines representing the trophoblast are the JAr, BeWo and Jeg-3 cell lines (Grümmer et al., 1990). The discovery of trophoblast cell lines started when Hertz et al. transplanted trophoblast cells from an autopsy of a cerebral metastasis of a choriocarcinoma into hamster’s cheek pouch and were maintained through 304 serial transfer for about 8 years (Pattillo & Gey, 1968; Wolfe, 2006)(Hertz, 1959)
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In terms of attachment, a few studies showed interesting findings on the interaction between RL95-2 and JAr cell lines (Harduf et al., 2007; Heneweer et al., 2005; Montazeri et al., 2016). For instance, in the study to observe the calcium influx in human uterine epithelium, it was shown that attachment of spheroids on the monolayer and/or movement of JAr spheroids across the RL95-2 monolayer increases the intracellular Ca2+ level compared to other endometrial cell lines such as HEC-1-A and AN3-CA 
(Tinel et al., 2000)
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. The selection of immortalized cell lines to be used in a specific experiment is dependent on the ability of those cells to provide functional outcomes derived from the interaction between them with independent variables tested. 
Although immortalized cell lines are easy to handle and grow, inexpensive, homogeneous, genetically identical, stable for longer passage and able to supply reproducible findings (Kaur & Dufour, 2012) compared to primary cells, immortalized cell lines also possess their own limitations. The major drawback of immortalized cell lines that has to be kept in mind, despite offering an alternative role to the primary cells is, immortalized cell lines do not fully represent the complex physiological behaviour or event that occurs in an in vivo environment. Hence, only marginal similarities were shown compared to the primary cells due to the genotypic and phenotypic variations caused by serial passaging of the immortalized cell lines (Carter & Shieh, 2010). 
Furthermore, it has been reported that immortalized cell lines lack key morphological or functional features that might not be able to induce relevant biomarkers thus the results obtained cannot be fully translated to humans. Long term continuous passaging of the cell lines may change the cell characteristics hence make it more different from those of a normal cell and they may be prone to contamination by other cells or microorganisms. Finally, it has been reported that, indefinite division of the immortalized cell lines may lead to expression of unique gene patterns which may not be found in any cell type in vivo, thus leading to a false positive interpretation of the experimental results or research observation (Capes-Davis et al., 2010; Geraghty et al., 2014; Kaur & Dufour, 2012). 
Although numbers of limitations of the usage of the immortalized cell lines have been listed above, nevertheless, in order to investigate basic biological processes of certain physiological and pathological conditions and to perform preliminary experiments, immortalized cell lines seem to offer a valuable model for research development. Immortalized cell lines have been used as powerful tools in drug metabolism testing and cytotoxicity. It should not be used to replace the primary cell, however, it may provide an insight into the biological processes of human cells before further exploration, investigation and confirmation of current preliminary observation using the primary cells (Kaur & Dufour, 2012). This will increase the translational significance and lead to production of relevant findings that is closer to human physiology. Therefore, in this preliminary experiment, the decision of using immortalized cell lines such as RL95-2 representing endometrial epithelium and JAr cells representing the trophoblast are the right choice of cells for the formation of an in vitro trophoblast-endometrial binding model.
2.5.3 Spheroids formation

Apart from the selection of the cell lines that are suitable to perform certain functional assays, the formation of spheroids mimicking the trophoblast cells is a crucial step in order to generate a perfect and successful binding between the trophoblast spheroids and the endometrial monolayer (Abou-Kheir et al., 2017). In the present study, a 3D model of an in vitro embryo was created. To the best of my knowledge, there are no specific guidelines reported in the literature for the formation of 3D spheroids using JAr cell lines. Hence, it is important to set a standard protocol of 3D spheroid formation for comparability in in vitro implantation research. There are several important parameters associated with spheroids formation such as the incubation time of the spheroids, the number of cells seeded, the speed of the shaker, and the types and coverage of the petri dishes or flasks used.
In the present study, after 48 hours of incubation of the JAr cells on the gyratory shaker at 300rpm, round, compact and irregular shaped spheroids were obtained with a size ranging between 100-150µm in diameter. In 1980’s, White et al. reported a loss of the spheroid shapes after 21 days of incubation, sized between 1000-1200µm due to the increase in central necrosis of the spheroids (White et al., 1988). These findings also showed an increase in the spheroid’s growth pattern over time. The ability of the spheroids to grow for 21 days compared to the present study was most probably due to the methods involved in the spheroid’s preparation. The spheroids were seeded into 500mL of Bello flasks with the presence of magnetic stir bars and incubated for a few days with different speed of the shaker from 110rpm to 190rpm. Other than that, the amount of culture media used for spheroid formation was doubled in the previous study, indicating much more diluted cells. In addition, the petri dishes were agar coated and this is maybe the reason why the spheroids did not attach to the petri dishes and continued to grow up to 21 days of incubation.
In another study, spheroid formation as described by John et al. resulted in production of uniformly shaped JAr spheroids size 492±12µm in diameter after 72 hours of incubation. The differences in spheroids formation between the previous and present study may be due to the differences in the shaker rotation speed (110rpm). Slow rotation speed of the shaker produces large uniformly shaped spheroids. Although petri dishes and the flask used may have the same round bottom, however, the diameter and its coverage may be different that contributes to the differences in the size and diameter of the spheroids produced in the present and previous study (John et al., 1993). From my observation, spheroids that formed after 72 hours showed the initial stages of degeneration and were not suitable for the binding assay. 

In another study of human trophoblast attachment, Wang et al. adapted the protocol of White et al. with some modification and obtained spheroids of 150–200μm size in diameter. This finding was similar to mine although the important parameters for spheroid formation such as the incubation time, the types of flasks used, the number of cells, the quantity of the culture media and the rotation/shaker speed was totally different from the present study. Optimization in the concentration of agarose produces spheroids sized 150-200μm that develop between 5 and 7 days of incubation at 110 rpm speed 
(Wang et al., 2012)

 ADDIN EN.CITE 


. In addition, Ucida et al. also generated spheroid sizes ranging 50-200μm after 24 hours of incubation in a shaker with a low level of shaker rotation speed (70rpm) 
(Uchida et al., 2012)
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. 

In the present study, spheroids that were formed at 24 hours of incubation time dissolved on the RL95-2 monolayer after 1 hour of the binding assay incubation time and caused difficulties in the counting process of the bound spheroids onto the RL95-2 monolayer. The spheroids formed were fragile and not stable enough for the assay. Although the formation of JAr spheroids may vary depending on the purpose of the study 
(Weimar et al., 2013)
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, in a study of trophoblast-endometrial implantation, a compact, round spheroid with size similar to the actual blastocysts are needed for in vitro research representing the in vivo environment.  

2.5.4 Culture media for spheroids formation

In the present study, I also observed the formation of JAr spheroids using different types of culture media. From this work, the complete enriched culture media seems to be the choice of media for the spheroid’s formation. To the best of my knowledge, no study reporting the association between JAr spheroid formation and types of culture media used for spheroid formation is available. However, EV-depleted culture media is increasingly used to replace complete media in certain studies (Es-Haghi et al., 2019; Godakumara et al., 2021). Therefore, I conducted this experiment to observe if culture media affected spheroid formation. Generally, there were no significant morphological changes on the spheroids formed by complete and EV-depleted media as observed through the inverted light microscope. However, considering the growth rate, and the molecular component of the cells with the intention to preserve the biology of the cell interaction, JAr spheroids formed in completely enriched culture media were chosen as the best culture media for the formation of good quality spheroids.
2.5.5 JAr spheroids RL95-2 co-incubation time

Besides spheroid’s morphology and the endometrial monolayer properties, co-incubation time of the spheroids and endometrial cells is another important parameter to be optimized in research related to trophoblast-endometrial attachment. As we know, trophoblast-endometrial implantation is a process involving many factors such as paracrine, endocrine, and autocrine modulators that occur concurrently (Bischof & Campana, 1997)(Hill, 2001)
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In the present study, although 30 minutes time of co-incubation of JAr spheroids with the endometrial cells promotes the choriocarcinoma spheroids and endometrial layer superficial attachment (John et al., 1993), a co-incubation time of 1 hour was the best time showing almost 80-90% of the JAr spheroids binding to RL95-2 cells monolayer. Morphologically, the spheroid structure remains round and compact on the surface of RL95-2 monolayer and countable. Exceeding 2 hours of incubation time, the binding percentage was almost 100% plateaued. In addition, the prolongation of this incubation time shows spheroid outgrowth and represents the initiation of an invasion phase in vivo. My main aim of this study is to observe all the interaction, mechanism and changes that occur in between the apposition and attachment phase of the implantation. Relating the incubation time in vitro to the estimated 4 days in in vivo environment, we may assume that there is some kind of interaction happening in this 1 hour of co-incubation time that promotes the JAr-RL95-2 binding affinity. 

John et al. performed binding assay of JAr spheroids on 3 types of endometrial cell (RL95-2, HEC-1A, KLE) for 24 hours. The pattern of binding was similar to the present study where co-culture of JAr spheroids to RL95-2 monolayer showed the highest percentage of the attachment using the complete media (83% attached at 1 hour) compared to the other two cell lines. The attachment was reported to be significant after 5 hours of co-incubation and reaching a plateau at 24 hours (John et al., 1993). John and colleagues also reported that at 5 hours of incubation the morphology of the JAr spheroids starts to intrude in between the RL95-2 epithelial cells confirming that 5 hours of co-incubation time is not the ideal period for the study of trophoblast-endometrium attachment. Therefore, under the condition of my laboratory and in particular for the study of apposition, attachment and binding, 1 hour of co-incubation time can be considered as the best, optimum time for incubation needed to observe the trophoblast-endometrial interaction and the effects that it produces.
The apposition, adhesion and invasion during the implantation process in normal reproductive physiology involves the exchange of diverse hormones and molecules substances in a two way manner between the embryo and the endometrium (Diedrich et al., 2007; Johannisson, 1991; Ochoa-Bernal & Fazleabas, 2020a; Sarani et al., 1999)(Kim & Kim, 2017)
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2.5.6 3D in vitro embryo-endometrial implantation model

As mentioned in the introduction notes in this chapter, the basic principle in creating an in vitro model for embryo-endometrial implantation involves the co-culturing of the endometrial cells with the trophoblast cells. Creation of this 3D in vitro embryo-endometrial implantation model must consider or include the physiological representations of the implantation environment such as the cell to cell and cell extracellular matrix (ECM) interactions, tissue specific architecture, immune modulation, and mechanical and chemical cues (Cui et al., 2017; Franasiak et al., 2021). In the present study, a scaffold free method of spheroid formation was utilized to create a 3D in vitro model representing the embryo by rotation of the cells on the gyratory shaker to form cell aggregates. It produces heterogeneous spheroids, sized between 150-200µm. There are also other methods that can be used for spheroids formation including forced floating (He et al., 2018), hanging drop (Oliveira et al., 2014), spinning flask (Kim, 2005), an agitation based method and matrix or hydrogel based (scaffold) (Hoarau-Véchot et al., 2018).
On the other hand, in the present study, RL95-2 cells representing the receptive endometrium were grown as a monolayer with the aim to study the attachment or the binding affinity of the 3D spheroids (embryo) on the epithelial surface of the endometrium. One of the factors that can be considered as the limitation of my study in creating a complex 3D in vitro embryo-endometrial model of implantation is the usage of the endometrial monolayer (2D) representing the receptive endometrium epithelium. Again, to achieve my preliminary objectives on further observing and exploring the event during the attachment phase of the embryo-endometrial communication, and as reported by few other studies that used the similar model, this model served the basic purpose of my study.

Creating a 3D in vitro model of embryo-endometrial implantation to mimic the in vivo environment is possible however it needs meticulous preparation involving a complex process. A fully developed 3D in vitro endometrial model consists of endometrial epithelial cells (EEC) and endometrial stroma cells (ESC) (Wang et al., 2012). Definitely, human primary cells obtained from the endometrial biopsies would be the best cells of choice in creating this 3D in vitro endometrial model, however, ethical concerns need to be adhered to in order to work with this kind of cell. In this project, the focus has been given to the stromal compartment as it is able to be well maintained in culture for a long period of time. In contrast, endometrial epithelial cells are normally limited in their yield and difficult to grow well in culture (Popovic & Chuva de Sousa Lopes, 2022). This is one of the main challenges encountered in using primary cells as the building blocks of the 3D in vitro endometrial model. 
Previously, Wang et al. created a 3D in vitro endometrial model by fully utilizing the immortalized cell lines. A 3D matrix consisting of the human endometrial stromal cell line (HESCs), agarose and other substances was created to form the stromal compartment of the endometrium. Whilst later, the endometrial epithelial cell line HEC-1A and/or Ishikawa cells were seeded on the top of the 3D matrix to form a monolayer. This model has been successfully used to study attachment rate of JAr spheroids on the 3D culture system. Moreover, the cell attachment is reported to be increased in the presence of HESCs, indicating the role of the stromal compartment of the endometrium in embryo-endometrial implantation activity (Wang et al., 2012).
In addition, there are several newly published works available as the reference for the formation of a 3D in vitro endometrial model. Most of these methods use endometrial primary cells. For instance, in 2005, Bläuer et al. created a 3D in vitro endometrial model by culturing the endometrial epithelial cells within a reconstituted extracellular matrix (Matrigel) as a glandular organoids in tissue culture inserts followed by growth of the stromal cells on plastic below the epithelial compartment (Bläuer et al., 2005). Similar hormonal responses to the in vivo environment were exhibited by the formation of these organoids (Wiwatpanit et al., 2020). The development in this 3D organoids system overcame the limited expansion of primary endometrial epithelial cells in the 2D culture. This scaffold-free model allows cells to self-organize, where compact endometrial stromal cells are surrounded by a layer of epithelial cells. 
Moreover, organoids consist of a mixture of epithelial cell types including proliferative, ciliated, unciliated, stem, and secretory. The presence of these cells allow manipulation of the organoids to hormone treatment in order to mimic certain phases of the menstrual cycle depending on the experimental need (Lou et al., 2022). The major issue about drawback of this model is the need for improvement in its ECM content. Currently, the main ECM in the organoids culture is Matrigel. Although Matrigel is practical in promoting organoid growth, it may not completely resemble the human endometrial niche (Lou et al., 2022). 
To overcome this limitation, recently, a scaffold based 3D in vitro endometrial model formation was introduced as the current and emerging technologies used in creating 3D human endometrial models for in vitro study. It incorporate the use of matrices such as polyethylene glycol (PEG) hydrogel and collagen scaffold, manipulated to mirror the in vivo endometrial ECM providing a promising avenue to replace Matrigel in 3D cultures of the endometrial cells (Abbas et al., 2020; Popovic & Chuva de Sousa Lopes, 2022). Finally, in my opinion, establishment of the 3D in vitro embryo-endometrial implantation model will contribute to a reliable research methodology that may better represent the in vivo environment. This will aid in future diagnostic and therapeutic development in the reproduction field. However, the initiation of preliminary research approaches and findings are currently needed to observe the potential changes in the system that will be a source to create a relevant model in the future.  
Chapter 3: Inhibition of extracellular vesicles biogenesis using GW4869 and its effects on human trophoblast cells attachment to endometrial cells in vitro
3.1 Abstract
Introduction: Embryo implantation involves intercellular communication triggered by signals exchanged between the embryo and the endometrium. This communication may be mediated by extracellular vesicles (EVs) which contain lipids, proteins, DNAs and RNAs. Inhibition of EVs biogenesis by GW4869; a neutral sphingomyelinase inhibitor may interfere with, or cause a breakdown of cell-cell communication, thus affecting embryo implantation. I hypothesized that inhibition of EVs biogenesis by using GW4869 reduces the JAr spheroid RL95-2 binding affinity. Aim: I aimed to investigate the role of GW4869 on EVs' biogenesis in both endometrial and trophoblast cells and its effect on embryo-endometrial communications. Methods: JAr cell spheroids representing the embryo and RL95-2 cells representing the receptive endometrium were both introduced to 5µM, 10µM, and 20µM GW4869 in 0.1% DMSO before and at the time of incubation for 1 hour, respectively. The conditioned media (CM) was collected, and EVs were isolated using size exclusion chromatography (SEC) and further used for nanoparticle tracking analysis (NTA). The possible toxicity of GW4869 and DMSO on the cells were examined using a cell viability/toxicity assay. For the binding assay, 35 JAr spheroids were incubated for 1 hour with a monolayer of RL95-2 in the presence of GW4869. The binding percentages were calculated, and statistical analyses carried out. Results: There was a reduction in the particle counts (EVs) in the GW4869 treated group compared to the control groups, however no significant reduction in cell viability was observed. The binding percentage in complete media group was 91.4±2.19%, FBS-free media group was 58.1±5.31%, FBs-free + 0.1% DMSO media group was 57.8±4.65% and the binding percentage in FBS-free + 20µM GW4869 in 0.1% DMSO media group was 33.7±3.02%. Restoration of the in vitro trophoblast-endometrial implantation model with JAr and HEK239-T cells EVs was unable to enhance the binding affinity. Conclusion: GW4869 inhibits the biogenesis of EVs without affecting the viability of the cells and significantly (ANOVA, p<0.01) reduced the trophoblast-endometrial binding affinity. This may suggest that EVs are involved in intercellular communication between mother and the baby at the early stages of the implantation.
3.2 Introduction

Besides a good quality embryo and a receptive stage of endometrium, successful trophoblast-endometrial communication leading to embryonic implantation is comprised of a series of events resulting from a complex reciprocal intercellular signal exchange, in vivo (Diedrich et al., 2007) that is influenced by the action of mediators such as hormones, cytokines and growth factors throughout the apposition, attachment and invasion steps of implantation (Doyle & Wang, 2019; Kim & Kim, 2017). In the tumour microenvironment for instance, such communication also applies where recruitment and reprogramming of neighboring cells occurs to maintain individual tumour cells growth (Zhang et al., 2021). In chapter two, the 3D in vitro trophoblast-endometrial implantation model was successfully optimized with further aim to explore embryo-endometrial communication especially during the apposition and attachment stage of the implantation process.
In recent years, extracellular vesicles (EVs), a cell secreted vesicle, made of lipid bio-membranes have been reported to play an important role in the physiological and pathological state of two-way cell to cell communication processes (Ellen et al., 2009; Yáñez-Mó et al., 2015). An interesting and biologically important fact about EVs is the ability of these vesicles to transport their cargoes such as DNA, RNA and protein that may affect the functional properties of the recipient cell such as the ability to alter gene expression profile (Kooijmans et al., 2021). Due to this fascinating fact and the need to explore and understand the biological mechanism and functional aspect of EVs and its roles, especially in cell to cell communication, as well as a promising source of biomarkers and/or as a drug delivery tools, an in vitro cell culture approach were introduced (Bowers et al., 2020; Herrmann et al., 2021).
The study of EVs and its role in the tumour microenvironment is well established (Boomgarden et al., 2020; Han et al., 2019; Tao & Guo, 2020). However, only recently, an increasing number of studies have been exploring the biochemical properties and molecular cargoes of EVs in the female reproductive tract, embryo and placenta (Machtinger et al., 2016; Simon et al., 2018). Indeed, tetraspanins, CD9 and CD63 positive EVs were first isolated from an endometrial epithelial cell line and uterine aspirates during the secretory phase from a fertile woman. Bioinformatic analysis of the endometrial EVs miRNAs shows enrichment in an embryo implantation biological pathway (Ng et al., 2013). 
In addition, a higher abundance of proteins involved in cell apoptosis were isolated from uterine fluid EVs during the pre-implantation stage. More interestingly, EVs isolated from the uterine fluid during the implantation stage were enriched in proteins involved in cell adhesion (Kusama et al., 2018). In an in vitro study, proteomic analysis of EVs isolated from the endometrial epithelial cells revealed enrichment in protein cargo associated with EVs biogenesis (Greening et al., 2016). Recently, proteomic analysis of EVs isolated from primary human epithelial endometrial cells revealed relevant biomarkers related to embryo implantation (Segura-Benítez et al., 2022).
In human pre-implantation embryos, CD-9 positive embryo-derived EVs have been observed throughout the zona pellucida (Vyas et al., 2019). EVs have also been detected in culture fluid of embryonic stem cells and in vitro cultured embryos (Desrochers et al., 2016; Vyas et al., 2019). Furthermore, EVs derived miRNAs from the embryonic trophectodermal cells were predicted to be involved in endometrial cell growth and proliferation (Dissanayake et al., 2020). Most importantly, a study evidenced the uptake of embryo-derived EVs by the endometrial epithelial cells in vitro (Giacomini et al., 2017). These findings indicated the presence of two-way communication between embryo and the endometrium, in vivo and highlighted the involvement of EVs in vitro in triggering a successful implantation event. Despite all those efforts taken in understanding EVs function by biochemical and molecular approaches, unfortunately, to date, full understanding of the role of EVs in embryo-maternal communication through the performance of its ability to control binding in a 3D in vitro model of trophoblast-endometrial implantation has not been achieved. 
As described earlier in chapter one, EVs biogenesis is divided into two possible routes, namely ESCRT dependent and ESCRT independent pathways (Abels & Breakefield, 2016; Teng & Fussenegger, 2021). I questioned, do both pathways equally contribute/function in EVs biogenesis? What are the potential consequences if one, or both, of the pathways were disrupted? Referring back to our interest in exploring the role of EVs in embryo-maternal communication, do EVs really mediate this communication? Does inhibition of EVs biogenesis affect the trophoblast-endometrial binding affinity thus resulting in an impact on embryo-maternal communication? What are the possible inhibitors available for EVs inhibition? How might they work? There are too many uncertainties regarding EVs inhibitors and embryo-maternal communication to be fully addressed yet there are no studies conducted to observe the effect of EVs inhibition on embryo-maternal communication. 
Inhibition of EVs biogenesis, release and uptake have been applied in cancer research to investigate the role of EVs in overcoming chemoresistance (Hayatudin et al., 2021) in tumour microenvironment (Tao & Guo, 2020) and as a novel treatment strategy in parasitic infection (Gavinho et al., 2020). There are an abundance of inhibitors identified whose functions target the biogenesis, release or uptake of the EVs (Catalano & O’Driscoll, 2020). The most frequently used EVs inhibitor is GW4869. GW4869 is a neutral sphingomyelinase inhibitor XE "Neutral sphingomyelinase inhibitor:GW4869"  that specifically inhibits EVs biogenesis through the ESCRT-independent pathway through an effect on the ceramide-mediated inward budding pathways of MVBs formation. It thus hinders the release of mature exosomes from MVBs (Shamseddine et al., 2015). GW4869 was first utilized to successfully inhibit exosome release in HEK293 cells (Kosaka et al., 2010). Inhibition of cardiomyocytes with GW4869 have been reported to improve cardiac function (Essandoh et al., 2015). Despite an increasing number of studies performed in recent years, the exact role of EVs in embryo-maternal communication remains under-investigated. Thus, I wondered, will inhibition of EVs biogenesis of the trophoblast and endometrial cells disrupt the embryo-maternal cell to cell communication therefore evidence the involvement of EVs in embryo-maternal communication during implantation?
3.2.1 Aim and objectives

Therefore, in this chapter, first, I aim to observe the role of EVs in mediating the trophoblast-endometrial communication leading to a successful implantation process. Subsequently, I determined the effect of GW4869, an EVs biogenesis inhibitor and its role in embryo-endometrial implantation. Finally, I explored the potential outcome of external EVs admission on inhibited trophoblast-endometrial binding performance. I hypothesize that EVs are involved in the trophoblast-endometrial binding activity thus inhibition of EVs biogenesis affects the trophoblast-endometrial binding percentage. 
3.3 Materials and Methods

3.3.1 General methods

3.3.1.1 Cell line 

As described in 2.3.1.1.

HEK239-T cell line, a non-reproductive cell line derived from Human Embryonic Kidney XE "A non-reproductive cell line derived from Human Embryonic Kidney:(HEK239-T)" , was acquired from American Type Culture Collection (ATCC) (Cat. No. CRL-3216) and used as a control to compare between the behaviour of reproductive and non-reproductive cell line derived EVs in this experiment.

3.3.1.2 Culture media

As described in 2.3.1.2. 

For HEK239-T cell, the culture media used were (i) Complete culture media which consists of RPMI-1640 culture media (Sigma, Cat. No. R0883) supplemented with 10% FBS (Sigma), 1% L-glutamine (Sigma), 1% sodium pyruvate (Lonza, Cat. No. BE13-115E) and 1% non-essential amino acid solution (MEM) (Sigma, Cat. No. RNBH8981) and (ii) FBS-free culture media, which consists of RPMI-1640 culture media (Sigma, Cat. No. R0883) without any FBS and other supplementation.                                                        
3.3.1.3 Cell culture

As described in 2.3.1.3.

HEK239-T cells were cultured in T75 flasks (Greiner, bio-one) in complete RPMI-1640 culture media (Sigma, Cat. No. R0883) supplemented with 10% FBS (Sigma), 1% L-glutamine (Sigma), 1% sodium pyruvate (Lonza, Cat. No. BE13-115E) and 1% non-essential amino acid solution (MEM) (Sigma, Cat. No. RNBH8981). HEK239-T cells were grown at 37°C in 5% CO2 atmosphere until confluent. At confluence, cells were washed using Ca2+ and Mg2+ free DPBS (Sigma, Cat. No. D1408). The cells were then harvested using 1 X trypsin-EDTA (Sigma, Cat. No. T3924) and pelleted by centrifugation at 300g for 4 minutes.

3.3.2 Determination of trophoblast–endometrial implantation activity in culture media containing different “concentration” of extracellular vesicles

My primary aim in this study is to observe the effect of EV biogenesis inhibition on attachment of trophoblast cells to endometrial cells. After the optimum 3D in vitro model of trophoblast-endometrial implantation had been created, the experiment was continued to determine the role of EVs in trophoblast-endometrial communication. However, before conducting the inhibition experiment, I optimized the trophoblast-endometrial binding assay experiment by introducing FBS-free culture media to first define the condition of the assay system. Cells secrete EVs and FBS is a well-known source of EVs in the culture media that can support the growth of cells in the 3D in vitro trophoblast-endometrial implantation model. Therefore, to determine the role of EVs in embryo-endometrial communication, I conducted an implantation experiment in the presence and absence of FBS to observe the role of EVs in trophoblast-endometrial implantation. 

3.3.2.1 Formation of JAr spheroids

As described in 2.3.4.1.

3.3.2.2 Formation of RL95-2 cells monolayer

As described in 2.3.4.2. 
3.3.2.3 Co-incubation of JAr spheroids with RL95-2 cells monolayer with different types of culture media

As described in 2.3.4.3.

This time, the co-culture system was maintained individually with three types of culture media, which are the complete DMEM culture media, EV-free DMEM culture media and FBS-free DMEM culture media. EV-free DMEM culture media was obtained by centrifugation as described in 2.3.1.2 (ii). The co-cultures were incubated according to the planned incubation time at 37°C in 5% CO2 atmosphere. Spheroids transferred were counted and recorded at the end of the incubation time. 
3.3.2.4 Removal of unattached JAr spheroids and counting attached JAr spheroids

As described in 2.3.4.4.

3.3.4.5 Microscopic analysis

As described in 2.3.4.5.

3.3.4.6 Statistical Analysis

As described in 2.3.4.6. 

**p<0.01 was considered significant.

3.3.3 Optimization and characterization of JAr, RL95-2 and HEK239-T cells EVs and protein concentration in 20 fractions 

Apart from an heterogeneous EVs population, conditioned media (CM) XE "conditioned media:(CM)"  are also enriched in growth factors, metabolites, and proteins from the media itself and released by the cells into the culture media. It is important to fractionate EVs to purify it from contamination of protein and lipoprotein. Therefore, I conducted an experiment to determine the fractions with the highest concentration of EVs and lowest concentration of protein in 20 fractions from 0.5mL of concentrated CM. 

3.3.3.1 JAr, RL95-2 and HEK239-T cells culture

As described in 2.3.1.3. 

1X106 JAr cells, 4X106 RL95-2 cells and 1X106 HEK-293T cells were incubated in a humid atmosphere with CO2 at 37°C in T75 flasks respectively. After reaching 75-85% confluency, cells were rinsed once with Mg2+ and Ca2+ containing DPBS to remove the excess FBS in the cell culture. 10mL of FBS-free RPMI and DMEM culture media were added to each of the flasks and incubated for another 24 hours.  

3.3.3.2 Extracellular vesicle isolation: Removal of cells and cell debris from conditioned media

After 24 hours of incubation, CM containing EVs released from JAr, RL95-2 and HEK-293T cell lines cultured in the FBS-free culture media were collected. Differential centrifugation was performed at 400g for 10 minutes at 4°C to discard the epithelial cell pellet. Then, the supernatant was centrifuged at 4,000g for 10 minutes at 4°C to discard the pellet containing dead cells. Finally, the remaining supernatant was centrifuged at 10,000g for 10 minutes at 4°C to pellet cellular debris (Midekessa et al., 2020). The remaining supernatant was concentrated using a Vivaspin 20 concentration tube (GE Healthcare, Buckinghamshire, UK) (10,000 Da molecular weight cut off) using a centrifugation force of 2500g at 4°C, until 0.5mL of concentrated CM remained. 

3.3.3.3 Size exclusion chromatography (SEC)
EVs obtained from the concentrated CM of JAr, RL95-2 and HEK cells respectively, were separated based on their size using SEC. 14mL of Sepharose CL-2B plus 20% ethanol (GE Healthcare, Uppsala, Sweden) was added to an Econo-Pac chromatography column (Bio-Rad, Hercules, USA) and allowed to settle until the ethanol had separated from the agarose beads. A filter was placed into the column at a depth of 10mL and the separated ethanol layer was allowed to elute from the column. The remaining ethanol from the Sepharose beads was washed away by passing through the column with 15mL of milliQ water and 15mL of DPBS (Sigma-Aldrich®, Poole, UK). 0.5mL of concentrated CM containing EVs of JAr, RL95-2 and HEK239-T cells were added to the chromatography column, respectively. The concentrated CM was allowed to pass through the filter and 10mL of DPBS were added followed by simultaneous collection of the elution. 20 fractions from JAr, RL95-2 and HEK239-T cells were collected respectively, where each fraction contains a volume of 0.5mL (Reshi et al., 2021).
3.3.3.4 Nanoparticle Tracking Analysis (NTA): Extracellular vesicle size and concentration measurement

Following SEC, the concentration of EVs in each column fraction was measured by NTA using PMX 110 ZetaView (Particle Metrix, Meerbusch, Germany). The EVs Brownian motion were visualised by a laser light scattering method tracked over time to calculate particle size using the Stokes-Einstein equation to determine the translational diffusion constant. The measurements were performed with ZetaView sensitivity and shutter parameters set at 85 and 1/70 seconds respectively. Dilution between 1:100 to 1:200 was applied to the column fractions using milliQ water to ensure optimal concentration of each sample for ZetaView assessment (number of detected particles by the ZetaView between 150 to 200). For each biological replicate, 3 technical assessments were carried out (Dissanayake et al., 2021).
3.3.3.5 Bicinchoninic acid assay (BCA assay)
For column fractions protein concentration measurements, bovine serum albumin (BSA) XE "bovine serum albumin:(BSA)"  protein standards (Sigma-Aldrich®, Poole, UK), were prepared with DPBS (Sigma-Aldrich®, Poole, UK), at final concentrations of 0, 25, 125, 250, 500, 750, 1000, 1500 and 2000μg/μL. A 96-well plate was labelled accordingly. 25µL of each EV fraction and the protein standards were pipetted into individual wells of the 96-well plate (Greiner Bio-One, Gloustershire, UK) in duplicate. Protein standards were used to evaluate any potential variation in measurements between plates. 200 µl of working reagent consisting of copper sulphate solution (Sigma-Aldrich®, Poole, UK) with bicinchoninic acid solution (BCA; Sigma-Aldrich®, Poole, UK) in 1:50 ratio was prepared and added to each of the well. The plate was incubated at 37°C for 30 minutes. Absorbance was determined at a wavelength of 562nm using a microplate reader SpectraMax M5, produced by Molecular Devices (Sunnyvale, California) and analyzed using Ascent Software for Multiscan. A calibration curve of protein standard concentration versus absorption was produced (Figure 3.1). The protein concentration in each fraction was determined.
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Figure 3.1: Standard BSA concentration and absorbance calibration curve.

3.3.3.6 Statistical analysis

All the data obtained were tabulated in excel files (Microsoft). Graphs were made in excel and statistical analysis were performed using SPSS statistic 26. The concentration of EVs and protein were expressed as mean ± standard deviation (SD). All the experiments were performed in three biological replicates. 

3.3.4 Optimization of GW4869 concentration on EVs inhibition
In the first experiment in this chapter, I showed that withdrawal of FBS from the implantation system reduced the trophoblast-endometrial implantation rate. Introduction of GW4869, a neutral sphingomyelinase (N-SMase) has been reported to inhibit EVs biogenesis and improve cellular physiological function (Essandoh et al., 2015). The concentration of GW4869 that is safe for cells is still under debate and is likely to depend upon the cell type. Therefore, in this experiment I introduced different concentrations of GW4869 to JAr and RL95-2 cells and chose the optimum concentration of the GW4869 that is safe to be used in this experiment.

3.3.4.1 Preparation of GW4869

20mM of GW4869 stock solution was prepared by dissolving 5mg of GW4869 (sc-218578; Santa Cruz Biotechnology, Santa Cruz, CA, USA) in 100% dimethyl sulfoxide (DMSO) XE "dimethyl sulfoxide:(DMSO)"  (D-2650; SIGMA-ALDRICH, Lrvine, UK). To prepare the working solution of 5µM, 10µM and 20µM GW4869, the stock solution was further diluted in FBS-free RPMI culture media for JAr cells or FBS-free DMEM culture media for RL95-2 cells with the final concentration of DMSO to be 0.1%.

3.3.4.2 Formation of JAr spheroids

As described in 2.3.4.1.

3.3.4.3 Formation of RL95-2 monolayer

As described in 2.3.4.2.
3.3.4.4 Inhibition of JAr spheroids and RL95-2 monolayer with GW4869

48 hour incubated JAr spheroids were rinsed once in FBS-free RPMI culture media and pre-inhibited by transferring the spheroids into petri dishes containing 5mL of FBS-free RPMI culture media with 5µM, 10µM and 20µM GW4869 in 0.1% DMSO respectively. The spheroids were incubated for 1 hour and the CM was collected. The spheroids were rinsed again with FBS-free RPMI media once and inhibited again with new preparation of 5mL of FBS-free RPMI culture media with 5µM, 10µM and 20µM GW4869 in 0.1% DMSO respectively, incubated for another 1 hour and the CM was collected again. 

For the RL95-2 monolayer, after reaching 80-90% confluent, the 12 well plate was rinsed twice with FBS-free DMEM culture media. 12mL of FBS-free DMEM culture media containing 5µM, 10µM and 20µM GW4869 in 0.1% DMSO were prepared respectively. The monolayer was pre-inhibited by adding 1mL of the inhibitor solution in each well respectively and incubated for 1 hour. After 1 hour, the CM was collected, and the monolayer was rinsed again twice with FBS-free DMEM culture media. The same inhibitor solution was prepared for the second time and the cell was inhibited again for 1 hour. CM was collected and further analyzed.  
3.3.4.5 Extracellular vesicle isolation: Removal of cells and cell debris from conditioned media
As mentioned in 3.3.3.2 using CM from inhibited JAr spheroids and RL95-2 cells monolayer. 
3.3.4.6 Size exclusion chromatography

EVs obtained from the concentrated CM of the inhibited JAr spheroids and RL95-2 cells monolayer respectively, were separated based on their size using SEC as described in 3.3.3.3.

3.3.4.7 Nanoparticle Track Analysis (NTA): Extracellular vesicle size and concentration measurement

Following SEC, the concentration of EVs in each column fraction was measured by NTA using PMX 110 ZetaView (Particle Metrix, Meerbusch, Germany) as described in 3.3.3.4. 

3.3.4.8 Cell viability (Live/dead) assay

The inhibited JAr spheroids and RL95-2 monolayer were stained using a LIVE/DEAD, Viability/cytotoxicity Kit (Invitrogen Molecular Probes, Oregon). Spheroids were transferred to petri dishes containing DPBS to be rinsed once using 1mL pipette. 5mL of FBS-free RPMI culture media containing 0.4µM Calcein and 0.2µM Ethidium homodimer-1 were mixed and spheroids were transferred to the petri dishes. The RL95-2 monolayer was rinsed twice with DPBS and 1mL of the FBS-free DMEM culture media containing 0.4µM Calcein and 0.2µM Ethidium homodimer-1 were added to the individual well plate respectively. The petri dishes and well plates were covered with aluminium foil to protect the cells from light. Cells were incubated for 45 minutes at 37°C. 

3.3.4.9 Microscopic analysis

The viability/cytotoxicity of the spheroids and monolayer were observed under the inverted microscope (Olympus CKX41, UK) and photographs were taken.

3.3.4.10 Statistical Analysis

All the data obtained were tabulated in an excel file. Graphs were made in excel. The EVs percentage difference between pre-inhibition and inhibition were calculated and results were expressed in mean percentage. All the experiments were performed in three biological replicates. 

3.3.5 Inhibition of trophoblast-endometrial implantation by GW4869

To further determine the role of EVs on trophoblast-endometrial implantation in the presence of GW4869 I continued this experiment by combining both previously conducted experiments in this chapter and observed the outcome.

3.3.5.1 Formation of JAr spheroids

As described in 2.3.4.1.
3.3.5.2 Formation of RL95-2 cells monolayer

As described in 2.3.4.2. 
3.3.5.3 Preparation of GW4869 working solution

As described in 3.3.4.1 for 20µM GW4869.
3.3.5.4 Pre-inhibition of JAr spheroids and RL95-2 with GW4869

48 hour incubated JAr spheroids were rinsed once in FBS-free RPMI culture media and pre-inhibited by transferring the spheroids into petri dishes containing 5mL of FBS-free RPMI culture media with 20µM GW4869 in 0.1% DMSO and incubated for 1 hour at 37°C in 5% CO2 atmosphere. For the RL95-2 monolayer, after reaching 80-90% confluent, the 12 well plates were rinsed twice with FBS-free DMEM culture media. 12mL of FBS-free DMEM culture media containing 20µM GW4869 in 0.1% DMSO were prepared. The monolayer was pre-inhibited by adding 1mL of the inhibitor solution in each well respectively and incubated for 1 hour. 

3.3.5.5 Co-incubation of JAr spheroids with RL95-2 cells monolayer in the presence of GW4869

As described in 2.3.4.3.

Inhibited JAr spheroids and the RL95-2 cells monolayer were rinsed once with FBS-free RPMI and DMEM culture media respectively. For the control group, 35 uninhibited JAr spheroids were transferred to the upper surface of the confluent uninhibited endometrial RL95-2 cells monolayer in each well of the 12 well plate (Greiner, bio-one). The co-culture system was maintained individually with complete DMEM culture media and FBS-free DMEM culture media, respectively. For the experimental group, 35 pre-inhibited JAr spheroids were transferred to the upper surface of the pre-inhibited RL95-2 cells monolayer in three individuals well of the 12 well plate (Greiner, bio-one) and maintained with 1mL of FBS-free DMEM culture media with the presence of 20µM GW4869 in 0.1% DMSO. The co-cultures were incubated for 1 hour at 37°C in a 5% CO2 atmosphere. Spheroids transferred were counted and recorded at the end of the incubation time. 

3.3.5.6 Removal of unattached JAr spheroids and counting attached JAr spheroids

As described in 2.3.4.4. 
3.3.5.7 Microscopic analysis

As described in 2.3.4.5.

3.3.5.8 Statistical Analysis

All the data obtained were tabulated in an excel file. Graphs were made in excel and statistical analysis were performed using SPSS statistic 26. Results were expressed as mean ± SEM. Statistical analysis was performed by using ANOVA and a post-hoc test. **P<0.01 was considered significant. 
3.3.6 Restoration of trophoblast-endometrial implantation with external EVs source

In the previous experiment, inhibition of JAr spheroids and RL95-2 monolayer cells with GW4869 inhibited the release of EVs from both cells thus reduced the trophoblast-endometrial binding affinity. Therefore, in this experiment I aimed to restore the system with an external source of EVs to test my hypothesis that admission of EVs from reproductive origin to the trophoblast-endometrial implantation system may reverse the GW4869 effect thus enhancing the implantation activity.   

3.3.6.1 Inhibition of embryo-endometrial implantation by GW4869

Experiment was conducted as described in 3.3.5. 

3.3.6.2 Starvation, Inhibition, and Restoration

Due to the issue uncovered in cell passage number, cell starvation steps were included in this experiment which will be further elaborated in the discussion part of this chapter. 

The culture media for RL95-2 cells were replaced with FBS-free DMEM culture media at day 4 of RL95-2 monolayer growth (approximately 60-70% confluent), and continued to grow until the monolayer reached 80-90% confluent for another 48 hours. On the other hand, JAr spheroids were starved for 2 hours 30 minutes after its complete formation by replacing the culture media with FBS-free RPMI culture media. Briefly, the purpose of cell starvation in this experiment is to reduce the efficiency of the cells so that the similar environment as the previously conducted inhibition experiment can be produced/retrieved. After pre-inhibition, the cells were co-incubated as described in 3.3.5.5. 
Inhibited JAr spheroids and the RL95-2 cells monolayer were rinsed once with FBS-free RPMI and DMEM culture media respectively. For the control group, 35 uninhibited JAr spheroids were transferred to the upper surface of the confluent uninhibited endometrial RL95-2 cells monolayer in each well of the 12 well plate (Greiner, bio-one). The co-culture system was maintained individually with FBS-free DMEM culture media. For the experimental group, 35 pre-inhibited JAr spheroids were transferred to the upper surface of the pre-inhibited RL95-2 cells monolayer in three individuals well of the 12 well plate (Greiner, bio-one) and maintained with different concentration of “EVs supplementation” from reproductive cell (JAr cells EVs) and non-reproductive cells (HEK239-T EVs) in 1mL of FBS-free DMEM culture media with the presence of 20µM GW4869 in 0.1% DMSO. The co-cultures were incubated for 1 hour at 37°C in a 5% CO2 atmosphere. Spheroids transferred were counted and recorded at the end of the incubation time

3.3.6.3 Removal of unattached JAr spheroids and counting attached JAr spheroids

As described in 2.3.4.4. 

3.3.6.4 Microscopic analysis

As described in 2.3.4.5.

3.3.6.5 Statistical Analysis

As described in 2.3.4.6.

3.3.7 Experimental Design 

3.3.7.1 Determination of trophoblast–endometrial binding affinity in complete, EV-free and FBS-free DMEM culture media

This experiment was designed to observe the effect of the presence or absence of FBS in the culture media upon trophoblast-endometrial binding affinity. As I recognise, FBS is a source of EVs in the culture media. Using the optimised 3D model of implantation with the concentration of spheroids (35 spheroids) and binding assay incubation time (1 hour) I aimed to determine the effect of embryo-endometrial binding affinity in complete, EV-free and FBS-free DMEM culture media (Figure 3.2). This will be the preliminary steps in showing/highlighting the role of EVs in embryo-endometrial implantation. 

JAr cells were cultured in complete RPMI-1640 culture media. At confluence, cells were washed using Ca2+ and Mg2+ free DPBS, harvested using trypsin-EDTA and then pelleted by centrifugation at 300g for 4 minutes. 3X105 JAr cells were counted with a haemocytometer and cultured in 60 X 15mm petri dishes containing 5mL of complete RPMI-1640 culture media to generate multicellular spheroids from the JAr cells monolayers. The cells were incubated in a humid atmosphere with CO2 at 37°C on a gyratory shaker, set at 300rpm for 48 hours of incubation time. 
RL95-2 cells were cultured in T75 flasks with complete DMEM culture media until confluent. Cell were then harvested using trypsin-EDTA and 2.4X106 RL95 cells were counted with a haemocytometer and seeded in 12 well plate culture dishes and incubated at 37°C in 5% CO2 atmosphere until it reaches 80-90% confluent. 35 spheroids were gently transferred to the upper surface of the confluent endometrial RL95-2 cells monolayer in each well of the 12 well plate culture dishes. The culture media during the assay were complete, EVs-free and FBS-free DMEM culture media, respectively. The co-cultures were incubated for 1 hour at 37°C in a 5% CO2 atmosphere.
Spheroids transferred were observed under the stereoscopic microscope, counted and findings were recorded. The non-adherent spheroids were removed by flipping the 12 well plate culture dishes roughly. Each well was filled with 1mL of Ca2+ and Mg2+ containing DPBS and introduced again to the automatic horizontal shaker set at 200rpm for 4 minutes. 
The plate was then inverted to discard the DPBS. Tightly bounded spheroids were counted under the stereoscopic microscope and the results were recorded and expressed as the percentage of spheroids attached from the total number of spheroids used to initiate the co-incubation experiments (adhesion percentage) and in some experiment as the total number of spheroids attached. The experiment was repeated in three biological replicates and nine technical replicates.
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Figure 3.2: Experimental design: Determination of trophoblast–endometrial binding affinity in complete, EV-free and FBS-free DMEM culture media. 
3.3.7.2 Optimization and characterisation of JAr, RL95-2 and HEK239-T cells EVs and protein concentration in 20 fractions 

It is important to fractionate EVs in order to purify it from contamination of protein and lipoprotein. This experiment was designed to determine the fractions with the highest concentration of EVs and lowest concentration of protein in 20 fractions 0.5mL of concentrated CM (Figure 3.3). 

1X106 JAr cells, 4X106 RL95-2 cells and 1X106 HEK-239 T cells were counted with a haemocytometer and cultured in T75 flasks with complete RPMI-1640 and complete DMEM culture media, respectively. Reaching 70-85% confluent, media were removed, and cells were rinsed using Ca2+ and Mg2+ containing DPBS. 10mL of FBS-free RPMI and of FBS-free DMEM media were added in JAr and RL95-2 cells respectively and incubated at 37°C in 5% CO2 atmosphere for another 24 hours. CM were collected, and differential centrifugation was performed. The remaining supernatant was concentrated until 0.5mL of concentrated CM remained.

Concentrated CM of JAr, RL95-2 and HEK-239 T cells respectively, were eluted through SEC for EVs isolation in 20 fractions. The concentration of EVs in each column fraction were measured by NTA using PMX 110 ZetaView. BSA protein standards were prepared. The concentrations of protein in each fraction were measured with absorbance was determined that wavelength of 562nm. Statistical analysis was performed, and result were recorded. 
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Figure 3.3: Experimental design: Optimization and characterization of JAr, RL95-2 and HEK239-T cells EVs and protein concentration in 20 fractions.
3.3.7.3 Study on optimum GW4869 concentration on trophoblast – endometrial implantation

This experiment was designed to choose the optimum concentration of GW4869 that is safe to be used in JAr and RL95-2 cells (Figure 3.4). 20mM of GW4869 stock solution was prepared by dissolving 5mg of GW4869 in 100% DMSO. 10mM and 5mM of GW4869 stock solutions were prepared by diluting the 20mM and 10mM stock in 1:1 with 100µL of 100% DMSO, respectively.

3X105 JAr cells were counted with a haemocytometer and cultured in 60 X 15mm petri dishes containing 5mL of complete RPMI-1640 culture media to generate multicellular spheroids from the JAr cells monolayers. The cells were incubated in a humid atmosphere with 5% CO2 at 37°C on a gyratory shaker, set at 300rpm for 48 hours of incubation time. RL95-2 cells were cultured in T75 flasks with complete DMEM culture media until confluent. Cells were then harvested using trypsin-EDTA and 2.4X106 RL95 cells were counted with a haemocytometer and seeded in 12 well plate culture dishes and incubated at 37°C in 5% CO2 atmosphere until it reaches 80-90% confluent. 
On the experiment day, the JAr spheroids and RL95-2 monolayer were rinsed once with FBS-free RPMI and DMEM culture media respectively. The working solution of 5µM, 10µM and 20µM GW4869 were prepared by diluting the stock solution in FBS-free RPMI culture media for JAr cells and FBS-free DMEM culture media for RL95-2 cells with the final concentration of DMSO was 0.1%. JAr spheroids and RL95-2 monolayer were pre-inhibited for 1 hour, rinsed and inhibited for the second time and incubated for another 1 hour with different concentrations of the inhibitors, respectively. CM was collected after each inhibition. 
Differential centrifugation of the CM was performed. The remaining supernatant was concentrated until 0.5mL of concentrated CM remained. Concentrated CM of the inhibited JAr spheroids and RL95-2 cells monolayer, respectively were separated based on their size using SEC. Pooled fractions from JAr and RL95-2 cells were collected respectively, where each fraction contains a volume of 2.5mL. The concentration of EVs in each column fraction was measured by NTA using PMX 110 ZetaView. The inhibited JAr spheroids and RL95-2 monolayer were stained using LIVE/DEAD, Viability/cytotoxicity Kit. Statistical analysis was performed, and results were recorded. 
Figure 3.4: Experimental design: Study of optimum GW4869 concentration on trophoblast–endometrial implantation.[image: image50.jpg]



3.3.7.4 Determination of GW4869 effect in Trophoblast–endometrial binding affinity

This experiment was designed to determine the effect of GW4869, the EVs inhibitors on trophoblast-endometrial binding affinity with the absence of FBS in the optimised 3D in vitro model of implantation. The concentration of spheroids was 35 spheroids and binding assay incubation time was set at 1 hours (Figure 3.5). JAr cell growth, incubation and spheroid formation as well as RL95-2 cell growth and incubation were performed as described in experimental design 3.3.7.1. On the experiment day, both cells were rinsed once with respective FBS-free culture media and pre-inhibited for 1 hour with the working solution of 20µM GW4869 with the final concentration of DMSO was 0.1%. Inhibited spheroids and monolayer were rinsed once with FBS-free RPMI and DMEM culture media respectively. 

35 uninhibited JAr spheroids were transferred to the upper surface of the confluent uninhibited endometrial RL95-2 cells monolayer in each well of the 12 well plate. The co-culture system was maintained individually with three types of culture media, which are the complete media, FBS-free DMEM culture media and FBS-free DMEM culture media with 0.1% DMSO. For the experimental group, 35 pre-inhibited JAr spheroids were transferred to the upper surface of the pre-inhibited RL95-2 cells monolayer in three individuals well of the 12 well plate and maintained with 1mL of FBS-free DMEM culture media with 20µM GW4869 in 0.1% DMSO. The co-cultures were incubated for 1 hour at 37°C in a 5% CO2 atmosphere. Spheroids transferred were counted and recorded at the end of the incubation time. The JAr spheroid RL95-2 co-incubation after assay steps including the rinsing steps, introduction of physical forces, and binding percentage calculation were similar as described at the end of experimental design 3.3.7.1.
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Figure 3.5: Experimental design: Determination of GW4869 effect in Trophoblast-endometrial binding affinity.
3.3.7.5 Study on restoration of trophoblast-endometrial implantation with external EVs 

The experimental design was exactly as described in experimental design 3.3.7.4. However, due to the issue in cell passage number, cells starvation steps were included to reduce the efficiency of the cells so that the similar environment as the previously conducted inhibition experiment can be produced/retrieved. 

After the complete formation of the JAr spheroids, spheroids were rinsed with FBS-free RPMI culture media and incubated on the gyratory shaker for 2 hours and 30 minutes. The RL95-2 monolayer was rinsed after reaching 60-70% confluence and incubated for another 48 hours with the presence of FBS-free DMEM culture media. Inhibitors were prepared and cells were pre-inhibited for 1 hours. Inhibited JAr spheroids and the RL95-2 cells monolayer were rinsed once with FBS-free RPMI and DMEM culture media respectively (Figure 3.6). 

For the experimental group, 35 pre-inhibited JAr spheroids were transferred to the upper surface of the pre-inhibited RL95-2 cells monolayer in three individuals well of the 12 well plate and maintained with different concentration of “EVs supplementation” from reproductive cell (JAr cells EVs) and non-reproductive cells (HEK239-T EVs) in 1mL of FBS-free DMEM culture media with the presence of 20µM GW4869 in 0.1% DMSO. The co-cultures were incubated for 45 minutes at 37°C in a 5% CO2 atmosphere. Spheroids transferred were counted and recorded at the end of the incubation time. 
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Figure 3.6: Experimental design: restoration of trophoblast-endometrial implantation with external EVs. 
3.4 Results

3.4.1 Study on determination of trophoblast – endometrial binding affinity in complete, EV-free and FBS-free DMEM culture media

The results of binding percentages of JAr spheroids on RL95-2 monolayer in different types of culture media and its incubation time is shown in Figure 3.7. 

In 1 hour of incubation time, there was a significant reduction in the JAr spheroids RL95-2 binding percentage (mean ± SEM) observed in FBS-free culture media group (34.5 ± 7.32%) compared to the complete (82.8 ± 4.03%) and EV-free (52.7 ± 5.83%) culture media groups (Figure 3.7A). 

In contrast, after 6 hours of incubation, there was no significant difference in the binding percentage of JAr spheroids on RL95-2 monolayer were observed in complete (98.5 ± 1.02%), EV-free (99.5 ± 0.5%) and FBS-free (99.5 ± 0.5%) culture media. The withdrawal of FBS from culture media significantly reduced the binding capability of the trophoblast onto the endometrium and the binding reached a plateau after 6 hours (Figure 3.7B). 
A
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Figure 3.7: JAr spheroids RL95-2 binding affinity in different types of culture media and incubation time. A) Graph showed that there was a significant reduction in the binding percentage of JAr spheroids on RL95-2 monolayer in FBS-free media group when compared to the complete media group in 1 hour incubation time. B) After 6 hours of incubation, the binding percentage reach maximum in all the experiment groups. Data were expressed as mean ± SEM. Experiments were performed in three biological replicates. Statistical significance was determined by ANOVA and post-hoc test. ** p<0.01.

3.4.2 Optimization of extracellular vesicles (EVs) and protein concentration 

I continued my experiment by optimizing the concentration of JAr, RL95-2 and HEK239-T cell line secreted EVs and protein isolated in 20 fractions from SEC. As mentioned earlier, the purpose of this optimization was to identify the concentration of EVs and protein that were present in each fraction. The concentration of EVs isolated in each SEC fraction from JAr, RL95-2 and HEK239-T cell lines is shown in Figure 3.8. 

A unimodal distribution of the EVs isolated in 20 fractions from 24 hours incubated JAr cells was observed. The EVs eluted from the column in fractions 6 to 10 and peaked at fraction 7. By using SEC, I successfully separate cellular protein from EV-sized particles. For JAr cell line, cellular protein was eluted from fractions 12 to 20 in an increasing manner (Figure 3.8A). In addition, for RL95-2 cell lines incubated for 24 hours, a unimodal distribution of the EVs in 20 fractions was observed. The EVs eluted from the column in fractions 6 to 12 and peaked at fraction 7. The cellular protein was eluted in an increasing manner from fractions 11 to 20 (Figure 3.8B). Protein was only measured in negligible concentrations in fractions 1-9, in any cell type. 
Finally, for the HEK239-T cell line incubated for 24 hours, the same unimodal distribution curve of the EVs was observed in 20 fractions. The EVs eluted from the column in fractions 6 to 11 and peaked at fraction 7. The cellular protein was eluted from fractions 10 to 20 (Figure 3.8C). Optimisation of JAr, RL95-2 and HEK239-T EVs fraction concentration allowed to pool the EVs fraction with highest concentration to be used in the future experiment. 
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Figure 3.8: Total EVs and protein concentrations in all size exclusion chromatography (SEC) fractions for A) JAr, B) RL95-2 and C) HEK239-T cell line incubated for 24 hours. Zeta view was used to measure the EVs concentration. The Bicinchoninic acid assay (BCA) was used to measure protein concentration in a 10 µl aliquot of each SEC fraction. Protein concentrations in fractions 1 to 10 were negligible. Protein concentrations started to increase from SEC fraction 12 onwards. Data were expressed as mean ± SD. Experiments were performed in three biological replicates.

3.4.3 Study on optimum GW4869 concentration on EVs inhibition 

3.4.3.1 Particles reduction percentage in different concentration of GW4869 

In the first experiment in this chapter, I confirmed/suggested that EVs withdrawal from the binding environment significantly reduced the trophoblast-endometrial binding affinity at one hour of co-incubation. In the next experiment, I planned to inhibit the EVs biogenesis and observe the effect of EVs inhibition on embryo-maternal communication. However, identification of the optimal concentration of GW4869 is crucial before the inhibition experiment. Three concentrations of GW4869 were chosen (5µM, 10µM and 20µM) by referring to previously conducted study with some modification to suit my experimental design and purpose (Essandoh et al., 2015). 

Reduction in percentage (%) of JAr spheroids and RL95-2 cell monolayer derived EVs with 5µM, 10µM and 20µM concentration of GW4869 inhibition respectively, for 1 hour as measured using NTA revealed almost 30% reduction in 20µM GW4869 treated groups (Figure 3.9A and B). Furthermore, LIVE/DEAD staining was performed to confirm the cell status for cell viability and cytotoxicity as shown in Figure 3.10 and 3.11. Therefore, I continued with 20µM GW4869 which shows 30% reduction in the EVs biogenesis, and this concentration was proven to be safe for the cells.
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Figure 3.9: EVs reduction percentage (%) in different concentrations of GW4869 groups. A) JAr spheroids and B) RL95-2 monolayer incubated with 5µM, 10µM and 20µM GW4869. These data represent the percentage of the EVs reduction of three biological replicates.
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	10µM GW4869 in 0.1% DMSO
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	20µM GW4869 in 0.1% DMSO


	[image: image75.png]



[image: image76.png]PC2:20.5%

-201

PCA plot - top 500 variable proteins

-20

-10 0 10
PC1:44.2%

20

condition

® JAr_2D_EVs
® JAr_3D_EVs




	[image: image77.jpg]log2 Centered intensity NI -

4

- sA3az v

|- €sA3az vr

L VsagTagvr

- gsAgae e

[ €sA3ae v

L Vsagraevr

condition

va

ion
A" 3D_EVs

WA 2D EVs

con
| I

!
1,





[image: image78.jpg]PC2:8.9%

20

10

-10

PCA plot - top 500 variable proteins

PC1:

3.6%

25

50

condition

JAr_2D_CM
JAr_2D_EVs
JAr_3D_CM

JAr_3D_EVs







20X magnification

Figure 3.10: JAr spheroids cell viability assay (LIVE/DEAD). JAr spheroids incubated with different concentrations of GW4869 for 1 hour. Green channel depicts live cells and the red channel depicts compromised/dead cells. Scale bar = 100µm.
	Inhibitor’s concentrations
	LIVE cells
	DEAD cells

	5µM GW4869 in 0.1% DMSO


	[image: image79.jpg]-log10(p adj)

Differential enrichment analysis of proteins (JAr 3D EVs compared to JAr 2D EVs)

cant
suoat
ccoet Ry
aTease
R
e c2orm2®
coixt naacay s
8 Hobeat SLCTAS® * aRCKsLY *
T AR ST o
acha
-4 2 0 2 4

Log2Foldchange

diffexpressed

Depleted
Enriched
NO




	[image: image80.png]Particles/mL

1.00E+08

9.00E+07

8.00E+07

7.00E+07

6.00E+07

5.00E+07

4.00E+07

3.00E+07

2.00E+07

1.00E+07

0.00E+00

O 2o

B =o
EV only EV + Dye EV + Dye
SCA FLU mode SCA
mode mode

Groups





	10µM GW4869 in 0.1% DMSO
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Figure 3.11: RL95-2 cell viability LIVE/DEAD). RL95-2 cells incubated with different concentrations of GW4869 for 1 hour. Green channel depicts live cells and the red channel depicts compromised/dead cells. Scale bar = 100µm.
3.4.4 GW4869 and binding affinity
By utilising the optimised GW4869 concentration obtained in the previous experiment, I continued this study by performing the trophoblast-endometrial binding assay with the presence of 20µM GW4869. This time my aim was to observe the effect of GW4869 on JAr spheroid binding affinity to RL95-2 cells. There was a significant reduction in the JAr spheroids to RL95-2 binding percentage in the GW4869 treated group compared to other groups as shown in Figure 3.12. The binding percentage in complete media group was (91.4 ± 2.19%), FBS-free media group was (58.1 ± 5.31%), FBs-free + 0.1% DMSO media group was (57.8 ± 4.65%) and the binding percentage in FBS-free + 20µM GW4869 in 0.1% DMSO media group was (33.7 ± 3.02%). 
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: JAr spheroids RL95-2 binding affinity in different types of culture media in the presence of 20µM of GW4869 in 0.1% DMSO. Graph showed that there was a significant reduction in the binding percentage of JAr spheroids on RL95-2 monolayer in the GW4869 treated group compared to other groups in 1 hour incubation time. Data were expressed as mean ± SEM. Experiments were performed in three biological replicates. Statistical significance was determined by ANOVA and post-hoc test. ** p<0.01.
3.4.5 Restoration of GW4869 inhibited 3D in vitro model of embryo-endometrial implantation with JAr and HEK cells EVs and its effect on human trophoblast cells to endometrial cells attachment in vitro
Having successfully inhibited the EVs biogenesis and postulated that inhibition of EVs biogenesis affects the trophoblast-endometrial binding affinity, I sought to examine whether this interaction could be reversible. The ability to restore the system will potentially aid in future therapeutic intervention in ART. I hypothesized that EVs addition to the assay environment with the presence of GW4869 will improve the trophoblast endometrial binding affinity. To test the hypothesis, I performed the binding assay as described in experimental design 3.3.7.4 with the addition of EVs extracted from the JAr monolayer and HEK monolayer. 

Restoration of the binding affinity of trophoblast spheroids to the endometrial monolayer with trophoblast cell derived EVs is shown in Figure 3.13A. Increase in the binding percentage were observed in all JAr EVs treated groups (JAr EVs 108 = 77.4 ± 5.90%); (JAr EVs 106 = 78.3 ± 5.53%), however it was only significant in 104 (86.4 ± 2.66%) and 102 (83.8 ± 3.04%) JAr EVs treated groups compared to the GW4869 treated group (63.9 ± 5.04%). the highest concentration of JAr EVs did not give a significant increase in binding outcome. 

Next, I sought to observe if the effect is only selective to EVs derived from reproductive origin. I repeated the same experiment but this time with the presence of HEK EVs (non-reproductive cell) as the treatment groups (Figure 3.13B). No effect was seen in the restoration of the trophoblast spheroids to endometrial monolayer with the presence of HEK EVs. The binding percentage were (65 ± 5.23%) in GW4869 treated group; (62 ± 5.98%) in 108 HEK EVs group; (59.11 ± 3.21%) in 106 HEK EVs group; (51.33 ± 5.73%) in 104 HEK EVs  group and (49 ± 7.74%) in 102 HEK EVs  group. 
Due to the inconsistency in the previously obtained results and the difficulty in result comparison between the two experiments, I repeated the experiment and this time with the presence of both JAr and HEK EVs, respectively. Overall, after 45 minutes of incubation, it was observed that there is no difference in the trophoblast spheroids to endometrial monolayer binding percentage (Figure 3.13C). I repeated the experiment a few times by adjusting certain parameters such as improving the spheroids and monolayer washing technique before the assay, transfer the spheroids on to the monolayer in random order, prolonged the assay incubation time and using the same batch of EVs in each of the replicates, even so, I was unable to restore the trophoblast spheroids to endometrial monolayer binding affinity.
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Figure 3.13: JAr spheroids RL95-2 binding affinity in different types of culture media in the presence of 20µM of GW4869 in 01% DMSO and EVs from JAr and HEK monolayers. A) binding assay with the presence of JAr EVs; B) binding assay with the presence of HEK EVs and C) binding assay with the presence of JAr and HEK EVs. Data were expressed as mean ± SEM. Experiments were performed in three biological replicates. Statistical significance was determined by ANOVA and post-hoc test. ** p<0.01; *p<0.05.
3.5 Discussion
Over the past decade, continuous attention has been given towards EVs research due to their unique role in intercellular communication. EVs also has been utilized as a promising source of biomarkers in physiological and pathological conditions as well as being investigated as possible tools for drug delivery. However, knowledge of EVs’ role in embryo-maternal communication is still limited. Therefore, in this study, I aimed to observe the role of EVs in mediating the embryo-maternal communication leading to a successful implantation and the effect of GW4869, an EVs production inhibitor on trophoblast-endometrial implantation.
3.5.1 The communication: EVs production inhibition, restoration and its effect on embryo-endometrial implantation

Embryo implantation is a complex process involving reciprocal interaction through the exchange of signaling molecules between the trophoblast and the endometrial cells (Diedrich et al., 2007). A successful implantation is reflected by the synchronized dialogue initiated between the embryo and the maternal endometrium by the influence and control of endocrine, paracrine and/or autocrine modulators including hormones, cytokines and growth factors (Doyle & Wang, 2019; Kim & Kim, 2017). These findings has been widely reported and established to a certain extent yet the discovery is still ongoing/persisting due to the continued increase in the incident of infertility and reduction in the percentage of success rate in ART, particularly (Gleicher et al., 2019; Ray et al., 2012; Vereinte Nationen, 2016). 

Besides a good quality of embryo and a receptive stage of endometrium, the third factor which is the two-way communication between the embryo and the endometrium seems to be critically contributing to the success of the embryo-endometrial implantation (Hill, 2001). Failure or disruption in this communication give a huge impact in reproduction resulting in poor outcome including implantation failure and/or miscarriage (Baek, 2004; He et al., 2021). Hence, it is crucial to understand the communication and series of events in embryo implantation to establish healthy pregnancy.
For the past three decades, EVs, a lipid bilayer, cell secreted vesicles has been discovered as a new mean of cell to cell communication and has been broadly explored in oncology related research (Goričar et al., 2021; Yáñez-Mó et al., 2015; Zaborowski et al., 2015). Interestingly, the need to explore the role of EVs in cell to cell communication does not only stop on oncology related research and the knowledge gained has even been shifted to the field of reproduction considering its potential role in embryo-endometrial implantation. A number of studies reporting the role of EVs and its effect on implantation has been previously published (Blázquez et al., 2018; Burns et al., 2016; Greening et al., 2016). For instance, interferon tau (IFNT), a protein identified from uterine flushing derived EVs, was reported to be important in embryo implantation (Nakamura et al., 2016). 
Moreover, women endometrial cells (endMSCs) isolated EVs were reported to aid in embryo hatching. The proteomic analysis of this EVs revealed the presence of protein including transferrin, vinculin, fibronectin, matrix metalloproteinase-2, -3, -9, and E-cadherin which is important in embryo development and implantation (Blázquez et al., 2018). Furthermore, gene ontology analysis of exosome derived miRNAs isolated from human blastocoel have been reported to be involved in cell reprogramming and cell adhesion besides its other role in cell to cell communication within the blastocyst (Battaglia et al., 2019). Despite all the molecular findings revealed, the physical/physiological/direct and visual/quantitative evidence on the involvement of EVs in embryo-endometrial implantation has not been reported until today. 
To the best of my knowledge, in the present study, for the first time, I am reporting the discovery on EVs role in embryo-maternal communication through the disruption in the trophoblast cell binding ability towards the endometrial cells in the presence of GW4869. The disruption in this interaction between the trophoblast cells and the endometrial monolayer mediated by EVs significantly decreased the trophoblast-endometrial binding percentage. The major observation from this novel finding is that, it is clearly demonstrating the communication breakdown between the embryo and the endometrium when the EVs biogenesis was inhibited. Hence, confirming/postulating the specific/special role of EVs in embryo-endometrial communication leading to success of implantation process. The changes in this implantation performance were visualized/shown through the utilization of JAr cells, a human choriocarcinoma cell-line representing the trophoblast cell and the RL95-2 cells, a human endometrial adenosquamous carcinoma cell-line representing the receptive stage of endometrium as the perfect match building of the 3D in vitro model of embryo-endometrial implantation mimicking the in vivo environment.
As mentioned above, many research works has been conducted to show the role of EVs in preimplantation, implantation and post implantation environment either from endometrial cells or embryonic origin and hypothesized the potential function of EVs in implantation (Aleksejeva et al., 2021; Nakamura et al., 2020b). However, in the present study, I showed the possible disruption in the EVs role and postulated/suggested the event that may take place during the apposition and attachment phase of the embryo-endometrial implantation using the 3D in vitro model of embryo-endometrial implantation in the presence of GW4869. GW4869, a pharmacological agent, a specific non-competitive inhibitor of membrane neutral sphingomyelinase (nSMase) that is capable of inhibiting EVs biogenesis through the ESCRT-independent pathway was utilized to stop the production of EVs from both reproductive cells (Catalano & O’Driscoll, 2020). It is also important to mention here that, the reduction in the trophoblast-endometrial binding percentage in the present study was not 100% because only one pathway of EVs biogenesis were inhibited using GW4869 while another pathway (ESCRT-dependent) may have functioned normally.
I speculate that, in the context of embryo-endometrial implantation, the delivery of EVs cargo or the surface protein receptor by the trophoblast cells to the endometrial cells and/or vice versa (Ng et al., 2013) by either fusion or internalization of these cargo may stimulate/excite the interaction between the two structures (the embryo and the endometrium) and also maybe involving the surrounding environment thus initiates the implantation process (Urbanelli et al.,2013). The mechanism behind this initiation again, is not fully understood at the moment. However, EVs has been closely associated with stimulation of maternal immune response during pre-implantation (Das & Kale, 2020; Giacomini et al., 2019), angiogenesis (Escudero et al., 2016; Tan et al., 2021) and regulation of gene expression (Es-Haghi et al., 2019) in both trophoblast and endometrial cells. It is also important to discover/uncover/locate the potential genes or protein as a biomarker that regulates the biological pathway which is affected during this communication either in physiological or pathological state of embryo-endometrial implantation. 
3.5.1.1 Adhesion molecules and extracellular matrix (ECM)

In the present study, due to COVID lab entry restriction and time constraint I was unable to further investigate my findings on what are the possible mechanisms taking place in the embryo-endometrial implantation environment as a result of EVs biogenesis inhibition. However, to postulate some possible causes of these findings, I think, we need to understand the molecular and cellular event that occurs/happens during the apposition and attachment phase of the implantation process. 
Before that, another question is, do EVs play any roles together with the adhesion molecules and the extracellular matrix (ECM) protein in initiation of early implantation process? In the present study, why and how inhibition of EVs biogenesis with GW4869 reduced the trophoblast-endometrial binding percentage? In a study conducted by Aberkane et al., apart from a huge number of similar genes, additional genes related to ECM and adhesion molecules were present in the loosely attached embryo compared to the unattached embryos co-cultured for 12 hours on Ishikawa cell line. This observation suggests the presence of specific mediators and genes in initiations of the implantation process (Aberkane et al., 2018). Would these events be related to EVs?
The apposition and attachment event in embryo implantation happen simultaneously. It is complicated and difficult to explain the event individually due to the involvement of several molecules at one time. I will start with discussing the possible events that happen during the apposition phase of the embryo implantation. During apposition loose physical contact was initiated between the blastocyst and the endometrium. Heparin-binding EGF-like growth factor (HB-EGF), a protein encoded by the HBEGF gene, is present at the site of blastocyst apposition (Das et al., 1994). This protein is highly expressed prior to the WOI in the apical surface of the luminal epithelium of the receptive endometrium. In mouse, this protein is expressed in transmembrane and in soluble forms (Raab et al., 1996). 
At the same time, pinopodes, a fully developed balloon-like projections arise from the apical surface of the luminal epithelium of the endometrium with some specific role in embryo implantation (Murphy, 2000). On the other hand, ErbB4, a primary implantation receptor, is displayed on the cell surface of the blastocysts (Wang et al., 2000). It has been reported that this HB-EGF-ErbB4 signaling is bidirectional and in paracrine and juxtacrine manner, meaning that both sides have the ligand and the receptor (Raab et al., 1996; Wang et al., 2000).
Interaction between the endometrial HB-EGF ligand and blastocyst ErbB4 receptor signaling through either paracrine, autocrine, and/or juxtacrine manner have been reported to mediate the event of implantation in humans (Lim & Dey, 2009). To the best of my knowledge, there is no information available regarding the role of EVs in this HB-EGF-ErbB4 signaling in embryo-endometrial implantation. However, the presence of ErbB4 has been reported in urinary EVs suggesting the possible similar role/origin (which is in the EVs secreted by the embryo or the endometrial cell) in embryo-endometrial environment (Streets et al., 2017). 
Furthermore, another subtype of EGF family members, the amphiregulin (an implantation-specific and progesterone-regulated gene) is transported in a membrane bound form on EVs (Oszvald et al., 2020). Do HB-EGF is also transported in a similar way as amphiregulin? There are too many questions that need explanation. Therefore, I speculate that, due to the inhibition of EVs production in the present study, the apposition step of the embryo-endometrial implantation is disrupted evidenced by the reduction in the binding percentage. The exact role of EVs in this signaling is unknown, however it seems that EVs is needed as a transporter/mediator to disseminate HB-EGF and ErbB4 interaction as an early recognition step in introducing the presence of the embryo to the maternal endometrium and vice-versa. 
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Figure 3.14: EVs role during apposition and attachment phase in embryo-endometrial implantation.
Furthermore, after successful apposition of the embryo on the surface of the endometrium, the next step will be the embryo attachment. The embryo attachment step begins with the involvement of cell adhesion events. Basically, I have briefly elaborated on the possible role of EVs in mediating the apposition step in an embryo implantation process. In attachment step, integrin, a glycoproteins and a specific cell-adhesion receptor for ECM ligands including collagen, laminin, and fibronectin have been reported to play a role during the attachment of the cells to the ECM (Reichardt & Tomaselli, 1991). 
In embryo-endometrial implantation particularly, integrins (α1β1, α4β1 and αvβ3a) a well characterized cell adhesion molecules have been reported to be expressed on the luminal surface of the endometrium, during the WOI. Interestingly, integrins α5β1, αvβ3, αvβ5, and αvβ6 have also been reported to be expressed in human trophoblast cells (Ochoa-Bernal & Fazleabas, 2020b). It is understood that a specific interaction between the embryo and the endometrium are required for production of appropriate cellular adhesion molecules. Subsequently, translation of genes that are involved in the implantation process were initiated through the transduction signaling from the embryo to the ECM.
Previously, in mouse, reduction in the number of implantation was observed when the integrin or its ligand was blocked with arg-gly-asp (RGD)-containing peptides, or of the disintegrin echistatin (Illera et al., 2000). What is the relation between integrin and EVs? To the best of my knowledge, again, there is no study clearly reporting the association between EVs and integrins however in one study, umbilical vein endothelial cells derived EVs has been reported to carry Integrin β1, that aid in EVs binding to the ECM (Taraboletti et al., 2002). In another study, from closer observation, EV specific miRNAs have been predicted to target integrins, an ECM-receptor molecule that is necessary in the apposition phase of the embryo implantation (Kurian & Modi, 2019). 
Therefore, in the present study, there are two possible assumptions that can be made. First, inhibition of EVs biogenesis may have disrupted the EVs role as the carrier of the integrin or secondly inhibition of EVs in the present study have prevented specific EVs cargo for instance miRNAs with specific function towards integrins, hence contributed to EVs, integrin and ECM communication disruption thus showed a decrease in the trophoblast endometrial implantation rate. These points can be topics for future research to determine how EVs mediate the communication between trophoblast and endometrial cells.
ECM is a proteins network and other molecules that aid in cell attachment and communication that play an important role in cell growth, movement and other functions (Lu et al., 2011). There are four main proteins of ECM including collagens, elastins, fibronectins and laminins where each of these proteins have a specific function in mediating embryo attachment (Daley et al., 2008). Fibronectin and laminin for instance have been reported to be present in the MVs (Desrochers et al., 2016). The origin of these MVs whether from trophoblast cells or endometrial cells is unknown. These ECM proteins act as the ligand and have been reported to interact with integrins which are expressed on the cell surface (Su et al., 2020). As mentioned above, integrin is carried by EVs and is located on both trophoblast and endometrial cells’ surface. On the other hand, ECM proteins have been reported to be present on the surface of the endometrium mostly and present in MVs. It seems that the interaction of both adhesion molecules need EVs as the transporter and cargo releaser in triggering trophoblast endometrial implantation.
The attachment of the blastocyst on the endometrial surface, lead to endometrium ECM remodeling, where metalloproteinases (MMP) an enzyme, including MMP-14 and ADAM10 are required to cleave this ECM protein interaction to allow embryo implantation (Kim et al., 2006). Interestingly, there is some information reported on the association between EVs and MMP. MMP are packaged in endometrial derived EVs and exert the proteolytic activity that leads to ECM degradation (Hakulinen et al., 2008). Therefore, I assume that, in the present study, due to the EVs biogenesis inhibition, MMP was absent, ECM degradation was impaired, embryo binding affected hence resulted in the reduction in the trophoblast endometrial binding percentage. These are all speculations that need further verification to understand the mechanisms of EV action on trophoblast-endometrial interactions. 

In the present study, inhibition of EVs biogenesis affected the trophoblast endometrial binding affinity thus suggesting the role of EVs in mediating embryo-endometrial communication leading to a successful implantation. However, interestingly, instead of releasing cargoes and acting in paracrine or autocrine manner, EVs seem to be a medium of transporter carrying important molecules that is crucial to trigger cell to cell communication leading to successful implantation process. Restoration of the effect of GW4869 in the presence of GW4869 in the media and overcoming its effect by additional external source of EVs did not restore binding. One of the main reasons may be due to the admission of only trophoblast cells derived EVs. Presence of both embryo and endometrial cell-derived EVs are essential in embryo-endometrial communication for a successful implantation, in which, absence of either one cell derived EVs may result in incomplete communication between the two structures thus leading to implantation failure. Further studies are needed to explore the properties and characteristics of EVs in confirming its role and mode of action in embryo-maternal communication.  
3.5.2 The experimental aspect of the study: Something to think about

In research, it is a good practice to mention all the different factors that may affect/influence the experimental findings. For instance, in this experiment particularly, from the cell passage number to the different batches of culture media, the inhibitor, cell starvation and even possibility of contamination in the cell culture are some of the important parameters that challenged my research performance and determination. Unfortunately due to covid and time constraints, it was not possible to follow these experiments further. Hence, mentioning/highlighting the issues in a broader view is important as a potential factor to be examined in the future. 

3.5.2.1 EVs as cell secreted vesicles and FBS as a common additive in the cell culture

Generally, EVs are cell secreted vesicles that have been reported to be present in all body fluids. However, in an in vitro setting, EVs are abundant in the culture media supplemented with FBS which is one of the important sources of nutrient for cell attachment, growth, and proliferation (Gstraunthaler et al., 2013). In the present study, in order to investigate the role of EVs in mediating trophoblast-endometrial communication during implantation process, I utilized the optimized 3D in vitro trophoblast-endometrial implantation model together with FBS-free media as the medium for the JAr spheroids attachment onto the surface of the endometrial monolayer only during the assay for 1 hour after growth of the spheroids and monolayer in the nutritious complete culture media. FBS were withdrawn from the assay to have a defined condition and to observe the changes in the system without the presence of FBS. I found that withdrawal of FBS and inhibition of the EVs biogenesis using GW4869 from the implantation environment significantly decreased the trophoblast-endometrial binding affinity suggesting the role of EVs in embryo-maternal communication.
Regarding the aspect of cell culture media, total removal or withdrawal of FBS from the culture media have been reported to reduce the viscosity of the culture media. Viscosity is defined as a measure of a fluid's resistance to flow (molecular interactions). There are many factors that determine the viscosity of a culture media including the size, shape and magnitude of the intermolecular forces of particles within the culture media (Poon, 2020). To the best of my knowledge, there is no relationship reported between the FBS withdrawal, reduced culture media viscosity, cells and extracellular vesicles. Furthermore, in this research, FBS-free culture media were only utilized for a short time during the conduct of the assay. Therefore, any changes in the culture media viscosity related to the FBS withdrawal were not observed and recorded in this experiment. 
In EVs related research, the utilization of serum‐free media, 1% bovine serum albumin instead of whole FBS and/or EV‐depleted FBS media has been previously proposed (Théry et al., 2006). However, many of the previously conducted study utilized serum-containing media or serum-depleted media (where in the present study we labeled this media as EV-depleted media) for downstream EV analyses (Eitan et al., 2015; Rocha et al., 2019; Thippabhotla et al., 2019). CM used for further downstream analysis is utilized from the incubation of targeted cells as the starting material for EVs isolation. For normal cell growth, an experiment will usually begin with the growth of cells in FBS enriched media.
Reaching confluence, the culture medium was replaced with EV-depleted media for collection of the CM. However, the known disadvantage of utilizing EVs-depleted media in EVs research is, it provides a potential source of unidentified additives that may confound the experimental result. This includes the presence of EVs from the serum itself, other components such as lipoproteins, protein complexes, nucleic acid and/or RNA that are similar in size from the EVs released by the cells yet have different physical properties (Lehrich et al., 2021). This was the main reason why I excluded FBS in my experimental environment during the conduct of the binding assay in order to provide a defined environment for trophoblast-endometrial interaction mediated by the EVs released from one/both cells but not from the surrounding environment.
To the best of my knowledge, there are a limited number of studies reporting the utilization of FBS-free media for CM collection in EVs related research (Auber et al., 2019; Rider et al., 2016; Wen et al., 2020). This is maybe due to prolonged cell incubation time for CM collection applied in most of the previously conducted studies, that may potentially stimulate cell stress leading to cell death due to insufficient nutrients if FBS is totally and/or suddenly withdrawn from the culture system. It has been reported that, in most cells studied, 24 hours to 48 hours of cell incubation in EV-depleted culture media will not lead to any immediate negative effect on the cell growth. The cell’s growth and viability begin to deteriorate after 72 hours of incubation in EV-depleted culture media. Factors such as cell types, incubation time and the protocol used may contribute to the variation of the findings in each of the studies (Eitan et al., 2015).
In addition, in the present study, trophoblast-endometrial interaction mediated by EVs were observed within one hour of the assay in the presence of EV-free media. Thus, I believe that total elimination of serum as the known source of EVs from the culture media for the short period of time during the binding assay is an appropriate decision in the present study in order to minimise the analytical interference and control the reproducibility of an experimental condition without disrupting the cells properties and EVs function. 
3.5.2.2 GW4869: The optimum concentration and action on trophoblast-endometrial implantation

The first concern to be investigated was of the GW4869 concentration to be utilized in inhibiting EVs biogenesis from the trophoblast and endometrial cells. It is important to decide the optimum concentration of the selected inhibitor to avoid any toxic effect of the inhibitor to the cells (Catalano & O’Driscoll, 2020). In the present study, 20µM was identified as the optimum concentration of the GW4869, producing a 30% inhibition rate, confirmed by the viability assay for the trophoblast and endometrial cell lines. In addition, the effect of GW4869 on EVs biogenesis may vary depending on the GW4869 concentration, incubation time, culture media condition and EVs isolation technique.
Therefore, to avoid under or over-inhibition of cells in vitro that may result in false positive findings in cell to cell communication, I was satisfied with this concentration. However, inhibition of EVs biogenesis using a range of 0.5µM to 40µM GW4869 concentration has been performed in hepatic stellate cells (Charrier et al., 2014), fibroblasts cell (Lyu et al., 2015; Richards et al., 2017), macrophages (Essandoh et al., 2015), renal tubular cells (Zhou et al., 2017) and human breast cancer cell line (Menck et al., 2017) with range of incubation time from 2 hours up to 24 hours. Hence, determination of GW4869 concentration and understanding the mechanism of its action and biogenesis pathway in experimental cells are crucial to acknowledge how and in which way introduction of this EV biogenesis inhibitor can influence trophoblast binding to endometrial cells. 
3.5.2.3 Cell passage number and extracellular vesicles (EVs)
Cell passaging is defined as the number of times where cells in the culture have been harvested and reseeded into multiple ‘daughter’ cell culture flasks and are transferred from one cell culture flask to another flask. Cell passaging is important to maintain the cell’s health and for storage purposes for future use (Freshney, 2005). However, besides excellent passaging skills, the general knowledge on cell passaging especially on the cell passage number is required even though cell lines are immortal. This is one of the important parameters to be considered when designing a cell line-based experiment, although there is no standard protocol existing for determining the passage number limit of a cell. There is evidence that overgrown cells may lead to several changes in the cells activity through contact inhibition thus affecting the experimental result (Cao et al., 2021).
There are studies describing the impact of cell passage number on particular cell line performance, however, no studies have been conducted using trophoblast and endometrial cell lines examining this issue. Generally, culture conditions, type of the cell line and the application of the cells are used for are some of the factors that affect the passage number (Abdul-Hamid et al., 2019). Having said that, an increase in cell passage number has been reported to decrease the cell proliferation rate, cell migration activity and affect the cell cycle distribution of a cell (Cao et al., 2021; Neumann et al., 2010). This can be measured by observing the doubling time of the cell population over the cells passaging time (Kwist et al., 2016; Neumann et al., 2010; Yan et al., 2014). This process is often described as cellular senescence. Moreover, cell passage number has been associated with changes in the genes expression profile, morphologic characteristics and protein expression (Mouriaux et al., 2016). It is suggested that maintaining low passage number is a good practice in cell culture work because it may better mimic the in vivo condition thus avoiding unnecessary cell culture effects that can contribute to false positive results.
Problem arised while I repeat my previously conducted experiment with this new set of cells with low passage number. I was unable to obtain similar experimental results. Previously, withdrawal of FBS from the binding assay environment to study the role of EVs in embryo-maternal communication showed significant reduction in the binding affinity. Continuation of the experiment to observe the effect of GW4869 on EVs biogenesis also resulted in significant reduction in the binding affinity. Unfortunately, using the new set of cells with low passage number I failed to replicate the previously obtained readings.
Does cell passage number affect EVs biogenesis, properties and function? Why was I unable to replicate my findings using these new cells with low passage numbers? In my investigation, only one study was found reporting the effect of passage number on EVs release. Higher passage number and similar cell seeding density do not have any effect on EVs release. Interestingly, higher passage numbers may decrease the bioactivity of EVs released thus affecting functional properties of the cells (Patel et al., 2017). This notion support my findings where trophoblast-endometrial binding affinity were significantly affected in cells with higher passage number thus highlight/suggest the decreased function of EVs released compared to the EVs released from the low passage number cells (Yan et al., 2014).
Therefore, determining the optimum cell passage number preferably low passage number of selected cells and maintaining similar cell passage numbers in each of the experimental replicates is required for result consistency. These findings also give us an idea of potential future study such as comparison on maternal age related implantation failure by utilizing higher passage numbers of the trophoblast and endometrial cells as the in vitro experimental model. It is important to note that a major reason why this series of experiments was not fully realized was the impact of the pandemic upon access to the lab.
3.5.2.4 Cell starvation
To continue this experiment to the next level, I needed to address the issue on low and high passage number cells. Low passage number cells seemed to increase trophoblast-endometrial binding affinity. The reason for this difference is not well understood. Furthermore, it is not advisable or better to discard higher passage number cells and maintain the experiment with low passage number cells (Cao et al., 2021; Kwist et al., 2016). Therefore, I needed to find a way to compensate for the situation and to optimize my 3D in vitro model of trophoblast-endometrial implantation for continuation of this EVs study.
In the present study, low passage number cells showed a good cell growth rate and increased bioactivity. The advantages of using cell culture for research is, its features can be manipulated by controlling the physiochemical and physiological factors such as temperature, osmotic pressure, pH, gas, hormones and nutrients. However, over manipulating the cells may result in unacceptable changes in the cells properties that may affect the experimental result (Arango et al., 2013). Therefore, to reduce the efficiency of these low passage number cells, I withdraw only some of the nutritious aspects of cell culture growth and introduce the cells to serum or cell starvation.
The definition of serum starvation is, growing cells in either serum‐free, serum‐reduced, or serum protein‐free medium (Pirkmajer & Chibalin, 2011). Many types of cells can still continue to grow without the presence of FBS however the growth rate is slow (Eitan et al., 2015). That’s why, I discarded the FBS from the endometrial cell after it reached around 80% of confluency grown in complete media and later replaced the culture media to FBS-free media and continued the cell growth for another 48 hours until it reached about 90-95% confluency. For the trophoblast cells, we starved the spheroid for 2 hours and 30 minutes after 48 hours of complete spheroid formation to preserve the spheroid’s shape and function. 24 hours of FBS-depletion in Human A549 lung epithelial cells reported no visible changes noticed in the cell growth; however elevated number of death cells were found after 48 hours of FBS-depletion (Rashid & Coombs, 2019). 
In another study, Live/Dead staining and image analysis of 120 hours FBS-depleted MSc cells resulted in 99% of the cell death (Potier et al., 2007). These findings showed us that cells may start to change their behavior after 48 hours of FBS-depletion. However, my cells still maintained their morphology and this observation has been confirmed by viability assay (data not shown). Anyway, the FBS-free media used in the present study still contained other basic nutrients needed for cell growth.
Cell serum starvation has been reported to reduce basal cellular activity. This is one of the common procedures applied in cell culture research especially in molecular biology experiments. However, in some studies no uniform reduction in basal signaling activity was noticed. In addition, the time range for serum starvation varies between studies, usually from 15 to 30 minutes up to several weeks depending on the cell types. Moreover, serum starvation has also been reported to affect intracellular signaling pathways (Codeluppi et al., 2011; Pirkmajer & Chibalin, 2011). In the present study, I observed 70% reduction in the trophoblast-endometrial binding affinity with the presence of GW4869 incubated for 1 hour in a higher passage number cell group. Although I was unable to replicates my findings as previously obtained, at least 40% reduction in the binding affinity in the presence of GW4869 incubated for 45 minutes were obtained after serum starvation in low passage number cells group without any morphological alteration noticed suggesting the effect is sustained even with cells from different passages.
In the context of EVs, serum deprivation or starvation have been reported to increase the activity but decrease the yield of exosomes and vice-versa for the microvesicles in the mesenchymal stem cells (Haraszti et al., 2019). In another study, EVs biogenesis cascade is reported to be affected due to cell stress from serum EV depletion (Li et al., 2015). Interestingly, in another study, no effect in the EVs size and concentration were observed in human microvascular endothelial cells undergo cellular stress due to serum-depletion (de Jong et al., 2012). The possible adverse effects from serum starvation are unpredictable and still not well understood. Therefore, the quantitative and qualitative differences observed across study varies depending on the duration of serum depletion, type of cells used and experimental condition.
In conclusion, experiments conducted demonstrated that EV biogenesis inhibition will lead to decrease of attachment of trophoblast cells to endometrial cells. This is an important finding and indicates the involvement of EVs in trophoblast-endometrial interactions.
Chapter 4: Characterization of the properties of extracellular vesicles (EVs) released from trophoblast cells in in vitro 2D and 3D cell culture systems

4.1 Abstract
Introduction: Successful trophoblast-endometrial interactions leading to embryonic implantation are a series of events resulting from complex reciprocal intercellular signal exchanges, in vivo. Recently, extracellular vesicles (EVs), a cell secreted vesicle, made of lipid bio-membranes have been reported to play an important role in various cell to cell communications including trophoblast-endometrial interactions. Due to the uniqueness of human implantation and ethical concerns, availability of in vitro models of trophoblast-endometrial implantation are essential for studying and understanding factors affecting human conception. In vivo, trophoblast cells are organised in a spherical shape interacting with endometrial cells. If such a 3D-structural shape and form has an effect on trophoblast function and its interaction with endometrium is unknown. This point is of particular importance regarding the role of EVs produced by the trophoblast in early stages of interaction with endometrium and preparation for implantation. I hypothesized that the EVs physical, biochemical and proteomic properties are different in EVs derived from 3D cell culture systems. Aim: To characterize the EVs properties derived from trophoblast cells cultured in a monolayer (2D) cell culture system and in a spheroid (3D) cell culture system. Methods: The JAr cell line was used in these experiments representing trophoblast cells. 1 X 106 cells were grown in a petri dishes to form a 2D monolayer cell culture. For 3D spheroid formation, 1 X 106 cells were placed on a gyratory shaker. Both cells were incubated for 48 hours at 37°C in 5% CO2. After 48 hours of incubation, cells were washed once and incubated for another 6 hours with FBS-free RPMI culture media. Conditioned media (CM) were collected, differential centrifugation was performed to remove cellular debris and dead cells, and EVs were isolated by size exclusion chromatography (SEC). EVs were subsequently characterized by nanoparticle tracking analysis (NTA), transmission electron microscopy (TEM) and mass spectrometry shot-gun based quantitative proteomics. Differential enrichment of proteins in EVs from 3D spheroids compared to 2D JAr cultures and pathway enrichment analysis were performed. Results were recorded and statistical analysis were performed using SPSS and R. Results: NTA revealed that the 3D cell culture system derived EVs produced larger sized particles compared to the 2D cell culture system. The EV concentration and EVs obtained per cell were also different in 2D and 3D cellular systems.  EVs enrichment in our purified samples were verified with all the methods, including enrichment of EV markers such as CD9, CD63 and CD81 in the samples. 1464 proteins were identified. 22 of EVs-proteins, including AFDN, AHNAK, ATP12A, EPB41L3 and SLC7A5 were differentially abundant in 3D cell culture samples. GO analysis showed significant enrichment (upregulation of the proteins) for several pathways including basolateral plasma membrane, extracellular exosome, T-tubule, membrane raft, plasma membrane, apical plasma membrane and nucleosome for GO CC and downregulation in the proteins that is involved in the chaperone binding pathway for GO MF. Conclusion: It seems in trophoblast cells, 2D or 3D cell culture systems may alter EV properties produced by trophoblast cells. EVs derived from the 3D JAr cell culture system provide a different physical, biochemical and proteomic profile compared to the 2D cultures. Hence, the culture system affects the biological function of these cells in vitro.
4.2 Introduction

In chapter 3, we observed the potential role of EV in mediating trophoblast-endometrial communication through the withdrawal of FBS that contains a high amount of EVs originating from an unknown source from the culture media and inhibition of EVs biogenesis using GW4869 in the 3D in vitro trophoblast-endometrial implantation model. Unfortunately our attempt to recover the binding affinity and further understand the trophoblast-endometrial communication through the addition of EVs released from 2D in vitro origin of the reproductive and non-reproductive cells (for comparison purpose) into the system was unsuccessful. 

The functional performance/ability of two-dimensional (2D) XE "two-dimensional:(2D)"  and three-dimensional (3D) XE "three-dimensional:(3D)"  in vitro models in exploring the in vivo environment is still indeterminate. Previously, in cancer research specifically, conventional 2D in vitro modeling was the standard method utilised to study the drug response and cancer biology mediating tumour progression (Yamada & Cukierman, 2007). However, a 2D in vitro model is low in efficiency, lacks in vivo cells spatial polarization and architecture and most importantly fails to mimic the in vivo environment although it is relatively inexpensive and easy to use with short experimental duration (Cukierman et al., 2002; Griffith & Swartz, 2006; Ural et al., 2021). As a result and in the need of a better understanding for future diagnosis, prognosis, and therapeutic follow-up of cancer patients, several 3D in vitro models were developed, where the cell morphology, differentiation, growth pattern and the gene expression profile in the in vitro 3D conditions were reported to be similar to the in vivo (Bassi et al., 2020; Chaicharoenaudomrung et al., 2019; Ghosh et al., 2005; Nunes et al., 2019). 
It was found that, in terms of EVs, internal factors such as changes in the cells status were likely to alter the composition, ultrastructure, size and originating path of an EV (Lázaro-Ibáñez, Lunavat, et al., 2017). EVs molecular content were also different in their cargoes between normal and cancerous prostate epithelial cells and between prostate cancer cells of varying metastatic potential (Lázaro-Ibáñez, Neuvonen, et al., 2017). Moreover, a number of biological processes that are involved in the biogenesis of EVs and loading of the EVs cargoes, are not physiological in 2D cultures (Ural et al., 2021). With limited and inconstent evidence on the similarities and differences between in vitro 2D and 3D cell culture systems in many aspects and in order to explore the role of EVs in cell to cell communication, I wondered if EVs properties and function released from cells can be influenced by the external factor such as the cell culture system conditions. 
To the best of my knowledge through literature searching, Villasante and colleagues was the first to explore, in 2016, the effects of the tumour microenvironment on exosomes formation. Interestingly, similarities in the exosome size distribution were reported between the tissue-engineered tumour cells (3D) and the patients’ plasma that were not shared by the exosomes secreted from the monolayer (2D) of the similar cells. These findings indicate the ability of the cell culture environment (3D or scaffold or both factors) in regulating exosome production to reach their native size (Villasante et al., 2016). Although for the past 10 to 15 years, the focus on EVs research were more directed towards identification of EVs and their roles in cell to cell communication in cancer (Becker et al., 2016; Maacha et al., 2019), nonetheless, a number of studies have been conducted reporting the variabilities in EVs characteristic and its association with cellular architecture, culture media condition and metabolic signature (Kim et al., 2021; Palviainen et al., 2019; Rocha et al., 2019; Tu et al., 2021). 
In the reproductive field particularly, the study on EVs and reproduction is still speculative. Nevertheless, numbers of studies including in vitro and animal experiments hypothesized the involvement of EVs in cell to cell communication in the reproductive tract (Godakumara et al., 2021; Qamar et al., 2020). Due to the uniqueness of the human implantation process and ethical concerns, the availability of in vitro models of trophoblast-endometrial implantation is essential for studying and understanding factors affecting human conception, especially cell to cell communication during the embryo-maternal interaction mediated by EVs. 
In vivo, trophoblast cells are organised in a spherical shape when interacting with endometrial cells (Kim & Kim, 2017). The structural shape and form of a 3D spheroid model representing the trophoblast cells and its effect on the trophoblast function and its interaction with the endometrium is still unknown. This point is of particular importance regarding the role of EVs produced by trophoblast cells in early stages of interaction with the endometrium and preparation for implantation. 
4.2.1 Aim and objectives

Due to the unsuccessful trophoblast-endometrial communication restoration in the previous chapter, and zero knowledge on the EVs profile secreted by trophoblast cells. Therefore, in this research I aimed to characterize the EVs properties released from in vitro 2D and 3D cell culture systems from the trophoblast cell line. I hypothesized that the EVs physical, biochemical and proteomic properties are different in EVs derived from a 3D cell culture system. These findings will help us identify the similarities and differences (if any) of the EVs properties produced by 2D and 3D in vitro trophoblast cells (JAr cells) that will be acting as an important marker in future diagnostic and therapeutic measures in ART XE "Assisted reproductive technology:(ART)"  too. Previous studies on EVs characterisation measured in different aspects of EVs properties in in vitro 2D and 3D models are shown in Table 4.1. 
Table 4.1: Previous studies on different aspect of in vitro 2D and 3D models on extracellular vesicles (EVs) properties and characterisation are summarized in table below:
	
	Author
	Type of cells
	Hypothesis
	Method
	Vesicles
	Main findings

	1.
	(Villasante et al., 2016)
	Ewing’s sarcoma type 1 
	3-dimensionality, composition and stiffness of the tumor matrix are the critical determinants of the size and cargo of exosomes.
	2D: Cell cultured in monolayers.

3D: aggregates and 3D scaffolds (bioengineered tumour model).


	Exosomes 
	· Similar exosomes size distribution from tissue-engineered tumour and patients plasma.
· Smaller sized exosomes from the tissue-engineered tumour compared to monolayer cultures.

	2.
	(Palviainen et al., 2019)
	Prostate cancer cell lines, PC-3 and VCaP
	Growth environment affects the EV characteristics.
	2D: Conventional cell culture dishes (C).

3D: Two-chamber

Bioreactors (BR).
	Extracellular vesicles
	· EV yield increases by >100 times with the usage of bioreactor.

· Minor differences observed in morphology, size distribution and surface markers between the BR-EVs and C-EVs.

· No difference in the EV size observed released from the VCaP cell in both groups.

· Significantly smaller sized EVs were released from PC-3 cells when analysed by bins of size class in the 3D bioreactor group compared to the 2D C group. 

· Similar morphologies between two groups were observed.

	3.
	(Rocha et al., 2019)
	Human Gastric Cancer cell lines MKN74 

and MKN45
	Cellular architecture modifies production levels and cargo of EVs.
	2D: Conventional cell culture dishes (C).

3D: Microwell arrays (3D CoSeedis).


	Extracellular vesicles
	· Smaller sized EVs isolated from 3D cultures (85 and 135 nm) compared to 2D cultures (100–180 nm).

· Typical size of vesicles assigned to exosomes and microvesicles was observed through TEM. 


	
	Author
	Type of cells
	Hypothesis
	Method
	Vesicles
	Main findings

	4.
	(Thippabhotla et al., 2019)
	Cervical cancer cell lines (Hela cells)
	EVs secretion dynamics and essential signaling 

molecular contents (RNAs and DNAs) are different between 2D and 3D cultures.
	2D: Poly-D-Lysine Hydrobromide treated flask.

3D: peptide hydrogel as the scaffolding.
	Extracellular vesicles
	· SEM imaging exhibited a typical round, cup shaped EVs in both 2D and 3D culture conditions.

· Smaller sized EVs distribution in 3D culture system. 

· Significantly different expression profile of EV-derived miRNAs in 2D and 3D conditions. 

	5.
	(Yang et al., 2020)
	Human oral mucosa lamina propria-progenitor cells (OMLP-PCs)
	SEVs profile derived from human oral mucosa lamina propria-progenitor cells (OMLP-PCs) 

cultures in a 3D matrix compared with traditional 2D monolayer cultures are different. 
	2D: Conventional tissue culture plastic.

3D: OMLP-PCs were cultured in 3D type I collagen matrices.
	Small Extracellular vesicles (SEVs)
	· Significantly higher SEVs concentration derived from 3D than 2D monolayers. 

· Significantly higher number of SEV-sized particles in the conditioned medium of cells grown in 3D type I collagen matrices versus 2D monolayer.

· 3D-derived SEVs demonstrated a modal size of 118.1 nm while 2D SEVs demonstrated a modal size of 92.9 nm.



	6.
	(Guo et al., 2021)
	Dental pulp stem cells (DPSCs), mesenchymal stem cells

(MSCs), or skeletal muscle cells (SkMCs)


	Mimicking key physiological stimuli affecting the cell phenotype such as 3D culture and the application of mechanical stimuli in the physiological range will boost EV production
	2D: conventional cell culture dishes.

3D: Mechanically stimulated dental pulp stem cells EVs on 3D scaffolds.


	Extracellular vesicles
	· 24-fold and 37-fold higher EV production in DPSCs 3D scaffolds group compared with the 3D static group.

· EV mean size did not differ significantly among all groups.

· Isolated EVs display typical double-membrane or multiple cup-shaped geometry, with intrinsic heterogeneity in size and structure visualized through (cryo-TEM).


	
	Author
	Type of cells
	Hypothesis
	Method
	Vesicles
	Main findings

	 7.
	(Kim et al., 2021)
	Human Wharton’s jelly-derived MSCs (hMSCs)
	To evaluate the effect of 3D culture using Cellhesion VP scaffolds, a water-insoluble material composed of chitin-based polysaccharide fibers, on the characteristics of human Wharton’s jelly-derived MSCs (hMSCs).
	2D: 150 mm tissue culture plate (Corning).

3D: 125 mL non-adherent flask (Corning) and incubated on a rocker (LABOGENE) at 

25 rpm. 3D culture of hMSCs using Cellhesion VP


	Extracellular vesicles
	· 3D culture enhanced EVs production.

· Bigger average size from 3D cells (174.9 ± 14.6 nm) compared to 2D-grown cells (157.7 ± 9.3 nm).

· Dysregulation in genes involved in cell stemness, migration ability, and EV production in 3D culture.

· Upregulation in OCT4, NANOG, and SSEA4 genes expression levels in 3D. 
· Distinct protein profile from 2D cells.

	8.
	(Millan et al., 2021)
	Benign and malignant prostate cancer cell lines (PNT1A, LNCaP, PC3)
	Hydrogel-based 3D engineered microtissues impact EVs secretion by benign and malignant prostate cells is assessed
	2D: Conventional cell culture dishes

3D: Hydrogel-based 3D engineered microtissues
	Extracellular vesicles
	· A typical cup-shape morphology and a heterogeneous range in size of vesicles visualized through TEM from each sample. 

· Majority of isolated EVs had diameters between 120 and 145 nm.

· 3D hydrogel cultures isolated EVs have a broader EV diameters compared to 2D groups.

· Tetraspanins CD9, CD81, and CD63 were highly expressed across all conditions. 

	9.
	(Tu et al., 2021)
	Pancreatic 

cancer cell line, PANC-1
	Cancer spheroids secrete more exosomes than 2D culture cells and display different properties in terms of miRNA or protein expression
	2D: Single well of a 24-well plate

3D: Bioengineered spheroid (rotary shaker)


	Exosomes
	· 3D spheroids secreted much more exosomes than the 2D-cultured cells.
· No significant difference in miR-96 between exosomes derived from 2D cells and 3D spheroids.


4.3 Materials and Methods
4.3.1 General methods

4.3.1.1 Cell line 

As described in 2.3.1.1 for JAr cell line. 
4.3.1.2 Culture media

As described in 2.3.1.2 for JAr cell culture media using (i) complete culture media and (ii) FBS-free culture media. 

4.3.1.3 Cell culture

As described in 2.3.1.3 for JAr cell line. 

4.3.2 Characterization of EVs properties released from JAr monolayer (2D) and JAr spheroids (3D) cell culture  systems

These experiments were conducted to characterize the properties of EVs released from different cell culture systems of trophoblast cells. 

4.3.2.1 Formation of JAr cells monolayer and JAr cells spheroids  

After harvesting of the JAr cells and re-suspension of the pellet in 3mL complete RPMI-1640 culture media, for the JAr monolayer 2D cell culture system formation, 1X106 cells were counted with a haemocytometer and cultured in 20 60mm X 15mm petri dishes (CellStar tissue culture dishes, Greiner Bio-One, Stonehouse, UK) containing 5mL of complete RPMI-1640 culture media. Cells were incubated for 48 hours in a humid atmosphere with 5.0% CO2 at 37°C to generate the monolayer. For the JAr spheroids (100-150µm in diameter) 3D cell culture system formation, 1X106 cells were cultured in 20 60mm X 15mm petri dishes (CellStar tissue culture dishes, Greiner Bio-One, Stonehouse, UK) containing 5mL of complete RPMI-1640 culture media on a gyratory shaker at 300rpm speed (IKA MTS 2/4, Staufen, Germany) and incubated for 48 hours in a humid atmosphere with 5.0% CO2 at 37°C.

4.3.2.2 Collection of extracellular vesicles from conditioned media and cell count

After 48 hours, the monolayer become confluent and spheroids reach an optimum size, both forms of cells in the petri dishes were rinsed once with FBS-free RPMI culture media respectively and continued incubation for 6 hours in the presence of 5mL of FBS-free RPMI culture media in each of the petri dishes respectively. 

4.3.2.3 Extracellular vesicles isolation: Removal of cells and cell debris from conditioned media
After 6 hours of incubation, CM containing EVs released from JAr monolayer and JAr spheroids cultured in the FBS-free RPMI culture media was collected, respectively. Differential centrifugation was performed as described in 3.3.3.2. Approximately 100mL of CM obtained from the JAr monolayer (2D) and JAr spheroids (3D), respectively. 100µL of the CM were collected from each group for proteomic analysis while the rest of the CM were concentrated using Vivaspin 20 concentration tube (GE Healthcare, Buckinghamshire, UK) (10,000 Da molecular weight cut off) with a centrifugation force of 2,500g at 4°C, until 0.5mL of concentrated CM remained. Cells from JAr monolayer (2D) and JAr spheroids (3D) were trypsinized, and cell counts were performed and recorded.

4.3.2.4 Size exclusion chromatography (SEC)
SEC was performed to the concentrated CM of JAr monolayer (2D) and JAr spheroids (3D) respectively, as described in 3.3.3.3. 0.5mL of the concentrated CM of the JAr monolayer (2D) and JAr spheroids (3D) were added to the chromatography column, respectively. The concentrated CM was allowed to pass through the filter and 10mL of DPBS were added followed by simultaneous collection of the elution from JAr monolayer (2D) and JAr spheroids (3D) pooled fractions 6 to 10 respectively, where each group contains a volume of 2.5mL of EVs. Final volume of 2.5mL EVs obtained were concentrated to 0.1mL using a Vivaspin 6 concentration tube (GE Healthcare, Buckinghamshire, UK) (10,000 Da molecular weight cut off) with centrifugation force of 2,500g at 4°C. 0.1mL of EVs were prepared in three replicates in each experiment for different analysis. 
4.3.4 Analysis I: Nanoparticle Tracking Analysis (NTA)

NTA was performed to measure the size and concentration of EVs in both 2D and 3D JAr cell culture systems as described in 3.3.3.4 using ZetaView PMX 120 V4.1 instrument (Particle Metrix GmbH, Ammersee, Bavaria, Germany). Dilution between 1:400 to 1:500 was applied to the pooled column fractions (6-10) of the JAr EVs using DPBS to ensure optimal concentration of each sample for ZetaView assessment. 

4.3.5 Analysis II: Fluorescence - Nanoparticle Tracking Analysis (FL-NTA) XE "Fluorescence - Nanoparticle Tracking Analysis:(FL-NTA)" : Extracellular vesicle size and concentration measurement

FL-NTA was performed to measure the size and concentration of vesicles in the presence of dye that stain the bilipid layer surrounded vesicles. The method is as described in 3.3.3.4 with addition of vesicles incubation with CMG dye labelling and measurement using a fluorescence filter using a methodology proposed earlier (Midekessa et al., 2021). Instrument calibration was performed using a known concentration of 100nm polystyrene (PS) and fluorescent Yellow Green (YG) nanoparticles (Applied Microspheres B.V., Leusden, Utrecht, The Netherland).

4.3.5.1 JAr EVs Labeling with CMG Dye

Before incubating EVs with CMG dye molecules, 1µL of 5mg/mL CMG stock (CellMask™ Green XE "CMG:(CellMask™ Green)"  Plasma Membrane Staining, Thermo Fisher Scientific, Waltham, MA, USA) was added to 49µL of PBS. Then, 1µL of CMG in 1 × DPBS was added to 9µL diluted EVs and incubated at RT for an hour on a shaker at 350rpm. All experimental tubes were kept covered with aluminium foil during incubation. After the incubation, the incubated samples were added to 990µL of 1 × DPBS suspension medium to have a final volume of 1mL. Particle number and size distribution were counted at 11 frames per cycle under a sensitivity of 72 and a shutter value of 100. 

4.3.6 Analysis III: Zeta potential

The Zeta potential (ZP) XE "Zeta potential:(ZP)"  of JAr EVs was measured thrice at 25°C under the scatter and fluorescent mode based on a previously conducted study (Midekessa et al., 2020, 2021). For scatter mode the sensitivity was set at 72, a shutter value of 100, and a frame rate of 30 frames per second, while for fluorescent mode the sensitivity was set at 90, a shutter value of 100, and a frame rate of 30 frames per second. 

4.3.7 Analysis IV: Proteomic analysis 
100µL of EVs with concentration of 1010 were collected from 2D and 3D JAr cell culture systems. Samples were transported to Proteomic Core Facility, University of Tartu, Estonia in a dry ice for proteomic analysis. 

4.3.7.1 Label-free liquid chromatography tandem mass spectrometry (LC-MS/MS) XE "Label-free liquid chromatography tandem mass spectrometry:(LC-MS/MS)" 
1µg of protein was injected to an Easy-nLC 1000 system (Thermo Scientific). The sample was eluted at 250nl/min from the trap to a 75µm ID x 50cm emitter-column (New Objective) packed with C18 material (3µm, 300Å particles, Dr Maisch). The separating gradient was 2-35% B 60 min and 40-100% B 5 min (A: 0.1% formic acid (FA), B: 80% ACN + 0.1% FA). Eluted peptides were sprayed to a Q Exactive Plus (Thermo Fisher Scientific) quadrupole-orbitrap mass spectrometer (MS) XE "mass spectrometer:(MS)"  using nano-electrospray ionization at 2.4kV (applied through liquid-junction). The MS was operated with a top-5 data-dependent acquisition strategy. Briefly, one 350-1400m/z MS scan at a resolution setting of R=70 000 at 200m/z was followed by five higher-energy collisional dissociation fragmentation (normalized collision energy of 26) of 5 most intense ions (z: +2 to +6) at R=17 500. MS and MS/MS ion target values were 3e6 and 5e4 with 50ms injection time. Dynamic exclusion was limited to the 40s.

4.3.7.2 Proteomic data analysis

Mass spectrometric raw files were processed with the MaxQuant software package (versions 1.6.15.0 and 2.0.3.0). Methionine oxidation, asparagine and glutamine deamidation and protein N-terminal acetylation were set as variable modifications, while cysteine carbamidomethylation was defined as a fixed modification. Label-free protein quantification (LFQ) XE "Label-free protein quantification:(LFQ)"  was enabled with LFQ and protein minimum ratio count set to 1. Search was performed against Homo sapiens, Bos taurus reference proteomes, using the tryptic digestion rule. Peptide-spectrum match and protein false discovery rate (FDR) XE "false discovery rate:(FDR)"  were kept below 1% using a target-decoy approach. All other parameters were default.

The abundance of 30 selected EV marker proteins were visualized to show the presence and enrichment of those proteins in EV samples compared to control media (CM) samples. Selected proteins were the 30 mostly reported proteins in the Vesiclepedia database. LFQ values (indicates the abundance of proteins) were log transformed and a heatmap was generated using R.

4.3.7.3 Bioinformatic analysis

Protein-coding of differentially expressed genes (DEGs) XE "differentially expressed genes:(DEGs)"  in 3D EVs were identified based on a fold change cut-off of 2 and p-value cut-off of 0.05. The differentially expressed proteins (DEPs) XE "differentially expressed proteins:(DEPs)"  were explored by using the Database for Annotation, Visualization and Integrated Discovery (DAVID) XE "Database for Annotation, Visualization and Integrated Discovery:(DAVID)"  (Huang et al., 2009) applied to Kyoto Encyclopedia of Gene and Genome (KEGG) XE "Kyoto Encyclopedia of Gene and Genome:(KEGG)"  analysis and Gene Ontology (GO) XE "Gene Ontology:(GO)"  analysis. FDR of <0.05 was considered statistically significant.

4.3.8 Analysis V: Transmission Electron microscopy (TEM)

After SEC, 100µL of the concentrated EVs were mixed with 100µL of 4% paraformaldehyde (Sigma-Aldrich, USA) to fix the EVs. Samples were transported to the Institute of Animal Reproduction and Food Research, Olsztyn, Poland for further analysis. On the day of analysis, 20µL of a well-mixed EVs droplet was placed on parafilm (Bemis Company, Inc, USA) that was placed in a glass petri dishes (Greiner Bio-One, UK). A 200-mesh formvar and carbon coated grid (Electron Microscopy Sciences) was placed on the top of the droplet with the copper coloured surface facing up. The EVs droplet was incubated for 20 minutes at room temperature. After 20 minutes, the grid was held in a slender position on a filter paper to remove excess DPBS. 
Later the grid was rinsed once by gently touching the surface of the grid on 50µL of ddH2O droplet and tapping on a filter paper to remove the excess water. 4% uranyl acetate (21447–25, Polysciences, Warrington, USA) was prepared and 50µL droplets of uranyl acetate were placed on another petri dish layered with parafilm. For negative staining, the grid was gently transferred to the surface of uranyl acetate droplets for contrasting purposes and incubated at RT for 5 minutes. The petri dishes were covered with aluminium foil to avoid direct light during the incubation time with uranyl acetate. Samples were observed with a JEM 1400 transmission electron microscope (JEOL Ltd. Tokyo, Japan) at 80 kV, and digital images were acquired with a numeric camera (Morada TEM CCD camera, Olympus, Germany).
4.3.9 Statistical analysis

All data obtained were tabulated in excel files. Graphical and statistical analysis were performed. NTA data normalisation was performed by dividing the particles count per size bin by the total number of particles counts across all bins. The size and concentration of EVs were expressed as mean ± SEM. The statistical analysis was performed with a combination of ANOVA, post-hoc and independent sample t-test. While *p-values <0.05, **p<0.01 were marked with an asterisk (*) symbol and reported as statistically significant. Proteomic data was analysed using the DEP package of R and DAVID functional annotation tools. Data was normalized by variance stabilizing transformation (VSN) in R. All the experiments were performed in three biological replicates.
4.3.10 Experimental Design

4.3.10.1 Characterization of properties of extracellular vesicles released from JAr 2D cell culture system and 3D cell culture system

This experiment was designed to characterize the EVs properties released from 2D and 3D cell culture systems. 1X106 JAr cells were grown in 20 60mm X 15mm petri dishes in a humid atmosphere with CO2 at 37°C. For monolayer formation, the petri dishes with cells were placed in normal incubator and for spheroid formation, the petri dishes were placed on a gyratory shaker at 300rpm in an incubator. Both cells were incubated for 48 hours, where the monolayer reached confluency and spheroids were formed. After 48 hours, both culture systems were rinsed once with FBS-free RPMI culture media, to remove the excess FBS in the culture systems. 5mL of FBS-free RPMI culture media were added to each of the petri dishes and incubated for another 6 hours. CM was collected, differential centrifugation was performed to remove the dead cells and cell debris and concentrated with Vivaspin 20 until 0.5mL of concentrated CM remained. 

SEC were performed. 0.5mL of concentrated CM of the 2D and 3D cell culture systems were added to the chromatography column, respectively and was allowed to pass through the filter and 10mL of DPBS were added followed by simultaneous collection of the elution from 2D and 3D JAr cell culture systems pooled fractions 6 to 10 respectively. Final volume of 2.5mL EVs obtained were concentrated to 0.1mL using a Vivaspin 6 concentration tube with centrifugation force of 2,500g at 4°C. 0.1mL of EVs were prepared in three replicates in each experiment for different analysis. NTA, FL-NTA, proteomic and transmission electron microscopy analysis were performed (Figure 4.1).


Figure 4.1: Experimental design for characterization of trophoblast cells EVs properties released from 2D and 3D cell culture systems. 
4.4 Results

4.4.1 NTA of size and concentration of EVs released from 2D and 3D cell culture systems

To find whether there is a difference in the EVs properties released between 2D and 3D cell culture systems, I first performed the physical characterization on the size and concentration of EVs released by both systems. From the result, the normalised graph of EVs distribution according to the size bin shows EVs size distribution in the 2D cell culture system were skewed to the left (black bar). This indicated the release of a higher number of smaller sized EVs from the 2D JAr monolayer. The mean EVs size for 2D cell culture system was 154.16 ± 1.04 nm. In contrast, for the 3D cell culture system the EVs size distribution was skewed to the right (red bar) indicating the presence of larger sized EVs released from 3D JAr spheroids. The mean EVs size for the 3D cell culture system was 161.05 ± 0.92 nm (Figure 4.2 and 4.3). Measurement of the EVs concentration in both systems revealed a significant increase (analysed by independent sample T-test) in the EVs concentration in 3D cell culture system compared to 2D cell culture system (Figure 4.4).

Figure 4.2: Normalised EVs size distribution in 2D and 3D cell culture systems. The height of the bar indicates the frequency of the EVs appearing in different size bins (nm) from 3 biological experiments. 



Figure 4.3: EVs size (nm) in 2D and 3D cell culture systems. The height of the bar indicates the mean of the EVs size (nm) and the error bar represents the standard error of the mean (SEM) from 3 biological experiments. The statistical analysis was performed with independent sample T-test, ** P<0.01.

Figure 4.4: Total EVs concentration in 2D and 3D cell culture systems. The height of the bar indicates the mean of the total concentration of the EVs and the error bar represents the standard error of the mean (SEM) from 3 biological experiments. The statistical analysis was performed with independent sample T-test, ** P<0.01.
4.4.2 FL-NTA of EVs size distribution and concentration released from 2D and 3D cell culture systems measured in different mode
I continued the analysis by performing FL-NTA, a method developed to measure the size and concentration of a particle with the presence of fluorescent dye. The CMG dye is a lipophilic fluorescent (membrane) dye that stains the lipid bilayer surrounding the EVs and suggests that the measured particles are of membranous origin and are EVs. The EVs are later detected using ZetaView® with insertion of a fluorescence filter (in fluorescent mode). 

In the present study, the pattern of particle distribution according to the size bin seems to be similar when measured in both groups in scatter and fluorescence mode (Figure 4.5 A and B). However, in fluorescence mode (green line), the fluorescent labelled particles size distribution was reduced compared to the fluorescent labelled particles measured in scatter mode (orange line). Comparison between two groups showed the distribution of number of particles/mL measured in fluorescence mode in 3D cell culture system was more than in 2D cell culture system.  





Figure 4.5: FL-NTA of EVs distribution according to size bin in different modes of measurement in 2D and 3D cell culture systems. The line chart indicates the mean of the total EVs distribution and the error bar represents the standard error of the mean (SEM) from 3 biological experiments. A) 2D cell culture system; B) 3D cell culture system. SCA=scatter, FLU=fluorescence.
In terms of the EVs concentration in different modes of measurement, the concentration of EVs in the 3D cell culture system was higher compared to the 2D cell culture system. A significant difference in the EVs concentration measured in scatter and fluorescence mode were observed between groups. Furthermore, EVs concentration in fluorescence mode 3D (4.63E+07 ± 3.24E+06) cell culture system was significantly increased compared to the 2D (3.15E+07 ± 1.18E+06) cell culture system with the labelling ratio of 55.81% and 53.77% in 3D and 2D cell culture systems, respectively (Figure 4.6). 

Normalized EVs size distribution in different measurement modes is shown in Figure 4.7 A, B and C. In fluorescence mode (Figure 4.7 B), a balanced frequency of EVs distribution according to size bin (nm) is shown in 2D and 3D cell culture systems. 






Figure 4.6: FL-NTA of EVs concentration in different modes of measurement in 2D and 3D cell culture systems. The bar indicates the mean of the total EVs concentration and the error bar represents the standard error of the mean (SEM) from 3 biological experiments. The statistical analysis was performed with ANOVA and post-hoc test ** p<0.01 and independent sample t-test  ***p<0.01. Green bar: 2D cell culture system and Blue bar: 3D cell culture system.





Figure 4.7: FL-NTA of normalized EVs size distribution in 2D and 3D cell culture systems. The height of the bar indicates the frequency of the EVs appearing in different size bins (nm) from 3 biological experiments. A) EVs only scatter mode; B) EVs with dye in fluorescence mode; C) EVs with dye in scatter mode.
The mean size (nm) of EVs measured in fluorescence mode in both groups were similar (green bar). However, in the 3D cell culture system, the mean size of EVs measured in scatter mode (regardless of the dye staining status) was bigger than in the 2D cell culture system (Figure 4.8).   





Figure 4.8: FL-NTA of EVs concentration in different mode of measurement in A) 2D and B) 3D cell culture systems. The bar indicates the mean of the total EVs concentration and the error bar represents the standard error of the mean from 3 biological experiments. The statistical analysis was performed with ANOVA and a post-hoc test. ** p<0.01. SCA=scatter, FLU=fluorescence.
4.4.3 ZP of EVs released from 2D and 3D cell culture systems measured in different mode
To observe the surface charge of the EV released from 2D and 3D cell culture systems, ZPs were evaluated. Figure 4.9 shows the mean value of zeta potential measurements at pH 6.9 for EVs released from 2D and 3D cell culture systems. There was a significant difference in ZP value of EVs released from the 3D cell culture system (-21.35 ± 0.84 mV) compared to the 2D cell culture system (-16.73 ± 0.83 mV).  



Figure 4.9: Zeta potential (ZP) of fluorescent labelled and total EVs from 2D and 3D JAr cell culture systems purified in SEC. The bar indicates the mean of the total EVs ZP and the error bar represents the standard error of the mean (SEM) XE "standard error of the mean:(SEM)"  from 3 biological experiments. The statistical analyses were performed with an independent sample t-test , p<0.05.
4.4.4 Label-free quantitative proteomics analysis of EVs and conditioned culture media from 2D and 3D cell culture systems

The biochemical characterization of isolated EVs were performed using mass-spectrometry. Overall, label-free quantification (LFQ) of JAr 2D and 3D EVs and CM samples detected 1743 proteins.
From the top 100 most reported proteins identified in EV according to the Vesiclepedia database, the abundance of 30 topmost proteins were analysed (Figure 4.10). 
4.4.4.1 Principal component analysis (PCA) XE "Principal component analysis:(PCA)"  of EVs from 2D and 3D cell culture systems

Unsupervised clustering by PCA of the top 500 variable proteins revealed distinct intra and inter-group separation of proteins from CM proteins and EVs-proteins derived from 2D and 3D cell culture systems. In 2D and 3D CM groups, PC1 contributing 63.6% of data variance were observed which appears to distinguish the CM isolation method (Figure 4.11). The hypothesis in this experiment is that EV-proteins derived from the two different cell culture systems are different. In order to test this hypothesis, another PCA was performed between biological replicates. Intragroup variance of PCA on EVs-proteins derived from 2D and 3D cell culture systems, showed clear separation between both EVs groups with PC1 contributing to 44.2% of data variance and the PCA score plot of PC2 contributes to 20.5% data of variance (Figure 4.12). 


Figure 4.10: Heatmap illustrates the presence and enrichment of specific proteins in JAr 2D EVs compared to JAr 2D CM and in JAr 3D EVs compared to JAr 3D CM. The reported proteins in the heat map (30 proteins) are selected from the Vesiclepedia top 100 proteins list.   


Figure 4.11: Principal component analysis (PCA) of 500 extracted EV-proteins expressions from different cell culture systems subtypes (CM versus EVs): 2D CM (orange), 3D CM (blue), 2D EVs (green) and 3D EVs (purple). All experiments were conducted in three replicates.   


Figure 4.12: Principal component analysis (PCA) of 500 extracted EV-proteins expression from different cell culture systems subtypes (2D and 3D EVs): 2D EVs (orange); 3D EVs (blue). All experiments were conducted in three replicates.   
4.4.4.2 Heatmap

Unsupervised hierarchical clustering of samples grouped by cell culture condition (2D and 3D EVs) as opposed to the protein expression were shown in figure 4.13. An overview of protein regulation was observed from the heatmap.

Figure 4.13: Heatmap and cluster analysis of proteomic data cohorts from three biological replicates of samples revealed differences between EV-proteins grown in 2D or 3D cell culture systems. Heatmap was plotted using the ggplot2 package in R. Orange: 2D EVs; Blue: 3D EVs.

4.4.4.3 DEPs in 2D and 3D derived EV-proteins

The protein content of the EVs was analysed by volcano plot (Figure 4.14). 22 significantly DEPs were identified from the 3D cell culture system compared to 2D cell culture system derived-EVs sample. Among these proteins, 15 proteins were significantly up-regulated and 7 proteins were significantly down-regulated in the 3D cell culture system derived-EVs proteins group compared to the 2D cell culture system derived-EVs proteins group (as determined by adjusted p <0.05 and log2 fold change threshold of >1 or <-1) The list of the DEPs are shown in (Table 4.2).


Figure 4.14: Volcano plot of differential enrichment of proteins in JAr 3D EVs compared to JAr 2D EVs.  Proteins that were significantly enriched or depleted in JAr 3D EVs compared to JAr 2D EVs are depicted by red or blue dots, respectively. Gray dots correspond to genes that were not significantly changed. Cut-off- Log2 fold change > 1.

Table 4.2: List of significantly enriched DEPs in 2D and 3D cell culture systems derived-EV.

	Proteins 
	Fold change
	In 2D
	In 3D

	AFDN
	3.08
	↓
	↑

	AHNAK
	2.33
	↓
	↑

	ATP12A
	2.57
	↓
	↑

	ATP2B4
	3.65
	↓
	↑

	ATP5F1A
	2.02
	↓
	↑

	C2orf72
	2.21
	↓
	↑

	DERA
	1.74
	↓
	↑

	EPB41L3
	4.28
	↓
	↑

	H2AC21
	2.3
	↓
	↑

	H2BC21
	1.5
	↓
	↑

	H4C1
	1.54
	↓
	↑

	MARCKSL1
	2.35
	↓
	↑

	SLC4A2
	2.42
	↓
	↑

	SLC7A5
	1.9
	↓
	↑

	SLC9A1
	3.26
	↓
	↑

	CCBE1
	-2.5
	↑
	↓

	CLU
	-2.81
	↑
	↓

	COL4A1
	-3.04
	↑
	↓

	GCN1
	-2.62
	↑
	↓

	LRP2
	-2.88
	↑
	↓

	PTGFRN
	-2.33
	↑
	↓

	VWF
	-3.03
	↑
	↓


Arrow indicates: ↑ Upregulated proteins; ↓ Downregulated proteins

4.4.4.5 KEGG pathways and Gene Ontology (GO) analysis 

Next, I continued to explore the functional roles of the differentially abundant EV-proteins in 2D and 3D JAr cell culture systems analysed via KEGG pathway enrichment analysis performed using the DAVID online analysis database. No enrichment in the KEGG pathways analysis were observed. However, GO analysis of differentially expressed EVs-proteins in 3D cell culture system compared to the 2D cell culture system showed significant enrichment (upregulation of the proteins) for several pathways including basolateral plasma membrane, extracellular exosome, T-tubule, membrane raft, plasma membrane, apical plasma membrane and nucleosome for GO CC and downregulation in the proteins that involved in the chaperone binding pathway for GO MF. GO analysis of the differently expressed EVs-protein are shown in figure 4.15. 

Figure 4.15: Gene ontology (GO) enrichment analysis of differentially expressed proteins (DEPs) (P < 0.05) in 3D cell culture system derived-EVs versus 2D cell culture system derived-EVs groups. The vertical axis represents the GO TERM and the horizontal axis represents the enrichment score −log10 (FDR p-value) of the pathway. Different colours represent: Blue, GO MF (downregulated proteins enriched in 3D cell culture system derived-EVs ); Red, GO CC (upregulated proteins enriched in 3D cell culture system derived-EVs). The data were analysed by DAVID bioinformatics tools.

4.4.5 Transmission electron microscopy
The isolated EVs were shown to be typical round, double membrane, cup-shaped and heterogeneous in size visualized through TEM imaging in both 2D and 3D cell culture systems (green arrow in Fig. 4.16 A and B). Increased distribution of smaller sized EVs was confirmed through TEM in 2D cell culture system (circled in yellow Fig. 4.16A) in agreement with my earlier findings on EVs size and concentration with NTA.









Figure 4.16: Typical transmission electron microscope (TEM) image of isolated EVs secreted from A) 2D  and B) 3D cell culture systems. Scale bar: 1000nm. Green arrow shows vesicle size range between 150-170nm; Yellow circle shows vesicle size range between 40-60nm. 
4.5 Discussion
The impact of 3D cell culture conditions is well established in the study of the tumour microenvironment (Chhetri et al., 2021). Indeed, 3D cell culture methodology has been reported to affect EV biogenesis, size and cargo (Fiorini et al., 2020). More recently, research focus has been shifted towards the exploration and understanding of the EVs and the cargoes derived from 2D and 3D in vitro conditions in various cell types (Guo et al., 2021; Rocha et al., 2019; Villasante et al., 2016). However, the properties of EVs from the trophoblast cell line, a cell line of reproductive origin, remain largely unknown. Due to the need to explore the role of EVs in embryo-maternal communication especially during the attachment phase of the trophoblast-endometrial implantation, I designed both a 2D monolayer trophoblast cell culture and 3D spheroid model to mimic the in vivo trophoblast cells performance and aimed to characterize the trophoblast cells derived EVs properties from in vitro 2D and 3D cell culture systems. I hypothesized that there is a difference between EVs properties released from 2D and 3D cell culture systems and that this may be of vital importance in influencing pathways and processes leading to embryonic implantation. 
4.5.1 The experimental overview: 2D monolayer cell growth, 3D spheroids formation and EVs

First of all, in order to compare the EVs properties in 2D and 3D in vitro cell culture systems, I ensured that all the surrounding factors were similar before the running of the experiment (Abdollahi, 2021). I previously optimized the technique for trophoblast cells spheroids formation (described in chapter 2) by aggregating the cells in 15mm X 60mm sized petri dishes placed on a gyratory shaker at 300rpm for 48 hours to obtain nicely formed round, compact and dense spheroids mimicking the in vivo features of the trophoblast cells that have been used in my binding assay experiment elaborated in chapter 3 of this thesis. This represents the scaffold-free 3D cell culture system of the trophoblast cells. 
To make sure that all cell culture conditions between 2D and 3D cultures were exactly similar and any differences between EVs produced were due to the changes in formation of spheroids in 3D cultures versus monolayer in 2D cultures, I adopted exactly the same technique to be used for the growth phase of the trophoblast cells initially in 2D monolayer. The number of cells seeded, the cell passage number, the diameter of the petri dishes, type of the culture media for cell growth and the incubation time of the monolayer was the same as in the spheroids formation that represented the 3D cell culture system in the present study, except for the incubation on the gyratory shaker. I ensured that the cells were grown in a nutritious environment before the CM collection, to avoid cell apoptosis and starvation for the later production and release of a good quality of EVs during the experiment. Hence, from the beginning of the cell culture step, the monolayer and the spheroids were cultured in complete RPMI culture media until the monolayer reached its confluency which happened to be around the 48 hours after the cell seeding and the spheroids were perfectly formed also after 48 hours on the gyratory shaker.
Surprisingly, at least one of the above discussed factors were deserted/abandoned/different in most of the previously conducted studies. For instance, the cell number seeded/the cells seeding density (Millan et al., 2021; Thippabhotla et al., 2019), the types of flask or well plate used (Millan et al., 2021; Palviainen et al., 2019; Tu et al., 2021), the CM incubation and collection time (Rocha et al., 2019) and the CM volume (Rocha et al., 2019; Villasante et al., 2016) were different between the two culture conditions in each of the studies yet the comparisons were performed between the 2D and 3D environments. To counter/equate the differences on cell seeding density, incubation time and EVs properties, Thippabhotla et al. applied the comparable cellular growth technique for CM collection, where, ≈90% cell confluency that reached at 48 hours in 2D culture cell condition is equal to 11 days of 3D cell culture duration in HeLa cell (Thippabhotla et al., 2019). 
4.5.1.1 Cell seeding
In the present study, as mentioned above, in order to control the cell growing environment, the same number of cells were seeded in 2D and 3D cell culture systems. However, at the end point of harvesting, I observed a lower number of cells in the 3D cell culture system. The cell proliferation patterns were similar in the previously conducted studies compared to the present study although different cells seeding density were introduced in both systems at the start/beginning of the experiment (Thippabhotla et al., 2019; Villasante et al., 2016). Decreased cell seeding increased EVs secretion in the 3D cell culture condition indicating that the efficiency of this system may benefit EVs functional studies that mimic the in vivo physiological condition (Thippabhotla et al., 2019).

4.5.1.2 Conditioned media collection and volume

Furthermore, most of the previous studies used EV-depleted culture media for CM collection while in the present study, I stick with FBS-free culture media for CM collection in both cell culture systems in order to totally exclude the external source of EVs in our experiment. One of the obvious differences regarding the CM collection in the present study as compared to the previously conducted studies was, the CM for EVs isolation was collected after the cells reached confluency. This is in line with my objective to observe the possible changes in the EVs properties derived from the 2D and 3D cell culture systems of the trophoblast cells during apposition and attachment phase of implantation as previously measured (chapter 3) by observing the success in the binding affinity and to predict its possible outcome on trophoblast-endometrial communication/implantation. 
Most of the previously conducted studies pooled the CM collection from as early as 24 hours after media replacement until the cells reached around 85% confluency following their research needs (Rocha et al., 2019). In addition, to improve upon the restriction reported in the previous study pertaining to the volume of CM causing a limitation in test performance for characterization of EVs properties (Abdollahi, 2021), I collected a total volume of 100mL of CM from 20 petri dishes respectively, with estimated EVs concentration of 1X1010 per mL measured by NTA from both cell culture systems. Interestingly, Tu et al. utilized only 1mL of the culture supernatant from a pancreatic cancer cell line and revealed molecular features relevant to cancer progression from EVs derived from cancer spheroids. However, the incubation time for CM collection was longer than the present study (Tu et al., 2021).
4.5.1.3 Incubation period

Most of the previously conducted studies applied a longer incubation time for CM collection, which is from 6 hours (Thippabhotla et al., 2019; Tu et al., 2021; Yang et al., 2020) up to 6 days especially in the 3D setting (Rocha et al., 2019) and supporting the cells growth with EV-depleted culture media as a method of maintaining the optimum cells growth throughout the experiment. However, the usage of EVs depleted media has been reported to give an impact on cell function (Shelke et al., 2014), normal growth (Eitan et al., 2015), phenotype (Beninson & Fleshner, 2015) and differentiation potential (Aswad et al., 2016). However, I limited the incubation time for CM collection to 6 hours after complete growth of the cells with complete RPMI culture media. This is to preserve/maintain the monolayer and spheroids cell viability and structure from deterioration based on the previously performed preliminary optimisation on the cells. Determining the cell viability is important for EVs studies to avoid the release of apoptotic bodies from the necrotic core of the spheroid. It seems that results comparison across studies will be challenging due to inconsistency in the experimental methodology depending on cell types, objectives of the study, the culture media composition and many more between 2D and 3D cell culture conditions (Abdollahi, 2021). 
4.5.2 EVs yield, size and distribution pattern 

The 3D system is best defined as a biological (cellular) construct of spheroid formation through various techniques such as a scaffold-based model or a scaffold-free model rather than the involvement of a physical culture environment such as from the usage of the bioreactor. Earlier, one of the rationales for the development of 3D cell culture condition and its connection to EVs production was due to the high amount of EVs needed for medical uses (Abdollahi, 2021). Indeed, it has been reported that, higher EVs yield from the cells formed in 3D cell culture condition were observed in scaffold-free spheroid cultures (Tu et al., 2021) and/or protein-based hydrogels (Thippabhotla et al., 2019) compared to 2D cell culture condition. 
On the other hand, the utilization of a bioreactor as a medium for the generation of 3D cell culture condition was deemed inappropriate owing to its ability to increase EVs concentration without clear formation of 3D cell aggregates (Abdollahi, 2021). I applied a scaffold-free method for spheroid formation and my EVs yield (concentration) was also significantly higher in the 3D cell culture system compared to the 2D cell culture system. This indicated potential benefits of 3D trophoblast cell spheroid EVs as a source of biomarkers and/or treatment in the future ART research direction. Therefore, in order to compare between 2D and 3D cell culture conditions, distinct methods are needed for EV normalization among studies.

Apart from EVs yield, the primary parameter that was observed on the EVs properties derived from the 2D and 3D in vitro trophoblast cell culture systems was the EVs size and distribution pattern. To the best of my knowledge, for the past 5 to 6 years, there are only a limited number of studies (Table 4.1) reporting on the characterization of EVs profile in the 2D and 3D in vitro associated environments. Most of the previously conducted studies emphasized on the role and functional aspect of EVs derived from different cellular conditions, which was not our main focus to be investigated in the present study. 
NTA of EVs isolated from 6 hours incubated cells CM showed an increase in the larger sized EVs distribution derived from the 3D trophoblast cell culture system compared to the 2D trophoblast cell culture system. Similar findings were reported recently from EVs secreted from 2 different types of mesenchymal cells (MSCs), hMSCs Wharton’s jelly (Kim et al., 2021) and dental pulp stem cells (DPSCs) (Guo et al., 2021) despite the differences in the CM incubation time (72 hours), culture condition (scaffold and bioreactor) and the EVs isolation method compared to the present study. In addition, broader EVs diameter were reported to be released from prostate cancer cells from hydrogel-based 3D engineered microtissue (Millan et al., 2021) and human oral mucosa lamina propria-progenitor cells from 3D type I collagen lattices (Yang et al., 2020), respectively, however the size of the EVs observed was relatively small compared to my findings. 
A few of the previously conducted studies reported contradictory findings compared to the present study where an increase in the number of small sized EVs were observed in 3D cell culture condition, grown in the presence of scaffold and bioreactor (Palviainen et al., 2019; Rocha et al., 2019; Thippabhotla et al., 2019; Villasante et al., 2016). The mechanism behind the release of EVs in a 3D cell culture system is still unknown. Following the comparable cellular growth status, it is assumed that, one of the possible reasons for this findings may be related to prolonged spheroid incubation time and the timing of cell confluency (Rocha et al., 2019; Thippabhotla et al., 2019). The rate of exosome secretion, which is categorised as small EVs, was reported to be higher at confluence in the 3D cell culture condition. It is also noteworthy to mention that the definition of cell confluency varies among studies. Hence, it is very hard to compare between different studies and the level of the cell culture confluence they have attained. 
An increasing pattern of EVs secretion was observed in 3D cell culture condition until day 11 while a decrease in the EVs secretion was observed in the 2D cell culture condition which was inversely proportional to the cells incubation time (Thippabhotla et al., 2019). Furthermore, the limitation encountered in 2D cell culture condition in the previous study that led to a decrease in the EVs secretion may be due to the restriction in the growing space of the cells in the flask after the cells reach confluency, (a situation that leads to contact inhibition and an alteration in the growth characteristics of the cells). The cell’s proliferation rate decreases. However, even though the cell proliferation rate was reported to be low in 3D cell culture condition, other factors such as substrate stiffness and shear stress may have contributed to the increase in EVs production (Devue et al., 2020; Patel et al., 2018). 
FL-NTA is an advanced level of NTA that exclusively measures particles with a bi-lipid membranous structure. In FL-NTA, a lipophilic fluorescent (membrane) dye (CMG) is introduced to the samples and the nanoparticles size and concentration is measured in the presence of a fluorescent filter. This technology advances NTA measurements to exclusively membranous particles and will avoid measurement of other particles that may not have a bilipid membrane structure. In theory, FL-NTA measurements are more accurate and limited to EVs rather than any other particles (Midekessa et al., 2021).
To the best of my knowledge, I was the first to utilize FL-NTA in characterizing the EVs properties released from 2D and 3D cell culture systems. Significant differences were observed in EVs concentration in the 3D cell culture system confirming the ability of 3D cell culture system to produce a higher EVs yield, however, the EVs size distribution pattern and the mean size was similar in both groups. This analysis also gives us a hint of the presence of a variety of nanoparticles which are probably not of a membranous origin in the samples that need further investigation.
Although common NTA revealed significant difference in the EVs mean size and distribution pattern released from 2D and 3D cell culture systems in the present and previously conducted studies, morphological observation through TEM shows the presence of homogeneous, typical double membrane, mixture of round, and cup-shaped particles with diameter around 100nm-170nm (Guo et al., 2021; Kim et al., 2021; Millan et al., 2021; Rocha et al., 2019). This is in agreement with our findings with FL-NTA. 
4.5.3 Proteomic analysis of 2D and 3D EVs 

As we are all aware, omics technologies have been developed and applied to investigate the changes at the molecular level to study the genomic, transcriptomic and proteomic profile with the aim to improve the diagnostics and treatment in EVs related field (Chitoiu et al., 2020). In the present study, LC-MS/MS proteomics analysis was performed on the CM and EVs samples collected from 2D and 3D in vitro cell culture systems of the trophoblast cells. Distinct separation of the CM and EVs protein clustered and demonstrated through PCA indicated the success of the isolation process. Interestingly, the promising role of CM and EVs was recently reported as the potential tools for therapeutic applications (Niada et al., 2021). However, in the present study, I narrowed down my research direction by only focusing on comparison of the 2D and 3D cell culture systems derived-EVs proteins with the question in mind, are there any differences in the EVs proteomic profile derived from JAr monolayer and spheroids. A total of 1464 proteins were identified where 22 of these EVs-proteins were significantly differentially abundant in the 3D cell culture system compared to the 2D cell culture system derived-EVs proteins. 
Considering the sensitivity of the mass spectrometry system, a large number of proteins were detected through the proteomic analysis in the present study. Most of these proteins were conventionally produced by JAr cells derived-EVs irrespective of their cellular architecture. However, when comparison of these JAr cells derived-EVs was done according to the cell culture system (2D and 3D), only 22 proteins were significantly differentially expressed in 3D cell culture system derived-EVs indicating the impact of cell culture system in the proteomic properties of EVs.
From the PCA plot, distinct separation of the proteins, was exhibited between the 2D and 3D derived-EVs groups (Figure 4.12). However, among the 3D cell culture system derived-EVs group, sample heterogeneity was observed. The number of samples in this experiment were only three and the cell lines used were from the similar source throughout the experiment. Such precautions resulted in a very interesting set of proteomic data and results. However, the low number of samples is a limitation of our current study. In future, analysing additional samples will most probably decrease the variation and heterogeneity observed between different samples in these kinds of investigations. The reason for these findings is unknown however, there must be some undetermined factors that have contributed to the findings above although the experiment were repeated in three similar replicates. PCA is sensitive to outliers and depends upon the parameters used in defining the principal components. It may be possible to account for this outcome by increasing the sample size and re-analysis to remove the outliers from the PCA plot. However, considering the LC-MS/MS procedure that requires a single run of the analysis for all of the samples, adding on more replicates and repeating the experiment is unrealistic. Furthermore, due to time constraints, the tedious process of EVs preparation from the cell growth to the EVs isolation, pandemic condition and high expenses for this procedure, I decided to continue the analysis with the available data. 
4.5.3.1 Functional analysis
To confirm my hypothesis where there is a difference in the EVs properties between the 3D and 2D cell culture system, I further analysed these 22 differently enriched EVs proteins to observe the biological changes in the two different culture conditions by performing KEGG pathway and GO analysis. Surprisingly, no enrichment in the KEGG pathways analysis was observed. However, interestingly, a few unique proteins were identified to be upregulated in 3D JAr cell culture system derived-EVs proteins including AFDN, AHNAK, ATP12A, EPB41L3 and SLC7A5, proteins known to be associated with a plasma membrane. This finding gives an idea on the potential involvement of these EVs-proteins in the early trophoblast attachment process due to their location of origin and the function that they may perform to enhance successful implantation.  
For instance, EPB41L3 (with fold change 4.28) has been reported to interact with numerous membrane proteins such as E-cadherin, a cell surface glycoprotein that is accountable for adhesion between epithelial cells (Nagafuchi et al., 1987; Yuan et al., 2021). EPB41L2 has also been identified in extracellular vesicles in urine, prostate cancer cells and colorectal cancer (Kharaziha et al., 2015; Liem et al., 2017; Moon et al., 2011). In embryo implantation, reduction in the matrix metalloproteinase (MMP) activity was observed in the presence of E-cadherin thus enhancing the implantation process (Liu et al., 2006). Therefore, upregulation of EPB41L2, a EVs-derived protein in the 3D JAr cell culture system suggests the involvement of this EVs-protein in implantation process and highlights the importance of cell culture system usage to mimic the in vivo event via in vitro experiment. 
Subsequently, another protein that has been significantly upregulated in 3D cell culture system derived EVs-proteins in the present study is AFDN (with fold change 3.08). To the best of my observation, there is no information available on AFDN protein and trophoblast implantation. However AFDN has been reported as a protein that belongs to the adhesion system together with E-cadherin indicating its potential role in trophoblast implantation (Reymond et al., 2000). In addition, ATP12A (with fold change 2.57) is another unique protein that is enriched in the 3D JAr cell culture system derived EVs in the present study. ATP12A has been reported to be present in both uterus and trophoblast cells, however, the exact role of this protein is still unknown (Johansson et al., 2004). In general, this protein has been reported to be involved in the maintenance of electrolyte homeostasis through K(+) ion absorption and has a primary role in mucus acidification in the airway epithelium to regulate mucus viscosity and clearance (Lennox et al., 2018). By looking at the function of this protein in airway epithelium and the nature of the trophoblast-endometrial environment during implantation process, I postulate that ATP12A protein may have function in clearance of the MUC1 and extracellular matrix (ECM) XE "extracellular matrix:(ECM)"  component for a successful implantation. Further study is required to confirm this statement. 
Finally, two proteins that are upregulated in the 3D cell culture system that catch my attention are AHNAK and SLC7A5. AHNAK is a known regulator of implantation that has been reported to be involved in laminin substrate adhesion (Salim et al., 2009) while transcription of SLC7A5 has been reported to be regulated by integrin (Mahmassani et al., 2017). SLC7A5 has been reported to be present on maternal and foetal surfaces of syncytiotrophoblasts (Ohgaki et al., 2017). Moreover, integrin is the major receptor of the ECM on the cell surface (De Arcangelis & Georges-Labouesse, 2000). Signals for trophoblast cell migration and invasion are generated through the interaction of integrins with ECM (Damsky et al., 1994). Therefore, these two components are interconnected through the attachment of the integrins as adhesion molecules on the extracellular domain to the ECM molecule proteins such as collagen IV, laminins and proteoglycans (Mouw et al., 2014). 

On the other hand, laminin is a high-molecular weight non-collagenous protein of the ECM (Timpl et al., 1979). It forms a mesh-like network which is present in the basement membrane of the trophectoderm and also the decidual matrix of the uterus (Colognato & Yurchenco, 2000). The role of laminin is as a component that promotes the polarization and survival of the embryonic ectoderm (Klaffky et al., 2006). In addition, the interaction of laminin regulates trophectoderm proliferation and differentiation besides being crucial for trophoblast adhesion and spreading. To the best of my knowledge, there is no study discussing the focal adhesion, ECM-receptors interaction, EVs, 3D cell culture system and trophoblasts cells specifically as a whole. Furthermore, the above mentioned proteins and their role in trophoblast-endometrial implantation have not been discovered yet. AHNAK and SLC7A5 proteins may be potential biomarkers in the future in evaluation of implantation success.  
Although all the above mentioned 3D JAr cell EV-derived proteins did not exhibit enrichment in any of the adhesion related pathways in KEGG analysis, the presence of these proteins shows an important interconnection between these proteins and EVs and its role in embryo-endometrial communication leading to successful implantation. The knowledge on how these proteins activate and interact on the apical or basolateral region of the plasma membrane and exert their function is still unknown. However, these findings give us an idea that JAr spheroids derived EVs-protein that was formed to mimic the blastocyst structure as in in vivo, are significantly enriched in embryo implantation associated proteins compared to the JAr monolayer. Most of the proteins enriched in the present study have not been reported by others. Variation in the findings is maybe due to differences in the EVs isolation methods between studies.
Growing attention in EVs based reproductive research is mainly due to the possible beneficial effects of these nanoparticles in enhancing reproductive success. EVs role as potential therapeutic tools with the aim to improve ART procedures has been highlighted through several in vitro studies. For instance, from the maternal site, endometrial cells (endMSCs) derived EVs were reported to aid in embryo hatching. The proteomic analysis in this study revealed the presence of proteins important in embryo development and implantation (Blázquez et al., 2018). Recently, in another study, endometrial cell-derived EVs miRNAs have been reported to promote trophoblast functions during embryo implantation (Tan et al., 2021). Both studies indirectly show the potential role of endometrial cell derived EVs in initiating the implantation process through the stimulation of trophoblast cells. 

In contrast, there are a limited number of studies exploring the role of trophoblast cells derived EVs and any association with embryo-maternal communication. In 2019, Battaglia et al. reported the potential role of miRNAs isolated from human blastocoel derived EVs in cell reprogramming and cell adhesion besides its other role in cell to cell communication within the blastocyst (Battaglia et al., 2019). Interestingly, a study conducted by Godakumara et al. reported an alteration in the endometrial cells transcriptome in the presence of trophoblast cells derived EVs indicating a critical response in embryo-maternal communication (Godakumara et al., 2021). Putting together studies conducted by Tan et al. and Godakumara et al. shows us the presence and importance of two-way signalling exchange mediated by EVs between the  trophoblast cells and endometrium for a successful implantation.

To conclude, the present study shows that characterisation of the cell culture system is crucial in establishing the 3D in vitro trophoblast-endometrial implantation model especially in studying the role of EVs in embryo-maternal communication. A few in vitro studies using various non-reproductive cell types have highlighted the effect of cellular architecture on the physical, biochemical, transcriptomic and proteomic profile of the EVs thus affecting the functional properties of the EVs on the in vitro study model (Table 4.1). However, none of the studies available investigated the differences of the trophoblast cells derived EVs proteomic profile in 2D and 3D conditions. Mimicking the nature of the blastocyst in vivo and due to the interest in further understanding the mechanism of embryo-maternal communication, therefore exploring the trophoblast cells derived EVs properties in 2D and 3D cells settings will be beneficial and helpful for the continuation and further direction of this research in the future.

To the best of my knowledge, I am the first to report the findings on the differences seen in the EVs protein properties isolated from 2D and 3D trophoblast cell culture systems. As mentioned above, a few unique proteins enriched in the 3D JAr cell culture system compared to the 2D cell culture system were identified through the proteomic analysis to be associated with plasma membrane activity thus giving some insight on the events happening during the early implantation process (apposition and attachment). This is something important to be considered in the future research when designing experiments to study embryo-endometrial implantation. 

In the present study, I managed to demonstrate methodology and produce some valuable information regarding EVs and their interaction with trophoblast cells in order to enhance a successful implantation process. In ART for instance, the good quality of blastocyst is confirmed through morphological observation and some chromosomal evaluation. However, only 30% success rates have been achieved in every cycle of the procedure. Can the EVs protein derived from the trophoblast cells discovered in the present study be used as one of the potential biomarkers to predict the blastocyst quality before the procedure? Or in reproductive defective conditions, such as in implantation failure, are these EVs proteins less abundant in disease conditions? Therefore, from the present study I conclude that the culture system affects the biological function of JAr cells in vitro. Further study is needed to identify, understand and unravel the trophoblast cells derived EVs protein and their specific roles in embryo-endometrial implantation.
The result comparison in the present study was performed just between the trophoblast cell line cultured in 2D and 3D cell culture systems. Previous studies included in vivo samples such as cervical cancer patient plasma as a positive control to compare between the EVs properties in in vivo and 3D in vitro condition (Thippabhotla et al., 2019; Villasante et al., 2016). The differences noticed in both 2D and 3D conditions is better evaluated with the comparison between 3D in vitro and in vivo samples to better understand the physiological relevance. However, due to ethical constraints of human sample utilisation, especially trophoblast cells, we did not manage to include and observe the real situation that may possibly occur in vivo.
Furthermore, comparison between studies was not entirely convincing due to differences in all of the experimental components such as growth conditions, cell types, incubation time, media selection, centrifugation techniques and many more. To set a fixed normalisation protocol to each of the parameters is illogical due to different cellular requirements among cells. Therefore, previous studies may be useful as a reference for further direction of a study depending on the objectives. Although there is no clear guidance/guideline/protocol on determination of EVs properties derived from different cell culture however, it seems that EVs derived from 3D cell culture systems better mimic the in vivo environment and have full potential to contribute to diagnostic and therapeutic in ART. 

Chapter 5: Bioinformatic data analysis: Recurrent early pregnancy loss is the result of embryo-endometrial communication breakdown

5.1 Abstract 
Introduction: Recurrent early pregnancy loss (REPL), defined as two or more consecutive pregnancy loss before the 20 weeks of gestation is another distinctly different challenge in reproductive medicine and fertility. REPL is multifactorial. Dysregulation in the embryonic genetic composition is responsible for 50-80% of the incidence of pregnancy failure thus indicating the embryonic factor as one of the main causes of spontaneous abortion. Unfortunately, although a good quality of embryo was selected and implanted, still 10% of them undergo failure suggesting the possible involvement of a uterine factor in pregnancy loss. Abundant transcriptomic studies on the endometrium of REPL patients during the mid-luteal phase of the menstrual cycle revealed a significant change in the endometrial gene expression profile; however it is poorly characterized. Despite all the dysregulated genes reported in REPL, identifying the enriched pathways is crucial for uncovering biological characteristics and molecular processes altered in REPL therefore understanding the aberrant mechanisms underlying the disease. My hypothesis is, there is a difference in the pathways associated with the biological malfunction in REPL compared to healthy fertile control. Aim: Hence in the present study, I aimed to provide a detailed view of the biological malfunction and related pathways of differentially expressed genes in REPL. Methods: Endometrial biopsies were obtained with consent from women experiencing REPL (n=3) and control (n=3) during the mid-luteal phase of the menstrual cycle. Gene profiling was performed using Affymetrix microarray technology. Bioinformatic functional analysis of dysregulated genes was further explored by using the Database for Annotation, Visualization and Integrated Discovery (DAVID). Results: Unsupervised clustering of endometrial samples biopsied during the midluteal phase showed scattered distribution of gene expression between the individuals who experienced REPL and healthy fertile control groups. 1174 genes (P value<0.05, Fold change >1.2) were significantly altered (543 and 629 genes were significantly up and downregulated, respectively) in the endometrial of REPL patients group compared to the healthy fertile control group. Bioinformatic analysis revealed downregulation in KEGG pathways of the differentially expressed genes (DEGs) in a variety of signaling pathways including ribosome, oxidative phosphorylation, endocytosis and lysosome pathways. Ribosomal proteins (RPs) and mitochondrial ribosomal protein (MRPs) genes together with Rab35, CHMP2A, CHMP4B and NAGLU, ASAH1, NPC2, LGMN are among the important genes downregulated. GO analysis revealed ribosomes, mitochondria inner membrane, exosome and lysosome as the most significantly downregulated cellular component (CC) affected in REPL. Conclusion: Determination of the dysregulated genes and their related biological pathways in REPL will be key in understanding their molecular pathology and of major importance in addressing diagnosis, prognosis, and treatment issues.
5.2 Introduction
In the previous chapter of this thesis, I introduced the reader to one of the most fascinating research topics which demonstrates the role of EVs in mediating embryo-endometrial communication during implantation, in vitro. As we are aware, implantation failure is one of the obstacles faced in ART contributing to the success rate of only 30% after the fertilization of a good quality embryo with a receptive stage of endometrium (Lédée et al., 2016). Till today, the exact aetiologies of implantation failure are unknown. 
In the previous work, I was able to create an in vitro model of embryo-endometrial implantation, characterize the properties of the EVs released in different cell culture systems of the trophoblast cells and demonstrated that the breakdown in embryo-endometrial communication mediated by EVs may affect the implantation process. Using the approach of omics technology, a few implantation related EV proteins were also identified (Nakamura et al., 2020a). 
Are these two ways of communication mediated by EVs continuous throughout the pregnancy or cease when implantation is successful? Does interference in this communication lead to other reproductive complications? What are the other factors that may contribute to the failure of reproductive sustainability? Are EVs present and their function always interrupted in reproductive complications? Are there any specific markers to be identified if this dysfunction occurs repeatedly? There are too many uncertainties with no explanation established. In order to observe the bigger picture of reproductive dysfunction and the involvement of EVs in embryo-maternal communication, this research was diverted from in vitro cell culture work to in vivo sample data analysis. 
In this chapter, I will elaborate on another distinctly different challenge to reproductive medicine and fertility which is the recurrent early pregnancy loss (REPL). REPL is defined as two or more consecutive pregnancy loss before 20 weeks of gestation (Practice Committee of American Society for Reproductive Medicine, 2008; Stephenson et al., 1998). Pregnancy loss affects around 1-5% of women in their child-bearing age and occurs in approximately 12-15% of clinically recognized normal pregnancies without any medical assistance which usually take place during the first trimester (‘Evaluation and Treatment of Recurrent Pregnancy Loss’, 2012). This condition also occurs in 10% of the patients undergoing ART within the 30% of the successful rate of IVF procedures (Bottomley & Bourne, 2009). As a result, most of the affected couples suffer from emotional distress, mental and physical imbalance, and trauma after repeated failure and in some cases lead to breakdown in marriage (Kicia et al., 2015). 
Knowing the aetiology of a disease is necessary for preventive measures across the disease scope. REPL is multifactorial. Presently, the aetiologies of REPL include endocrine and immune malfunction, parental and embryonic chromosomal aberrations, untreated hypothyroidism, anatomical and structural uterine abnormalities, uncontrolled diabetes, antiphospholipid antibody syndrome (APS), infectious diseases and environmental components (Ford & Schust, 2009). Looking at the listed etiologies, still almost 50% of the reasons for REPL remain unexplained. However, there is increasing evidence reporting the association of REPL with genetic susceptibility (Hyde & Schust, 2015). 
It is known that dysregulation in the embryonic genetic composition or chromosomal problems are responsible for the 50-80% of the incidence of pregnancy failure thus indicating the embryonic factor as one of the main causes of spontaneous abortion (Menasha et al., 2005; Ogasawara et al., 2000). Conversely, in 30% of the ART procedure, although a good quality of embryo was selected and implanted, still 10% of them undergo failure suggesting the possible involvement of a uterine factor in pregnancy loss (‘Assisted Reproductive Technology in the United States’, 2007). There are an increasing number of studies on uterine factor and REPL, but the underlying mechanisms are poorly understood (Carbonnel et al., 2021; Turocy & Rackow, 2019). Therefore, in the present study, I will explore the uterine factor as one of the aetiologies of REPL. 
Endometrial receptivity is one of the components that need to be considered when exploring the uterine function. It is defined as the ability of the endometrium to allow the embryo to attach, invade and successfully implant during the mid-luteal phase of the menstrual cycle under the control of ovarian steroid hormones (Lessey & Castelbaum, 1998; Psychoyos, 1986; Wilcox et al., 1999b). Discrepancy in this orchestrated event may lead to reproductive failure.
Earlier, observation and analysis on the endometrium of fertile volunteers during the early to mid-luteal phase of the menstrual cycle revealed a significant change in the endometrial gene expression profile (Carson et al., 2002). Since then, several transcriptomic studies have been conducted (Altmäe et al., 2017; Messaoudi et al., 2019). Hundreds of upregulated and downregulated genes were reported to be involved in endometrial receptivity, surprisingly, only small overlap was observed between studies indicating huge diversity and variation in the transcriptomic profile of a normal individual (Altmäe et al., 2017; Mirkin et al., 2004). An insight on the importance of implantation timing and the possible changes that occur during that short duration of time in fertile individual endometrium and its significance to implantation was highlighted in the present study. 
Are there any changes in the endometrial gene expression profile in REPL patients? Due to the curiosity and the need in explanation of REPL aetiology, numbers of studies have been conducted, reporting the dissimilarity in gene expression pattern between fertile women and REPL patients (Craciunas et al., 2021; Kosova et al., 2015; Lee et al., 2007). These findings strongly suggest the importance of uterine function for implantation and pregnancy continuity in REPL however it is still poorly defined due to variation between studies. 
Generally, it is expected that hundreds of genes are involved in the regulation of pregnancy yet dysregulation of some of these genes have been observed in REPL patients. The upregulation of FGF9 gene for instance, that involved in the maintenance of pregnancy as well as progesterone production and the downregulation of MMP19 genes that play a role in remodeling of endometrial extracellular matrix is an example of condition of the deterioration of endometrial function (Othman et al., 2012; Pereza et al., 2012). In addition, differential expression of IL-13 and IL-15, protein coding genes that are involved in immune and/or inflammatory related responses, were critical in REPL (Chegini et al., 2002). Subsequently, genes such as AMN, THBD, PROCR, VEGF, TP53, NOS3, JAK2 also have been revealed however the changes were hardly outlined (Daher et al., 2012; Mercier et al., 2007; Vaiman, 2015). 
Up to now, most of the studies were diversely reporting numbers of dysregulated genes and its association with immune system, inflammatory response, angiogenesis, and apoptosis in REPL. Interestingly, these groups of genes are basically essential in implantation; however, it is poorly characterized (Ruiz-Alonso et al., 2012). There is a growing interest in transcriptomic studies to ascertain the potential genetic markers related to REPL using high-resolution molecular techniques, including chromosomal microarray analysis and next-generation sequencing (Gu et al., 2021; Huang et al., 2017; Lédée et al., 2011). Again, the findings vary between studies. 
Despite all the dysregulated genes reported in REPL, identifying the enriched pathways is crucial for uncovering biological characteristics and molecular processes altered in REPL therefore understanding the aberrant mechanisms underlying the disease. Thus, it is practical to locate the genes and identify the specific pathways related to implantation for identification of endometrial factors in REPL. 
5.2.1 Aim and objectives
Hence in this study, I aimed to provide a detailed view of the biological malfunction and related pathways of differentially expressed genes in REPL. Determination of their aetiologies and identification of dependable biomarkers will be key in understanding their molecular pathology and of major importance in addressing diagnosis, prognosis, and treatment issues in REPL. I hypothesized that there is a difference in the pathways associated with the biological malfunction in REPL compared to healthy fertile control.
5.3 Materials and Methods
5.3.1 Baseline profiling 

5.3.1.1 Study design 

This is a cohort study participated by two groups of women (i) experiencing REPL (n=3) and (ii) fertile (In vitro fertilisation/Intracytoplasmic sperm injection) (IVF/ICSI) XE "In vitro fertilisation:(IVF)" 

 XE "Intracytoplasmic sperm injection):(ICSI)"  healthy controls (n=3). The study was conducted according to the Research Ethics Committee regulations, policies and procedures of the University of Sheffield and Sheffield Teaching Hospital NHS Foundation Trust (STH number 18063). Before the procedure, a written informed consent was obtained from all the participating subjects. Subjects had the full right to withdraw from the study at any point in time until the endometrial sampling.
In this study, REPL was defined as three consecutive pregnancy losses prior to 12 weeks of gestation from the date of the last menstrual period in women aged less than 40 years old. The control group consists of women with good endometrial receptivity defined by a confirmed foetal heartbeat detected through ultrasound scanning at 12 weeks of gestation. The participants had regular menstrual cycles of 28+/-7 days and did not use oral contraceptives or an intra-uterine device. They were recruited in the menstrual cycle prior to their IVF/ICSI treatment. Barrier contraception was used during the experiments. The Inclusion and exclusion criteria for this study is as described in table 5.1.
5.3.1.2 Tissue collection

Pipelle endometrial biopsy and endometrial fluid was collected during the mid-luteal phase (7 – 10 days prior to menstruation, 7 days after ovulation) in the REPL patients and control group, which is a representative day of the WOI. Samples were then used for mRNA and transcriptomic profiling.  

Table 5.1: Inclusion and exclusion criteria of the fertile and REPL patients.
	
	Fertile women (n=3)
	REPL women (n=3)

	Inclusion criteria
	i.    Age under 40 years 

ii.   Undergoing an IVF cycle that 

      result in an ongoing clinical 

      pregnancy as defined above 

iii.  Consent to participate in this  

      study 
	i.    Age 40 years or less

ii.   Fulfilling the definition of REPL  

      described above 

iii.   Normal results obtained on routine 

      REPL investigations (thrombophilia 

      screening, Karyotyping, hormonal 

      profile and detailed pelvic scan)

iv.  Consent to participate in this study



	Exclusion criteria
	i.   History of RIF

ii.  Known uterine/ 

     endometrial pathology

iii.  Low ovarian reserve defined by a   

     baseline serum FSH level above 

     10 IU/ML

iv.  Known uncorrected 

     endocrinological pathologies

	i.    Women older than 40 years

ii.   Known uterine or 

      endometrial pathology 

iii.  Known cause of REPL


5.3.2 Total RNA isolation

The techniques for RNA isolation, quantification, reverse transcription was optimised in our lab and consistently reproduced. Total RNA was extracted using a combination of Trizol and an affinity column RNAqueous-Micro kit (Ambion, Inc) with some modifications to the manufacturer’s instructions to maximize yield from small samples. RNA integrity, purity and concentrations were evaluated by capillary electrophoresis using the Agilent 2100 Bioanalyzer. 
5.3.3 Microarray analysis

RNA was converted to cDNA and labelled with biotin using the WT plus kit from Affymetrix before being applied to the Affymetrix GeneChip® Human Clariom S Array (Affymetrix, Sunnyvale, CA) with one array being used for each RNA sample. This array platform offers a comprehensive coverage (comprising more than 200,000 probe sets representing over 300,000 transcripts and variants, including 20,800 well-characterized human genes) of the transcribed human genome on a single array. Following hybridization for 18 hours at 45°C and 60 rpm, the arrays were washed and stained on the GeneChip® Fluidics Station 450 (Affymetrix, Sunnyvale, CA) using the appropriate fluidics script, before being inserted into the Affymetrix autoloader carousel and scanned using the GeneChip® Scanner 3000 7G (Affymetrix, Sunnyvale, CA). 
All scanned array images were visually inspected for chip surface artefacts that could adversely impact the data, and then data from each array was quantified using Transcriptome Analysis Console (TAC) XE "Transcriptome Analysis Console:(TAC)"  Software (Affymetrix, Sunnyvale, CA). TAC automatically acquired and analysed image data, defined probe cells and computed an intensity value for each probe cell. These intensity values were pre-processed for analysis using quality control filters.  
A number of quality control checks were conducted to evaluate GeneChip quality using the expression console for Affymetrix. First, background values were examined to ensure consistency across the arrays. Second, the GAPDH gene was used to assess RNA sample and assay quality specifically for the GeneChip array. The signal values for the 3' probe set for GAPDH were compared to the 5' probe set. Third, hybridization controls on the GeneChip array were spiked into each sample independent of RNA sample preparation to evaluate hybridization efficiency. Fourth, raw noise (Q value), a measure of pixel-to-pixel variation of probe cells on a GeneChip array due to operation-associated electrical noise of the scanner (unique to each scanner) was evaluated. Fifth, PolyA control genes were amplified and spiked into the RNA samples prior to amplification to serve as internal control genes. 

5.3.4 Array data analysis 

5.3.4.1 Differential gene expression 

The standard minimum information about a microarray experiment (MIAME) standards of data collection was ensured during the experiment. Data normalisation, differential gene expression analysis and robust statistical calculations were performed using the TAC software from Affymetrix. This generates a list of differentially expressed genes according to pre-installed parameters. All genes identified as statistically differentially expressed were subjected to functional annotation comparisons (gene ontology, cellular location and biochemical/disease networks) using the DAVID online package. In DAVID, Functional Annotation Clustering is employed to interpret the biological meanings of the genes of interest. Enrichment score are used to rank their biological significance. To explore the microarray data in an unsupervised manner, different multiple dimension scaling (MDS) plots using Python 3.8.3 were generated based on DEGs (p<0.05; fold change >1.2).

Biological function would be more significant with a bigger enrichment score. In the present study, clusters with enrichment score >1.3 were considered, and the GO-term biological process (BP) XE "biological process:(BP)" , molecular function (MF) XE "molecular function:(MF)" , and cellular component (CC) XE "cellular component:(CC)"  were examined. Data were analysed within the TAC package using ANOVA (parametric test) for comparison between groups depending on the distribution of data. The level of statistical significance was set at 0.05 using Bonferroni adjustment. Correlations between different parameters were tested using Pearson’s method, with logistic regression analysis to account for confounding variables.

5.3.4.2 Bioinformatic Functional analysis

Bioinformatic functional analysis of dysregulated genes was explored by using the DAVID (Huang et al., 2009), a gene set-based algorithm that detects functionally related genes in lists of genes ordered according to differential expression. DAVID can search blocks of functionally related genes according to different criteria such as the GO terms biological process, cellular component and molecular function. FDR of <0.05 was considered statistically significant.

5.3.5 Results validation  

To validate our results generated from the Microarray analysis, we measured our results against those in other literature to see if the genes and pathways that are expected to be significantly altered could also be identified in our results, and if they change in the same pattern. Literature, which were published within the last 20 years were identified in google scholar, using the following keywords: gene expression profile, endometrium, REPL, differentially expressed genes, and endometrial receptivity and recurrent early pregnancy loss.

The earlier part of this experiment starting from the planning and production of the experimental design, patient recruitment, sample collection and laboratory analysis was performed by the previous student from Fazeli’s lab with the help from the clinician and lab technician. I continued with the bioinformatic analysis using the raw data obtained after the Affymetrix microarray and TAC. This data analysis was conducted during the peak of the pandemic when students were not allowed at all to enter the laboratory to continue their experiment. As an alternative and to make sure my PhD continued in any situation, my supervisors introduced me to this analysis and we managed to extract some interesting findings from the raw data presented in this chapter.  
5.4 Results

In the present study, Pipelle endometrial biopsy samples were collected during the midluteal phase of menstrual cycle (7 – 10 days prior to menstruation) from REPL patients and fertile healthy control attending fertility clinic at Jessop Wing aged 40 years old and below following the agreed inclusion and exclusion criteria (Table 1).  

5.4.1 Midluteal phase endometrial tissue biopsy of REPL and healthy fertile control exhibited distinct mRNA expression profiles

The transcription profiles of endometrial cells from Pipelle endometrial biopsy of REPL patients (n=3) and healthy fertile controls (n=3) during the midluteal phase of the menstrual cycle were generated using Affymetrix GeneChip® Human Clariom S Array (Affymetrix, Sunnyvale, CA). A total number of 1172 (5.63%) significantly altered genes were identified (P value<0.05, Fold change >1.2) in the endometrium of the REPL patients compared to healthy fertile controls based on the 20,800 well-characterized human genes. Of these, 629 (53.67%) genes were significantly downregulated, and 543 (46.33%) genes were significantly upregulated in the endometrial of REPL patients compared to the healthy fertile controls (Figure 5.1).
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Figure 5.1: A) Percentage of total differentially expressed genes in REPL patients compared to healthy fertile control groups and B) Percentages of gene expression distribution in REPL patients compared to healthy fertile control obtained using Affymetrix GeneChip® Human Clariom S Array.  
5.4.2 Unsupervised clustering of microarray data sets of the endometrial biopsies

A complete segregation of samples derived from REPL patients and healthy fertile controls were observed. Interestingly, among the patients with REPL itself, heterogeneity of expression profiles were observed indicating differences and variation in gene expression pattern between individuals (Figure 5.2).   

These data suggest that mRNA expression signature could potentially exist in REPL with the right set of genes.    

Figure 5.2: Unsupervised clustering of endometrial samples biopsied in midluteal phase of unfiltered data showing scattered distribution of the participant gene expression. Multidimensional scaling plots were generated in Python 3.8.3 for DEGs with P value <0.05 and fold change >1.2 or <-1.2 generated after comparing the REPL with fertile healthy control. Sample groups: C (red): healthy fertile control participants; REPL (green): patients with recurrent early pregnancy loss. 

5.4.3 Top 20 DEGs in endometrial tissue of REPL group of patients 

The top 20 DEGs obtained from REPL patient groups were selected to illustrate the very specific regulation of gene expression in endometrium at midluteal phase (see Fig. 5.3). Colour variations indicate the magnitude of the phenomenon. Table 5.2 illustrates the gene symbol, name and the fold change of the top 20 DEGs in the REPL group of patients. 

Figure 5.3: The heatmap shows a score evaluated based on the expression level for the top 20 genes in REPL with lowest p-value (yellow = lowest score, blue = score of 7 or higher). 

Table 5.2: Gene symbol, gene name and fold change of the top 20 DEG in REPL.
	GENE SYMBOL
	GENE NAME
	FOLD CHANGE
	

	SKP2
	Transcript Identified by AceView, Entrez Gene ID(s) 6502
	 1.9
	Upregulated genes

	PLA2G5
	phospholipase A2, group V
	   1.93
	

	MYADML2
	myeloid-associated differentiation marker-like 2
	   2.08
	

	C2orf48
	chromosome 2 open reading frame 48
	   2.09
	

	TMPRSS2
	transmembrane protease, serine 2
	   2.15
	

	MYO18B
	myosin XVIIIB
	 2.3
	

	NKD1
	NKD Inhibitor Of WNT Signaling Pathway 1
	      2.3
	

	MAP3K13
	mitogen-activated protein kinase kinase kinase 13
	 2.38
	

	CFAP161
	cilia and flagella associated protein 161
	 3.33
	

	CD96
	CD96 molecule
	- 6.41
	Downregulated genes

	IVNS1ABP
	influenza virus NS1A binding protein
	- 4.29
	

	DDT
	D-dopachrome tautomerase
	- 3.2
	

	RNF114
	ring finger protein 114
	- 2.91
	

	DDTL; DDT
	D-dopachrome tautomerase-like; D-dopachrome tautomerase
	- 2.65
	

	MGAT1
	mannosyl (alpha-1,3-)-glycoprotein beta-1,2-N-acetylglucosaminyltransferase
	- 2.3
	

	HSPB2; C11orf52; HSPB2-C11orf52
	heat shock 27kDa protein 2; chromosome 11 open reading frame 52; HSPB2-C11orf52 readthrough (NMD candidate)
	- 2.16
	

	FAM49B
	family with sequence similarity 49, member B
	- 1.98
	

	ABCC8
	ATP binding cassette subfamily C member 8
	- 1.98
	

	OTUB1
	OTU deubiquitinase, ubiquitin aldehyde binding 1
	- 1.93
	

	RPS6KA1
	ribosomal protein S6 kinase, 90kDa, polypeptide 1
	- 1.93
	


5.4.4 Identification of biological pathways 
In REPL patients, 22 significantly altered KEGG pathways (p<0.05) were identified including 3 pathways that were significantly upregulated and 19 pathways that were downregulated compared to the healthy fertile control. Pathways upregulated were mostly associated with metabolism activities and this impacted less than 12% of the genes in each of the pathways. Conversely, the pathways that were downregulated in REPL patients were more diversified in function. Overall, the affected genes were less than 23% in each of the pathways. Cell ATP production in the mitochondria seems to be affected with 11.3% of the genes downregulated in the oxidative phosphorylation pathway and 13.2% of the genes were downregulated in the ribosome pathway indicating disturbances in translation activity. 
In addition, 8.3% and 9.1% of the genes related to endocytosis and lysosome pathways, respectively, were also downregulated. These two pathways are closely related to extracellular vesicles biogenesis, secretion and uptake, a field that is currently being explored due to its potential as biomarker in physiological and disease state and has obvious relevance to other parts of my work. The top 20 significantly upregulated and downregulated KEGG pathways in REPL patients are shown in Fig. 5.4 (A and B). The KEGG pathways, affected genes percentages and gene symbols in REPL patients were shown in table 5.3 and 5.4.



Figure 5.4: KEGG pathway analysis of the A) up-regulated and B) down-regulated DEGs identified from comparison between REPL patients and healthy fertile control groups.
Table 5.3: Percentage of upregulated genes in top 20 significant KEGG pathways in REPL. 

	KEGG pathway
	Total genes
	Upregulated genes
	% of affected genes
	Associated genes

	Lysine degradation (hsa00310)
	52
	6
	11.50%
	SETD7, WHSC1L1, AADAT, COLGALT2, EHMT2, HYKK

	Metabolism of xenobiotics by cytochrome P450 (hsa00980)
	74
	7
	9.50%
	UGT2B15, UGT2B17, AKR1C2, CYP2D6, GSTM5, GSTT2, GSTT2B

	Drug metabolism - cytochrome P450 (hsa00982)
	68
	6
	8.80%
	UGT2B15, UGT2B17, CYP2D6, GSTM5, GSTT2, GSTT2B


Table 5.4: Percentage of downregulated genes in top 20 significant KEGG pathways in REPL. 

	KEGG pathway
	Total genes
	Downregulated genes
	% of affected genes
	Associated genes

	Antigen processing and presentation (hsa04612)
	76
	17
	22.40%
	CREB1, CTSB, HSPA1A, HSPA1B, KLRC1, KLRC2, KLRC3, KLRC4, KLRD1, LGMN, HLA-A, HLA-C, HLA-E, HLA-G, HLA-DPB1, HLA-DRB1, PSME2

	Systemic lupus erythematosus (hsa05322)
	134
	20
	14.90%
	H2AFJ, C1S, HIST1H2AD, HIST1H2AE, HIST1H2AG, HIST1H2AK, HIST1H2BD, HIST1H2BJ, HIST1H2BK, HIST1H2BL, HIST1H3A, HIST1H3D, HIST1H4I, HIST1H4J, HIST1H4K, HIST1H4L, HIST2H4A, HIST2H4B, HLA-DPB1, HLA-DRB1

	Alcoholism (hsa05034)
	177
	21
	11.90%
	H2AFJ, CREB1, CALM1, HIST1H2AD, HIST1H2AE, HIST1H2AG, HIST1H2AK, HIST1H2BD, HIST1H2BJ, HIST1H2BK, HIST1H2BL, HIST1H3A, HIST1H3D, HIST1H4I, HIST1H4J, HIST1H4K, HIST1H4L, HIST2H4A, HIST2H4B, HDAC11, PPP1CA

	Ribosome (hsa03010)
	136
	18
	13.20%
	FAU, MRPL11, MRPL14, MRPL22, MRPL27, MRPL9, MRPS12, MRPS17, MRPS5, RPL13, RPL19, RPL27A, RPL35, RPL36AL, RPS15, RPS9, RPLP0, UBA52

	Alzheimer's disease (hsa05010)
	168
	18
	10.70%
	NDUFS2, NDUFV1, NDUFA1, NDUFA11, NDUFA9, NDUFB2, NDUFB9, APOE, CALM1, CAPN1, COX6A1, COX7A2, COX8A, PSEN1, SDHB, SDHD, UQCRQ, UQCRFS1

	Oxidative phosphorylation (hsa00190) 
	133
	15
	11.30%
	ATP5I, NDUFS2, NDUFV1, NDUFA1, NDUFA11, NDUFA9, NDUFB2, NDUFB9, COX6A1, COX7A2, COX8A, SDHB, SDHD, UQCRQ, UQCRFS1


	KEGG pathway
	Total genes
	Downregulated genes
	% of affected genes
	Associated genes

	Non-alcoholic fatty liver disease (NAFLD) (hsa04932)
	151
	16
	10.60%
	BAX, FASLG, NDUFS2, NDUFV1, NDUFA1, NDUFA11, NDUFA9, NDUFB2, NDUFB9, COX6A1, COX7A2, COX8A, SDHB, SDHD, UQCRQ, UQCRFS1

	Graft-versus-host disease (hsa05332)
	33
	7
	21.20%
	FASLG, HLA-A, HLA-C, HLA-E, HLA-G, HLA-DPB1, HLA-DRB1

	Viral carcinogenesis (hsa05203)
	205
	19
	9.30%
	BAX, CREB1, HIST1H2BD, HIST1H2BJ, HIST1H2BK, HIST1H2BL, HIST1H4I, HIST1H4J, HIST1H4K, HIST1H4L, HIST2H4A, HIST2H4B, HDAC11, HLA-A, HLA-C, HLA-E, HLA-G, MRPS18B, SCRIB

	Allograft rejection (hsa05330)
	37
	7
	18.90%
	FASLG, HLA-A, HLA-C, HLA-E, HLA-G, HLA-DPB1, HLA-DRB1

	Endocytosis (hsa04144)
	241
	20
	8.30%
	RAB35, ARPC1B, ARPC2, ARPC5, ARRB1, CHMP2A, CHMP4B, FGFR2, HSPA1A, HSPA1B, IL2RB, KIF5A, HLA-A, HLA-C, HLA-E, HLA-G, NEDD4L, PARD6B, SNX12, SNX4

	Parkinson's disease (hsa05012)
	142
	14
	9.90%
	NDUFS2, NDUFV1, NDUFA1, NDUFA11, NDUFA9, NDUFB2, NDUFB9, COX6A1, COX7A2, COX8A, SDHB, SDHD, UQCRQ, UQCRFS1

	Huntington's disease (hsa05016)
	192
	17
	8.90%
	BAX, NDUFS2, NDUFV1, NDUFA1, NDUFA11, NDUFA9, NDUFB2, NDUFB9, POLR2G, CREB1, COX6A1, COX7A2, COX8A, SDHB, SDHD, UQCRQ, UQCRFS1


	KEGG pathway
	Total genes
	Downregulated genes
	% of affected genes
	Associated genes

	Type I diabetes mellitus (hsa04940)
	42
	7
	16.70%
	FASLG, HLA-A, HLA-C, HLA-E, HLA-G, HLA-DPB1, HLA-DRB1

	Viral myocarditis (hsa05416)
	57
	8
	14%
	ITGB2, HLA-A, HLA-C, HLA-E, HLA-G, HLA-DPB1, HLA-DRB1, RAC3

	Autoimmune thyroid disease (hsa05320)
	52
	7
	13.50%
	FASLG, HLA-A, HLA-C, HLA-E, HLA-G, HLA-DPB1, HLA-DRB1

	Spliceosome (hsa03040)
	133
	12
	9%
	ISY1, LSM7, U2AF1, HSPA1A, HSPA1B, PQBP1, PRPF31, PRPF6, SNRPD2, SNRPC, SF3B5, ZMAT2

	Lysosome (hsa04142)
	121
	11
	9.10%
	NAGLU, ASAH1, NPC2, CTSA, CTSB, CTSW, GGA2, LGMN, NEU1, SMPD1, SUMF1

	Proteasome (hsa03050)
	44
	6
	13.60%
	PSMC3, PSMC6, PSMD4, PSME2, PSMB10, PSMB3


5.4.5 Functional analysis of the altered genes based on gene ontology (GO)

To compare in more detail the case-specific differential gene expression, we investigated GO analysis of DEGs in the REPL group of patients compared to the healthy fertile control using DAVID. This analysis is crucial to gain insight into the molecular regulatory mechanisms of REPL. The findings highlighted three main domains of the ontology GO molecular function (MF), GO cellular component (CC) and GO biological process (BP) and its association of DEGs significantly enriched (p<0.05).  

For significantly enriched DEGs (p<0.05) of the REPL participants, the GO MF revealed a total number of 26 related functions (3 were upregulated, 23 downregulated). Furthermore, for GO CC, 37 cells regions were significantly affected (1 upregulated,36 downregulated), and an obvious change in DEGs for GO BP were observed in REPL participants with 101 processes being affected (19 upregulated, 82 downregulated). These findings proposed that downregulation of multiple molecular activities was closely responsible for REPL. Top 20 of the upregulated and downregulated GO MF, CC and BP in REPL patients is shown in Fig. 5.5.

	
	

	

	

	
	



Figure 5.5: Bioinformatics analysis of differentially expressed genes in REPL compared to fertile control. Top 20 upregulated and downregulated gene ontology (GO) analyses including A) GO Molecular function, B) GO Cellular component and C) GO Biological process in REPL compared to fertile healthy control with significant p-value <0.05.
5.4.6 Validation of genes and pathways associated with recurrent early pregnancy loss  

Table 5.5 shows literature published within the last 20 years identified in google scholar, using the following keywords: gene expression profile, endometrium, REPL, differentially expressed genes, and endometrial receptivity and recurrent early pregnancy loss utilised to validate results generated from the microarray analysis in the present study.

Table 5.5: List of literature associated with REPL for the last 20 years.

	
	Author
	Sample used
	Analysis method
	Assay
	Summary of the findings

	
	
	
	
	
	(Main findings)

Dysregulated function / pathways in REPL
	Genes / protein associated with dysregulation

	1. 
	(Lee et al., 2007)
	Endometrial biopsy
	qRT-PCR
	Genomic
	↓↑ Dysregulation in implantation related gene:

↑ transcript levels of cellular retinoic acid binding protein 2 and olfactomedin 1

↓ Complement component 4 binding protein alpha
	↑ CRABP2, OLFM1
↓ C4BPA

	2. 
	(Lédée et al., 2011)
	Endometrial biopsy
	Affymetrix microarray
	Transcriptomic
	↓↑ deregulated cellular functions relate to cell signalling (degradation of cyclic AMP and calcium metabolism) and cellular maintenance.

over-representation of deregulations related to the haematological system.

↓↑ deregulations are in organ and tissue development, humoral immune response, and muscular system development and function
	-


	
	Author
	Sample used
	Analysis method
	Assay
	Summary of the findings

	
	
	
	
	
	(Main findings)

Dysregulated function / pathways in REPL
	Genes / protein associated with dysregulation

	3.
	(Othman et al., 2012)
	Endometrial biopsy
	Affymetrix microarray
	Transcriptomic
	FGFR 3 /signal transducer and activator of transcription (STAT) pathway and the CSF1R/STAT pathway
	↑ FGF9
↓ ITGB3, CSF1, MMP19

	4. 
	(Krieg et al., 2012)
	Decidual
	Illumina microarray
	Transcriptomic
	GO analysis – distinct biological function: immune response (23%), cell signaling (18%) and cell invasion (17.1%)

pathway analysis revealed consistent changes in both the interleukin 1 (IL-1) and IL-8 pathways
	↑ genes in the IL-8 pathway

↓ genes in the IL-1 pathway

	5.
	(Lyu et al., 2013)
	Chorionic villi
	Microarray
	Transcriptomic
	↓ mitochondrial function including glutathione

↓ oxidative phosphorylation pathway
	↓ ATP6V1F, NDUFB1, UQCRB, ATP5G1, ATP5G3

	6.
	(Kosova et al., 2015)
	Endometrial biopsy
	Histology

RNA seq (Illumina Human HT-12)
	Transcriptomic
	↓↑ dysregulation in genes involved in immune response and signalling pathway
	-

	7.
	(Sõber et al., 2016)
	Chorionic villi
	RNA-seq (Illumina HiSeq 2000 platform
	Transcriptomic
	↓ transcript levels of histones, regulatory RNAs and genes involved in telomere, spliceosome, ribosomal, mitochondrial and intra-cellular signalling functions
	↑ ATF4, C3, PHLDA2, GPX4, ICAM1, SLC16A2
↓ HIST1H1B, HIST1H4A


	
	Author
	Sample used
	Analysis method
	Assay
	Summary of the findings

	
	
	
	
	
	(Main findings)

Dysregulated function / pathways in REPL
	Genes / protein associated with dysregulation

	8.
	(Xin et al., 2016)
	Placental villi
	mass spectrometry (LC–MS/MS)
	Proteomic
	↓ focal adhesion pathway

↓ Ribosome pathway
	↑ Desmin, Lamin A/C, MMP-9, and histone

↓ Lamin C/ Lamin A ratio

	9.
	(Qiao et al., 2016)
	Peripheral blood

Chorionic villi
	RNA seq (Illumina HiSeq 2000 platform)
	Genomic
	Complement and coagulation cascade pathway

Ciliary motility disorder
	↓↑ DYNC2H 1, ALOX 15

	10.
	(Huang et al., 2017)
	Endometrial biopsy
	RNA seq (Illumina HT-12)
	Transcriptomic
	↓ Complementary and coagulation cascades pathway
	↓ C3, C4, C4BP, DAF, DF and SERPING1

	11.
	(Altmäe et al., 2017)
	Meta-signature genes analysis
	Robust rank aggregation analysis
	Transcriptomic
	Importance of immune responses, the complement cascade pathway and the involvement of exosomes
	↑ PAEP, SPP1, GPX3, MAOA and GADD45A
↓ SFRP4, EDN3, OLFM1, CRABP2 and MMP7.

	12.
	(Bahia et al., 2020)
	Data extracted from multiple database
	Regulatory co-expression network
	Transcriptomic

DEGs and DEMs
	DEMs are highly enriched in TGF-β signaling pathway,Fatty acid metabolism and TNF signaling pathway.
	-


	
	Author
	Sample used
	Analysis method
	Assay
	Summary of the findings

	
	
	
	
	
	(Main findings)

Dysregulated function / pathways in REPL
	Genes / protein associated with dysregulation

	13. 
	(Li et al., 2020)
	Normalized dataset
	WGCNA analysis
	Transcriptomic
	MEred module - cellular defense response and natural killer (NK) cell-mediated cytotoxicity

MEbrown module - cell adhesion molecule production, regulation of cellular response to growth factor stimulus, epithelial cell proliferation, and transforming growth factor-β (TGF-β) signaling pathway
	DOCK2, TRMT44 and ERVMER34-1

	14.
	(Lucas et al., 2020)
	Endometrial biopsy
	RNA-seq
	Transcriptomic
	-
	SCARA5 and DIO2

	15.
	(Wang et al., 2021)
	Peripheral blood

Decidua tissue
	RNA-seq
	Transcriptomic
	Cytotoxic properties of CD8T effector, NK, and MAIT cells in peripheral blood indicated apparently enhanced immune inflammatory status, and the subpopulation proportions and ligand-receptor interactions of the decidual leukocyte subsets demonstrated preferential immune activation in RSA patients
	-

	16.
	(Li et al., 2021)
	Decidual tissues
	RNA-seq
	Transcriptomic
	↑ type I interferon signaling pathway 

↑ TNF signaling pathway
	↑ MX1, IFI27, ISG15, and TNFRSF21

	17.
	(Gu et al., 2021)
	Peripheral blood 
	RNA seq
	Transcriptomic
	Abnormal expression of immunoregulatory specific genes function involved in T-cell activation and differentiation. 

	TLR2, CXCL8, IFNG, IL2RA, and ITGAX


	
	Author
	Sample used
	Analysis method
	Assay
	Summary of the findings

	
	
	
	
	
	(Main findings)

Dysregulated function / pathways in REPL
	Genes / protein associated with dysregulation

	18. 
	(Pearson-Farr et al., 2021)
	Endometrial biopsy
	RNA seq
	Transcriptomic
	↓↑ Dysregulated BP include epithelial cell migration and regulation of secretion by the cell
	-

	19. 
	(Yin et al., 2021)
	Decidual tissue
	Mass spectrometry (LC–MS/MS)
	Proteomic
	↑ Oxidative phosphorylation
	NDUFB3, COX-2


↑ upregulated, ↓ downregulated, ↓↑ dysregulated/deregulated
5.5 Discussion
Uterine factor and its molecular basis associated with dysregulated endometrial gene expression which is crucial in preparing the endometrium for successful implantation and their roles in REPL is poorly understood. This study aims to provide a detailed view of the biological malfunction and related pathways of differentially expressed genes in patients with REPL history. 

5.5.1 Endometrial biopsy and midluteal phase

To investigate the biological malfunction and related pathways in REPL, in the present study, pipelle endometrial biopsy were obtained during the midluteal phase of the menstrual cycle from the patients attending fertility clinic in Jessop Wing. It seems that types of sample and the timing of sample collection is crucial in the transcriptomic study of REPL depending on the further direction and purpose of the study. Histologically, pipelle endometrial biopsy consist of a mixture of cells component including a single layer of endometrial columnar epithelium, the connective tissue stroma, simple tubular gland and enriched in blood vessels that have different role and function towards reproductive activity (Kao et al., 2002; McCluggage, 2006). 
Study on endometrial biopsy throughout the menstrual cycle on healthy females revealed the morphological features, biochemical component as well as a significant difference in the gene expression pattern of the endometrium (Carson et al., 2002; Messaoudi et al., 2019). As a need for further investigation on the endometrial properties, since 2002, the transcriptomic profile of human endometrium has been explored in 23 different studies. The identification of potential markers in the previous study gives some clues on the role of transcriptome in endometrial development and receptivity (Hu et al., 2014; Li et al., 2020). Subsequently, by adapting previous studies as a reference, dysregulated genes from the endometrial biopsy of REPL patients were successfully located.  
In addition to the sample selection, as mentioned earlier, timing of the sample collection is also crucial and dependent on the purpose of the study. Lessey et al. have confirmed the successful event of implantation occurring during the midluteal phase of the menstrual cycle, where during this point of time, the endometrium undergoes rapid changes to its structural and functional component (Lessey & Young, 2019). Noyes et al. also concluded that exploration of endometrial function during the secretory phase provides reliable details on the normality and abnormality of the endometrium (Noyes et al., 2019). Again, in the present study in order to identify and investigate the dysregulation in the endometrial profile of the patients that had experienced REPL, an endometrial biopsy sample was collected during the mid-luteal phase of the menstrual cycle to suit the collection criteria. 
To the best of my knowledge, huge variations in the sample selection were observed in the previously reported REPL research. This including utilization of endometrial biopsy from patient with REPL history (Kosova et al., 2015; Lee et al., 2007; Lucas et al., 2020; Othman et al., 2012), endometrial decidua (Krieg et al., 2012; Li et al., 2021), chorionic villi or placental villi (Qiao et al., 2016; Xin et al., 2016) obtained during the process of dilation and curettage (D&C) after no heartbeat of the fetus detected through the ultrasound and from the peripheral blood (Gu et al., 2021; Wang et al., 2021). One of the disadvantages of using placenta or chorionic villi is the difficulty in complete separation of the fetal and maternal tissue. This will lead to uncertainties in deciding whether the transcriptome profile obtained was a result of REPL or just a causative factor. 
Recently, an abnormal expression of immunoregulatory genes in pregnancy loss was reported through the analysis of the peripheral blood sample (Gu et al., 2021). In contrast, previously Huang et al. stated that blood transcriptome cannot be equated with endometrial transcriptome. The contradictory findings in these studies may be due to the number of patients recruited. More patients were recruited in the recent study thus more outputs were extracted from the analysis (Huang et al., 2017). Therefore, I believe that utilizing endometrial biopsy as a sample to explore endometrial profile during the midluteal phase of the menstrual cycle in the patients with REPL history and healthy fertile control is a wise decision taken in the present study.
5.5.2 Endometrial morphology and biochemical investigation methods

Heretofore, classic histological dating method have been widely used to assess the normality of the endometrial development through the endometrial biopsy (Noyes et al., 2019) including examination of the abnormal morphology of the endometrium in recurrent miscarriage (Kosova et al., 2015). Unfortunately, the reproducibility and the functional relevance of this method was questioned. In addition, other methods such as immunohistochemistry to observe the endometrial mucin-related secretory epitopes, measurement of endometrial PP14 protein from plasma sample and determination of endometrial cytokines expression using RT-PCR and ELISA also have been reported. Even so, inconsistency in the repeatability of the findings were noticed (Li et al., 2002). 

Recently, research has been shifting towards the approach of omics technologies which consist of genomics, transcriptomics and proteomics analysis to explore and identify the molecular candidates involved in endometrial receptivity in physiological and pathological conditions (Baek et al., 2007). In the present study, microarray techniques were applied to comprehensively explore the transcriptomic profile and possible identification of affected pathways in REPL patient endometrial biopsy. Microarray is one of the most comprehensive approaches in quantifying gene expression level. It is able to provide a static snapshot of gene expression of a designated area by providing accessibility to thousands of transcripts in a single go. It has been widely used in several research fields due to extensive availability of analytical tools and is comparatively inexpensive. More importantly, this technique does provide an insight into the molecular pathways and signals as well as physiological processing (Li et al., 2019).

In parallel, RNA-seq is another up to date and highly accurate method in quantifying genome-wide gene expression levels. Although a few studies on REPL have utilized RNA-seq as one of the analysis methods due to its ability to detect un-annotated transcripts (Wang et al., 2009), it is relatively expensive and requires high powered computing facilities (Han et al., 2015). The selection of the analysis method is more dependent on the accuracy of the method, sensitivity of the test, the availability of the equipment, time and most importantly the cost. Subsequently, the genes obtained from the above analysis were further explored using bioinformatics analysis tools that were able to reveal the potential role of DEGs and the molecular mechanism underlying a disease particularly in REPL.
5.5.3 Differentially expressed genes (DEGs) in REPL patients
In the present study, among the 1172 significantly altered genes in the endometrium of the REPL patients compared to the healthy fertile controls, 543 genes were significantly upregulated, and 629 genes were significantly downregulated. Previous studies have reported the dysregulation of genes expression in pregnancy loss to be involved in human disease related genes, impaired implantation related function, disturbances in immune system related pathway, angiogenesis and apoptosis related (Altmäe et al., 2017; Bahia et al., 2020; J. Lee et al., 2007). Generally, they were similar to my findings. A few of the previously conducted studies also suggest that abnormalities in the uterine biology are due to an increased amount of downregulated DEGs (Koot et al., 2016; Sõber et al., 2016). However, my findings show an equal possibility (50% up and 50% downregulation) of the DEGs within the endometrium of the patients with the history of REPL. The contradiction in the findings is possibly due to the heterogeneity in the endometrial receptivity among individuals and the small sample size used in the present study (He et al., 2021).

There is not much information available on the top 20 most dysregulated genes obtained in the present study especially in relation to REPL. One of the interesting genes that capture our attention is the SKP2 gene. It was the most significantly upregulated gene with fold change 1.9 observed in the present study. In normal endometrium, positive staining for SKP2 gene expression is abundant in the nuclei of the glandular cells of the endometrium during the proliferative phase of the menstrual cycle. This positive staining also has been reported to be found in the disease stage of an endometrium such as in endometrial hyperplasia and carcinoma cells (Kamata et al., 2005). To refresh, the endometrial biopsy used in the present study consists of all the components of the endometrium including the gland. 
In the present study, upregulation of this SKP2 gene’s expression were detected in the endometrial biopsy during the mid-luteal phase where no staining of this gene was reported to be observed in the secretory phase in the previous study, thus indicating the absence or lower activity of this gene in the glandular cells of the endometrium. SKP2 functions in degradation of cell cycle regulatory proteins such as E cyclin, and p27 which are also highly expressed in the endometrium during the proliferative stage (Bornstein et al., 2003). In certain conditions, progesterone was able to downregulate the increased level of E cyclin in the endometrium during the midluteal phase.  
Therefore, the upregulated SKP2 gene in the present study may be due to accumulation of cell cycle regulatory protein that deteriorate the cell cycle function in the endometrium or indicate some discrepancy in the menstrual phase such as prolonged proliferative phase of the endometrium in REPL patients. Increase in SKP2 is also an indicator of poor prognosis in endometrial endometrioid adenocarcinoma (Kamata et al., 2005). Interestingly, a recent study conducted by Lv and colleagues reported that downregulation of decidual SKP2 is associated with human recurrent miscarriage (Lv et al., 2021). These findings were opposed to our findings basically due to differences in the sample types utilized and timing of the sample collection. In the current study, first trimester decidual tissue was obtained whereas in the present study endometrial biopsy was obtained during the midluteal phase of the menstrual cycle (Lv et al., 2021). Generally, this finding evidences the rapid changes in the endometrial transcriptome as previously reported and highlight the importance of sample types collection and time selection in determining the objective of a study. 
As frequently reported, REPL has been closely related to immune dysregulation. Genes labeled with clusters of differentiation (CD) have an important function in immune cells, cell signaling and also cell adhesion. In the present study, the most significantly downregulated gene in REPL patients is CD96 with fold change of -6.41. This gene functions in antigen presentation and has a role in adhesive interactions of activated T and NK cells during the late phase of the immune response (Fuchs et al., 2004). However, connection between this gene and REPL has not been previously reported. I postulate that this dysregulation may be associated with innate and adaptive immune response in the endometrium. Further research is indeed required  to explore and understand this finding. 
5.5.5 KEGG pathway and GO analysis 
Bioinformatic analysis of the DEGs revealed 22 significantly enriched pathways (p<0.05) that were correlated to REPL. Among all the enriched pathways in the present study, ribosomes pathway was the less frequently reported, fascinating and significantly downregulated KEGG pathway in REPL patients compared to the healthy fertile control. The genes that were downregulated in this pathway are shown in table 5.4. Interestingly, the downregulated ribosomal protein genes clustered in the ribosome pathway in the present study were of both cytoplasmic and mitochondrial origin. GO analysis shows mitochondrial inner membrane, mitochondria, nucleosome and ribosomes as one of the significantly affected cellular components in REPL patients in the present study. In addition to that, the biological functions that have been significantly downregulated in REPL patients are translation, mitochondrial translational termination and mitochondrial translational elongation. The analysis from the KEGG pathway and GO gives us an early overview on the engagement of dysregulation in the mRNA translation activity for production of protein in the nucleosome and mitochondrial function in the endometrium of the patients with REPL history.
I will begin with further elaborating the involvement of the ribosome pathway in REPL patients obtained from my analysis. Ribosome, a ribonucleoprotein particle, is an organelle involved in the synthesis of protein in the cells. Translation of mRNA to protein is vital for cell metabolic processes (Ramakrishnan, 2014), where cell growth and proliferation were sustained as a result of conversion of essential nutrients into energy and macromolecules (Calamita et al., 2018). In the present study, I postulate that ribosome function was readily dysregulated in the endometrium of the REPL patients that disrupted mRNA translation activity thus affecting the endometrial cell growth and proliferation hence leading to pregnancy loss. My finding was similar to Sõber et al. and Xin et al. where downregulation in the ribosome pathway was reported. However, the huge differences in these two studies compared to the present study are these studies utilized RNA (Sõber et al) and protein (Xin et al) extracted from the placental chorionic villi (Sõber et al., 2016; Xin et al., 2016). In addition, the analysis method was also different. Further analysis may be introduced to explore the findings above.
It is important to know that placental chorionic villi consist of the fetal portion of the placenta. The limitation from the study conducted by Xin et al. was the potential of incomplete removal of the decidua from the placental villi. Despite that, the transcriptome analysis from this previous study using decidua reported changes in the expression of genes related to coagulation system, macrophage stimulation, calcium signaling, nucleotide binding, microsome, and vesicular fraction. Nonetheless, none of the changes were observed in the study conducted by Xin at el. suggesting the result obtained were mainly from the placental villi (Xin et al., 2016). 
In the present study, the RNA was directly extracted from the endometrial biopsy from patients experienced REPL to test my hypothesis that dysregulation in the endometrial function is one of the aetiologies of REPL, yet my observation was similar to the one reported by Xin et al. that utilizes placental chorionic villi to extract protein. To the best of my knowledge, there is no study reporting dysregulation in the ribosome pathway from endometrial biopsy samples obtained from women with REPL history. Furthermore, meta-signature analysis of human endometrial receptivity also did not highlight the enriched ribosome pathway in normal endometrium during the midluteal phase (Altmäe et al., 2017). Therefore, my findings give some insight into the possible biological malfunction (which is the downregulation of the ribosome pathway) in REPL patients. 
On the other hand, mitochondrial ribosomal protein genes (MRP) were also downregulated in the present study. These proteins are known to be important in the regulation of cellular respiration process besides an alternative role as an apoptosis-inducing factor (Huang et al., 2020). For instance, the downregulation of FAU gene, a pro-apoptotic gene in the present study, confirms the alternative role of FAU as the mitochondrial ribosomal protein. In addition, in the receptive endometrium during the WOI, endometrial gland apoptosis has been reported to be increased to allow successful implantation of the embryo (Antsiferova, 2016). However, in the present study, downregulation of FAU gene was observed suggesting the inhibition of apoptotic regulation in the endometrium of the REPL patients during the midluteal phase of the menstrual cycle. Similar conditions have been observed in infertile women with endometriosis, tubal factor, and polycystic ovary syndrome (Antsiferova, 2016). Still, the precise mechanisms that mediate the apoptotic process in normal endometrium and in infertile women are not fully understood.
Turning our focus back to cellular respiration, this process is a set of metabolic reactions that convert chemical energy from oxygen molecules or nutrients into adenosine triphosphate (ATP) in both cytosol and mitochondria (Wu et al., 2020). Most of the ATP produced by aerobic cellular respiration is made by oxidative phosphorylation. In the present study, downregulation of the oxidative phosphorylation pathway was observed in the patients endometrium that had experienced REPL compared to healthy fertile control. There seems to be a close connection between the downregulation of the ribosome pathway which involves the MRP genes and the downregulation of the oxidative phosphorylation pathway in the present study. 
The dysregulated MRP genes were mostly involved in the mitochondrial respiratory chain for production of energy needed for cellular function through oxidative phosphorylation. This process takes place in the inner mitochondrial membrane (Hroudová & Fišar, 2013). On the other hand, downregulation of several gene sets, including NADH dehydrogenase subunit and Cyclooxygenase (COX) in the present study, have been associated with mitochondrial dysfunction (Lyu et al., 2013). My findings also revealed dysregulation in the neurodegenerative disease such as in Huntington’s disease, Alzheimer’s disease, and Parkinson’s disease pathway. This pathogenesis has also been associated with cellular respiration and energy metabolism in previous study with dysregulation in similar groups of NADH dehydrogenase subunit and Cyclooxygenase (COX) encoded genes (Pieczenik & Neustadt, 2007). 
Similarly, Lyu et al., 2012 previously reported downregulation in the gene’s expression associated with oxidative phosphorylation in the placental villi and showed the involvement of UQCRB, subunit of mitochondrial complex III, ATP5G1 and ATPG3 genes in the impairment of mitochondrial respiratory chain function in the placental villi hence contribute to miscarriage (Lyu et al., 2013). However, the genes reported by Lyu et al. were not identified in this present study possibly owing to the differences in the samples being analysed, with the genes being specific to placenta villi. 
Recently, proteomic analysis of the decidua in REPL patients reported a significant upregulation on the level of COX-2 and NDUFB3 protein analysed by western blotting. Overexpression of NDUFB3 have been associated with inhibition of cell vitality and oxidative stress in decidual cells thus reduction in the mitochondrial membrane potential expression levels indicate the role of NDUFB3 in promoting the pathogenesis of REPL (Yin et al., 2021). In the present study, I found the downregulation of NDUFB9 and other NADH dehydrogenase encoded genes and COX6A1, COX7A2, and COX8A. These genes were different from the one reported by Yin et al.  Formerly, dysregulation in these genes have been associated with mitochondrial disease and dysfunction affecting the energy metabolism that is needed for cell vitality (Bi et al., 2018). In glioma patients for instance, the overexpression of COX7A2 indicates the good prognosis of disease (Deng et al., 2018). To this extent, it is apparent that dysregulation in the mitochondrial function affects other biological processes such as apoptosis and neurodegenerative disease in REPL.
5.5.5.1 Endocytosis and lysosome pathways

The fact that a successful pregnancy is a result of a series of complex reciprocal events triggered by several mediators in the reproductive tract cannot be denied. Increasing numbers of studies also confirmed the involvement of EVs as one of the most interesting mediators to be further explored in the field of reproductive medicine (Tannetta et al., 2014). In the earlier chapter, I postulate the involvement of EVs in embryo-endometrial communication especially during the attachment stage thus promoting the implantation process. I also showed the effect of communication breakdown between the embryo and endometrium that lead to implantation failure. Interestingly, in the present study, GO analysis of the endometrium of the REPL patients revealed the downregulation of the extracellular exosome as the significantly dysregulated cellular component in patients with REPL history (1.92 enrichment score). The KEGG pathway analysis also shows the downregulation of the endocytosis pathway. Generally, this finding provides an idea on the continued role of EVs in reproductive sustainability.    
To the best of my knowledge, there is no detailed explanation found clarifying the association between the endocytosis pathway, extracellular exosomes and REPL. Principally, the biogenesis or uptake of the extracellular exosome begins with the endocytosis of the plasma membrane leading to the accumulation of ILVs in the MVBs (Akers et al., 2013). The initiation and completion of this activity seems to be affected in the present study. Meta-analysis of human endometrium and study on gene expression changes in mice endometrium stated the enrichment of extracellular exosomes during the receptive stage of the endometrium (Altmäe et al., 2017; He et al., 2019). These findings provide us with an idea of the importance and involvement of endocytosis activity and extracellular exosome function in the receptive endometrium. Therefore, impairment in this pathway in patients with REPL history may indicate disruption in EVs biogenesis that impedes cell to cell communication during early implantation thus leading to pregnancy loss. However, further study may be needed to support this consensus. 
Another interesting KEGG pathway dysregulated in patients with REPL history in the present study is the lysosome pathway. Lysosome is a primary site of cell digestion. It also supports cell function, cell recycling activity and also acts as integrator and organizer of cellular adaptation and survival (Inpanathan & Botelho, 2019). The implication of lysosomes in the dynamic changes of an endometrium has been previously reported. Lysosomal activities increased during the secretory phase of the menstrual cycle in the endometrial glandular epithelium (Li et al., 2020). However, these functions have not been totally evaluated. In addition, the GO analysis revealed the downregulation in a group of genes that encode the lysosome membrane as the significantly affected cellular component in the REPL patients. Interestingly, to the best of my knowledge, there is no study reporting the association between dysregulated endometrial lysosomal pathway and REPL.
Downregulation in the CTSB gene identified in the present study has been related to the increase in the number and size of single-membrane lysosomes and double-membrane autophagosomes. Increment in the size of the lysosome indicates the intracellular self-digestion of dying cells (Ono et al., 2003). Furthermore, NAGLU and ASAH1 are among the downregulated genes that function in the production of enzymes required for digestion and recycling of different types of molecules in the lysosome. It is apparent that failure in substance breakdown due to absence or decrease of enzyme in the lysosome may lead to accumulation of waste products leading to cell toxicity (Bonam et al., 2019). 
In conclusion, in the present study, the transcriptomic analysis of the endometrium of the patients that had experienced REPL clearly showed a deterioration in multiple pathways that affected the endometrial function. My study provides a valuable resource for understanding the molecular basis of REPL and its potential diagnosis and prognosis. Ribosome, oxidative phosphorylation, endocytosis and lysosome pathways are some of the described pathways that need to be further explored.
There are a few limitations that can be improved in this study. First, the number of the study sample. The biological replicate in this study was three in each group (REPL and control). Only small numbers of the study samples are obtained. This is due to ethical restriction in utilizing human samples as experiment material. Furthermore, the limited number of samples obtained are also due to difficulties and complications encountered during the sample collection procedure. This indirectly limits the demographic information and statistical power in detection of dysregulated genes in REPL patients although previous studies have also reported a similar number of study samples as mine. 
Interestingly, despite utilizing a small sample size, heterogeneity in the transcriptomic expression profiles were observed through the PCA plot among the REPL patients’ samples. Such a result is not unexpected with the known variability in the human populations. This heterogeneity may have some effect on the results and lead to bias in subsequent data analysis. If it were possible, given time and finance, to carry out an analysis which involves a huge sample size, identification of the heterogeneous samples and measurement of the inter-sample heterogeneity in the data analysis may be one of the approaches to minimize the influence of heterogeneous samples (Zhao & Xue, 2017). However, in the present study, despite the limitations encountered that restricted the sample size as mentioned above, findings from the small sample size obtained give us an insight on the broad view of the incidence of REPL in the population. These preliminary findings can be a reference for future study in exploring the transcriptomic profile of the REPL patients and its related pathways for better patient management.  
Furthermore, an important factor in this sort of study when comparing it to other similar studies is that the assay type may differ. Hence the different studies may not be examining the same list of genes. As arrays have developed extra genes and transcripts have been included which can confuse comparisons. In addition, the analytical approach can uncover different transcripts and pathways. Having similar pathways is a significant finding even if the same genes are not always shown. 
The whole endometrial biopsy sample obtained in the present study consists of uterine luminal epithelium (LE), glandular epithelium, stromal cells, endothelial cells, and immune cells (Kao et al., 2002; McCluggage, 2006). Due to the mixture in cell collection, it is difficult to distinguish the origin of the altered genes expression in the endometrial biopsy sample in the present study thus causing difficulties in identification of the affected region in the endometrium of the REPL patients. However, we believe that the collection of information obtained in the present study may help in further diagnostic and therapeutic measures of the disease.  

Chapter 6: General discussion and future prospects

6.1 Overview

In this chapter, I will generally describe the overall findings obtained from my research. The experimental works in my PhD thesis mainly focus on exploring and understanding the role of EVs, a group of heterogeneous, cell secreted, lipid bilayer vesicles, in embryo-endometrial communication particularly during the apposition and attachment phase of the implantation process. This will include highlighting the main findings of this research work which are (i) the optimisation of a 3D in vitro trophoblast-endometrial model of implantation, followed by (ii) observation on the effect of EVs biogenesis inhibition and its outcome on trophoblast-endometrial implantation, (iii) characterisation of EVs properties derived from 2D and 3D JAr cell culture systems and (iv) provide a detailed view of the biological malfunction and related pathways of differentially expressed genes in REPL. I will also discuss the value and contribution of my research findings generally to the reproductive field, and specifically to the development and improvement in diagnostic and therapeutic measures in ART. Finally, I will propose some ideas and opportunities for future research and conclude my PhD research work. 

6.2 Main Thesis findings

In recent years, an exponential increase in the number of studies conducted to observe the role of EVs in intercellular communication has been reported (Berumen Sánchez et al., 2021), besides their function as a biomarker in physiological and pathological condition (Ciferri et al., 2021) and future potential role as drug delivery tools (Herrmann et al., 2021). However, a limited number of studies focused on the event that occurs/take place during the apposition and attachment phase of the embryo-endometrial implantation process thus highlighting the role that EVs carry to initiate and leading to a successful implantation (Evans et al., 2019). It was a challenging task for me personally to explore, identify and determine the role of EVs in trophoblast-endometrial implantation due to the unavailability of a standard protocol to be used as a reference. Hence I feel that I have made a positive contribution to this field in extending the level of current knowledge relating to the role of EVs in the process of implantation. 

6.2.1 The development of 3D in vitro model of trophoblast-endometrial implantation 

A number of studies have previously established the utilisation of a 3D in vitro model of embryo-endometrial implantation to study the functional, molecular and/or cellular events during embryo apposition, attachment, migration and invasion phases (Harduf et al., 2007; Lessey, 1998; Montazeri et al., 2016; Ochoa-Bernal & Fazleabas, 2020a). However, each of the models developed may not necessarily be suitable to be used to test a specific hypothesis of a study. Therefore, in my PhD study, I begin my experiment by first establishing my 3D in vitro model of trophoblast-endometrial implantation that will correspond to my overall study objectives. Finding the appropriate combination of cells representing the trophoblast and the endometrial environment in vivo is crucial for the reliable results of an experiment due to the differences in the cells properties, function and characterisation.  

Previous studies have suggested a combination of a few trophoblast cell lines such as JAr, JEG and BeWo with endometrial cell lines including RL95-2 and Ishikawa cells producing highest and lowest binding performance during the assay (Drwal et al., 2018; Rothbauer et al., 2017; Stern-Tal et al., 2020). Therefore, referring to the previously conducted studies, I aimed to optimize and create a 3D in vitro model of embryo-endometrial implantation that will be the core model to be used throughout this research project. I hypothesized that the pairing of JAr cell spheroids and RL95-2 cell monolayer allows the formation of an excellent 3D in vitro model of trophoblast-endometrial implantation. Referring to the previous literature and the availability of the cells in the laboratory, I decided to used JAr cell to represent the trophoblast cell and RL95-2 cell to represent the receptive stage of endometrium to develop my 3D in vitro model of trophoblast-endometrial implantation.

My results showed the production of round, dense and compact JAr spheroids in the presence of complete RPMI culture media incubated for 48 hours on a gyratory shaker. Furthermore, for the successful growth of RL95-2 cells, the cell concentration and incubation time are two important parameters that I have adjusted. An optimal binding affinity reaching around 93% of attachment was obtained by the transfer of 35 spheroids onto the RL95-2 monolayer in 1 hour of incubation time. 

6.2.2 Inhibition of EVs biogenesis and its effect on trophoblast-endometrial implantation

Further with the optimised 3D in vitro trophoblast-endometrial implantation model, I aimed to investigate the role of GW4869 on EVs' biogenesis in both endometrial and trophoblast cells and its effect on embryo-endometrial communications. I hypothesized that inhibition of EVs biogenesis by using GW4869 reduces the JAr spheroid RL95-2 binding affinity. As mentioned before, the main aim of my research is to observe the role of EVs in embryo-endometrial communication. 

In an in vitro experiment, culture media is the intermediary between the two cells, and in my case, it is between the JAr spheroids and the RL95-2 endometrial monolayer. Culture media is enriched with nutritious components that are required for cell growth and sustainability. FBS for instance, is one of the components of the culture media but is itself enriched in EVs where EVs are the main focus in my study. To obtain a defined condition of embryo-endometrial implantation, I tested first the binding properties of both cells with the presence and absence of FBS from the culture media. The withdrawal of FBS in the culture media from the assay environment seems to reduce the binding capacity or ability of the spheroids towards the monolayer. With this observation in mind as a potential confounding factor, I continued my inhibition experiment. 

Pre-inhibition of JAr spheroids and RL95-2 monolayer with GW4869 and later introducing the inhibitor in the media supporting the binding assay caused a significant reduction in the JAr spheroids RL95-2 binding percentage. It is known that EVs biogenesis involves several potential pathways as described previously (in chapter 1). However, in the present study, I inhibited the ESCRT-independent pathway of EVs biogenesis and observed the effect of this inhibition towards trophoblast-endometrial implantation. I postulated that the presence of GW4869 in the trophoblast-endometrial binding site has affected the model of embryo apposition and attachment activity on the endometrial monolayer. However, restoration/recovery of GW4869 effect with 2D JAr cells derived EVs did not enhance the process.

6.2.3 Characterization of EVs properties derived from 2D and 3D cell culture systems

When the attempt to restore/recover the GW4869 effect on trophoblast-endometrial implantation with 2D JAr cells derived EVs failed, I continued this experiment by exploring the possible causes that might be affecting the properties of JAr cell derived EVs. In vivo, the blastocyst interacts with the endometrium in a spherical form. The JAr cell derived EVs in this experiment were isolated from a 2D monolayer. Therefore, in the next experiment I aimed to characterize the EVs properties derived from trophoblast cells cultured in a monolayer (2D) cell culture system compared to those from a spheroid shape (3D) cell culture system. I hypothesized that the EVs physical, biochemical and functional properties are different between EVs derived from 2D and 3D cell culture systems. This has profound implications for the model system I was employing.

The results obtained from this experiment showed significant differences in the size and concentration of EVs derived from 2D and 3D JAr cell culture systems. Morphological observation through TEM exhibited homogeneous, cup shaped vesicles in both systems. However, interestingly, GO analysis of differentially expressed EVs-proteins in 3D cell culture system compared to the 2D cell culture system showed significant enrichment (upregulation of the proteins) in pathways associated to plasma membrane for GO CC and downregulation in the proteins that involved in the chaperone binding pathway for GO MF. This demonstrated that the cell culture system seems to profoundly affect the EVs properties thus may have a strong impact on the outcome of certain in vitro experiments.  

6.2.4 EVs in REPL

In the final experiment, I performed bioinformatic analysis using the transcriptomic data obtained from REPL patient endometrial biopsies. The aim of this experiment was to provide a detailed view of the biological malfunction and related pathways of differentially expressed genes in REPL patients. I hypothesized that there is a difference in the pathways associated with the biological malfunction in REPL compared to healthy fertile control. The result from this bioinformatic analysis indicated the total number of 1174 significantly DEGs in REPL patients compared to healthy fertile control. Interestingly, among these DEGs, 629 of the genes were significantly downregulated and are involved in ribosome, oxidative phosphorylation, endocytosis and lysosome pathways. GO analysis revealed exosome and lysosome as the most significantly downregulated cellular component (CC) affected in REPL giving an insight of the involvement of extracellular vesicles in disease condition. 
6.3 Implications of the major thesis findings 
Declining global fertility rate is a serious issue that indirectly affects the population growth, geography and economic status of a country (Lee et al., 2014; Vereinte Nationen, 2016). Implantation failure, pregnancy loss, endometriosis and reproductive organ defect are some of the conditions that lead to infertility (Agenor & Bhattacharya, 2015). In ART particularly, implantation failure remains the rate-limiting factor for the success of this procedure where only around a 30% success rate was reported in each cycle after a transfer of a good quality of embryo on a receptive stage of endometrium during the WOI (Abe et al., 2020; Ray et al., 2012). The advancement in reproductive science over recent years has enabled improvement in this field allowing the adjustment in the embryonic factors for production of a good quality of embryo. Even so, it seems that the transfer of the good quality of embryo does not guarantee a success in the implantation process thus leading to thorough investigation on the endometrial factors mostly through the omics approach (Aplin & Stevens, 2022). 

6.3.1 3D in vitro model of trophoblast-endometrial implantation 
Recently, research has been focusing on the communication aspect between the embryo and endometrium. Besides the old textbook theory on the involvement of hormones and cytokines in implantation, EVs have been proposed as one of the important components in mediating a successful communication between embryo and endometrium (Cruz et al., 2018; Thakur et al., 2021). It is well known that study of embryo-endometrial communication in humans is impossible mainly due to ethical issues (Weimar et al., 2013). Replacement with animal models such as rodents however exhibited inaccuracy in the findings (Kinnear et al., 2019). Therefore, creation of in vitro models by the utilisation of cell lines representing the in vivo environment is an alternative method in exploring cellular and molecular events of embryo-endometrial communication (Weimar et al., 2013). Although there are many studies reporting the formation of 3D in vitro models of embryo-endometrial implantation, the models created may not necessarily be suitable to be used in all kinds of embryo-endometrial implantation related studies. Hence, there is a need for continuous optimisation and creation of 3D in vitro models of embryo-endometrial communications that more and more resemble the in vivo conditions, without the ethical constraints. 

6.3.2 Embryo-endometrial communication breakdown and its impact on embryo implantation

In the present study, I have developed a 3D in vitro model of embryo-endometrial implantation. This model has been created by the optimisation of a number of contributory factors to produce a modal that will be very useful to study the communication between embryo and endometrium mediated by EVs. It will also allow better understanding of the molecular events and strengthen the theory behind embryo-endometrial implantation. By using this model, I manage to show the consequences due to the communication breakdown (inhibition of EVs biogenesis using GW4869) and predict the possible causes that may lead to the disruption in the embryo-endometrial communication. 

It can be suggested that the experiment that I have conducted using my 3D in vitro model of trophoblast-endometrial implantation can be equated with the incident of implantation failure (Liu et al., 2021) or any other disease that leads to failure in successful implantation of an embryo. Until this time, there is no exact confirmation on the aetiology of either implantation failure or pregnancy loss. 
In terms of theory, I postulated that communication breakdown due to the absence of EVs affected the early critical phase of implantation, which is the apposition and attachment, via disruption in the adhesion molecules function and ECM interaction. This maybe the problem that is occurring in the implantation failure patients where the production and/or maybe the properties of the EVs that carry important cargoes or surface proteins that are crucial for implantation process are somehow disrupted or absence owing to currently unknown reasons thus affecting the two-way communication between the embryo and the endometrium. In terms of practicality, further exploration of the failure in implantation process using this model may give an insight of the possible causes of the disease or condition that can be used for further exploration of the event in an in vivo environment. 
This model is simple, easy to form and handle, inexpensive and can be controlled from outside interference during the experiment. However, the limitation of this model is that, for now, this model just focuses on the exploration of events that happen in the apposition and the attachment phase of the implantation process. In the future, this model can be upgraded or used as a reference to study the more challenging part of the embryo implantation which involves the role of EVs during embryo invasion and the changes that occur in the endometrial stroma and glandular region or vice-versa.

6.3.3 EVs as potential biomarkers in implantation success and reproductive diagnosis

An increasing number of studies have been conducted to observe the role of EVs as potential biomarkers in reproductive physiology and pathological conditions (Ciferri et al., 2021). EVs are continuously studied due to the potential of their cargoes and surface proteins to initiate communication and interaction between embryo and the endometrium leading to a successful implantation process (Capra & Lange-Consiglio, 2020; Chen et al., 2022). Although in the present study, the restoration/recovery of GW4869 effect on trophoblast-endometrial implantation with 2D derived trophoblast cells EVs was unable to increase the implantation rate, in chapter 4, I manage to explore on the EVs profile isolated from 2D and 3D trophoblast cell culture systems in term of their physical, biochemical and proteomic properties. Interestingly, enrichment in the EVs-protein derived from 3D trophoblast cell culture system was involved in the focal adhesion and ECM receptor interaction pathways giving an insight of the importance of cell culture system in the determination of EVs-protein profile and its function on embryo-endometrial implantation. 

By understanding the factors that influence the EVs properties, as demonstrated in this experiment examining the effect of the cell culture system, we will be able to design and create an in vitro experimental condition to better mimic the in vivo environment for further exploration of the implantation system. Moreover, identification of the specific genes that encode the proteins that enhance or are involved in the embryo-endometrial implantation can be performed. Thus manipulation of the EVs protein cargoes may be used as a promising tool for comparison and evaluation of the implantation activity especially in disease state. 

Although the mechanism of implantation failure is still poorly understood, theoretically, with the accumulating evidence from previous studies and the current experimental observation that EVs biogenesis inhibition affects trophoblast-endometrial implantation, I postulated that, the absence or defect in EVs cargoes and/or surface proteins is one of the possible causes that may have been contributed to the failure of the blastocysts to be implanted on the endometrial cells surface. In practice, can the identified genes or proteins be used as a biomarker for therapeutic and diagnostics in ART? Yes, it is possible!
Rapid development and evolution in science and technology allow further exploration and utilization of identified biomarkers in efforts to improve the diagnostic, therapeutic, predictive and pharmacodynamic features of ART (Ong et al., 2012). Through incorporation with a personalized medicinal approach for instance, identification of the specific biomarkers related to the embryo-endometrial implantation process, or disease conditions such as implantation failure and pregnancy loss may enhance research collaboration between the scientist and the clinician to introduce and offer a targeted treatment plan to the patients. Detection of specific targeted biomarkers from body fluids for instance as a first line screening step may give an early insight regarding the patient’s reproductive health. This effort may improve treatment outcomes and decrease the risk of adverse effects that matter to both the clinician and patient (Foroutan, 2015). 

There are a lot of couples suffering from infertility for years. It needs a lot of further work to unravel the mystery of implantation related disturbances. Therefore, it will be one of my jobs among thousands of other scientists to continue to explore the role of EVs in embryo-maternal communication leading to a successful implantation. 
“Every problem has a solution. The problem is to find the solution to the problem.”

-Pierre Filion-

6.4 Future directions of the studies

6.4.1 Restoration/recovery of GW4869 effect on embryo-endometrial implantation

Due to the breakdown in the trophoblast-endometrial communication induced by GW4869 during the critical period of implantation (the apposition and attachment phase), which is postulated to be mediated by EVs in the present study, and the evidence documented that this communication is a two way interaction between the trophoblast and the endometrial cell derived EVs together with the involvement of other surrounding factors (Bridi et al., 2020), therefore, I am proposing the continuation of the GW4869 restore/recovery experiment in future studies to observe and test the functional aspect of trophoblast-endometrial implantation. I was unable to further explore this preliminary observation on the GW4869 action on trophoblast-endometrial implantation and the unsuccessful restoration effect of JAr cells derived EVs on trophoblast-endometrial binding affinity mainly due to time constraints imposed by the pandemic limiting laboratory work.

A few experiments can be performed in order to continue observing the effect of GW4869 inhibition on trophoblast-endometrial binding affinity. First, it will be interesting to observe the difference in the trophoblast-endometrial binding affinity if either of the cells is inhibited. Quantitative measurement of the binding activity can be evaluated through the calculation of binding percentage of the attached spheroids on the endometrium. NTA can be performed to  measure the EVs size and concentration from the conditioned media of the co-culture. Comparison of this binding affinity may give an idea of the role that each cell plays in preparation towards the implantation process. Trophoblast-endometrial apposition and attachment occurs as a receptor-ligand interaction (Aplin & Kimber, 2004). Therefore, inhibition of either of the cells and determination of the transcriptomic or proteomic profile of the CM collected after the inhibition may indicate the molecular changes (genes or proteins that are altered in concentration) that occur during the inhibition in either of the cells. A non-inhibited system can be added as the control.

Secondly, the GW4869 effect on trophoblast-endometrial binding performance can be restored/overcome by introducing or restoring the trophoblast-endometrial binding system with EVs derived from both trophoblast and endometrial cell lines. Many studies have been looking into the endometrial derived EVs and their effects on trophoblast-endometrial implantation in a number of situations (Kurian & Modi, 2019; Tan et al., 2021). There are also a few studies that utilise trophoblast derived EVs to study the changes in the endometrium (Godakumara et al., 2021). Therefore, exploring trophoblast-endometrial communication with the presence of both cell EVs may be required to understand the possible mechanisms of interaction during trophoblast-endometrial binding/implantation. Again, measurement of the success in the implantation rate can be evaluated through direct calculation of the percentage of the attached spheroids on the endometrium monolayer after 1 hour of the incubation time as a first step. 

The concentration of the EVs for restoration/recovery, the frequency of restoration whether it is administered in a single dose or through repeated admission during the assay, the incubation time during the restoration/recovery, the pH of the binding environment are some of the important parameters that may need further attention in order to achieve successful restoration/recovery from the GW4869 effect on trophoblast-endometrial implantation. It is also important to investigate the half-life of the GW4869 action in the assay environment. Furthermore, the proteomic profile of 3D JAr cell culture system derived EVs reported enrichment in pathways related to embryo implantation. Therefore, instead of 2D JAr monolayer derived EVs that have been isolated and utilised in the present study, the 3D JAr spheroid derived EVs may be a better model to be used in the restoration/recovery experiment.  

Success in this implantation restoration/recovery experiment may provide an opportunity for further extension of treatment plan through EVs engineering that can be applied in the ART to improve infertility. 



Figure 6.1: Future experimental plan. A) Trophoblast-endometrial binding assay with only either cells is inhibited using GW4869. B) Restoration/recovery of GW4869 effect on trophoblast-endometrial implantation with the presence of JAr and RL95-2 derived EVs.

6.4.2 Identification of EVs cargo and surface proteins involved in the apposition and attachment phase of the trophoblast endometrial implantation

The inhibition of EVs biogenesis and its effect on trophoblast-endometrial implantation seems to be more affecting/targeting the apposition and attachment phase of an implantation process. As briefly discussed in chapter 3 pertaining to the possible mechanism taking place during this apposition and attachment phase of the embryo-endometrial implantation and the role of EVs during that specific time it has been shown that EVs from both embryo and endometrium are needed to trigger/initiate this action. It is postulated that EVs contribute/play a role in this intercellular communication by being a membrane transporter for some of the adhesion molecules (bringing the adhesion molecules from the cell out to the surface of the blastocyst or the surface of the luminal endometrial epithelium or releasing some specific protein that is crucial to enhance the interaction between the blastocyst and endometrium). How can we identify and/or visualize the presence or absence of these molecules in the trophoblast-endometrial binding experiment/system with and without the presence of GW4869 and compare the result?

For the future study, this experiment can be expanded by identifying or targeting a few proteins which are involved in the implantation process that can be labelled and detected. The experimental idea is as shown in figure 6.2. For instance, to identify the presence of integrin, HBEGF-ErbB4 protein or L-selectin interaction with L-selectin ligand. Previously, in one study, the presence of L-selectin expression on the surface of the Jeg-3, JAR, BeWo, and U-937 cells have been detected through flow cytometry (Yucha et al., 2014). Furthermore, proteomic analysis of the EV-derived ECM related proteins can also be carried out and the proteins present can be compared between the control group and the inhibited group. Identification of specific biomarkers may aid in disease diagnosis and prognosis.        

  
Figure 6.2: Possible identification or confirmation method of the activity of EVs cargo and EVs surface protein in apposition and attachment phase of an implantation process in the presence and/or absence of GW4869.




Figure 6.3: Schematic diagram representing the EVs with its potential cargoes and surface protein that is involved in trophoblast-endometrial implantation. 
6.4.3 EVs miRNA and embryo-endometrial communication

Recently, microRNAs (miRNAs) XE "microRNAs:(miRNAs)"  have been comprehensively investigated as one of the potential biomarker in disease conditions such as breast cancer (Moloney et al., 2020), in urine sample to predict prostate cancer (Ramirez-Garrastacho et al., 2022) and also in predicting level of muscle damage due to exercise (Lovett et al., 2018). In reproduction, the regulation of miRNA expression has been observed during embryo development, endometrial functions and in the communication between the embryo and the endometrium. Therefore, I would like to propose a continuation of the experimental finding in chapter five, to be extended in exploring the EVs-miRNA profile of the endometrial biopsies sample. Thus, examining the EVs derived miRNA role during trophoblast-endometrial implantation may be helpful to predict and further understand the molecular events that lead to reproductive incompetency. This will be beneficial in ART especially in In Vitro Fertilization and Embryo Transfer (IVF-ET) XE "In Vitro Fertilization and Embryo Transfer:(IVF-ET)"  for early detection and confirmation of embryo quality and endometrial receptivity. 

6.5 Conclusion

The role of EVs in intercellular communication in physiological and pathological conditions is now a widely explored field. In reproduction particularly, EVs are becoming an interesting topic, investigated and debated due to their postulated possible/potential role in embryo-maternal communication. Still there is much more unknown than known. The findings obtained from the present study show that EVs mediated trophoblast-endometrial communications are crucial for a successful implantation process. To observe the EVs mediated effect on trophoblast-endometrial implantation, a 3D in vitro model of trophoblast-endometrial implantation was first established with the pairing of JAr and RL95-2 cell line. Subsequently, inhibition of EVs biogenesis using GW4869 clearly exhibited a breakdown in the blastocyst-endometrial communication visualised/quantified through the reduction in the binding ability of the JAr spheroids onto the RL95-2 endometrial monolayer. Restoration of the GW4869 effect on the EVs biogenesis inhibition using JAr monolayer derived-EVs does not improve the JAr spheroid RL95-2 binding affinity. Thereafter, to mimic the in vivo condition of a blastocyst and the EVs produced, 2D JAr monolayer and 3D JAr spheroids derived-EVs were characterized. 

3D JAr spheroid derived EVs size and concentration were bigger compared to 2D JAr monolayer derived EVs although the TEM shows similar heterogenous, cup shaped morphology of the EVs between these two groups. Proteomic analysis of the 3D cell culture system derived EVs-proteins revealed enrichment in proteins located on the plasma membrane giving an insight on possible role of this protein in embryo implantation process. In addition, exploring another field of reproductive disability, transcriptomic data analysis of the endometrial biopsy from REPL patients revealed the most significantly downregulated DEGs were related to KEGG pathway endocytosis and GO CC extracellular exosomes indicating the possible involvement of EVs in this disease condition. Overall, the findings from the present study give an insight of the importance of communication mediated by EVs in embryo-endometrial interaction. These findings also will guide us in exploring the role of EVs in reproductive communication and allow the utilisation of EVs as novel biomarkers in diagnostic and therapeutic approaches in the ART. 
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