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Abstract  

 
 

Amniotic fluid stem cells (AFSCs) are a highly promising potential 

source of cells for regenerative medicine as they are easily 

obtainable and avoid ethical concerns. Originally described as 

having an intermediate phenotype between embryonic stem cells 

(ESCs) and mesenchymal stem cells (MSCs), AFSCs have been 

shown to exhibit similarities with ESCs in that they express 

pluripotency markers which would prohibit their use in the clinic.  

 

There are various additional issues which need to be addressed 

before progress can be made towards the use of AFSCs in 

translational medicine. Firstly, the heterogeneity of AFSCs must be 

addressed. Recent reports suggested the existence of two distinct 

populations of cells, RS AFSCs and SS AFSCs. However, an in-

depth characterisation of the immunophenotype and differentiation 

capacity is yet to be performed.  

 

Next, reports that AFSC express pluripotency markers are of 

concern and threaten the potential clinical utility of these cells. This 

thesis provides a robust investigation of the expression of OCT4A in 

AFSCs and demonstrates how OCT4A expression should be 

assessed in order to exclude false positive results and misleading 

data. Neither subpopulations of cells express the pluripotency 

marker OCT4A. This evidence therefore greatly supports AFSC as a 

potential cellular source for regenerative medicine.  
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Finally, investigation of the two AFSCs subpopulations with regards 

to their transcriptome, secretome and exosome cargo remains to be 

performed. 

 

I  have found that SS AFSCs express mesenchymal markers and 

comply with the MSC criteria, therefore I suggested that they are of 

MSCs origin. To compare, RS AFSCs does not comply with the 

criteria, but they express renal progenitor markers. The 

transcriptome confirmed the above findings and revealed the 

differences in gene expression of both subtypes. SS AFSCs 

secretome showed secretion of MSCs factors such as VEGF, 

CXCL12, while RS AFSCs secreted factors like MCP-1 and TIMP1. 
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Impact statement 

	

	

The unmet clinical needs of patients requiring organs has led to the 

rapid development of regenerative medicine and the investigation of 

appropriate stem cells sources that will not only replace the 

damaged cells but are also safe and easily accessible without 

ethical concerns. 

Amniotic fluid stem cells (AFSCs) have therefore been proposed as 

a powerful tool for the treatment of various human diseases. They 

represent a stem cell source that has the ability to replace cells lost 

in injury and at the same time produce factors which minimize 

damage and promote recovery. The interest was focused not only 

on the cells but also on the molecules released by them such as 

exosomes. 

Further study of AFSCs is needed to understand their potential 

before being used in the clinic. Issues regarding their  heterogeneity, 

optimal culture conditions and safety of use are major problems. 

The cell subtypes found within amniotic fluid need to be examined 

and their phenotype must be clarified. In addition, the factors that 

these subtypes secrete must be identified in order for these cells to 

be successfully used clinically. Lastly, exosomes produced by 

AFSCs must be studied in detail. 

The work undertaken in this thesis reveals the heterogeneity of the 

amniotic fluid-derived cells. It provides detailed information about 

their phenotype, isolation and culture preferences and suggests the 
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population with higher therapeutic potential (spindle shaped 

AFSCs). In addition, the findings presented here increase our 

confidence that these cells are safe to use clinically since they lack 

the expression of pluripotency markers, in particular OCT4A. 

Moreover, they provide a detailed list of the factors secreted by the 

cells that may play a role in their paracrine effects. An additional 

benefit of this research is that it increases our knowledge of 

exosome extraction and characterization and details the factors 

within the exosomes which could potentially be used in future 

therapies. 

This work is therefore of benefit to  the healthcare sector in addition 

to academics, research communities and the pharmaceutical  

industry. In particular, it will benefit participants of MSC clinical trials, 

clinical trial organisation communities, patients who are benefiting 

from MSC therapies, clinicians and other researchers who are 

working to improve cell therapies and pharmaceutical companies 

who are biobanking cells for therapy and are testing drugs for safety 

and quality. 
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1. General introduction 
 

The concept of a stem cell was first described by the pioneering 

work on adult hematopoietic stem cells carried out by Till and 

McCulloch (Till and McCulloch, 1961; Becker et al., 1963). The term 

“stem cell’’ describes a type of cell that has the ability to self-renew 

for prolonged periods of time and to produce differentiated progeny. 

“Self-renewal” refers to the capacity of a cell to proliferate 

indefinitely, while the term “potency” refers to the capacity of a cell to 

give rise to various types of differentiated cells and varies according 

to the type of stem cell, the tissue of origin, and the age of the 

donor. For example, totipotent cells can give rise to a whole 

organism, including the embryo and all extra embryonic and 

postembryonic membranes and tissues. Totipotent cells are found 

exclusively in the very early stages of the embryo (Smith et al., 

2006). Pluripotent stem cells (PSCs) are able to give rise to cells 

from all the three germ layers (ectoderm, mesoderm and 

endoderm). Example of PSCs includes embryonic stem cells 

(ESCs), which are isolated from the inner cell mass of the blastocyst 

(Itskovitz-Eldor et al. 1998; Adewumi and Aflatoonian., 2007). 

 

1.1 Multipotent stem cells 

Cell therapy holds huge potential in the field of regenerative 

medicine. Mesenchymal stem cells are the source of much interest 

due to their unique biological properties such as their self-renewal 

capacity, ability to engraft at the site of injury and to modify the 

cellular niche by secreting soluable factors (Nitkin & Bonfield 2017). 

Moreover, they are easily accessible, they grow well in standard 
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culture conditions and avoid ethical concerns. Importantly, in the 

493 MSCs clinical trials registered to 2015, there have been no 

serious safety concerns or reports of teratoma formation (Squillaro 

et al. 2016). 

1.1.1 Basic characteristics 
 

Alexander Friedenstein, a polish scientist is considered to be the 

pioneer in the field of bone marrow and stromal precursor cells 

research. He discovered progenitor cells of fibroblast origin which 

were formed after plating the bone marrow in vitro for 10 days. 

Fredenstein named the colonies Colony Forming Units-Fibroblast 

(CFU-F) due to their single celled appearance (Fredenstein et al., 

1996, Friedenstein et al., 1970). Later in 1980, Maureen Owen, a 

scientist working with Friedenstein adopted the term marrow stromal 

cells (Owen &Friedenstein., 1988)  and later in 1991 Caplan named 

the adult stem cells derived from postnatal bone marrow 

mesenchymal stromal cells (MSCs) for the first time. These cells 

were successfully expanded in vitro and were able to differentiate 

into mesodermal linages (Caplan et al., 1991; Haynesworth et al., 

1992). Later in 2006, the International Society for Cellular Therapy 

(ICST) set the minimum criteria for MSC. They must:  

 

I. Be plastic adherent, non-hematopoietic, multipotent 

stem cells 

 

II. Express a specific set of surface markers: CD73 (ecto-

5’nucleotidase), CD90 (Thy-1) and CD105 (Endoglin) 

and lack the expression of CD14 (monocyte marker), 
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CD34 (hematopoietic progenitor phosphatase) and 

CD45 (protein tyrosine phosphatase)(Dominici et 

al.,2006). 

 

III. Be able to differentiate into osteocytes (Taylor and 

Jones., 1982), adipocytes (Oreffo et al., 2005) and 

chondrocytes (Muraglia et al., 2000) in vitro (Keating 

2012; Dominici et al. 2006). 

  

CD73 is also known as SH3/SH4 it plays role in osteo-/chondrogenic 

differentiation of MSCs (Ode A et al., 2013), CD90 is a ‘’stemness 

marker’’ and plays a role in cell–cell and cell-matrix communication 

(Moraes et al. 2016; Ades et al. 1989). CD105 is the b3 receptor 

part of TGFβ1 and plays a role in cytoskeletal organisation (Barbara 

et al., 1999). In addition, some adult MSCs express adhesion 

markers such as CD29 (β1-integrin) and CD31 (Pecam-1). However, 

this definition remains controversial because of the high variability of 

MSCs, their capacity to differentiate and the local environment or 

so-called ‘stem cell niche’ (Kuhn and Tuan., 2010).  Reports show 

the differences in marker expression of MSCs and their 

differentiation ability. For example, some adipose MSCs express 

markers that are not seen in bone marrow MSCs such as CD31 and 

CD62e (Gronthos et al., 2001). Reports claim that these differences 

are due to the influence of the local environment (Bobis et al., 2006). 

In addition, the lack of specific markers caused problems when 

identifying whether the MSC-like cells isolated by different labs are 

identical and this has led to variations in marker expression, 

differentiation and difference in culture conditions. 
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1.1.2 Self-renewal capacity 
 

Self-renewal is described as the capacity of stem cells to give rise to 

copies of themselves. Stem cell division can either be symmetrical, 

where one cell divided into two daughter stem cells or asymmetrical 

division in which one stem cell produces one stem cell and one 

differentiated cell (Morrison and Kimble., 2006). Different stem cells 

have different self-renewal capacities. For example, ESCs have an 

unlimited ability to self-renew (Rossant et al., 2008; Wiese and 

Eilers., 2011). However, MSCs have a more limited capacity for 

growth and exhibit senescence and loss of multipotency with 

increasing passage number (Saccetti et al. 2007; Kuhn and Tuan. 

2010). This limited expansion ability has led researchers to try to 

maximise the proliferation capacity of MSCs by adjusting the 

microenvironment of the cells and by identifying new sources which 

have a greater proliferation capacity and undergo senescence at a 

later stage (Campagnoli et al. 2001; Gotherstrom et al. 2007; 

Roberts et al. 2001; Guillot et al. 2007). 

 

1.1.3 Migration 
 

Another important characteristic of MSCs is their capacity to migrate 

towards the injury and to engraft in target tissue, thus allowing them 

to exert their therapeutic potential. It has been reported that MSCs 

migrate in the direction of specific stimuli like platelet-derived growth 

factor-AB (PDGF-AB), CXCL12, macrophage-derived chemokine 

(MDC), insulin-like growth factor-1 (IGF-1),  bone morphogenetic 
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proteins BMP2, BMP4 (Fiedler et al. 2002; Ponte et al. 2007) 

amongst others, then release corresponding chemokines, cytokines 

and growth factors to the tissue (Eggenhofer et al. 2014; Fox et al. 

2007 Kucia et al. 2004 ; Fiedler et al., 2002). Chemokines 

(chemotactic cytokines) are described as small proteins that control 

the migration of circulating leukocytes to the site of injury. Moreover, 

specific cytokines are able to evoke a wide range of other responses 

that affect leukocyte activation, degranulation, adhesion and 

apoptosis (Kollar et al., 2009; Wynn et al., 2004). MSCs express 

many chemokine receptors (Nitzsche et al., 2017), including CCR1, 

CCR7, CCR9, CXCR4, CXCR5, CXCR6 and CXCR7 (Honczarenko 

et al., 2006) in response to chemotactic factors. 

CXCL12 was first described in the supernatant of bone marrow 

stromal cells (Nagasawa et al.,1994). CXCL12 was not only highly 

expressed in bone marrow cells but also in osteoblasts and 

endothelial cells (Sugiyama et al.,2006). It has two established 

chemokine receptors (CXCR4 and CXCR7) (Burns et al. 2006;  

Balabanian et al. 2005) which connects to a variety of signalling 

molecules and pathways that stimulates the stem cells (Jones et al. 

2012; Teicher & Fricker 2010). The interaction between CXCL12 

and CXCR4 leads to the activation of several pathways that are 

related to cell adhesion, secretion of cytokines and cell motility. 

Moreover, this interaction is very important in development because 

it has been shown that knockdown of CXCL12 leads to lethal 

defects in the development of several systems such as the heart 

and nervous system (Lu et al., 2002) and impaired haematopoiesis 

in the bone marrow (Nagasawa et al., 1996). In addition, strategies 

to increase donor homing to a bone in Osteogenesis Imperfecta 

(OIM) have been reported. Priming of human fetal MSCs with 
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CXCL12 increased engraftment in OIM mice compared to non-

primed cells (Jones et al. 2012). 

Various reports show increases in the numbers of circulating MSCs 

in response to hypoxia in rats (Liu et al.,2011), or higher levels of 

MSCs in the blood following severe burns (Mansilla et al., 2006). 

These findings demonstrate that MSCs can be mobilised from their 

niches by stimulation from specific signals from the damaged tissue. 

Stem cell therapies use the same naturally occurring mechanism to 

transport donor cells to the site of injury, hence why understanding 

the microenvironment and the interactions within it are crucial for 

developing successful cell therapies (Dimmeler et al., 2014). It is 

believed that the mechanism of action of MSCs is similar to the one 

that leucocytes use to migrate i.e. that it is based on the 

establishment of cell interactions and  the distribution of cell surface 

molecules, and the presence of chemokines and  chemoattractant 

(Nourshargh & Alon 2014; Ke et al. 2015). However, MSCs vary 

greatly and  their migration capacity depends on its  cell culture 

duration, degree of expansion and tissue of origin (Wagner et al. 

2010). For example, freshly isolated MSCs have superior migration 

ability to expanded MSCs (Fischer et al. 2009). Additionally, fetal 

MSCs derived from the lungs have a higher mobility than fetal MSCs 

derived from bone marrow (Maijenburg et al., 2010). 

 

1.1.4  Engraftment and differentiation 
 

The ability of MSCs to differentiate into mesodermal linages with 

great effectiveness is essential for regenerative medicine. The 

rationale of stem cell therapy was originally based on the concept of 

MSC transplantation. It is believed that during tissue damage MSCs 
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repopulate the target tissue and differentiate into specific cells thus 

replacing damaged and dying cells (Squillaro et al., 2016). However, 

recent experimental evidence suggested that the majority of the 

transplanted MSCs cannot pass the capillary network and have very 

short lifespan (Eggenhofer et al. 2014). Even with on-going research 

engraftment is still a difficult task. Tissue injury or disease is 

associated with major tissue death and therefore the donor cells 

need to replace a massive number of cells. Poor cell replacement is 

a major obstacle in both developed and new stem cell therapies. 

Various studies tracked the transplanted cells and showed that the 

engraftment is 2 to 10% in the first few weeks and the cells are gone 

after three months (Dimmeler et al. 2014; Ranzoni et al. 2016; Kean 

et al., 2013). Furthermore, the MSCs have limited survival and 

replicative capacity. Currently the only cells with long term 

engraftment and proliferation are embryonic stem cells (ESCs) but 

they can form tumors and holds ethical concerns (Gu et al., 2012).  

One of the possible explanations for the low engraftment is that the 

cells are in an adverse environment once they reach the damaged 

tissue. Injury leads to the release of a high number of inflammatory 

cytokines and very low levels of oxygen which can cause death of 

the donor cells. Another possibility is that the cells are transplanted 

into a mature tissue and as we know the mature tissue is less 

tolerant than developing tissues.  Hence, newer therapy options 

include in utero neonatal stem cell transplantation.  Guillot et al. 

(2008), investigated the transplantation of stem cells in a mouse 

model of osteogenesis imperfecta and found 84% reduction in 

femoral fractures and decreased bone brittleness. Despite the 

results, low engraftment was observed (Vanleene et al. 2011; Guillot 

et al. 2008). Low engraftment rate could be explained by the 
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administration route of the stem cells. Currently the most commonly 

used method is intravenous, which permits the administration of a 

generous number of cells. Despite the large number of cells that are 

injected, the majority of them are not able to reach the target tissue 

because they remain trapped into the lungs due to their size 

(Fischer et al. 2009; Assis et al. 2010). A study demonstrated that 

MSCs are no longer visible but still detectable in the lungs following 

24hr intravenous infusion.  However, cell elimination does not rule 

out the therapeutic  effect (Eggenhofer et al. 2012). New methods 

need to be considered for better engraftment results.  

In addition to bone, cartilage and fat differentiation, reports are 

claiming that adult MSCs can differentiate ectodermal and 

endodermal lineages:  into hepatic cells (Lee et al. 2004), 

endothelial cells (Oswald et al. 2004), neural cells (Ortiz-Gonzalez et 

al. 2004) and myocytes (Taylor and Jones., 1982). 

Despite these reports claiming differentiation down the ectodermal 

and endodermal linages, we have to consider that the MSCs are not  

as plastic as pluripotent stem cells and they do not form teratomas  

(Ullah et al. 2015; Zomer et al. 2015). It is well known that the 

potency of a stem cell depends on the tissue of origin and 

decreases with the increasing age of the donor (Choudhery et al., 

2014). The differentiation capacity of stem cells is summarized in 

Figure 1. 
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Figure 1.  Schematic representation of the differentiation capacity of 
MSCs.  MSCs have the ability to self-renew and differentiate down the 

adipogenic, chondrogenic and osteogenic lineages. 

 

 

1.1.5  Immunosuppression 
 

Mesenchymal stem cells are being investigated for cell therapies not 

only for their differentiation potential but also because of their unique 

immunomodulatory properties (Uccelli & de Rosbo 2015; Nauta et 

al., 2007; Franka., 2004). In vitro and in vivo reports show evidence 

of the interactions of MSCs with a variety of immune cells. For 

example, MSCs have the capacity to inhibit the proliferation of  

cytotoxic T cells (Trigs) and natural killer (NK) and therefore to 

reduce the activity of cytotoxic T cells (Glenn and Whartenby., 2014; 

Perez et al., 2006).  T cell inhibition is caused by both cell-cell 

contact and secretion of variety of factors such as hepatocyte 

growth factor (HGF), nixtrous oxide (NO), transforming growth factor 
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– β (TGF-β), prostaglandin E2 (PGE2) and interleukin-10 (IL-10) (Le 

Blanc et al., 2003; Aggarwal and Pittenger., 2005). In order to inhibit 

NK cells, MSCs require activation of specific interleukins: IL-2 or IL-

15 (Sotiropoulou et al., 2006). Several studies showed that MSCs 

modulate B lymphocytes and dendritic cells. Moreover, MSCs have 

the ability to recruit immune cells and to behave as sensors of 

inflammation. They release various anti-inflammatory and anti-

apoptotic molecules which influence the microenvironment to 

promote tissue repair (Caplan and Dennis., 2006). The list of factors 

released by MSCs are summarized in Figure 2. Additionally, MSCs 

express low levels of MHC Class I and lack the expression for MHC 

Class II and CD40, suggesting that these cells will not provoke an 

immune response. The immunomodulatory properties of MSCs 

makes them great candidates to treat various inflammatory and 

autoimmune diseases.  

 
 

Figure 2. List of factors released by MSCs.  Cytokines, chemoattractants and 

anti-apoptotic, angiogenic, inflammatory and immunomodulatory factors are 

released by MSCs in response to tissue damage. 
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1.1.6 Paracrine effects 
 

While it was originally anticipated that MSCs act by replacing 

damaged cells via differentiation, current paradigm indicates that 

MSCs promote tissue repair by supporting progenitor cells via 

paracrine mechanism (Jiang et al. 2017; Li et al. 2016; Eggenhofer 

et al. 2014). Growing body of evidence supports the paracrine 

hypothesis by showing secretions of soluble factors, including 

cytokines, growth factors and chemokines. These factors are often 

referred to MSC ‘secrotome’ (Doorn et al., 2012). In addition, MSCs 

release extracellular vesicles, small molecules, lipids and microRNA 

which are associated with their paracrine function (Ferguson et al. 

2018; Phinney & Pittenger 2017). The trophic effect of MSCs is 

important for cell therapy. It has been shown that MSC conditioned 

medium improves cardiac function after myocardial infarction 

(Thakker & Yang 2014; Takahashi, Li et al. 2006). In addition, the 

factors secreted by MSCs promote endogenous stem cell activity, 

affect the microenvironment and prevent apoptosis (Chen et al. 

2015; Caplan and Dennis, 2006). Moreover, when transplanted, 

MSCs do not engraft for a long time but, despite this, they exert 

therapeutic benefits. This is likely to be explained by the paracrine 

secretion of factors (Iso et al., 2014). The paracrine action of MSCs 

could be as advantageous to tissue repair as direct cell 

replacement. Despite much research in the field, the mechanism of 

action is still unknown. However, the idea of cell– free therapy i.e. 

the injection of MSC-derived soluble factors only is greatly 

appealing, because it would eliminate the risk of tumour formation or 

rejection. 
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1.1.7  Limitations 
 

Despite the immunomodulatory effect, proliferation and 

differentiation ability, many limitations of MSCs that makes them 

suitable source for cell therapies remain. For example, MSC 

populations vary considerably in terms of their tissue of origin, 

isolation, homogeneity of the population, culture conditions and age 

of donor and all of these parameters affects their abilities. 

Standardized protocols for isolation and characterization are needed 

in order to properly compare the cells and to further investigate their 

potential for cell therapies. In addition, MSCs will require lengthy 

expansion periods to achieve the numbers of cells that are needed 

for cell transplantation and this continuous expansion is risky since it 

may lead to an altered phenotype and genomic variations (Bara et 

al., 2014). MSCs have limited proliferation capacity and can only be 

expanded for a certain number of passages until they reach 

senescence (Kim and Park., 2017). Despite these limitations, MSCs 

are safe to use in clinic and currently are part of numerous clinical 

trials.  

 

1.1.8 Isolation of MSCs 
	

Three main approaches for the isolation of homogenous MSC 

populations have been described. The first one is based on their 

plastic adherence and thus the hematopoietic cells will be removed 

by media changes at early passage (Friedenstein et al., 1974). The 

second method involves using a Percoll gradient to seed a particular 

fraction of cells based on their density (Dazzi et al. 2006). It is well-

known that high density bone marrow populations continue to be 
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contaminated with CD45+ cells for longer than the low-density 

population (Yokoyama et al., 2008). Different groups are using 

different MSC culture conditions such as specific commercially-

available media with defined factors, or simply reducing the 

percentage of fetal bovine serum in order to enhance the 

proliferative rate of the cells and to isolate more homogenous 

population. 

The next method, which is the most specific, is by using 

fluorescence-activated cell sorting (FACS) to sort the cells for 

specific markers such as CD73, CD90, CD105 or STRO-1 or to 

exclude a specific population, for example CD34 and CD45 positive 

cells. However, this method has some limitations such as excluding 

MSCs that lack these markers. MSCs ranges and their surface 

markers varies. Excluding MSCs on the basis of their surface 

markers does not necessary gives the population with most clinical 

application. MSCs have been found in nearly all human tissues 

(Toma et al., 2001). Protocols for their isolation and culture have 

been developed during the last decade (Ullah et al. 2015; Perez-

silos et al. 2016).  In addition to bone marrow MSCs, adult MSCs 

can be isolated from adipose tissue (Zuk et al., 2001), dental pulp 

(Huang et al., 2009), liver (Campagnoli et al., 2001), skin (Bartsch et 

al., 2015) blood (Zvaifleret al.,2000; Meirelles et al.,2006) and 

skeletal muscle (Tuan et al. 2003) amongst other tissues. 

 

1.1.9 Sources for Mesenchymal Stem cells 
 

MSCs are considered the most important cell type for regenerative 

therapy due to their advantages over embryonical and 

haematopoietic counterparts (Sousa et al. 2014; Ullah et al. 2015; 
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Elahi et al. 2016; R. Sagar et al. 2018). Their clinical application 

generated huge interests in the field and led to isolation of MSCs 

from many different sources such as bone marrow, inner organs (da 

Silva Meirelles et al. 2006; Covas et al. 2008), blood vessels, 

adipose tissue and from ‘’younger’’- fetal sources including placenta 

(In ’t Anker et al. 2004), amniotic membrane, umbical cord (Bieback 

et al. 2004; Lee et al. 2004) and amniotic fluid (De Coppi et al. 

2007a). 

 

1.2 Advantages and limitations of foetal vs adult MSCs 
	

When compared to the adult MSCs, fetal MSCs have increased 

proliferative capacity (Guillot et al. 2007; Stenderup et al. 2003; 

Zhang et al. 2009), increased migration ability and anti-inflammatory 

properties (Bustos et al. 2014). In addition, they reach senescence 

later than adult MSCs (Guillot et al., 2007; Guillot et al., 2008; 

Kobune et al., 2003). Foetal MSCs are much more prevalent than 

adult MSCs.  During the second trimester MSCs constitute up to 

1:3000 blood cells (Campagnoli et al., 2001) and up to 1:400 cells in 

the bone marrow. In comparison, in the newborn, they constitute 

roughly 1:10000 cells and decrease with age (De Coppi et al., 2007; 

int’s Anker et al., 2003).  Another advantage of the foetal MSCs is 

their active telomerase and longer telomeres compared to adult 

MSCs (Guillot et al.,2007b). Foetal MSCs do not form teratomas 

when transplanted, and their non-tumorigenic properties make them 

even better candidates than adult MSCs for cell therapy (Guillot et 

al., 2006). Despite being more primitive than adult MSCs and 

expressing some pluripotency markers such as REX1, foetal MSCs 
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are not pluripotent cells and they don’t hold safety concerns related 

to ESCs (Guillot et al., 2007, De Coppi et al.,2007; Zhang et al., 

2009).Moreover, fetal MSCs are also less immunogenic than adult 

MSCs (Götherström et al., 2004; Götherström et al., 2011), since 

they have lower levels of HLA II expression and do not express HLA 

class II. In comparison, adult MSCs express low levels of HLA II (Le 

Blanc et al., 2003).  Due to their superior immunogenic properties, 

foetal MSCs are more suitable for clinical use.  Guillot et al., (2008) 

also found that first trimester liver, blood and bone marrow MSCs 

express higher levels of osteogenic genes than adult MSCs (Guillot 

et al., 2008). Finally, foetal MSCs are also easier to isolate than 

adult MSCs. They can be derived from various sources of foetal and 

extra-foetal tissues such as placenta, umbical cord, amniotic fluid 

and chorion. One advantages of deriving MSCs from extra-foetal 

tissue is that the fetus is not harmed during their derivation. For 

example, amniotic fluid stem cells can be obtained from 

amniocentesis or amniotic drainage from week 15 and MSCs can be 

isolated from the placenta and umbilical cord at delivery. However, 

to derive MSCs directly from the fetus, termination is required. The 

only exception is cardiocentesis, which can be performed on live 

fetuses, but the risk of miscarriage and complications is very high. 

Thus, this procedure is not a routine technique (Sarno and Wilson., 

2008). Despite these disadvantages, fetal MSCs are likely to 

represent a superior source of stem cells for therapeutic use than 

adult MSCs (Sagar et l., 2018). 
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1.2.1 Foetal sources of MSCs 
 

For regenerative medicine purposes, MSCs should be sourced from 

easily accessible and ethically non-controversial tissues.  Ideally, 

these sources will have as little impact on the patients, will have 

longer proliferation rate and will reach senescence later. This has 

led to extensive research into perinatal and fetal tissues as an 

alternative source of stem cell for cell therapy and tissue 

engineering. 

 

1.2.2 Extra embryonic tissue 
 

The extra embryonic tissues are rich source of MSCs. They could be 

collected without ethical restrictions and are easily obtained in the 

clinic, either at delivery or during pregnancy during routine 

diagnostic procedures (Loukogeorgakis and De Coppi, 2016). 

 

1.2.3 Placenta 
 

The placenta is maternal-fetal organ that develops during pregnancy 

to support fetal development. It contains a maternal decidua layer, a 

fetal amnion and a chorion layer (consisting of maternal and fetal 

cells) (Parolini et al.  2008, Alviano et al. 2008; Ilancheran et al. 

2009; Moodley et al. 2009). Placenta is a rich source of stem cells 

and could easily be isolated during prenatal diagnosis such as 

chronic villus sampling (CVS) from 10 weeks onwards (Ilancheran et 

al., 2009) and after birth (Antoniadou and David, 2016; Pipino et 

al.2013). Gestational age of the cells influences their proliferation 



	 36	

capacity; the younger the developmental age of the cells, the more 

population doublings they will have the capacity for. This capacity 

decreases towards the end of the pregnancy (Park et al., 2013). 

Human placental cells can be branched into amniotic mesenchymal 

stromal cells (hAMSCs), chorionic trophoblast cells (hCTCs), human 

amniotic epithelial cells (hAECs) and chorionic mesenchymal 

stromal cells (hCMSCs)(Abdulrazzak et al. 2010). Advantage of 

placental MSCs is their low immunogeneity and low expression of 

HLA molecules (Antoniadou and David., 2016; Pipino et al.2013; 

Abdulrazzak et al. 2010).  These cells have a broad range of 

therapeutic applications for example in cardiovascular diseases, 

neurological disorders, liver disease and many others. In addition, 

placental MSCs are currently in clinical trials targeting a variety of 

diseases (Antoniadou and David., 2016; Gemma N. Jones et 

a.2012).  However, a major obstacle is the ability to isolate a pure 

population of these cells without contamination with decidual 

maternal cells (In 't Anker et al. 2004; Soncini et al. 2007). 

 

1.2.4 Umbilical cord 
 

The umbilical cord is formed around the fifth week of development 

from the remains of the yolk sac and allantois (McElreavey et al. 

1991; Wang et al. 2004). Its main function is to transport oxygenated 

blood from the placenta via umbilical vessels and return 

deoxygenated nutrient depleted blood back to the placenta. The 

umbilical cord has two arteries and an umbilical vein which is found 

in Wharton’s jelly. Fetal MSCs are usually derived from Wharton’s 

jelly after birth (Karahuseyinoglu et al. 2007). These cells express 

mesenchymal markers and to have faster proliferation rate than 
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adult MSCs (Joerger-Messerli et al., 2016). Like other MSCs, 

Wharton’s jelly MSCs are capable of differentiating into to bone, 

cartilage and fat (Mitchell et al., 2003; Wang et al. 2004; Anzalone et 

al. 2010; Abdulrazzak et al.2010). Moreover, there is evidence that 

these MSCs express lower levels of HLA than bone marrow MSCs 

(Li et al., 2014). 

 

1.2.5  Amnion and Chorion 

The fetal membranes consist of the amniotic and chorionic 

membranes. The amnion is the membrane that forms the embryonic 

sac and thus acts as a site of physical contact with the amniotic 

fluid. It consists of three layers: a single epithelial layer, a basement 

membrane and an avascular mesenchyme (Benirschke et al., 1995). 

The chorion is the outmost membrane created between the mother 

and the fetus. During the first trimester the chorion forms villi which 

establish vascular fingers and form the placenta (Dzierzak et al., 

2010). Both the amnion and chorion membranes are rich source of 

adherent cells. Cells isolated from the amnion membrane are called 

amniotic membrane mesenchymal stromal cells (AM-MSCs) 

(Russo., 2012), while the cells isolated from the chorion are 

classified into two categories: chorionic mesenchymal stem/stromal 

cells and chorionic villous/placenta mesenchymal stem/stromal cells. 

Both cell types produced from the amnion and chorionic membranes 

exhibit similar characteristics to BM-MSC such as a fibroblast-like 

appearance and ability to adhere to tissue culture plastic 

(Witkowska-Zimny and Wrobel., 2011). AM-MSCs, PMSCs and C-

MSCs are valuable sources of cells with regenerative potential and 



	 38	

potential use against various inflammatory diseases (Ringdén et al. 

2013). 

1.3 Amniotic fluid stem cells 
 

Amniotic fluid (AF) is the liquid surrounding the developing embryo. 

It serves as protection against minor trauma to the maternal 

abdomen and provides the nutrients that are needed for 

embryogenesis (Underwood et al. 2005). In addition, the AF allows 

the fetus to move and thus develop its musculoskeletal system 

(Fauza et al., 2004; Polgar et al., 1989). Moreover, it regulates the 

temperature of the fetus during pregnancy. The amniotic fluid is 

composed mainly of water (around 98-99%) (Bacci et al. 2004). 

However, it also contains a heterogeneous population of cells, fetal 

urine, proteins, growth factors, lipids and electrolytes, amongst other 

components. The composition is constantly changing and varies 

throughout the pregnancy reflecting the needs of the embryo 

(Torricelli et al., 1993). The volume also changes: in the first 

trimester at week 10 it is around 30 ml and it increases to 

approximately 1000 ml by the 3rd trimester (week 37). At the early 

stages of pregnancy, the amniotic osmolarity is almost identical to 

the fetal plasma, but after fetal skin keratinization the osmolarity 

decreases significantly due to urine production (Frauza et al., 2004). 

In 1877, Prochownick, Von Schaultz and Lambi performed the first 

amniocentesis. In 1956, AF was used for the first time to determine 

fetal sex and 10 years later Steele and Breg used amniotic fluid for 

prenatal karyotyping and the detection of a variety of genetic 

diseases (Woo J.). Although amniocentesis has been used for many 

decades for fetal karyotyping and routine prenatal diagnosis, the 
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potential therapeutic use of AF was not explored until 2001 when 

Kaviani et al. demonstrated a potential use for AF in fetal tissue 

engineering (Kaviani et al. 2001). Scientists then started to 

investigate the phenotype of the cells contained in the AF. Prusa et 

al., (2003) first discovered that AF contains a population of stem 

cells; within the AF approximately 1% of the cells are now identified 

as being amniotic fluid stem cells (AFSCs) (Prusa et al. 2003; De 

Coppi et al. 2007).  

AFSCs are mostly derived from fetal tissues such as the fetal skin, 

the respiratory, digestive and urinary tracts and possibly also the 

placenta (Tsai et al.  2004). AFSCs represent a heterogeneous 

population of cells with different morphologies and in vivo and in 

vitro characteristics (Gosden et al., 1978; Roubelakis et al., 2007; 

Savikiene et al., 2015; Antonucci et al. 2014; D Moschidou et al. 

2013). AFSCs are multipotent with ability to differentiate towards the 

mesenchymal linages (Dafni Moschidou et al. 2013; Abdulrazzak et 

al. 2010). Like MSCs, they express CD29, CD73, CD90, CD105, 

and lack  CD133, CD45 and  CD34 (Moschidou et al. 2012). AFSCs 

have great potential for use in the clinic due to their high proliferation 

rate, differentiation capacity, paracrine effects, immunological 

prosperities and the lack of teratoma formation. Moreover, because 

they are isolated from the extra fetal tissue, they are free from 

ethical concerns and can be used as an autologous stem cell source 

(Ivana Antonucci et al. 2012; Larson & Gallicchio 2017; 

Ramachandra et al. 2014). 

In addition, they could be used in regenerative medicine to stimulate 

tissue repair. Over the years, the regenerative potential of AFSCs 

has been tested in the cardiovascular system (Loukogeorgakis et al.  

2013), hematopoietic system (Fuchs et al. 2004), musculo-skeletal 
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system (Schiavo et al.  2015, De Coppi et al. 2007; Ranzoni et al. 

2016; Jones e al.2014),  nervous system (De Coppi et al., 2007, 

Pan et al. 2006, Pan et al. 2007, Tajiri et al. 2012, Rehni et al. 

2007), respiratory system (Carraro et al. 2008, Pederiva et al.  2013) 

and urinary system (Perin et al.  2007,Teodelinda et al. 2011 ,Rota 

et al.  2011).  
 

 1.3.1. Isolation 
 

AFSCs can be derived from the amniotic fluid at any gestational 

age, via amniocentesis or amnioreduction or even at birth. However, 

cells obtained from the first trimester are believed to be more 

primitive. The heterogeneity and phenotypic diversity of AFSCs has 

complicated the isolation of homologous populations of cells. In 

recent years, three major protocols for the isolation of AFSCs from 

AF have been described. The first method is a single stage method 

established by In’t Anker et al., (2004) whereby the cells are 

centrifuged, plated in medium such a D10 (DMEM with the addition 

of FBS, L-Glutamine and Penicillin/Streptomycin) and left for around 

10 days until the first colonies begin to appear (In ’t Anker et al. 

2004).  

This method uses the plastic adherence of the stem cells alone as a 

selection process (without the use of specific antibodies). The 

second method is immunoselection using magnetic beads or 

fluorescence-activated cell sorting (FACS) (Schmidt et al. 2007; De 

Coppi et al., 2007) whereby cells are sorted for c-Kit (CD117) 

positivity, which approximately 1% of AFSCs should exhibit.  This 

method is likely to be difficult if the cells are from the first trimester 
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due to the limited amounts of AF and therefore cells. It is more 

suitable for second trimester samples or those obtained at delivery 

via amniodrainage and amniocentesis because of the large amount 

of fluid collected (Loukogeorgakis et al., 2017). 

The third method is a 2-stage protocol established by Tsai et al. 

(Tsai et al. 2004). In this protocol non-adherent cells are collected 

from the AF supernatant and cultured in serum-free media. This 

method has some advantages over the other 2 methods because 

the cells are not left for 10 days without changing the media thus 

they are given the necessary nutrients. In addition, this method 

isolates different types of colonies. Different isolation strategies, 

based on the ones described above, exist between different labs. 

These methods vary in terms of the medium used, the time required 

for isolation and the antibodies used. Together, these factors 

contribute to the derivation of different populations of cells (De 

Sacco et al., 2017). 

1.3.2 Heterogeneity 
	

Variations in the procedures used to extract AF, the isolation 

protocols, the gestational age, the donor and the media used have 

led to great diversity among AFSCs.  Recently, two distinct 

populations of AFSCs have been described. Based on their 

morphology and adherence, AFSCs are classified as either 

“spindle’’- shaped (fibroblast-like) or “round’’ -shaped (epithelioid) 

AFSCs (Roubelakis et al., 2011; Savikiene et al., 2015). These two 

types of colonies can be separated from the mixed population using 

cloning rings or mechanically isolated on the basis of their 

morphology and then selected for c-kit (Roubelakis et al., 2011, 
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Phermthai et al., 2010). SS AFSCs represent the minority of the 

cells within the AF, making up around 6% of the sample, while RS 

AFSCs represent the additional 94% (Roubelakis et al., 2011). To 

date, little is known about the origin of the cells and how they differ 

from one another. SS AFSCs have been shown to express 

multipotent markers and to be able to differentiate down the 

adipogenic, osteogenic and chrondogenic lineages while RS AFSCs 

lack some mesenchymal markers. However, to date little is known 

about the two subtypes in terms of origin, optimal culture conditions, 

pluripotency status, differentiation and proliferation capacity. 

Moreover, the existence of two subpopulations led to confusion in 

the field and previous characteristics are no longer valid. New 

detailed characteristics of both subtypes is needed to maximise their 

potential for clinical use. 

1.3.3 The origin of AFSCs 

Amniotic fluid contains a heterogenous population of cells, which 

arise during fetal development. The diversity of the isolated cells has 

led to uncertainty regarding the identity of AFSCs and in particular, 

their origin. During development, the inner cell mass of the 

blastocyst forms the epiblast and the hypoblast. This event occurs 

around days 8-9 after fertilization. The epiblast then establishes the 

embryonic epiblast and amniotic ectoderm which lines the amniotic 

cavity, which is later filled with amniotic fluid (Sanz-Ezquerro et al. 

2017; Moore et al., 1998; Modena & Fieni 2004). The composition of 

the AF changes during fetal development, especially after the 

keratinization of the fetal skin between weeks 17-20 of gestation. 

During the second trimester, the concentration of proteins and 
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glucose decreases, whereas the levels of uric acid, creatinine and 

urea increase. Second trimester amniotic fluid is composed mainly 

of fetal urine (Underwood et al. 2005; Griscelli et al. 2012; Dubil & 

Magann 2013; Fauza 2004; Norohna et al.2011; Modena &Fieni 

2004). Changes in the composition of AF lead to alterations in the 

AFSCs population throughout the pregnancy (Roubelakis et 

al.2012a; D Moschidou et al. 2013; Rahman et al. 2018; Shaw et al. 

2011). For example, first trimester AFSCs are of germ cell origin (D 

Moschidou et al. 2013). They have a mesenchymal phenotype and 

are smaller in size, have higher growth kinetics than second 

trimester AFCSs and express higher levels of genes associated with 

pluripotent cells. In comparison, second trimester AFSCs express 

higher levels of tissue-specific genes and therefore constitute 

various different subsets of cells. Moreover, first and second 

trimester AFSCs have related transcriptome profiling but represent 

distinct populations (D Moschidou et al. 2013). Two distinct cell 

types with different phenotype and origin are found in second 

trimester AF: RS AFSCs and SS AFSCs (Roubelakis et al. 2012a; 

Savickiene et al. 2015; Corcelli et al. 2018; Arnhold et al. 2011). SS 

AFSCs have mesenchymal characteristics and share a similar 

phenotype to first trimester AFSCs. Various groups have suggested 

that these cells arise from the migration of cells from the epiblast to 

the amniotic fluid during embryogenesis (Antonucci, Di Pietro, 

Alfonsi, Centurione, Centurione, Sancilio, Pelagatti, D’amico, et al. 

2014; Dobreva et al. 2010; Siegel et al. 2008), and are of fetal origin 

due to the expression of PGC markers (Dafni Moschidou et al. 

2013). In contrast, the RS AFSC phenotype is similar to amniotic 

membrane epithelial cells (Roubelakis et al. 2011) and their origin 

has not been investigated yet. Consequently, third trimester AFSCs 
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have renal cell gene expression and share properties with neonatal 

urine cells since they originate from the fetal kidneys (Rahman et al. 

2018a). 

 1.3.4  Differentiation 
 
The ability of AFSCs to differentiate with high efficiency into 

mesodermal linages has been the core reason for the use of AFSCs 

in regenerative medicine. The principle of stem therapies relies on 

their ability to differentiate into a specific cell type and replace the 

damaged tissue by repopulation of cells (Squillaro et al., 2016; 

Antonucci et al., 2016). It has been shown that AFSCs can readily 

differentiate down the adipogenic, chrondogenic and osteogenic 

lineages (Antonucci et al. 2011; Antonucci et al. 2009; Ranzoni et al. 

2016).  

Recently, it has been reported that in addition to mesenchymal 

linages, AFSCs could differentiate into limited cell types of 

ectodermal and endodermal origin (De Coppi et al., 2007; 

Abdulrazzak et al., 2010). Such differentiation capacity of AFSCs 

should be reviewed very carefully because it could hinder their 

clinical potential. Therefore, we have to consider and carefully 

analyse their differentiation potential. 

Neural differentiation of AFSCs has been reported throughout the 

years with great variability (De Coppi et al., 2007; Maraldi et 

al.,2014). For example, Cipriani et al., (2007) showed in vivo that 

human AFSCs can migrate, survive and express markers of 

immature neurons after transplantation in mice (Cipriani et al, 2007). 

Another study showed that human AFSCs fail to differentiate into 

mature neurons following transplantation in a model of Parkinson’s 
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disease (Iacovitti et al., 2008). To date, it is therefore unclear as to 

whether AFSCs can fully differentiate into neural lineages.  In 

addition, SS AFSCs have been shown to possess the potential to 

differentiate into cardiomyocytes (Markmee et al., 2017). Limited 

cardiac differentiation was also observed by several groups (Connel 

et al., 2015; De Coppi et al., 2007; Chiavegato et al., 2007; Di 

Baldassarre et al. 2018). Again, it is still unknown whether AFSCs 

can form fully-functional cardiomyocytes.  

Stem cells could either be transplanted in their undifferentiated 

(naïve) state or in their fully-differentiated state. Naïve cells have a 

higher proliferation capacity but differentiated cells respond better to 

the target cells and produce more cytokines and small molecules 

that help to repair the tissue (Nitkin and Bonfield, 2017). Other 

studies have reported data on the differentiations of AFSCs into 

various lineages. For example, AFSCs injected into the lungs of 

mice after injury expressed alveolar and bronchiolar epithelial cell 

markers (Carraro et al., 2007).  Another study investigated the ability 

of AFSCs to migrate to the kidney and observed a pattern similar to 

that observed throughout organogenesis (Perin et al., 2007). 

Overall, more research is needed to understand the nature and the 

ability of AFSCs before using the cells in stem cell therapies. 

 

 1.3.5  Pluripotency and OCT4 expression 
 
Pluripotency is the capacity of a cell to engender into all  specialized 

types of cells from the 3 germ layers (Li & Izpisua Belmonte 2018; 

Hackett & Surani 2014). It is defined by a number of criteria 

including the expression of transcription factors, the ability to self-

renew via symmetrical division and to form teratomas (De Los 
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Angeles et al. 2015). Pluripotent stem cells (PSCs) are capable of 

giving rise to cells from all the three germ layers (ectoderm, 

mesoderm and endoderm) (Li & Belmonte 2017; De Los Angeles et 

al. 2015; Kumari 2016). Examples of PSCs include embryonic stem 

cells (ESCs), which are derived from the inner cell mass of the 

preimplantation blastocyst (Itskovitz-Eldor et al. 1998; Adewumi and 

Aflatoonian., 2007) and induced pluripotent stem cells (iPSCs) 

(Takahashi et al., 2006). Human ES cells have unlimited self-

renewal capacity, which is tightly controlled by the telomeres. These 

short double stranded DNA sequences are extremely important for 

the replicative stability of the cells and they protect the chromosomal 

ends. These sequences are beyond the reach of DNA polymerase, 

leading to them becoming shorter with every cell division until they 

reach a critical level upon which the cells reach senescence (Epel et 

al., 2004). ESCs protect their telomeres from shortening by the 

action of telomerase, which extend the length of telomeres after 

each replication (Bodnar et al., 1998). This leads to limitless cell 

divisions. Despite their virtually unlimited proliferation and ability to 

maintain their developmental potential, ESCs express low levels of 

major histocompatibility complex (MHC)-I antigens, lack the 

expression of MHC-II and are not recognised by natural killer cells 

(Hentze et al. 2007; Shroff & Barthakur 2015). Over the years, 

problems associated with the potential immunogenicity of ESCs 

have been demonstrated, such as the formation of teratomas, and 

thus their application in the clinic is limited (Gu et al. 2017). In 

addition, the use of human ESCs has been associated with a lot of 

controversy since harvesting the cells destroys the embryo (Bernard 

and Parham., 2009). However, the discovery of induced pluripotent 

stem cells (iPSCs) has eliminated some of these concerns. Initially 
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iPSCs were derived from mouse fibroblasts by the addition of four 

transcription factors (Takadashi and Yamanaka., 2006). The factors 

used to generate these cells were:  octamer binding protein 4 

(OCT4), sex determining region Y – box 2 (SOX2), Kruppel-like 

factor 4 (KLF4) and c-MYC, they were named the” Yamanaka 

factors’’ after the founder of the iPSC generation technique. A year 

later, in 2007, two independent groups generated iPSCs from 

human fibroblasts (Takadeshi et al. 2007; Yu et al. 2007). The latter 

group achieved this using a cocktail of OCT4, SOX2, NANOG and 

LIN28. Since then, iPSC technology has been used for disease 

modelling, drug discovery and stem-cell based therapy. iPSCs have 

been made from various sources such as fetal and adult neural 

stem cells (Kim et al. 2009); keratinocytes(Aasen et al. 2008)  

(Aasen et al. 2008); dermal papilla cells  (Li et al. 2009) amongst 

others. However, iPSCs were not clinically applicable due to their 

generation method, genetic modifications and the risk of teratoma 

formation. 

OCT4 is a transcription factor and one of the ‘’Yamanaka factors’’ 

that has been used to revert somatic cells back to an embryonic-like 

pluripotent state. POU5F1 (POU domain, class 5, transcription factor 

1), or OCT4, is part of the POU family that is crucial for the 

maintenance of pluripotency and self-renewal (Scholer et al. 1990). 

It is located on chromosome six (6p21.3) and has five exons. In 

addition, it has three splice variants (OCT4A, OCT4B and OCT4B1) 

(Takeda et al. 1992; Atlasi et al.  2008) and four isoforms (OCT4A, 

OCT4B-190, OCT4B-265, and OCT4B-164).  

The OCT4 gene has eight identified pseudogenes, several of which 

are transcribed and translated into proteins in various cancer cell 

lines and tissues (Suo et al., 2005). Pseudogenes 1 (OCT4Pg1, 
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1080 bp, encoded by OCT4Pg1 on chromosome 8), 3 (OCT4Pg3, 

1081 bp, encoded by PCT4Pg3 on chromosome 12) and 4 

(OCT4Pg4, 1083 bp, encoded by OCT4Pg4 on chromosome 1) 

display high homology to OCT4A (Jez et al., 2014). The different 

OCT4 variants have different localization and expression patterns, 

and functions, depending on the cell type. 

OCT4A is located exclusively in the nucleus of pluripotent cells. It 

has 360 amino acids and is 39 kDa (Jez et al., 2014). Its function is 

in maintaining embryogenesis and repressing differentiation-

associated genes (Sterneckert et al, 2012). During differentiation the 

expression of OCT4A is replaced by the expression of pseudogenes 

(Jez et al., 2014). 

OCT4B has three isoforms: OCT4B-265 (30 kDa), OCT4B-190 (23 

kDa) and OCT4B-164 (20 kDa) and is expressed in the cytoplasm of 

non-pluripotent cells such as cancer cells (Poursani et al., 2017). 

Contrary to OCT4A, OCT4B cannot sustain pluripotency because of 

the inhibitory effect of its N-domain on the DNA binding domain 

(Caufman et al 2006; Pan et al., 2004). OCT4B1 is found in both the 

cytoplasm and nucleus of non-pluripotent and pluripotent stem cells 

alike. Similarly, OCT4B cannot sustain pluripotency (Papamichos et 

al., 2009).When claiming expression of pluripotency markers, 

especially OCT4, it has to be considered the complexity of the 

transcriptome factor: the existence of 3 isoforms and pseudogenes. 

A careful analysis and appropriate antibodies are needed to 

minimise the risk of false-positive artefacts and data 

misinterpretation. 

Over the years, pluripotency status of the AFCSs has gained huge 

interest. Reports have suggested that AFSCs possess intermediate 

phenotype between ESCs and MSCs (Moschidou et al. n.d.; D 
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Moschidou et al. 2013; Dafni Moschidou et al. 2013; Ivana 

Antonucci et al. 2012; De Coppi et al. 2007a; De Coppi et al. 2007b; 

Antonucci et al.2016). They claimed that AFCSs express 

pluripotency markers and in particular OCT4 (Loukogeorgakis & De 

Coppi 2016a; Karlmark et al. 2005a; D Moschidou et al. 2013; Di 

Baldassarre et al. 2018)(Di Baldassarre et al. 2018)(Di Baldassarre 

et al. 2018)(Di Baldassarre et al. 2018)(Di Baldassarre et al. 

2018)(Di Baldassarre et al. 2018). Such statements are of great 

concerns, because if the cells are pluripotent this would mean that 

they could form tumours upon implantations and therefore they 

would not be safely used in clinic. 

 
1.3.6 Mechanism of action 
 
Stem cells not only replace the damaged cells, but they also secrete 

factors that influence the microenvironment. This discovery shifted 

the field to exploring and analysing the stem cell secrotome. The 

‘secrotome’ refers to any soluble factors, cytokines, chemokines, 

growth factors and chemoattractants that are produced and 

released by stem cells (Doorn et al., 2012). It may also explain the 

therapeutic benefits of stem cells following transplantation even after 

low engraftment (Wang et al., 2011; Phinney et al., 2015). AFSCs 

secrete soluble factors such as MCP-1, CXCL12 and VEGF. These 

chemoattractants have been proven to stimulate the growth of pre-

existing host vessels and to be responsible for the vascularising 

properties of AFSCs (Mirabella et al., 2011).  Many other studies 

have shown the paracrine effects of AFSCs in various conditions. 

For example, Masum and Ruud (2015) showed that AFSC-

conditioned medium (CM) has anti-fibrotic properties and inhibits 
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myofibroblast differentiation (Ruud A Bank 2015). The AFSC 

secrotome also reduces cardiac ischemic damage and has an anti-

apoptotic effect on cardiomyocytes (Lazzarini et al., 2016). Despite 

this research, the exact mechanism of how AFSCs change the 

microenvironment remains elusive. However, the idea of cell-free 

therapy remains appealing, because it will eliminate the possibility of 

immune rejection or tumour formation. 

 

1.4 Exosomes from MSCs 
	

Cells in a multicellular organism communicate with distant cells by 

sending out signals that comprise single molecules or more complex 

packages. These packages are composed of lipids, proteins, nucleic 

acids and other components and are more commonly known as 

exosomes. Secretion of exosomes has been demonstrated in 

various organisms such as all eukaryotes, prokaryotes and 

multicellular organisms (Colombo et al., 2014). 
	

1.4.1. Generation and release 
	

	

Figure 3. Mechanism of 
release of exosomes. 
Schematic representation 
of the different types of 
vesicles released from the 
cell by fusion with the 
plasma membrane (PM) 
or by fusion with 
multivesicular 
components (MVB).  
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Exosomes can be isolated from diverse body fluids such as the 

blood, semen, saliva, urine, amniotic fluid, bile, cerebrospinal fluid 

and more. Because of the wide diversity of the exosomes they have 

been classified into several categories according to their size, 

function, tissue of origin and localisation. Exosomes can be 

classified into micro particles, microvesicles (MVs) and nano 

vesicles based on size and are either classified as proteasomes and 

oncosomes based on their tissue of origin. Their function then 

causes them to be divided into argosomes or tolerosomes and their 

localisation causes them to be classified as either ectosomes, 

exosomes or exovesicles (Colombo et al., 2014). 

Despite the extensive knowledge gained in recent years about 

exosomes the nomenclature is still debatable (Gould & Raposo., 

2013). More recent classification has divided exosomes into three 

subgroups: 1) microvesicles or microparticles (MVs, MPs) (Thery et 

al., 2006; Harding et al., 1983) 2) exosomes or small extracellular 

vesicles (sEVs) (Kowal et al. 2016) and 3) apoptotic bodies (Poon et 

al., 2014). MVs consist of a shedding vesicle, microparticle and 

ectosome, range in size from 150-1000 nm, and are released by 

budding from plasma membrane (PM). Exosomes are small vesicles 

between 30-150nm in size that have an endosomal origin (Pan et al. 

1983; Thery et al.  2006; Davidson et al.  2017).  They are released 

as a result of fusion of the endosomes with the plasma membrane  

(Johnstone et al. 1987). Apoptotic bodies include large vesicular 

fragments which are formed by plasma membranes during 

apoptosis (Poon et al., 2014).  

For more than 25 years exosomes were believed to contain excess 

proteins that were shed from cells. In 2007, Valadi et al. showed that 
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exosomes contained miRNA that is transferable between cells. This 

discovery generated great interest in the field due to the potential for 

exosomes to be used as biomarkers and therapeutic agents (Yellon 

et al.,2017). 

	

1.4.2. Methods of Isolation 
	

Despite much research in the exosome field, the isolation of pure 

population of exosomes is still problematic. The first protocol for 

isolation and purification of exosomes from conditioned medium was 

developed in 1987 by Johnstone et al. This protocol is based on 

various centrifugation steps and is still in practice (Johnstone et al. 

1987). Currently, five main techniques are used to isolate exosomes 

and to reduce the degree of contamination. The first method is 

ultracentrifugation. This method is rapid and straightforward but 

requires expensive equipment and some soluble proteins and 

lipoproteins remain as contaminants. The second method is density 

gradient centrifugation. This method provides better purity and less 

lipoprotein contamination. However, it is time consuming and the 

yield is likely to be lower. The third method is size-exclusion 

chromatography (SEC). Some advantages of SEC are the rapid 

isolation rate, the relatively pure population obtained, the cost and 

the availability of commercially produced columns. However, it is 

time consuming and the exosomes obtained using this method are 

usually diluted. The fourth method uses specific antigens to isolate 

exosomes and is called immunoaffinity capture. It provides a 

specific subpopulation of exosomes, but its yield is very low, and the 

process is time consuming. The final method is precipitation, which 
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uses the principle of volume exclusion. This method is inexpensive 

and quick to perform but contaminants are usually present (Tang et 

al. 2017; Yu et al. 2018; Petersen et al. 2014). The main 

contaminants are lipoproteins and soluble non-exosome proteins. 

Lipoproteins cause problems mainly when blood plasma or serum is 

used. However, the majority of exosome isolation procedures are 

performed in serum free (SF) conditions. Despite this, lipoproteins 

may be present and can interact physically which exosomes making 

them inseparable by density or size (Sódar et al., 2016). Soluble 

non-exosome proteins such as fibrinogen, albumin and complement 

factors are also found to contaminate the isolates. Thus, the 

isolation of pure population of exosomes remains a problem 

because no perfect method has been established. 

1.4.3 Size and morphology 
	

Transmission electron microscopy (TEM) is the preferred technique 

for size and morphological observations of exosomes (Raposo et al. 

1996). Exosomes have a cup-shaped appearance when observed 

by TEM. More recently nanoparticle tracking analysis (NTA) was 

introduced to measure concentration and size distribution of 

nanoparticles (Dragovic et al. 2011). This device works by tracking 

the movement of laser-illuminated single particles under Brownian 

motion and then calculates their diameter using statistics. NTA is 

fast and analyses large numbers of particles simultaneously. 

However, its disadvantage is that it does not differentiate protein 

aggregates from vesicles. 
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1.4.4 Composition 
	

The exact composition of particular subtypes of exosomes is still 

unknown. However, scientists have shown that exosomes are 

composed of proteins, lipids and nucleic acids. Some studies use 

bulk populations of vesicles that are differentiated from one another 

by ultracentrifugation (Tauro et al., 2012). However, as mentioned 

before this method provides a mixed population and cannot 

distinguish between subtypes. In addition to ultracentrifugation, 

immunoisolation is performed to eliminate contaminants and to 

determine the compostion of the exosomes. Proteins found in the 

various different subsets are related to the cell type from which the 

exosomes are secreted. For example, tumour derived pellets are 

shown to be enriched in TSG101, and CHMP2A compared to 

exosomes derived from other types of cells. 

               

Figure 4. Composition of exosomes. Schematic representation of an 

exosome.  
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Proteomic studies can be used to show the protein components of 

each subtype. Some of the proteins found in the different subsets 

are related to the cell type from which the exosomes are secreted or 

the size of the vesicle whereas others are found in most exosomes 

despite the cell of origin or the size of the vesicle. For example, 

CD63 and CD81 were found in most exosomes. However, stronger 

enrichment is observed in smaller exosomes (Colombo et al. 2013), 

whereas MHC II was more abundant in larger vesicles. The lipid 

composition of exosomes has also been studied (Trajkovic et al. 

2008; Wubbolts et al.  2003). An enrichment of saturated fatty acids, 

cholesterol and sphingomyelin was observed. 

In 2007, Varaldi et al. reported for the first time the existence of 

nucleic acids in exosomes (Varaldi et al. 2007). Various subsequent 

studies have described the observation of small RNAs (mRNA and 

miRNAs) with low or almost non-detectable amounts of ribosomal 

18S and 28S RNA in exosomes. rRNA was found specifically in 

apoptotic cell-derived vesicles, suggesting that the existence of 

dead cells accounts for the presence of the rRNA in the exosomes. 

The discovery of miRNA in exosomes is crucial for gene therapy, 

because it shows that exosomes are able to act in a paracrine 

manner. Moreover, exosomes did secreted mRNA randomly. 

Specific sequences were found in the cell. Montecalvo et al (2012) 

compared extracellular and intracellular miRNA and demonstrated 

that only particular sequences of miRNA are exported (Montecalvo 

et al., 2012).  More recently, next generation sequencing has been 

used to characterize RNA in exosomes and some types of RNA 

were found to be particularly abundant such as Y-RNA, tRNA 

amongst others. 
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1.4.5 Exosomes in therapy 
 

Exosomes have been proven to be important regulators of many 

biological functions including homeostasis and the immune 

response. These features make them suitable for diagnostic 

procedures. For example, exosomes have been used as an early 

diagnostic tool for many diseases such as prostate cancer, liver 

cancer (Li et al.  2015), infectious disease (Belting et al. 2008; 

Pegtel et al. 2011), cardiovascular diseases (De Toro et al. 2015; 

De Klejin et al. 2012), tumour diagnosis (Brinton et al. 2014) and 

many others. In addition exosomes been involved in clinical trials  

for melanoma (Escudier et al. 2005), lung cancer (Morse et al. 2005; 

Besse et al. 2016)  and colon cancers (Chen et al., 2017; Dai et al. 

2008). Moreover, MSCs derived exosomes are used in therapeutic 

cargos for cancer therapy: to inhibit the proliferation in pancreatic 

adenocarcinoma (Aspe et al. 2014), to inhibit the tumour growth in 

glioma (Katakowski et al. 2013; Munoz et al. 2013) osteosarcoma 

(Shimbo et al. 2014) Hepatocellular carcinoma  (Lou et al. 2015), 

bladder cancer (Greco et al. 2016) and many more. 

Another exciting possibility is the use of exosomes in regenerative 

medicine. Since many proteins that stem cells secrete are contained 

in exosomes it is possible that the regenerative potential of stem 

cells would also be present in stem cell-derived exosomes. 
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1.5 Thesis aims  
 

The main aim of the work presented in this thesis is the robust 

characterization of the heterogeneity of human AFSCs with regards 

to their 1) morphology 2) immunophenotype 3) pluripotency 4) 

function 5) transcriptome 7) secrotome and 6) ontogeny. 

 

Lastly, I will examine the exosome cargo of the population with 

higher therapeutic potential. 
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Chapter 2 
	
	
	

Materials and Methods  
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2.1. Cell biology 
  
2.1.1 Cell culture of spindle shaped amniotic fluid stem cells 

(SS AFSC) 
 
Human second trimester spindle shaped AFSCs were isolated by a 

previous member of the lab (Dr Dafni Moschidou), following the 

ultrasound-guided amniocentesis of normal pregnancies (16-20 

weeks of gestation) and using the protocol that has been previously 

described (Moschidou et al., 2013). The work was carried out under 

approval from the Research Ethics Committee of Hammersmith and 

Queen Charlotte’s Hospitals (08/H0714/87), in compliance with 

national guidelines. Briefly, the AF was centrifuged at 1500 

revolutions per minute (RPM) for 15 minutes and the pellet was 

plated in Dulbecco’s Modified Eagle Medium – high glucose 

(DMEM, Invitrogen), supplemented with 10% fetal bovine serum 

(FBS, Biosera), 2mM L-glutamine (Gibco), 50 IU/ml penicillin and 50 

mg/ml streptomycin (Gibco) (from now on referred as D10). Then 

cells were incubated at 37C with 5%CO2 (HERA Cell Vios 160i CO2 

Incubator, Thermo scientific). The samples were allowed to grow for 

1-2 weeks and they were observed daily for the detection of 

adherent cells. The initial colony was left to grow and to reach 

confluency of around 70%. After adhesion the cells were detached 

with TrypLE dissociation reagent (Gibco) and sorted for C-Kit 

expression (CD117 Microbead Kit, Miltenyi Biotec). Briefly, the cells 

were carefully washed with PBS (Sigma) and detached using 

TrypLE and counted with Trypan Blue (Sigma). Cells were diluted 

and centrifuged at 300g for 5 min. Supernant was discarded and the 
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pellet was re-suspended in 300µl of straining buffer (SB) and 100µl 

FCR Blocking Reagent was added with 100µl of CD117 microbeads. 

Then the sample was placed at 4°C for 15 min and washed with 1ml 

of SB buffer. Then again they were centrifuged at 300g for 5 min. 

After removing the supernant the pellet was again re-suspended in 

500µl of SB. After that CD117 selection was performed by MACS 

separator (Miltenyi, UK) and magnetic columns. First, the column 

was washed with 500 µl of SB, then the cell sample was placed in 

the column and negative cells were left to pass through. They were 

collected in 15 ml falcon tube. Afterwards, the column was rinsed 

with 500µl SB buffer three times. The positive cells were collected 

by flushing with the plunger. They were centrifuged for 5min at 300g 

and re-suspended in 300µl of SB. 

Selected cells were then expanded and cryopreserved in liquid 

nitrogen. Cells were frozen by first detaching them with TrypLE and 

centrifuging at 1500 RPM for 5 min. Finally, cells were re-suspended 

in freezing media, which consist of 50% fetal bovine serum (FBS, 

Biosera), 40% DMEM (Invitrogen) and 10% dimethyl sulfoxide 

(DMSO, Sigma). Cells were transferred to cryovials and stored in 

liquid nitrogen. 

 
2.1.2 Cell isolation and culture of round shaped amniotic fluid 
stem cells (RS AFSC) 

 

Amniotic fluid was collected after informed consent during routine 

amnioreduction and amniocentesis at mid-gestation (16-22 weeks). 

The work was approved by UCL/UCLH committees on Ethics of 

Human Research (08/HO714/87). The samples are stored at 4°C 

and processed within 24 hours upon collection. Some of the 
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samples were processed by Ms. Eleni Antoniadou and Dr Kwan Hau 

using the protocol that has already been published (De Coppi et al., 

2007). Briefly, every sample was filtered using a 40µm cell strainer 

(BD Falcon) two times and placed into a fresh tube, then centrifuged 

at 300g for 5 minutes, then counted to define the cell number using 

Trypan Blue (Sigma). The cell population was seeded on BD Falcon 

(BD Bioscience) non-tissue culture petri-dish until adherence. 

Medium used was standard Chang C (Irvine Scientific). At P1 

AFSCs were selected for C-Kit as described above (Miltenyi Biotec) 

and expanded. Then they were cryopreserved in liquid nitrogen as 

described above. The freezing media consists of 90% FBS (Biosera) 

and 10% DMSO (Sigma). All procedures associated with cell culture 

were carried out in a cell culture hood (HERA Safe Class II 

Biological Safety Cabinets). For the purpose of experiment and to 

compare both cell types. SS AFSC and RS AFSC were cultured in 

both conditions (D10 and in Chang C). Table 1 shows the procedure 

by which the samples were collected, the volume of the samples, 

their gestation age and the cells obtained. 

Cell	type	

obtained	

Procedure	

type	

Gestational	

range	(weeks)	

Volume	

collected	

SS	AFSC	 Amniocentesis	 16	weeks	 0.5	ml	

SS	AFSC	 Amniocentesis	 16	weeks	 1	ml	

SS	AFSC	 Amniocentesis	 18	weeks	 0.5	ml	

RS	AFSC	 Amnioreduction	 20	weeks	 6	ml	

RS	AFSC	 Amniocentesis	 19	weeks	 3	ml	

RS	AFSC	 Amniocentesis	 18	weeks	 1.5	ml	

RS	AFSC	 Amniocentesis	 21	weeks	 2	ml	

Table 1. Amniotic fluid sample collection: gestation age and the type of cells 

obtained  



	 62	

 

2.1.3 Cell culture of human ES cells  
 

Human embryonic stem cells (ESC) were provided by previous 

members of the group and kept in liquid nitrogen. For thawing of 

these samples, cells were briefly warmed, spinned and cultured in 

feeder-free conditioned on Matrigel-coated plates in mTESR (Stem 

Cell Technologies, Cambridge, UK). 

 

2.1.4 Cell culture of other cell types 
 

Liver hepatocellular carcinoma (HepG2), Hela, Fibroblasts, Hek293T 

and osteosarcoma cell line (MG63) were provided by previous 

members of the group and kept in liquid nitrogen. For the thawing of 

these samples, cells were briefly warmed at 37°C for a few minutes 

in the water bath and then DMEM medium supplemented with 2 mM 

L-glutamine, 500U/ml penicillin, 50 µg/ml streptomycin and 10% 

FBS was added (D10). The cells were centrifuged for 5 min at 1500 

RPM, the supernant discarded and the pellet was resuspended in 

D10 as before and plated at 20, 000 cells/cm2 in culture dishes (37C 

at 5% CO2) Hek293T, MG63 and Hela cell lines were obtained from 

the American type culture collection (ATCC, Manassas, USA). 

These 4 cell lines were used as a control. 

 

2.1.5 Osteoblast isolation and culture 
 

Human fetal osteoblasts were collected from fetal calvarial tissue, 

obtained by terminated pregnancy, collected by the MRC/ 

Wellcome-Trust funded Human Developmental Biology Resource 
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(HDBR) at the UCL GOS Institute of Child Health. 

All samples were with normal karyotype and the gestation age was 

18 weeks post conception. Most of the samples were processed by 

a member of our group: Dr Rachel Sagar, Dr Anna Maria Ranzoni 

and Dr Mari Degucci. Briefly, upon collection, calvarial tissue was 

dissected and soft tissues were discarded. Bone tissue was 

dissected into small fragments of about 0.5 cm 2 and washed 

thoroughly with PBS. Bone fragments were then incubated with 

0.25% trypsin-EDTA solution for 15 minutes at 37C at 5%CO2 to 

digest the outmost layer of proteins. Then α-MEM medium was 

added to stop the reaction and the supernant was removed. The 

bone fragments were washed with PBS twice and collagenase was 

added (100mg into 50 ml α-MEM) for 1 hr at 37 °C, 5% CO2. The 

supernant was then collected and spinned at 1500RPM for 5 min. 

Finally, the pellet was resuspended in media (α-MEM, Gibco) and 

plated. The media was changed every 3 days until confluency. 

Isolated human fetal osteoblasts were cultured by seeding them at 

10,000 cells/cm2 in αMEM and passaged upon confluency.  All 

experiments were done with cells that are between 3-6 passages. 

Cells were frozen as early as possible at passage 1-3 by detaching 

them with TrypLE (Gibco), resuspend, spinned at 1500RPM for 5 

min and then the pellet was resuspended in freezing media and 

transferred to liquid nitrogen. Freezing medium consisting of 50% 

fetal bovine serum (Biosera), 40% αMEM (Gibco) and 10% dimethyl 

sulfoxide (DMSO, Sigma). 
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2.1.6. Co-culture of SS AFSCs and RS AFSCs 
 

SS AFSCs and RS AFSCs were expanded in Chang C medium. At 

passage 6, cells were passaged normally, and fresh media was 

placed. After 24 hours, when the cells were attached, half of the 

media was replaced with fresh Chang C media and the other half 

with the media from the other cell line. RS AFSC had half of the 

media from SS AFSC and the other half fresh. SS AFSCs had half 

fresh media and half the media from RS AFSC. The media was 

changed every 48 hours. And the experiment continued for 10 days. 

 

2.1.7 Osteogenic differentiation  
 

RS AFSC and SS AFSC were seeded at 20,000 cells/cm2   in 6 or 12 

well plate and grown in expansion medium (D10).  Upon confluency, 

the expansion medium was then replaced with DMEM (Sigma) with 

10% FBS (Gibco/Invitrogen), 2 mM L-glutamine, 500 U/ml penicillin, 

50 µg/ml streptomycin (Gibco/Invitrogen) supplemented with 10-8 M 

dexamethasone (Sigma), 0.2 mM ascorbic acid (0.2x10-3M) (Sigma) 

and 10 mM β-glycerophosphate (Sigma) (Campagnoli et al., 2001). 

The media was prepared fresh every time and it was replaced every 

3 days for 14 days. Then the cells were fixed with 70% ethanol for 5 

minutes and the let to air-dry for 30 minutes. 

 

2.1.7.1 Alizarin Red staining 
 

The fixed and air-dry cultures were stained with 1% w/v alizarin red 

in PBS (Sigma), then washed 3 times with 50% ethanol to remove 

the excessive staining and then again, the culture is let to air-dry for 
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30 minutes. The cultures are imaged by high-resolution flat-bed 

scanner (Epson) and with inverted phase contrast microscope 

(Olympus-IMT-2) and a colour digital camera (Zeiss AxioCAM). 

 

2.1.8 Adipogenic differentiation 
 

SS AFSC and RS AFSC were seeded at 10,000 cells/cm2 and 

cultured in D10 and Chang C medium until 90% confluent. 

Expansion medium was then replaced by adipogenic permissive 

medium (StemPro adipogenesis differentiation medium, Gibco) and 

it was replaced two times per week for three weeks. Cells were then 

fixed with 4% paraformaldehyde for 15 minutes and stained with Oil 

Red O. 

 

2.1.8.1 Oil Red staining 
 

0.3% concentration of Oil Red O (Sigma-Aldrich) was prepared in 

isopropanol (VWR) and then diluted in distilled water in 3:2 ratio, 

then filtered. Fixed cells were rinsed with 60% isopropanol and 

incubated for 15 min with Oil Red O solution at RT. Then the 

staining was washed off with distilled water and the cells were 

imaged with inverted phase contrast microscope (Olympus-IMT-2) 

and a colour digital camera (Zeiss AxioCAM). 

 

2.1.9 β-gal staining 

 

The beta galactoside activity was used for assessing the replicative 

senescence in RS AFSC and SS AFSC. Briefly, SS AFSC and RS 

AFSC were seeded at 10,000 cells/cm2   and cultured in D10 and 
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Chang C until 90% confluent. Then they were washed with PBS (pH 

7.2) (Sigma) fixed with 0.5% glutaraldehyde (pH 7.2) for 5 min, 

washed with PBS MgCl2 (Gibco) and stained with b-gal solution 

(120mM Potassium Ferricyanide, 120 mM Potassium Ferrocyanide, 

1mM MgCl2, 1mg/ml Xgal (all from Sigma) overnight at 37°C (no 

CO2). Then the cells were rinsed with PBS and visualised with 

inverted phase contrast microscope (Olympus-IMT-2) and a colour 

digital camera (Zeiss AxioCAM). 
 

2.1.10 Growth Kinetics 
 

Growth rate of second trimester human SS and RS AFSC was 

measured by estimating their cumulative population doublings as 

described by (Guillot et a., 2007). Briefly the cells were plated at 10, 

000 cells/cm2 in 6 well plates in triplicates. Every 3 days the cells 

were detached, counted using haematocytometer and seeded again 

at the same density. This was copied over 50 days and the number 

of population doublings was measured by counting the number of 

adhesion cells before and after every passage using the formula 

DT=t/(Log2[y/m], t is time in culture, y is the number of cells at the 

end of culture and m is the number of cells at the beginning of 

culture. 
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2.2 Molecular Biology 
 
2.2.1 Flow Cytometry 
 
2.2.1.1 Surface fluorescent flow cytometry 
 

Surface marker expression was determinated by flow cytometry.  

Cells were detached using TrypLE (Gibco), spinned at 300g for 5 

min and the pellet was re-suspended into running buffer (RB, 

PBS+2%BSA) (bovine serum albumin BSA, Sigma-Aldrich). Then 

the cells were incubated with the specific conjugated antibody for 1 

hr at 4°C. Cells were then rinsed with RB and analysed with FACS 

Calibur flow cytometer (Becton Dickinson). Immunoglobulin G (IgG) 

primary antibody-specific isotypes were used as negative controls 

and in addition specific cell lines were used as positive control. Data 

were analysed by FlowJO software. 

 

2.2.1.2 Flow cytometry analysis 
 

The cells were analysed using Becton Dickson (BD) FACS Calibur 

flow cytometer (BD Bioscience) and Cell Quest Pro software. First 

the isotype controls were used to gate the live cell populations 

according to the side and forward scatter and to set up the laser 

parameter for the specific antibody. Then the samples were 

analysed to produce the final plot. All data is representing 104 cells 

for R1 population. Data was analysed by FlowJO software. 
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2.2.2 RT-PCR 
 
2.2.2.1 RNA Isolation 
 

RNeasy Mini RNA isolation kit (Qiagen) was used to extract the total 

RNA from the cells following the manufacturer instructions as 

previously described (Guillot et al., 2013). Briefly, RLT buffer was 

added to the pellet and the sample was homogenised using a 

QIAshredder column (Qiagen) by centrifugation for 2 min at 

maximum speed. Then prior to be transferred to RNeasy Mini spin, 

350µl 70% ethanol was placed to the sample. The column was 

centrifuged at 13.000rpm for 15 seconds. 

The flow-through was removed and 700µL of RW1 buffer was added 

and the column centrifuged again at 13,000 rpm for 15 seconds.  

Next, 350 µL of Buffer RW1 was added to a RNeasy column and 

centrifuged for 15 seconds at max speed. The flow-through was 

discarded and 10 µL of DNase I stock solution in 70 µL of Buffer 

RDD was added and left for 15 min at  RT. Then 350 µL of Buffer 

RW1 was added to the column and centrifuged. The flow-through 

was removed again before 500µL of Buffer RPE was added. The 

same procedure was repeated. The RNeasy spin column was 

placed into a new collection tube and 30 µL of RNA-free water was 

added and the column centrifuged for 1 min at 13,000 rpm. For 

quantification A Thermo Scientific Nanodrop 1000 3.7.1 

spectrophotometer was used. 
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2.2.2.2 cDNA synthesis 
 

Complementary DNA (cDNA) was produced by reverse 

transcriptase of RNA by random hexamer primers and MLU reverse 

transcriptase (Promega) as per the manufacturer’s instructions. 

Primers were added to the 1µg RNA in RNase-free water. Then the 

mix was incubated for 5 min at 70°C and then on ice. Reverse 

transcriptase mix was made by mixing a calculated amount of MLU 

buffer (Promega) (5µL), RNAsin (Promega) (0.6 µL), dNTPs 

(Promega) (5µL) and M-MLU RT (Promega)(1 µL) (with the 

exception of –RT samples) of the mix was added to each tube and 

mixed gently. Tubes were incubated at 37°C for 1 hr. The reaction 

was stored at -20°C until further use. 

 
2.2.2.3 RT-PCR 
 

For RT-PCR Taq polymerase (NEB) was used following 

manufacturer’s instructions. Briefly, master mix was prepared for 

each reaction by mixing cDNA (1 µL), dNTPs (Promega) (0.6 µL), 

Taq Buffer (NEB) (3 µL), RNAse free water (24.1µL), Taq 

polymerase (NEB) (0.3 µL) and forward and reverse primers 

(Thermo Fisher). cDNA was amplified using an initial denaturation 

step (5min at 95°C) followed by 30 cycles of denaturation (30s, 

95°C), annealing (40s, 54°C (temperature varies according to 

primers) and elongation (45s, 72°C), followed by 72°C for 5 min. 

Then the samples were visualized on 2% agarose gel containing 

agarose (Sigma), SYBR Safe (Applied Biosystems) and 1% TBE 

buffer (Tris base, Boric acid and EDTA) (Sigma) 
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2.2.3 Western Blot  
 
2.2.3.1 Protein extraction and quantification 
 

A BCA protein assay kit (Thermo Fisher Scientific Cat. 23227) was 

used for protein quantification. The samples were diluted 1:10 and 

the following concentrations were used for analysis: 0, 125, 250, 

500 and 1000. The plate was incubated for 30 min then analysed 

using I control software at absorbance 555 nm. 

Cells were trysinised and pellet. Pellet was resuspended in protease 

inhibitor with RIPA buffer (150 mM sodium chloride, 1.0% Triton X-

100, 0.5% sodium deoxycholate, 0.1% SDS (sodium dodecyl 

sulfate), 50 mM Tris, pH 8.0, 1:100), then lyse on ice for 30 min with 

vortexing every 10 min and then spinned. Supernant was carefully 

removed as it contains the proteins and it was centrifuged. 3µl of 

10% SDS sample buffer (25mM Tris base, 192 mM Glycine, 0.1% 

SDS and ddH20, pH 8.3) was added before incubating the sample 

for 4 min at 95 °C. 

 

2.2.3.2 Gel preparation 
 

The separation gel was prepared with 4ml ddH20, 3.3 ml 30% 

acrylamide (Sigma-Aldrich), 2.5 ml 4X Separation gel buffer (3M Tris 

HCL ph8.5, 0.1% SDS), 0.1 ml 10% APS and 0.01 ml N,N,N′,N′-

Tetramethylethylenediamine (Sigma-Aldrich). The stacking gel was 

made with 2.9 ml ddH20, 0.5 ml 30% acrylamide, 0.5 ml Stacking 

gel buffer (1M Tris HCL pH 6.8, 0.1% SDS), 0.08 ml 10% APS and 

0.004 ml N,N,N′,N′-Tetramethylethylenediamine (Table 2).  
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Table 2. Components of 10% (v/v) acrylamide gels 

 

 

2.2.3.3 Western Blot analysis 
 

Samples were then loaded into the gel and proteins were separated 

by electrophoresis. Proteins were electro transferred from the gel 

into a nitrocellulose membrane (GE Health Care, Amersham) by 

being sandwiched between two pieces of filter paper, previously 

conditioned in transfer buffer (25 mM Tris base, 192 mM Glycine 

and 20% Methanol) for 1hr at 4°C. Non-specific binding was then 

blocked in milk for 1 hour before being incubated with primary 

antibody overnight at 4 °C at the suggested dilution. The next day, 

membranes were washed 3 times with TBST (20mM Tris base, 150 

mM NaCl, 50 mM KCl, 0.2 Tween-20, ddH20, pH 7.6) before being 

incubated in horseradish peroxide (HRP)-conjugated secondary 

antibody for 1 hour at RT. The membrane was washed again with 

TBST (3 times) and developed using enhanced chemiluminescence 

(Amersham Biosciences). Detection was done by incubation with 

10% separating gel 10%Stacking gel Company 

3.3ml 30% 
acrylamide/bisacrylamide 

500µl 30% 
acrylamide/bisacrylamide 

Bio-Rad 

2.5ml 3M Tris HCl 
pH8.5/0.1% (w/v) SDS 

500µl 1M Tris HCl 
pH6.8/0.1% (w/v) SDS 

Sigma 

4ml dH2O 2.9ml dH2O N/A 

200µl 10% (v/v) APS 40µl 10% (v/v) APS Sigma 

10µl TEMED 8µl TEMED Sigma 
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Enhanced Chemiluminescent developing solution (ECL substrate, 

Thermo Scientific). Bands were imaged with Chemidoc detection 

system (Bio Rad) and quantified using ImageJ software. β–actin was 

used as loading control (Santa Cruz). 

 

2.2.4 Enzyme-linked immunosorbent assays (ELISA) 
 

To determine the amount of VEGF, Neuroserpin and  IFN-γ  in the 

cell-free culture supernatant, commercial human Mini ABTS ELISA 

Development kits (PeproTech) were used according to the 

manufacturer’s instructions and read at 405 nm to 650 nm according 

to the ELISA instruction. Briefly, the cells were plated in 6 well plate 

and cultured with D10 medium until confluency. Then the plate was 

washed with PBS (Gibco) (3 times) and coated with Capture AB 

according to the manufacturer instruction, then it was washed with 

wash buffer and then blocked for 1hr at RT. The serum free media 

from the samples and the standards were added to the wells. Both 

samples and standards were incubated for 2hrs at RT. Then the 

plate was washed, and detection AB was added for 2hrs at RT. After 

the final wash Avidin-HRP conjugate was added for visualization. 

ELISA was analyzed by Tecan Infinite F200 and I-control 1.1.12 

software. 

 

2.2.5 Gene array 
 
2.2.5.1 Cytokine and angiogenesis array 
 

Cytokine profiling of SS-AFSC, RS AFSC-conditioned medium and 

SS-AFSC exosomes was performed using Proteome Profiler Human 
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Cytokine Array Kit (ARY005B; ARY007 R&D Systems) following the 

manufacturer’s instructions. Briefly, the CM was prepared by 

culturing the cells in DMEM until confluent and then the media was 

changed to DMEM without FBS for 48 hours. The exosome sample 

was prepared by adding 0.1% Triton X-100 to pooled SS-AFSC 

SEC fractions 4.0, 4.5, 5.0 ml and vortexing the mixture for 30 s to 

lyse the sEV. The membranes were imaged with Chemidoc 

detection system (Bio Rad) and quantified using ImageJ software. 

 
2.3 Immunofluorescence and microscopy 
 
2.3.1 Immunofluorescence 
 

Cells were washed with PBS - 5 times before being fixed in 4% 

paraformaldehyde (PFA) in PBS (15 min, RT), and permeabilized in 

0.3% Triton X-100 in PBS (10 min with gentle rocking). After fixation, 

cells were rinsed with PBS, blocked for 30 min with blocking buffer 

(PBS supplemented with 2% bovine serum albumin (BSA), 0.1% 

Tween) and incubated overnight in the dark with primary antibodies 

at their optimal dilution (Table 4) in blocking buffer (4°C with gentle 

rocking). Cells were then washed 5X with PBS and incubated with 

Alexa fluor-conjugated secondary antibody (Table 7) diluted in 

blocking buffer for 1hr at RT. Finally, cells were washed 5X with 

PBS and Dapi (1:1000) was used to stain the nuclei for 1 min. Cells 

were visualised immediately. Positive controls were hESC cells, and 

negative controls were fibroblasts.  
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2.3.2 Microscopy 
 

Cells were viewed on an Axioskop (ZEISS, Oberkochen, Germany) 

fluorescence microscope, using 5x, 10x and 20x objectives. 

Hamamatsu photonics digital camera (ORCA-ER, Hamamatsu, 

Dulles, USA) was used to captured images. They were processed 

by ImageJ software. 

 

2.4. Transcriptome analysis  
 
The transcriptome analysis was performed by Dr Sagar in Max 

Planck Institute of Immunobiotechnology and Epigenetics Freiburg, 

Germany.  

2.4.1 Amplified RNA preparation from 400 cells 

The CEL-Seq2 protocol was used to amplify RNA (Hashimshony et 

al. 2016). Briefly, 384 well plates (Corning; PCR-384-RGD-C) was 

used to sort 400 cells. 1.2 µl lysis buffer (10 mM dNTP, 1:100,000 

ERCC mix, H20 with 0.35% Triton X-100 and 25 ng/µl  poly(dT) 

primers with a unique molecular identifier (UMI)) was added to each 

well and the plates were incubated for 2 min at 90 °C, then placed at 

4 °C. cDNA first strand synthesis was made by mix of 0.8 µl of first-

strand reaction, first-strand synthesis buffer (Invitrogen; 18064014), 

RnaseOUT (Invitrogen; 10777019) and SuperScript II reverse 

transcriptase. The mix was loaded on the plates for 1hr at 42 °C, 

then heat activated for 10 min at 70 °C. Second strand cDNA was 

made by mix of: second-strand buffer (Invitrogen; 10812014), E. coli 

DNA polymerase I (Invitrogen; 18010025), Escherichia coli DNA 
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ligase (Invitrogen; 18052019) and RNase H (Invitrogen; 18021071). 

The plates were incubated for 2hrs at 16°C. cDNA purification was 

performed by mixing samples with 0.8 volumes of Agencourt 

AMPure XP beads (Beckman Coulter; A63881) for 15 min at RT. 

The samples were placed on magnetic stand (96-well format) for 5 

min incubation following by washing step. The beads were rinsed 

with 180 µl 80% ethanol and then incubated for 40 sec. Then they 

were left to air dry for 10 min and 7 µl of nuclease-free water 

(Invitrogen; AM9937) was then added.  Amplified (aRNA) was made 

by mix of 1.6 µl (ATP, CTP, GTP, and UTP), 1.6 µl 10× reaction 

buffer, 1.6 µl of T7 enzyme MEGAscript T7 transcription kit 

(Invitrogen; AM1334). The mix was added to cDNa and left for 13 

hours at 37°C. Afterwards, 6 µl of Exo-SAP-IT Express PCR product 

cleanup reagent (Applied Biosystems; 75001.1.ML) was added for 

another 15 min at 37 °C.  Fragmentation step was performed by 

adding of 2.44 µl of 10× RNA fragmentation buffer for 3 in at 94 °C, 

then the reaction was stopped by 2.44 µl of RNA Fragmentation 

Stop Solution (NEB; E6150S). aRNA purification was achieved by 

addition of 0.8 volumes of Agencourt RNAclean XP beads 

(Beckman Coulter; A63987) for 15 min at RT following by placing 

the samples on magnetic stand for 5 min, discarding the supernant 

and washing the beads with 180 µl of 70% ethanol for 40 sec. The 

ethanol was discarded, and the beads left to dry for 10 min, then 

they were resuspended in 7 µl of nuclease-free water. 

2.4.2. Amplified RNA preparation from single cells 

The CEL-Seq2 protocol was used again but the volumes were 

reduced specifically for nanoliter pipetting robot (Mosquito HTS; TTP 
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Labtech) (Hashimshony et al. 2016; Herman et al., 2018). For this 

protocol the volumes were reduced 5 times but the reagent ration 

was kept. Again 384 well plates were used for single cell sorting.  To 

each well 240 nl of lysis buffer was added. The lysis buffer 

preparation was the same as in the 400 cells analysis. In addition to 

the buffer, 1.2 µl of hydrophobic encapsulation barrier (Vapor-Lock; 

Qiagen) was added. Incubation was done for 3 min at  90 °C, 

following by cooling step at 4 °C. cDNa first strand synthesis was 

performed as described above. Briefly, the plates were incubated 

with the mix for 1hr at 42 °C, then heat activated for 10 min at 70 °C. 

For the second strand analysis, samples were placed at 16 °C for 2 

hrs. with the second strand mix, as described above. 

cDNA purification was performed by pooling 192 wells containing 

uniquely barcoded single-cell samples with 0.8 volumes of 

Agencourt AMPure XP beads (Beckman Coulter; A63881) for 15  

min at RT. Samples were then placed on magnetic stand (96-well 

format)  used. for 5 min, then supernant was discarded and beads 

were rinsed with 180 µl of 80% ethanol two times and incubated for 

40 sec. Next step is air dry for 10 min and resuspension in 7 µl of 

nuclease-free water (Invitrogen; AM9937). aRNA was generated as 

described above. Only the volumes were reduced by five-folds. 

Briefly, the RNA mix was added, and the samples were incubated 

for 13hrs. After that they were cleaned by addition of Exo-SAP-IT 

Express PCR product cleanup reagent (Applied Biosystems; 

75001.1.ML) following by 15 min at 37°C incubation. After that 

aRNA was fragmented by addition of RNA fragmentation buffer for 3 

min at 94 °C. The reaction was terminated by addition of RNA 

Fragmentation Stop Solution (NEB; E6150S) for 15 min at RT. 
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Lastly, purification step was performed by placing the samples on 

magnetic beads and incubation for 5 min. The beads were then 

washed with 70% ethanol, 3 times and incubated. Then they were 

left to dry for 10 min and finally the resuspended in nuclease free 

water. 

2.4.3 Library preparation from aRNA (single cells and 400 cells) 

To generate libraries for sequencing, aRNA was reverse-transcribed 

(Hashimshony et al. 2016; Herman et al., 2018).  To the aRNA, and 

0.5 µl of 10 mM dNTP and 1 µl of custom random hexamer RT 

primer (GCCTTGGCACCCGAGAATTCCANNNNNN) was added. 

Then the mix was incubated for 5 min at 65 °C, then placed at 4 °C 

to cool. After that, SuperScript II reverse transcriptase, buffer and 

RnaseOUT (Invitrogen; 10777019) were mixed. Only 4 µl of this mix 

were added to the sample and incubated for 10 min at 25 °C, then 

for 1hr at 42 °C. To every sample, mix of: 2 µl RP1 primer (TruSeq 

Library Prep; sequences available from Illumina), 25 µl of Phusion 

high-fidelity PCR master mix with HF buffer (NEB; M0531) and 11 µl 

of nuclease-free water was added. PCR was performed using the 

following parameters: first step- 98 °C for 30 s, then 11 amplification 

cycles (98 °C for 10 s, 60 °C for 30 s, 72 °C for 30 s), finally 72 °C 

for 10 min. Then 50µl of Agencourt AMPure XP beads (Beckman 

Coulter; A63881) was added to every sample for 15 min at 25 °C. 

Samples were then placed on magnetic beads for 5 min before 

removing the supernant and washing with 80% ethanol for 40s. 

Ethanol was discarded, beads left to dry for 10 min at RT, then 25 µl 

of nuclease-free water was added to elute the DNA. Purification step 

was performed as described above. Qubit dsDNA HS assay kit 
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(Invitrogen; Q32854) and the Agilent high-sensitivity DNA kit for 

Bioanalyzer (Agilent Technologies; 5067-4627) were used to 

determine the DNA concentration and fragmentation size. Illumina 

HiSeq 2500 system ∼100,000 – 150,000 reads per cell was used to 

sequence the single cell libraries. From 400 sequenced cells – 8 

libraries were run at of 15 million reads per sample. 

2.5 Isolation and characterisation of exosomes  
 
2.5.1 Preparation of conditioned medium 
 

Conditioned medium was prepared by growing the cells in D10 until 

confluency and then the cells were washed 3x PBS (Gibco) and 

cultured in serum free DMEM for 48 hours. The conditioned medium 

was then collected from ~ 4-8x106 SS AFSC (2x T175 flasks, 40 ml 

total) and spun immediately at 300g for 10 min at 4°C. This step is 

done to remove all the dead cells from the conditioned medium. 

Next the supernant was centrifuged at 10,000g for 40 min at 4°C to 

remove debris and large vesicles.  Then the conditioned medium 

was concentrated to ~500 µl using Vivaspin 20 (100kDa, polyether-

sulfone membrane) ultracentrifuge units (Sartorins). The 

concentrated sample was then processed for SEC as described 

below. 

 
2.5.2 Isolation of exosomes from conditioned cell culture 
medium 
 

qEV SEC columns (Izon Science, 70 nm cut-off matrix) were used to 

isolate exosomes according to manufacturer’s protocol with some 
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modifications done by Mr. Kaloyan Takov.  Briefly 0.5 ml of 

concentrated conditioned medium was added to the column and left 

to enter the column. The column was flushed with PBS (Gibco). The 

first 3 ml of the sample was removed. Fractions of 0.5 ml was 

collected and stored at -80°C. 

 

2.5.3 Nanoparticle tracing analysis (NTA) 
 

NTA was performed on Nanosight LM10-HS instrument (Malvern) by 

Mr Kaloyan Takov. The size and the concentration of the particles 

was determinated using general recommendations adapted 

specifically to SS AFSC and RS AFSC. Videos of 30s were captures 

by constant flow injections, Camera Level of 15 and Detection 

Threshold of 3-4. The setting and the sample dilutions used were 

the same for all samples. 

 
2.5.4 Protein content 
 

Bicinchoninic acid (BCA) assay (ab207002, Abcam) was used to 

quantify the protein content. The assay was performed as per 

manufacturer instructions. Briefly, between   2-60 µl (diluted to 150 

µl with PBS) sample volumes were used. The reactions were 

incubated for 120 min at 37°C.  Then the absorbance was measured 

at 562nm on a FLUOstar plate reader (BMG Labtech). Bovine serum 

albumin (BSA) was used as a standard to calculate protein 

concertation in 4-parameter logistic curve. 
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2.5.5 Dissociation-enhanced lanthanide fluorescence 
immunoassay (DELFIA) 
 

DELFIA was used to quantify specific exosome markers and 

lipoproteins. The method was developed by our collaborators in 

Hatter Institute (Takov et al. 2017). Briefly, the method is similar to 

ELISA assay that aims to reduce the background and to give high 

sensitivity.  From each sample 5-50 µl were diluted to 100 µl with 

PBS (Gibco) and loaded into high-binding 96-well microplate (R&D 

Systems). The plate was incubated overnight at 4°C.  Next, samples 

were discarded from the plate and it was washed with DEFIA wash 

buffer (PerkinElmer). Then blocked (1% BSA/PBS; 1h, RT) and 

incubated with primary antibody (1 µg/ml in PBS; 2 h RT), washed 

and incubated with secondary antibody (0.25 µg/ml in PBS, biotin-

conjugated; 1 h, RT). Then EU-labelled streptavidin was added to 

DELFIA Assay Buffer (PerkinElmer) at 1:1000 concentration for 1hr, 

RT. The plate was then washed again and 100 µl DELFIA 

Enhancement Solution (PerkinElmer) was added to each well on a 

plate shaker for 5 min at 700rpm. PHERAstar plate reader (BMG 

Labtech) with 337 nm excitation and 620 nm detection was used for 

time-resolved fluorimetry. Results were shown in arbitrary units 

(AU). 

  

2.5.6 Transmission electron microscopy (TEM) 
 

Joel 1010 electron microscope (Joel Ltd) was used to perform TEM. 

Sample was stained using 0.5% uranyl acetate by Mark Turmaine. 
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2.6 Statistics 

Data were presented as mean ± SEM (standard error of the mean) 

or as ± S.D (standard deviation). Data was analysed by unpaired 

two-tailed Student’s t-test or one-way analysis of variance (ANOVA). 

Unpaired t-test was used to determine the differences in significance 

within the samples. One way (ANOVA) was used to test the 

differences in significance between the sample groups. P values are 

presented as follow:  P< 0.05 was considered significant.  P value 

lower than 0.05 is indicated with one asterisk (*) two asterisks (**) 

indicate a P value lower than 0.01 and P value with lower than 0.001 

is represented with three asterisks (***). Excel and Graph Pad 

(Version 6, Graph Pad Software Inc.) were used to generate the 

graphs and the standard deviation of the samples.  
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2.7 Primers 
 
2.7.1 Primers used for RT-PCR 
 
 

 
 
Table 3. List of primer sequences. Forward and reverse primers and their 

annealing temperature 

 
 
 
 
 
 
 
 

Gene name Foward Reverse Annealing  
temp 

b-actin 
human 

5’-CTGGAACGGTG 
AAGGTGACA-3’ 

5’-
AAGGGACTTCCT 
GTAACAATGCA-
3’  

54 

Osteopontin 5’-
GCCGACCAAGGA 
 AAACTCACTA-3’ 

5’-
CAGAACTTCCAG 
AATCAGCCTGTT-
3’  

56 

OCT4A 5'-CTTCTCGCCCCC 
TCCAGGT-3' 

5'-
AAATAGAACCCC 
CAGGGTGAGC-3' 

65 

OCT-Pg1 5'-
CATGCAGGCCCGA 
AAGAGAAAGCGAA-
3' 

5'-
TGTGGCTGATCT 
GCAGTGTGGG-3' 

60 

OCT-Pg3 5'-CTTCTCACCCCC 
TCCAGGC-3' 

5'-
CCACTGCTTGAT 
CGCTTGC-3' 

62 

OCT-Pg4 5'-
GGGACACCTGGC 
TTCGGATG-3' 

5'-
CCCCACACCTC 
AGAGCCTGA-3' 

56 
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2.8 Antibodies 
 
2.8.1 Primary antibodies used for Flow Cytometry 
 
 
 

 
 
Table 4. List of primary antibodies used for FACS. List of primary antibodies 

used, the host species developed in, dilution used, application and product 

number.  
 
 
 
 

 

Antibody Host Application Dilution Product number 

CD34-FITC Mouse Flow Cytometry 1:10 BD Bioscience 555-821 

CD45-FITC Mouse Flow Cytometry 1:10 BD Bioscience 555-482 

CD73-PE Mouse Flow Cytometry 1:10 Miltenyi 130-095-182 

CD90-APC Mouse Flow Cytometry 1:10 Miltenyi 130-095-402 

CD105-FITC Mouse Flow Cytometry 1:10 Miltenyi 130-098-774 

CD14-PE Mouse Flow Cytometry 1:10 Miltenyi TUK4 

C-KIT Rabbit Flow Cytometry 1:10 Santa Cruz SC-5535 

TRA-1-60 Mouse Flow Cytometry 1:10 Abcam AB16288 

TRA-1-81 Mouse Flow Cytometry 1:10 Santa Cruz SC-21706 

NANOG Rabbit Flow Cytometry 1:10 Abcam Ab80892 

OCT4 Mouse Flow Cytometry 1:10 Santa Cruz SC-5279 

OCT4 Goat Flow Cytometry 1:10 Santa Cruz SC-8628 

OCT4 Rabbit Flow Cytometry 1:10 Santa Cruz SC-9081 

OCT4 Mouse Flow Cytometry 1:10 Miltenyi 130-105-606 

OCT4 Mouse Flow Cytometry 1:10 Millipore MAB4419 

OCT4 Rabbit Flow Cytometry 1:10 Abcam AB19857 

OCT4 Rat Flow Cytometry 1:10 R&D Systems 
MAB17591 
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2.8.2 Primary antibodies used for Western blot and 
Immunofluorescence 
 

 
 
Table 5. List of primary antibodies used for Western Blot and 
Immunofluorescence. List of antibodies used, their host species, dilution 

factor, technique and company and product number 

 

Antibody Host Application Dilution Product number 

b-actin Mouse WB 1:5000 Abcam AB3280 

Osteopontin Mouse ICC 1:100 Vector VP-0852 

OCT4 Mouse WB, ICC 1:100 Santa Cruz SC-5279 

OCT4 Goat WB, ICC 1:100 Santa Cruz SC-8628 

OCT4 Rabbit WB, ICC 1:100 Santa Cruz SC-9081 

OCT4 Mouse ICC 1:100 Miltenyi 130-105-606 

OCT4 Mouse WB, ICC 1:100 Millipore MAB4419 

OCT4 Rabbit WB, ICC 1:100 Abcam AB19857 

OCT4 Rat WB, ICC 1:100 R&D Systems 
MAB17591 

OCT4 Rat WB 1:100 R&D Systems 
IC1759P 

Vimentin Mouse ICC 1:200 Abcam AB137321 

E-Cadherin Rabbit ICC 1:100 Abcam AB77287 

POU3F3 Rabbit ICC 1:200 Proteintech 18999-1-
AP 

Nephrin Rabbit ICC 1:200 Invitrogen PA5-
20330 

CITED1 Rabbit ICC 1:200 Invitrogen PA5-
40585 

C-KIT Rabbit ICC 1:100 Santa Cruz SC-5535 

TRA-1-60 Mouse ICC 1:100 Abcam AB16288 
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2.8.3 Primary antibodies used for ELISA 
 

 
 
Table 6. List of primary antibodies used for ELISA. List of antibodies, their 

host species, dilution and product number 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Antibody Host Application Dilution Product number 

CD9 Mouse ELISA 1:1000 BD Biosciences 555-370 

CD63 Mouse ELISA 1:1000 BD Biosciences 556-019 

CD81 Mouse ELISA 1:1000 BD Biosciences 555-675 
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2.8.4 Secondary antibodies used for Flow Cytometry, Western 
blot, Immunofluorescence and ELISA 
 

 
Table 7. List of secondary antibodies. List of secondary antibodies used, 

dilution used, the host species developed in and product number. 

 

Antibody Application Dilution Product 
number 

FITC–conj.  Donkey Anti-
Rabbit IgG 

Flow 
cytometry 

1:500 ImmunoReseach 
711-095-152 

FITC–conj.  Donkey Anti-
Goat IgG 

Flow 
cytometry 

1:500 ImmunoReseach 
705-095-147 

FITC–conj.  Donkey Anti-
Mouse IgG 

Flow 
cytometry 

1:500 ImmunoReseach 
715-095-150 

Alexa Flour 488 Goat anti-
Rabbit IgG 

ICC 1:500 Invitrogen  
11008 

Alexa Flour 488 Goat anti-
Mouse IgG 

ICC 1:500 Invitrogen  
11001 

Alexa Flour 488 Donkey 
anti-Goat IgG 

ICC 1:500 Invitrogen 11055 

Anti–Mouse IgG HRP–
linked  

WB 1:1000 Cell Signaling 
7076S 

Rabbit anti-Rat HRP 
conjugated 

WB 1:1000 Thermo Fisher 
18915 

Donkey anti-rabbit IgG 
HRP-linked 

WB 1:1000 VWR NA934 

Donkey anti-goat IgG HRP-
linked 

WB 1:500 Santa Cruz SC-
2020 

Mouse anti-Goat IgG1 ELISA 1:1000 Abcam 98691 

 



	 87	

 
 
 
 
 
 

Chapter 3  
 

Cellular identity of RS and SS AFSCs 
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3.1 Introduction 
 

AFSCs have been considered  an attractive source of stem cells 

due to their immunomodulatory properties (D Moschidou et al. 2013; 

Abdulrazzak et al. 2010; Magatti et al. 2018), differential potential 

(De Coppi et al. 2007b; Savickiene et al. 2015), proliferation 

capacity (Muduli et al. 2017; Dafni Moschidou et al. 2013; Guillot et 

al. 2008),  lack of ethical concerns and low risk of  tumorigenicity 

(Rosner et al. 2011; D Moschidou et al. 2013; Abdulrazzak et al. 

2010). AFSCs represent a heterogenous population of cells that was 

initially classified according to morphology into amniocytes, 

epithelioid-like cells and fibroblast-like cells (Hoehn et al. 1975; De 

Coppi et al. 2007b). These populations were shown to vary not only 

in morphology but also in their in vitro and in vivo potential 

(Loukogeorgakis & De Coppi 2016a). 

Roubelakis et al., (2013) identified two different subsets of cells 

within the AF based on their morphological characteristics: spindle 

shaped (RS) and round shaped (RS) AFSCs. These two populations 

were shown to have different morphologies, phenotypes and 

differentiation abilities (Roubelakis et al.,2013; Roubelakis et 

al.,2012; Roubelakis et al., 2011).  To date, the two subtypes have 

not been examined in detail and questions regarding their culture 

conditions, expansion capacity, plasticity, phenotype and origin 

remain unanswered.  

Additionally, the ability of the cells to co-exist when cultured together 

was previously unknown. Whilst much attention has been focussed 
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on the spindle shaped AFSC population, less is known about the 

round shaped subset. 

The full morphology, phenotype and replicative potential of each 

subset of cells has, until now, been under-investigated. Finally, the 

origin of each subset of cells has not previously been explored.   

This chapter is focused on the isolation, identity and characterization 

of human second trimester AFSCs. It demonstrates the differences 

and similarities between the two subtypes in terms of morphology, 

growth, senescence, phenotype and differentiation capacity. In 

addition, it gives a potential explanation of the identity of the cells 

which correlates with their morphology and phenotype.  

 

3.2 Results 

 
3.2.1 Second trimester AF contains both RS AFSC and SS 
AFSCs 
 
Majority of second trimester amniotic fluid samples were processed 

by previous members of the group as described in the Material and 

Methods section. All donors were healthy with normal fetal 

karyotype. In three of the six samples, round shaped cells were 

obtained, whilst spindle shaped cells were obtained in the other 

three samples. In order to investigate this further, a second trimester 

amniotic fluid sample was provided by UCLH. The sample (Figure 

5A) was centrifuged, plated and processed according to the protocol 

described in De Coppi et al., 2007. Seven days after plating we 

observed cell attachment (Figure 5B) and around 10 days after 

plating the first colonies of adherent cells were observed. We have 
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found two distinct types of cells. RS AFSCs formed circle colonies 

(Figure 5C) whilst SS AFSC grew as single cells (Figure 5D).  Cells 

were left to grow for a few more days before being passaged and 

expanded (Figure 5E and F). At early stages both populations were 

observed. At passage 1 both populations were present. However, 

RS AFSCs were more abundant and by passage 3, they had 

overtaken the culture completely. 

 
Figure 5. Isolation of RS AFSCs from amnioreduction. (A) Day 0 represents 

the amniotic fluid. (B) Day 7 contains attached spindle and round shaped 

cells.(C) Round shaped cell colony (D) Spindle shaped cells grow as a single 

layer (E) Day 14 mixed population of spindle and round shaped cells (F) At 

passage 1 both populations are observed. Scale bars: 100 µm.  
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In second trimester AF both SS AFSCs and RS AFSCs were 

present. However, if cells were cultured in expansion medium for a 

long time this would appear to favour round shaped cells. In order to 

obtain both population from one sample, the cells should be 

separated immediately after colony appearance. The fact that RS 

AFSCs are more abundant in second trimester AF might be 

explained with the urine production. After 16 weeks, the main 

component of the amniotic fluid is fetal urine production. Prior to 16 

weeks, the amniotic fluid is produced independently of the fetal 

kidneys. Samples taken before this time point may therefore contain 

a different cell population to samples isolated after 16 weeks.  

This might explain why different subtypes of cells were obtained by 

previous members of the group. For example, majority of SS AFSCs 

were isolated in early second trimester, while RS AFSCs are more 

likely to be isolated later in the second trimester. 

Of note, the discovery of circulating free fetal DNA in the maternal 

blood has resulted in a significant decrease in the number of 

amniocentesis procedures performed. Amniotic fluid samples were 

therefore obtained via not only amniocentesis but also 

amnioreduction and terminations of pregnancy. And it has to be 

considered that samples obtained via amniocentesis may be 

different from samples obtained via amnioreduction, due to the 

underlying reasons for performing these investigations. 

Amniocentesis is usually performed to investigate foetuses at higher 

risk of chromosomal or genetic abnormality. Additionally, some 

amniocentesis samples were performed at termination for maternal 

request.  The cell populations obtained from these samples is 
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therefore likely to be different with one cell type predominating the 

other and vice versa.  
 

3.2.2 Phenotypic characterization of SS and RS AFSC 
populations 
 
AF contains two different adherent populations of cells that differ in 

size and shape (Figure 6A and B). RS AFSCs represent a 

heterogeneous population of cells.  We observed small cells, 

elongated cells, compact-like cells and round cells within the RS 

population at both early and late passage (Figure 7A). Crystal violet 

was used to observe the morphology of the cells (Figure 7B-C).  

In contrast, SS AFSCs grew in a homogenous monolayer with cells 

exhibiting a spindle shaped morphology, typical of MSCs (Figure 

8A). The morphology of these cells was similar to human fibroblasts 

(Figure 8B). At passage 6 the cells were stained with crystal violet 

(Figure 8C-D). SS AFSCs have a similar morphology regardless of 

whether they are cultured in D10 or Chang C medium.  

 

	

Figure 6. Difference in morphology of SS AFSCs and RS AFSCs grown in 
D10 medium. Both cell types are at passage 6. A shows the SS AFSCs grown 

in D10 media, B shows RS AFSCs grown in D10 media. Scale bar: 100 µm 	
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Figure 7. Morphology of the RS AFSC population in Chang C medium. (A) 

Heterogeneous population of RS AFSCs showing different cell shapes 

(compact, elongated, small and round cells) at passage 6. Crystal violet staining 

showing cell morphology of proliferating cells at low (B) and high magnifications 

(C) at passage 6. Scale bar: 100 µm (A) and (B) and 200 µm (C). 

 



	 94	

 
 
 
Figure 8. Morphology of SS AFSCs in Chang C medium.  (A) Phase contrast 

image of SS AFSCs at passage 6 showing typical fibroblast like morphology. 

(B) Human fibroblasts grown in D10. Crystal violet staining showing the cells in 

low (C) and high (D) magnification. Scale: 100 µm (A), (B) and (C) and 200 µm 

(D). 
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3.2.3 SS AFSC show higher growth rates than RS AFSCs 
 
To determine the expansion potential of SS and RS AFSCs, the 

population doublings of the samples were analysed during the 

exponential phase as described in Guillot et al. (2007). Both Chang 

C and D10 were used. These two-culture media are the most 

commonly used for expansion of AFSCs. 

Detailed analysis of cell proliferation revealed that SS AFSCs in 

both Chang C and D10 exhibited a significantly higher proliferative 

capacity than RS AFSCs. In our lab we have successfully passaged 

SS AFSCs for around 30 passages. Alternatively, RS AFSCs were 

only successfully grown for up to 15 passages (when cultured in 

Chang C medium) or 7-10 passages when cultured in D10. Figure 

9A shows the cumulative population doublings of SS and RS AFSCs 

grown in Chang C and D10 media over the 50 days were 9.06 ± 0.3 

for SS D10; 9.51 ± 0.2 for SS D10; 7.27± 0.3 for RS in Chang C and 

1.12 ± 1.4 for RS in D10, P<0.001 (Figure 9A). 

The population doubling time was 63.0 ± 4.5 hours for SS AFSCs 

grown in D10; 54.0 ± 10.8 hours for SS AFSC in Chang; 72 ± 14.3 

for RS AFSCs grown in Chang C and 164 ± 22.7 for RS AFSCs 

grown in D10. P<0.01 (Figure 9B).  

One-way ANOVAs were carried out to assess the differences in 

growth rate between the different cell samples. Overall, SS AFSCs 

proliferate at a higher rate than RS AFSCs. They exhibit an 

increased number of population doublings and can therefore be 

expanded for longer than RS AFSCs. In addition, SS AFSCs grow 

well in both Chang C and D10, with a slightly higher number of 
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population doublings in Chang C. In comparison, RS AFSCs grow 

better in Chang C and their proliferation capacity is lower in D10. 

 

 

 

Figure 9.  Cumulative population doublings of human SS AFSCs and RS 
AFSCs over a period of 50 days. (A) Represents the growth of SS AFSC and 

RS AFSC in Chang C and D10. (B) Compares the grown between the two 

populations of cells in each condition. Data represent mean ± SD * P<0.05, ** 

P<0.01 and *** P<0.001 (Student’s t-test)	 
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3.2.4  RS AFSCs senesce earlier than SS AFSCs 
 

β-galactose (β-gal) staining was used to assess the number of 

senescent cells at passage 10 under the different culture conditions 

(Chang C and D10). SS AFSCs grow slightly faster in Chang C 

medium, but they also have higher percentage of senescent cells 

under these conditions (11± 3 compared to 5.0± 3.5 for SS AFSCs 

in D10) whereas the percentage of senescent cells for RS AFSCs in 

Chang C was 28± 4.0 vs. 60±7 for RS AFSCs in D10 (n=3) (Figure 

10).  This agrees with the kinetics data which shows that RS AFSCs 

grow faster in Chang C medium compared to D10. Data were 

analysed using ImageJ software.  

 

 
     A                                                   B 
 
 
 
 
 
 
     C                                                     D 
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Figure 10. Analysis of senescent cells. (A) SS AFSCs in Chang C; (B) SS 

AFSCs in D10; (C) RS AFSCs in Chang C; (D) RS AFSCs in D10. Blue 

coloured cells are positive for β-gal and are therefore senescent. (E) 

Represents the percentage of senescent cells in both conditions. Data 

represent mean ± SEM. Scale: 100µm 

 

3.2.5  In co-culture conditions, RS AFSC cause cell death of SS 
AFSC 
 
The fact that either RS AFSC or SS AFSC survival, rather than the 

co-existence of the two populations, was observed after 2  passages 

led to the hypothesis that the two populations cannot co-exist. 

I therefore decided to investigate whether co-culture of the cells was 

possible or if one cell type would survive at the expense of the other. 

RS AFSCs and SS AFSCs cannot co-exist together. When cultured 

in the same dish, the dominating population exclude the other type 

and results in one cell type. To determine whether either cell 

population is unable to survive in the presence of the other RS 

AFSCs were exposed to SS AFSC-CM and vice versa. Exposure of 

RS AFSC-CM to SS-AFSCs led to “stressed” morphology and SS 
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AFSCs become more elongated and thinner and after 24 hours they 

start to detach from the tissue culture plastic.  Within five days the 

cells have almost completely detached and died (Figure 11A).  

Interestingly, SS AFSC-CM did not have the same immediate effect 

on RS AFSCs. There is no obvious morphological change after 24 

hours in SS AFSC-CM. However, after five days RS AFSCs become 

larger and flatter and gradually start the process of senesce (Figure 

11B). However, RS AFSCs do not detach from the dish (Figure 11). 
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Figure 11. RS AFSCs grown in SS AFSC CM senesce whereas SS AFSCs 
grown in RS AFSCs CM exhibit cell death. (A) SS AFSCs exposed to RS 

AFSC-CM at day 1 and day 5. RS AFSC-CM led to detachment of SS AFSCs 

and cell death(B) SS CM added to RS AFSCs exposed to SS AFSC-CM at day 

1 and day 5.  SS AFSC-CM made RS AFSCs senesce earlier 
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3.2.6 Analysis of MSC marker expression in SS and RS AFSCs 
in D10 and Chang C 
 
MSCs are defined as plastic adherent, fibroblast-like cells that 

express a specific set of surface markers (CD73, CD90 and CD105) 

and lack the expression of CD14, CD34 and CD45. In addition, they 

must be able to differentiate down to two of the three mesenchymal 

lineages (adipogenic, chrondogenic and osteogenic) (Dominici et 

al.,2006). 

To determine the mesenchymal status of both populations, the cells 

were examined for the expression of MSC markers by flow 

cytometry. In addition, to determine whether the culture conditions  

affect the expression of surface markers, the subpopulations were 

grown in both Chang C and D10. 

SS AFSCs exhibit 95%+ co-expression of the MSC markers CD73 

(ecto-5’-nucleotidase), CD90 (Thy-1) and CD105 (endoglin) when 

grown in D10. (Figure 12A). Interestingly, when grown in Chang C, 

SS AFSCs have lower expression of CD90 and CD105 (Figure 

12C). D10 is a specific media for MSCs and taking into account the 

proliferation and the morphology of SS AFSCs, might explain why 

the cells have higher MSCs markers when grown in D10.  SS 

AFSCs also lack expression of the hematopoietic 

progenitor/endothelial marker CD34 (hematopoietic progenitor cell 

antigen); the hematopoietic marker CD45 (protein tyrosine 

phosphatase, receptor type C) and CD14 (expressed by 

macrophages and neutrophil granulocytes) (Simmons et al., 1989) 

in both conditions (Figure 12B-D).  
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Figure 12. Human SS AFSCs express MSC markers in D10 and Chang C.           
Flow cytometry histograms showing SS AFSC (n=3) expression of the MSC 

markers CD73, CD90 and CD105 in D10 (A) and Chang C (C) and lack of 

expression of endothelial markers CD34 and hematopoietic marker CD45 in 

D10 (B) and Chang C (D). The isotype control is shown in blue.  
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The cell surface antigens of RS AFSCs in D10 and Chang C were 

also examined. In both media conditions RS AFSCs were negative 

for CD14, CD34, CD45 and CD90 (Figure 13A-D) whereas they 

were positive for CD73 in both Chang C and D10 (Figure 13A-C). 

Another important observation is that whilst RS AFSCs express 

CD105 in Chang C medium they are negative for this MSC marker 

when cultured in D10 (Figure 13A-C).  
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Figure 13. Human RS AFSCs express some MSC markers in D10 and 
Chang C.   Flow cytometry analysis showing   the levels of expression of 

positive MSC markers in RS AFSCs (n=3) cultured in D10 (A) and Chang C (B) 

and negative MSC marker expression In RS AFSCs cultured in D10 (C) and 

Chang C (D).  

 

In summary, both subtypes lack the expression of the 

haematopoietic and endothelial markers CD34, CD45 and CD14 

regardless of the media used and were above 95% positive for 

CD73. CD73 is important factor for MSCs migration (Eckle et al. 

2007) and it modulates the adaptive immunity (Ode et al. 2011).  
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Interestingly, the culture condition affects the expression of CD90 

and CD105. RS AFSCs are positive for CD105 when cultured in 

their optimal medium (Chang C) but negative for this marker when 

grown in D10 and the opposite pattern is seen in SS AFSC; they are 

positive for CD105 and CD90 in D10 and lose the expression of 

these markers when cultured in Chang C. Although CD105 is 

considered an important factor for MSC classification, several 

reports showed that the expression of CD105 varies between MSCs 

sources, the time spent in culture and the differentiation capacity of 

the cells (Gaebel et al. 2011; Jiang et al. 2010; Jin et al. 2009).  

 

3.2.7 The osteogenic and adipogenic potential of human 
AFSCs. 
 
In order to meet the minimal criteria for definition of MSC, AFSCs 

must be able to undergo adipogenic, chrondogenic and osteogenic 

differentiation (Dominici et al., 2006). SS AFSCs and RS AFSC 

(n=3) were cultured in adipogenic medium for two weeks. During 

this time, SS AFSCs differentiated into lipid-producing adipocytes 

(Figure 14A), whilst RS AFSCs did not differentiate into adipocytes 

(Figure 14B) as assessed by Oil Red O staining to allow 

visualisation of lipid droplets.  
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The in vitro osteogenic potential of human SS and RS AFSCs was 

then assessed by culturing the cells for 3 weeks in osteogenic 

medium containing ascorbic acid, β-glycerophosphate and 

dexamethasone as detailed in the Methods section. Alizarin red 

staining was used to show mineralization of the extracellular matrix 

thus confirming osteogenic differentiation of SS AFSCs (Figure 14 

B). 

A B 

Figure 14. In vitro adipogenic differentiation of human SS and RS AFSCs. 

Lipid droplets were visualised by Oil Red O staining after 2 weeks in adipogenic 

medium; (A) SS AFSCs (n=3) (B) RS AFSCs (n=3). Scale bar: 100µm 
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Human SS AFSCs showed extensive bone formation characterised 

by mineralised trabecular, whilst RS AFSCs showed a significantly 

less bone formation (Figure 15C and D).  

 

 

3.2.8.  AFSCs express Vimentin and lack E-Cadherin  

SS AFSCs and RS AFSCs also expressed the MSC marker 

vimentin. Vimentin is major intermediate filament of MSCs which 

acts as an organiser of proteins that are involved into migration, 

attachment and cell signalling (Ivaska et al., 2007) (Figure 16(i)). E-

Cadherin is cell adhesion protein which functions as tumour 

suppressor and it is mostly found in epithelial cells (Klopp et al, 

2010). Neither of the cell subtypes expressed E-Cadherin (Figure 

16(ii)). Interestingly, RS AFSCs express CD133, whilst SS AFSCs 

do not (Figure 16(iii)). CD133 (Prominin-1) is a renal ‘’stem cell’’ 

marker (Lazzeri et al. 2007) found in developing and adult kidney 

A                                        B 
 
 
 
 
 
C                                       D 
 
 
 
 
 
 

Figure 15. Osteogenic 
differentiation of human 
AFSCs. Alizarin red staining 

confirmed calcium deposition 

in SS AFSCs (A) and RS 

AFSCs (B). (C) Trabecular 

woven bone network formed 

by SS AFSCs after 20 days in 

osteogenic medium. (D) 

Reflective light scan image of 

RS AFSCs showing no visible 

bone network. Scale bar: 

100µm 
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(Sagrinati et al. 2006; Lazzeri et al. 2007). HEK293 cells were used 

as a positive control for Vimentin and E-Cadherin expression.  
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Figure 16. Expression of additional markers in SS and RS AFSCs. (i) 
Both SS and RS AFSCs express Vimentin). (ii) CD133 is exclusively expressed 

by RS AFSC and not SS AFSCs. (iii) AFSCs do not express E-Cadherin 

 
3.2.9. RS AFSCs express more renal markers than SS AFSCs 
 

The main component of AF after 16 weeks of gestation is fetal urine. 

Recent reports have claimed that within AF there is a population of 

cells of renal origin and that the presence of these cells increases 

with the gestational age (Rahman et al. 2018b; Spitzhorn et al. 

2017).  
RS AFSCs have an epithelial-like morphology and unlike SS 

AFSCs, they do not comply with MSC criteria, as demonstrated 

earlier in this chapter. In addition, there are various reports that 

indicate the renal origin of some AFSC populations. I therefore 

decided to determine the levels of expression of renal markers in SS 

and RS AFSCs. 

To this end, RS and SS cells were analysed for the expression of 

the kidney-associated markers CITED1, BRN1 and NEPHRIN. 

Human embryonic kidney cells (HEK293T) were used as a positive 

control (Figure 17). Interestingly, RS AFSCs were positive for all 

three of these markers whereas SS AFSCs were negative for 

CITED1 but positive for BRN1 and NEPHRIN. CITED1 is a specific 

marker of nephrogenic progenitor cells and is important for their self-

renewal. It is usually expressed in embryonic kidney cells (Murphy 

et al. 2012). 

BRN1 is expressed in the nephron epithelium of the developing 

kidney (Krstic et al. 2016) while NEPHRIN is important for protein 

filtration (Kandasamy et al. 2014). The results are in agreement with 
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the literature which describes the presence of cells with renal 

potential in AF (Rahman et al. 2018b; Spitzhorn et al. 2017). 

 

 

Figure 17. A subsection of AFSCs exhibit a renal phenotype. (i) BRN1, (ii) 

NEPHRIN and (iii) CITED1 expression in SS AFSCs, RS AFSCs and HEK293T 

cells (positive control).  
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3.2.10 Assessing the pluripotent status of AFSCs 
 
It has been proposed that AFSCs exhibit an intermediate phenotype 

between ESCs and MSCs and that they express some pluripotent 

markers such as TRA-1-60 and TRA-1-81. These markers are 

generally used as markers of pluripotent stem cells (Schopperle & 

DeWolf 2006) since they are specifically expressed in embryonic 

stem cells, induced pluripotent stem cells and some carcinomas. 

However, the existence of two subtypes in the AF has not previously 

been considered when performing these analyses. Therefore, I 

examined SS and RS AFSCs for the expression of TRA-1-60 and 

TRA-1-81. 

 At passage 8, both types of AFSCs were shown to lack the 

expression of TRA-1-60 and TRA-1-81 but were positive for the 

stem cell marker stem cell marker C-KIT (also known as CD117) 

(Figure 18). ES cells were used as a positive control. The 

expression of SOX2, KLF4, NANOG, OCT4 and DNMT3 were also 

analysed and the data is shown in Chapter 4.  
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Figure 18. AFSCs do not express pluripotency markers.  Immunolabelling of 

(i) C-KIT, (ii) TRA-1-60 and (iii) TRA-1-81 in SS and RS AFSCs 
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3.3 Discussion  

Here we show the presence of two distinct populations of cells within 

the amniotic fluid; RS and SS AFSCs. Both SS and RS AFSC were 

obtained from second trimester AF. SS AFSCs grow equally well in 

D10 and Chang C, the latter being a specific media that has been 

developed for the expansion of AFSCs. Meanwhile, RS AFSCs grow 

poorly in D10, and show slower growth than SS AFSC in Chang C. 

SS AFSCs can be expanded to a greater degree than RS AFSCs 

(Figure 9), with RS AFSCs senescing earlier than SS AFSCs (Figure 

10). RS and SS AFSC appear unable to co-exist in culture, with both 

populations producing factors that either appear toxic to the other 

population (RS AFSCs) or lead to early senescence (SS AFSCs) 

(Figure 11). These results suggest that in order to isolate both 

populations from a single donor, the different cell types must be 

separated at early passage.  

SS AFSCs fully comply with MSC criteria; they express CD73, CD90 

and CD105, exhibit fibroblast-like MSC morphology and are capable 

of differentiation down the adipogenic and osteogenic linages 

(Figure 12). RS AFSCs exhibit a non-fibroblast-like morphology 

(Figure 6-7), lack CD90 expression (in both media conditions) and 

CD105 expression in D10 (Figure 13 A and C) and fail to 

differentiate down the adipogenic and osteogenic lineages (Figures 

14-15). CD90 is a ‘’stemness’’ marker and reduced expression is 

associated with differentiation suggesting that RS AFSCs are more 

differentiated in comparison with SS AFSCs (Moraes et al. 2016). 

These data suggest that SS AFSC are true, whilst RS MSC do not 

meet the criteria to be considered MSCs.  
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Neither SS or RS AFSCs express pluripotency markers (full data 

presented in Chapter 4, where the OCT4 status of both subtypes is 

examined in detail).  

To test the hypothesis that RS AFSCs come from fetal urine and are 

therefore of nephrogenic origin, I examined the expression of 

various renal markers which are seen in fetal urine (Arcolino et al., 

2016 Tong et al., 2009).  RS AFSCs were shown to be positive for 

the expression of  BRN1, NEPHRIN and CITED1 (Figure 17) and 

they exhibit similar morphology to urine cells (Rahman et al. 2018b; 

Spitzhorn et al. 2017). Together, our results show that both SS and 

RS AFSCs are present in second trimester AF. They differ in their 

morphology and phenotype; SS AFSCs are MSCs whilst RS AFSCs 

are most likely to originate from the fetal urine.  

This chapter demonstrates that there are two distinct sub-

populations within the AF. This finding is consistent with the 

previous published literature. SS AFSCs are multipotent cells that 

meet the minimal criteria for MSCs while RS AFSCs do not fulfil the 

MSC criteria. Moreover, functional differences are observed 

between the two subtypes. For example, SS AFSCs showed neuro-

protective ability after a single injection into the brain of  a hypoxic-

ischemic mouse model, while RS AFSCs had no effect (Corcelli et 

al. 2018).  

Taken together, SS AFSCs are most likely to represent the cells with 

the greatest potential for therapeutic use because of their increased 

proliferation ability and differentiation capacity and their expression 

of MSC markers. However, RS AFSCs could potentially be used to 

treat renal diseases. 
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4.1 Introduction 

 
OCT4 is part of POU5F1 gene and is located on chromosome 6- 

6p21.3. It has five exons and three splice variants: OCT4A, OCT4B 

and OCT4B1 (Figure 19) (Takeda et al. 1992; Atlasi et al. 2008). 

OCT4A is the true pluripotency marker. It is located in the nucleus of 

pluripotent stem cells whereas OCT4B is located in the cytoplasm of 

cancer cells and other non-pluripotent cell types (Takeda et al. 

1992) and is therefore not related to pluripotency. In contrast, 

OCT4B1 can be found in both the nucleus and cytoplasm of non-

pluripotent and pluripotent stem cells alike (Papamichos et al. 2009; 

Atlasi et al. 2008). 

 

 
 

Figure 19. OCT4 gene and its isoforms. Gene localization with exons and 

domains  
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In addition, OCT4 has eight pseudogenes, three of which share high 

homology with OCT4A- Pg1, Pg3 and Pg4. 

The pluripotent status of AFSCs has long been debated. It is 

believed that AFSCs share characteristics with ESCs and therefore 

exhibit an intermediate phenotype between MSCs and ESCs. Some 

reports identify the cells as pluripotent on the basis of their 

expression of OCT4 and other pluripotency markers 

(Loukogeorgakis & De Coppi 2016; De Coppi et al., 2007). However 

due to its three isoforms, eight pseudogenes and the lack of specific 

antibodies, detection of true OCT4A is difficult to prove. 

Here, a careful analysis of the literature is presented and suggested 

that previous reports of OCT4A expression in AFSCs are most likely 

due to data misinterpretation and technical false-positive artefacts.  

In addition, the expression of OCT4A in AFSCs is examined by 

PCR, western blot and immunocytochemistry. This data is key in 

revealing the non-pluripotent status of AFSCs.  
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4.2 Results 
 
4.2.1 Literature review of OCT4 papers on AFSCs 

 
OCT4 expression in AFSCs is a subject of debate. Non-specific 

primers can result in false-positive artefacts and misinterpretations. 

Exon 1 is exclusive to the OCT4A transcript, therefore Wang et al. 

(2010) recommended that the forward primer should lie in this exon. 

To determine whether conflicting results in the literature may result 

from a failure to distinguish OCT4A from other OCT4 isoforms in 

hAFSCs, we performed a search in PubMed 

(https://www.ncbi.nlm.nih.gov/pubmed/citmatch) using 

("humans"[MeSH Terms] or "humans"[All Fields] or "human"[All 

Fields]) and ("amniotic fluid"[MeSH Terms] or ("amniotic"[All Fields] 

and "fluid"[All Fields]) or "amniotic fluid"[All Fields]) and ("stem 

cells"[MeSH Terms] or ("stem"[All Fields] and "cells"[All Fields]) or 

"stem cells"[All Fields]) which generated 610 citations in peer-

reviewed journals. Adding “oct4” to our search highlighted 45 

publications, 33 of which reported that human AFSCs express the 

pluripotency marker OCT4 (Table 7).  

 

Out of the 33 publications, 29 reported RT-PCR results and from 

them only 14 used a forward primer lying in exon 1, which is 

uniquely contained at the 5’ sequence of the OCT4A transcript, but 

not in OCT4B and OCT4B1 variant transcripts (primer sets 4, 6, 7 

and 15 (Table 8)). However, primers 4, 6, and 7 also bind to 

pseudogene sequences (OCT4Pg1 and OCT4Pg3 for set 4; 

OCT4Pg1 and OCT4Pg4 for set 6, and OCT4Pg1 for set 7) and it is 
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therefore possible that the authors detected pseudogenes instead of 

OCT4A. In addition, among these 14 studies, only three (PMID 

19215679, PMID 15105397 and PMID 25880317) used positive and 

negative controls. In reference PMID 19215679, mRNA from 

NTERA2 was used as the positive control, with mRNA from lung 

fibroblasts as the negative control. A faint band was demonstrated 

for the positive control with the absence of a band for hAFSCs on an 

uncropped blot, yet the authors concluded that OCT4 mRNA 

expression was detectable in the cultured hAFSCs (You et al. 2009). 

In reference PMID:25880317, human ESCs were used as the 

positive control and human skin fibroblasts were used as the 

negative control.  The authors report positive expression in one 

sample, despite the results being presented as cropped blots, which 

does not allow verification that the controls were tested at the same 

time as the experimental samples. The single study using primers 

specific to OCT4A that do not amplify pseudogene sequences (set 

15, PMID 16617328) did not use control or a size ladder and 

presented a cropped blot. In all cases, the amplification bands were 

not sequenced to assess OCT4A specificity. Together, the RT-PCR 

data presented here does not support the hypothesis that human 

AFSCs express OCT4A.   

Study PMID:19215679 assessed OCT4 expression via 

immunofluorescence (Santa Cruz Biotechnology, antibody 

unspecified) without positive and negative controls and without a 

nuclear counterstain, showing only two grey spots that do not 

appear to represent cell nuclei (You et al. 2009). Here, despite its 

nuclear localization, OCT4A is described as a “surface antigen”. 

Study PMID 15105397 used an (unspecified) anti-human OCT-4 

monoclonal antibody from Santa Cruz Biotechnology to report OCT4 
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immunofluorescence in only two overexposed (saturated) images of 

hAFSCs.  The authors did, however, test 20 AFSCs samples, and 

four NTERA2 cells, without using nuclear counterstain and negative 

controls, showing fluorescence in the nucleus and cytoplasm. 

Together, these reports do not provide sufficient data to robustly and 

convincingly report the expression of OCT4A in hAFSCs, instead 

suggesting that OCT4B was detected. 

Only one study (PMID 17206138) used flow cytometry to confirm 

OCT4A expression in 90% of hAFSCs, although no positive and 

negative controls were shown, the antibody used (Santa Cruz 

Biotechnology) was unspecified, and the results not confirmed by 

any other methodology.  

A total of seven references used western blotting (PMID 26273418, 

25385323, 24647685, 16555279, 12832377, 24375948) although 

only one (PMID 24647685) used hESCs as positive control, and no 

negative controls were used. In addition, the authors did not use a 

cell line known to express pseudogene OCT4Pg1 to assess the 

OCT4A-specificity of the antibody they used. The 39kDa product 

could still correspond to OCT4Pg1, which has the same molecular 

weight (Jez et al. 2014). Since the primers for RT-PCR would also 

amplify OCT4Pg1 and the amplification product was not sequenced 

to determined specificity, and no immunostaining was performed to 

determine cellular localization, OCT4A expression remains 

inconclusive.   

A total of 15 references used immunofluorescence (Tables 7 and 9), 

with 12 mentioning the manufacturer (Santa Cruz Biotechnology, 

Cell signalling, BD Pharmingen, Chemicon, Applied Biosystem, 

Bioss, Merck Millipore), whereas only one study indicated the 

catalogue number of the antibody (PMID 24571984) but showed 
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cytoplasmic localization. Likewise, six other studies reported 

cytoplasmic localization whilst still concluding that hAFSCs express 

OCT4A, and one study reported OCT4 expression being assessed 

by immunofluorescence without showing the results (PMID 

20708517). Three studies report nuclear localization, although none 

of them used positive and negative controls.  
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Table 8. Studies showing positive expression of OCT4 in AFSCs. C-kit- 

selection of AFSCs for CD117; PM-promoter methylation; RT-real time PCR; 

FC- flow cytometry; WB- western blot; CL-cellular localization; NUC-nuclear 

localization; CYT-cytoplasmic localization; C-study containing appropriate 

controls; N-no; Y-yes; ND-not determined 
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Table 9.  List of primers used in the studies from Table 7. Table represents 

the primer sequence, the specificity of the forward and reverse primer, size of 

the primers, C- study that used appropriate positive control; N-no; Y-yes. 
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Table 10. Antibodies used in the studies from Table 7. IF- 

immunofluorescence; WB-western blot; FC- flow cytometry. 

 

 
 

Table 11. Antibodies used in this study. 
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4.2.2 Expression of pluripotency markers in AFSCs. 

 
The pluripotent status of AFSCs has been long debated, with some 

studies showing positive expression of the pluripotency markers and 

others showing negative expression. Despite extensive research, 

the field is still debating this. However, when examining the cells for 

the expression of pluripotency markers a few factors should be 

considered that might alter their phenotype such as the culture 

conditions of the cells, the gestational age and the isolation 

technique. Here, we examine the expression of NANOG, KLF4, 

SOX2, REX1 and DNMT3b in second trimester SS and RS AFSCs, 

that have been c-kit isolated, and grown in D10 or Chang C medium 

(where specified). Human ESCs were used as a positive control 

(Figure 20) and all five OCT4 antibodies showed positive expression 

in these cells. However, REX1 was the only marker that was positive 

in AFSCs. It was positive in both subtypes regardless of the culture 

conditions. 
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Figure 20. Expression of pluripotency markers in AFSCs grown in D10 or 
Chang C. Immunofluorescence analysis of NANOG, KLF4, SOX2, REX1 and 

DNMT3b in SS and RS AFSCs. Human ESCs were used as a positive control. 
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4.2.3 Specificity of OCT4 antibodies 

 
Eight of the most commonly used antibodies were selected for use 

in this study (Santa Cruz sc-5279; sc-8628; sc-9081; Miltenyi 130-

105-606; Millipore MAB4419; Abcam 19857 and R&D MAB17591, 

IC1759P). They were all examined for their ability to detect the 

OCT4A isoform. Positive and negative controls used were hESCs 

and MG63 respectively. In order to validate the expression of 

OCT4A specific criteria were set. Three different techniques were 

used: immunostaining, western blot and flow cytometry. First the 

localization of the protein was observed by immunostaining. OCT4A 

is localized in the nucleus of the cell, while OCT4B is found in the 

cytoplasm. For this technique, a second negative control was 

introduced: differentiated cells (osteoblasts). Furthermore, to 

exclude the detection of Pg1, Pg3 and Pg4 additional positive 

controls for the above pseudogenes were used:  HeLa, HepG2 and 

HEK293T cells (Figure 21 and Figure 22).	
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Figure 21.  Validation of OCT4A expression in hESCs, HEK293T, MG63, 
Osteoblasts, Hela and HepG2. Antibodies used were (A) sc-5279, (B) sc-

8628, (C) sc-9081 and (D) 130-105-606. 
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Figure 22.  Immunostaining for OCT4A expression in hESCs, HEK293T, 
MG63, Osteoblasts, Hela and HepG2. Antibodies used were (A) MAB4419, 

(B) ab19857, (C) MAB17591 and (D) IC1759P. 

 

 

Western blotting (WB) was used to examine the size of the band. 

The A isoform has a higher molecular weight (48-53 kDa) than 

OCT4B, which has a molecular weight of 39-45 kDa. Figure 5 shows 

the results of the seven antibodies that were suitable for WB. MG63 

were used as a negative control while hESCs were used as a 

positive control.  In addition, SS AFSCs and RS AFSCs were 

examined for the expression of OCT4A. β- actin was used as a 

loading control (Figure 23). Bands were detected in the positive 

control lane with all antibodies. Five out of seven antibodies showed 
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MAB4419, Ab19857 and IC1759P revealed bands in the positive 

control and no bands in the negative control or either SS or RS 

AFSCs. 

 

 

 
 
Figure 23. Western blot analysis of OCT4A in hES cells, MG63 and AFSCs.  
Seven antibodies were analysed for the detection of OCT4A in SS and RS 

AFSCs. MG63 and ES cells were negative and positive controls respectively. 
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4.2.4 OCT4A expression in AFSCs grown in Chang C and D10 
 

In conclusion, eight antibodies were tested for their ability to detect 

OCT4A according to my criteria: nuclear localization on 

immunofluorescence, correct band size, and appropriate results for 

the positive and negative controls. Sc-5279 and 130-105-606 met 

the criteria. However, 130-105-606 is not suitable for WB and thus 

we could not draw any conclusions about the size of the band.  

 

These two antibodies were therefore selected to assess whether SS 

and RS AFSCs express OCT4A.  Figure 25 shows the 

immunofluorescence analysis of SS and RS AFSCs grown in Chang 

C and D10. The results from these two antibodies indicates that 

both subtypes are negative for OCT4A, regardless of their culture 

conditions (Figure 25). This data was confirmed by a WB using sc-

5279 (Figure 26). 
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Figure 24. Immunofluorescent analysis of OCT4A expression in SS and 
RS AFSCs grown in D10 and Chang C. (A) Analysis using the Sc-5279 

antibody. (B) Immunofluorescent analysis using the 130-105-606 antibody. 

hESCs were used as a positive control. DAPI was used to stain the nuclei of the 

cells. 
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Figure 25. Western blot analysis of SS and RS AFSCs using the Sc-5279 
antibody. (A) Western blot of AFSCs cultured in Chang C. (B) Western blot 

analysis of SS AFSCs and RS AFSCs grown in D10. hESCs and MG63 were 

used as positive and negative controls respectively. 
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RT-PCR was then performed to assess the expression of OCT4A in 

AFSCs. Specific OCT4A primers were used in parallel with primers 

that detect pseudogenes 1, 3 and 4. OCT4A was detected in the 

positive control but not in the negative control or AFSCs (SS AFSCs 

and RS AFSCs cultured in D10 and Chang C). However, positive 

results were obtained in our OCT4A negative controls for all 

pseudogenes (Pg1, Pg3 and Pg4) (Figure 27). 

 

 
 

Figure 26. RT-PCR analysis of OCT4A and its pseudogenes Pg1, Pg3 and 
Pg4. Controls used were hESCs, differentiated cells (osteoblasts), Helas, 

HepG2, HEK293s and MG63.  
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4.3 Discussion 
 

Human second-trimester AFSCs hold great potential for the field of 

regenerative medicine, yet their reported OCT4 positivity is a cause 

for concern. Ectopic expression of OCT4A alone is known to 

reactivate endogenous oncogenes, potentially enabling the cells to 

behave unpredictably and dangerously if used for cell therapy. It is 

well known that OCT4 is alternatively spliced to encode three 

transcript variants and four protein isoforms, with only OCT4A being 

regarded as a pluripotency marker. Eight pseudogenes for OCT4 

have also been identified, three of which display high homology to 

OCT4A. I therefore set out to examine the currently available 

antibodies for specificity to OCT4A, and therefore to establish a 

robust protocol for the determination of OCT4A positivity in hAFSCs.  

Literature review revealed 33 relevant papers, all of which report 

that AFSCs are OCT4 positive. However, it is evident that no 

consistent reliable approach for the detection of OCT4A has 

previously been used. Of the four techniques described in this 

paper, only one study used three techniques, with the remainder 

either using two or one technique for OCT4A detection. For 

immunofluorescence (IF) and WB alike, only one paper reported 

using controls. For PCR, of the 29 studies using the technique, only 

14 used primers which target the correct exon, and only three of 

these used positive and negative controls. By using a rigorous 

comparative analysis and appropriate positive (ESCs) and negative 

controls (MG63) it was confirmed that immunofluorescence is a 

suitable technique for detection of OCT4A as it demonstrates 

nuclear localisation, in comparison with the cytoplasmic signal of 
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OCT4B and OCT4B1. OCT4A can also be reliably assessed at the 

protein level by WB due to its larger molecular weight (OCT4A 48-53 

kDa versus OCT4B 39-45 kDa). To conclude, intracellular flow 

cytometry is not a reliable technique to detect OCT4A as all 

antibodies tested gave false positive results in the negative control. 

When the eight most commonly used antibodies against OCT4 from 

the literature review were tested using immunofluorescence, five of 

the antibodies gave a positive result on one or both negative 

controls, with a further antibody also showing positivity in our 

pseudogene control. Some of the antibodies were raised against the 

POU and C termini, which are identical in both isoforms, resulting in 

an inability to distinguish between OCT4A and B and explaining the 

false positives seen in this study (and others). We also 

demonstrated that six antibodies were non-specific in that they 

detected pseudogenes and that all cells tested expressed Pg1 and 

4. The expression of OCT4B or pseudogenes, combined with the 

non-specificity of the commonly used antibodies used to detect 

OCT4, are likely to explain previous reports of OCT4 positive 

AFSCs. Additionally, previous studies using flow cytometry may 

have concluded incorrectly that AFSCs express OCT4A due to the 

100% false positive rate seen in the eight antibodies tested using 

this technique. Only antibodies Sc-5279 and 130-105-606 fulfilled 

my requirements of negative results in the negative and 

pseudogene controls, whilst demonstrating positive nuclear results 

in the hESCs, our positive control. However, 130-105-606 is not 

suitable for use in WB analysis and hence its usefulness in the 

laboratory is limited. The results confirm that of those tested Sc-

5279 (Santa Cruz) is the most specific and useful antibody for 

OCT4A detection. Immunofluorescence and WB were then 
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performed using sc-5279 on RS and SS hAFSCs, alongside 

positive, negative and pseudogene controls, leading us to conclude 

that human AFSCs are OCT4A negative.  RT-PCR is the most 

commonly used technique to detect OCT4 expression at the mRNA 

level. The use of non-specific primers has previously led 

researchers to conclude that AFSCs are OCT4 positive. However, 

OCT4A should be discriminated from the other splice variants by the 

design of primers within exon 1 of OCT4, which is specifically found 

in the OCT4A isoform. In this study we confirmed that hAFSCs do 

not express OCT4A by RT-PCR with OCT4A specific primers. 

Researchers consider the following points to ensure a robust 

protocol for OCT4A detection is used (1) appropriate antibodies, 

raised against the N terminus, should be used (2) primers located in 

exon 1 and lacking pseudogene cross-reactivity should be used (3) 

appropriate positive and negative controls should be included (4) 

appropriate pseudogene controls should also be included. More 

precisely antibody sc-8628 is the best antibody so far to test for 

OCT4A expression via immunofluorescence and WB. In addition, 

hES cells and negative control such as MG63 or any other non-

pluripotent cell type should be used together with the samples. 

Lastly, primer sequence 5’GCCGACCAAGGAAAACTCACTA-3’ 

5’CAGAACTTCCAGAATCAGCCTGTT-3’ detects OCT4A 

exclusively and does not detect any of the pseudogenes or isoform. 

Again, human ES cells and negative control should be present. 

To conclude, the importance of appropriate antibody and primer 

selection were shown with the suggestion of the appropriate 

antibody and primer sequence. This chapter demonstrates that 

neither RS nor SS AFSCs express the pluripotency marker OCT4A. 
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This provides further evidence to support the safety of human fetal 

AFSCs in the field of regenerative medicine.  
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Chapter 5 
 

The transcriptome of AFSCs 
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5.1 Introduction 
 

Cell-to-cell diversity is common characteristics of multicellular 

organism. Cells are characterized by different morphologies, 

functions and gene expression. Such diversity is observed in any 

tissue, no matter how homologous, it consists of diverse populations 

of cells, that represent various manifestations of that specific tissue. 

Single cell analysis is rapidly expanding technology which holds a 

huge potential to increase the understanding of the fundamental 

biological processes  and the complexity of human disease, thus to  

help us to develop more effective therapies (Yuan et al. 2017). This 

approach is rapidly evolving and enables characterization of 

genome-scale molecular information at the individual cell level. 

Moreover, it can give new insights into cellular heterogeneity by 

analysis of each individual cell and providing information about 

millions of gene expressed and supressed within this specific cell. 

Until recently, single cell analysis was not possible. However, 

advances in the field allow to synthesis single cell RNA-seg of 

individual cells within the same population and to make a 

comparison between those cells and with other cells within the 

tissue of origin (Yuan et al. 2017; Eberwine et al. 2014; Sagar et al. 

2018; Herman et al. 2018). 

Second trimester AFSCs have been extensively examined and 

characterized through the years. However, this characterisation is 

problematic due to the existence of two subtypes (Roubelakis et al., 

2012); something that has not been considered until fairly recently. 

This led to variation in the reports of CD markers expression and 

thus characterising the cells based on their phenotype has not been 
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enough (De Coppi et al. 2007; Tsai et al. 2004; Roubelakis et al., 

2007; Kim et al., 2007). The heterogeneity of the AFCSs samples 

led to further confusion in terms of their gene expression profile. 

Even though the information of the gene expression of AFSCs is 

available (Kim et al. 2007) and moreover they have been compared 

to various other types such as iPS and ES cells (Wolfrum et 

al.,2010), bone marrow (BM) and core blood (CB) (Tsai et al., 2004), 

the two  

subtypes were not recognised and thus we cannot conclude their 

genotype. 

I have previously described the differences between RS and SS 

AFSCs with respect to their morphology, growth and senescence 

properties and cell surface proteins (Chapter 3). However, the 

heterogeneity of second trimester AFSCs has not been investigated 

on a large scale at single cell resolution. Here, I carried out scRNA-

seq by using the automated version of CEL-SEq2 to reveal the 

heterogeneity of AFSCs, their identity and the similarities and the 

differences between the two populations. 
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5.2 Results 
 
5.2.1 Transcriptome analysis of RS AFSC and SS AFSC 
 
Transcriptome profiling of SS and RS AFSCs were established by 

CEL-Seq2 on a Mosquito nanolitre-scale liquid-handling robot. The 

protocol was designed by Dr Dominic Grün group in Freiburg, 

Germany (Sagar et al. 2018; Herman et al. 2018). This work I 

courtesy 

of Dr Sagar and the detailed protocol can be found in Materials and 

Methods section. 

Briefly, SS AFSCs and RS AFSCs were subjected to single cell 

analysis and bulk analysis.  Genes that were altered more than 

1000 fold between SS and RS AFSCs were categorised into groups 

related to cell cycle: G1 and G2 phase (Figures 29-30) surface 

markers (Figure 31) chemokine regulation (Figures 32-33)  focal 

adhesion (Figure 35) Interleukins expression (Figure 34) methylation 

(Figure 36) transforming growth factor β (TGFβ) receptor signalling 

(Figure 37) and nuclear factor kappa-light-chain-enhancer of 

activated B cells signalling (Figure 38). 

 

5.2.2 RS AFSCs are less proliferative 
 

To resolve the heterogeneity within the AF, I carried out single cell 

and bulk analysis of SS AFSCs and RS AFSCs. First, I examined 

their proliferation ability by looking at the cell cycle related genes.  

Cell proliferation is basic characteristics of stem cells and proper cell 

division cycle is crucial for the cell growth and development.  
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Results indicated that both SS and RS AFSCs express cyclin 

dependent kinase 6 (CDK6), vinculin (VCL), abelson murine 

leukaemia 1 (ABL1), ataxia telangiectasia mutated (ATM) and lack 

the expression of cyclin dependent kinase 4 (CDK4), stromal 

antigen 1 (STAG1) and anaphase-promoting complex 2 (ANAPC2). 

ATM is member of the phosphatidylinositol 3-kinase related kinases 

(PI3K) family and is essential in initiating checkpoint arrest and 

repair after DNA damage (Perry et al., 2003; Xu et al., 2002) (Figure 

1A).Of note, is upregulation of cyclin dependent kinase inhibitor 3 

(CDKN3) and cyclin dependent kinase 2 (CDK2)  in SS AFSCs. The 

CDKs are a family of serine/threonine kinases which play key roles 

in the cell cycle. Each CDK is involved in a specific step of the 

process. For example, CDK2 is active during G1 and S phase. It 

controls the cell cycle by positive feedback loops that are occurring 

during the cycle. Reaching a threshold leads to the beginning of the 

next phase (Hochegger et al., 2008; Malumbres et al, 2009). 

CDKN3 controls mitosis (G1/S step) though the CDC2 signalling 

axis. Its localization changes throughout cell cycle. However, 

downregulation of this gene leads to disturbed mitosis and early 

senescence (Nalepa et al. 2013) (Figure 28A). 

Single cell analysis is shown in Figure 1B. It complies with the data 

from the bulk analysis showing downregulation of CDKN3 gene in all 

RS cells (bottom left corner) and the upregulation of SS AFSCs 

(upper left corner).Aurora kinase A (AURKA) has also higher 

expression in SS than RS AFSCs. AURKA is involved in microtubule 

formation and stabilization of the spindle pole during the segregation 

of chromosomes. AURKA expression ensures the completion of 

cytokinesis (Figure 28A) (Jacobsen et al. 2018; Crane et al. 2004). 

Upregulation of this gene is indicator of proper cell proliferation. 
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Figure 27.  Heat map of HC and principal component analysis indicating 

differentially-expressed cell cycle genes between SS and RS AFSCs. (Fold 

change >2, P<0.05). HC represents bulk analysis of 400 SS AFSCs and 400 

RS AFSCs (N=4).  Single cell analysis of 96 SS AFSC and 96 RS AFSC 

showing expression of (B) BRCA1 and (C) CDKN3. 
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induces genome wide transcriptional changes via positive feedback, 

promotes DNA replication and activates the transition from G1 to S 

phase (Bertoli et al. 2013). G1 phase genes encodes a several 

protein and upregulation in these genes is crucial for reaching G2 

and completion of cell proliferation (Kousholt et al. 2012). 

In line with the results from Figure 28, SS AFSC population showed 

strong enrichment of the genes associated with the G1 and G2 

phases. In particular, ribonucleotide reductase regulatory subunit 

M2 (RRM2), multiple sugar metabolism (MSM4), proliferating cell 

nuclear antigen (PCNA) (G1 phase) (Figure 2) and high mobility 

group protein B2 (HMGB2), tubulin beta-4B chain (TUBB4B), 

chromobox 5 (CBX5), thymopoietin (TMPO), marker of proliferation 

Ki-67 (MK167), anillin (ANLN), cyclin-dependent kinases regulatory 

subunit (CKS1B) (G2 phase) were upregulated to a high degree 

compared to RS AFSCs (Figure 30). 

Higher expression of G1 and G2 phase genes ensures proper 

regulation of the cell cycle and determinates higher proliferation 

capacity. The results from G1 and G2 genes indicated upregulated 

genes in SS AFSCs compared to RS AFSCs: cell division cycle 25C 

(CDC25C), histone H3-like centromeric protein A (CENPA), proline 

and serine rich coiled-coil 1 (PSRC1), cell division cycle associated 

2 (CDCA2), kinetochore complex component (NUF2), NIMA related 

kinase 2 (NEK2) and others.  These genes are related to cell 

division (DeLuca et al., 2002; DeLuca e al., 2003). NUF2 is an 

important checkpoint for chromosome segregation, while NEK2 is 

involved in regulation of centrosome disjunction (Chen et al., 2015). 

CDCA2 prepares the mitotic chromatin for the transition from G1 to 

the interphase. Downregulation of this gene is associated with 
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inhibition of G1 phase and arresting the cell cycle progress (Uchida 

et al. 2013). 

 Clustering analysis showed the differences in the gene expression 

pattern of SS AFSCs and RS AFSCs. SS AFSCs had higher 

expression of cell cycle genes than RS AFSCs, which correlates 

with the data from Chapter 3 and confirms the finding that SS 

AFSCs have higher proliferation capacity. 
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Figure 28. Clustered heat map representation of data from G1 phase of the 
cell cycle. Fold change >2, P<0.05.  
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Figure 29.  Heat map of HC showing the expression of genes in the G2 
phase of the cell cycle in SS AFCS and RS AFSCs.  
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5.2.3  Upregulation of mesenchymal genes in SS AFSCs 

 
To investigate the heterogeneity of the two subtypes towards the 

mesenchymal lineages, we sequenced the cell surface genes. Wide 

distribution of genes was observed with various differences in the 

expression between RS and SS AFSCs (Figure 31). Part of the 

MSCs criteria is the expression of CD90 (Thy-1), CD105 (Endoglin) 

and CD73 and the lack of CD34, CD14 and CD45 (Lv et al. 2014; 

Dominici et al. 2006). CD105 and CD90 are upregulated in SS 

AFSCs but not in RS AFSCs. These results confirm the finding from 

Chapter 3. CD90 is a stemness marker and downregulation is 

associated with differentiation, suggesting the more differentiated 

state of RS AFSCs compared to SS AFSCs (Moraes et al. 2016). 

CD105 indicates multipotency and its reduced expression correlates 

with the differentiational status of the cells (Jin et al. 2009; Hau et al. 

2017). Figure 28B represents the single cell analysis of CD105 and 

it clearly indicates the downregulation of all RS cells (bottom left) 

and the upregulation in SS AFCSs respectively (upper right corner). 

CD14 is a co-receptor that detects of 

bacterial lipopolysaccharide (LPS) and is usually not expressed in 

MSCs (Kitchens., 2000). CD34 also not expressed in MSCs, since it 

is marker of hematopoietic stem cells (HSCs) and hematopoietic 

progenitor cells (Sidney et al., 2014). Both of these markers were 

not seen in SS AFSCs and RS AFSCs. 

 Gene expression profile of CD73, CD105, CD44 and CD90 is 

presented in Figure 31. The fold change indicates the differences 

between the SS AFCS and RS AFSCs. CD90 is 45.31 times more 
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upregulated in SS AFSCs compared to RS AFSC. Additionally, 

CD90 is 40.51 more upregulated in the spindle population. 

Genes downregulated in RS AFSC compared to SS AFSC include 

Intracellular adhesion molecule 3 (ICAM3), fibroblast growth factor 

receptor 2 (FGFR2), CD84, Platelet endothelial cell adhesion 

molecule (PECAM), CD96, toll-like receptor 6 (TLR6). ICAM3 

mediates critical intercellular adhesion events in the immune system 

while PECAM regulates leukocyte trafficking and vascular 

permeability (Lertkiatmongkol et al., 2017). 

Another difference between the distinct population is the 

downregulation of intracellular adhesion molecule (ICAM)1, 

epithelial cell adhesion molecule (EPCAM), CD40, integrin beta-3 

precursor (ITGB3), toll-like receptor 4 (TLR4) and CD58 in SS 

AFSCs compared to RS AFSCs. CD40 is a glycoprotein part of the 

TNF family  (Matsubara et al. 2016). ICAM1 is a transmembrane 

protein  participating in the trafficking of inflammatory cells and  

expressed in endothelial cells (Hubbard & Rothlein 2000). EPCAM 

is involved in cell signalling and migration and is exclusively 

expressed in epithelia and epithelial-derived derived neoplasms.  

 

PTA analysis gives more details in terms of the heterogenicity of the 

RS population.  For example, EPCAM is upregulated in majority of 

the RS AFSC, but some cells show upregulation of that particular 

gene. In comparison, SS AFSC is homologous population not 

expressing EPCAM (Figure 31C). 

 

To conclude, SS AFCSs have upregulated mesenchymal genes 

compared to RS AFSCs, which complies with the data in Chapter 3 

and suggest the MSCs origin of these cells.  
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Figure 30. Heat map representing the relative gene expression of 30 cell 
surface markers in the two AFSC sub-populations. (A) Expression of cell 

surface makers in SS and RS AFSCs from the bulk analysis. (B) PCA analysis 

of ENDOGLIN of single cell SS AFSC and RS AFSC (C) Single cell analysis 

showing the expression of EPCAM in SS and RS AFSC. SS cells are in the top 

right corner. RS are in the bottom left.  
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Symbol RS AFSC SS AFSC Fold change p Value  

CD105 4.3 197.1 45.3 5.12E-53 

CD90 23.1 935.8 40.5 6.18E-100 

CD44 753.1 2892.8 3.8 3.61E-26 

CD73 305.1 870.1 2.8  1.18E-14 
 
Table 12. Comparison of mesenchymal gene expression between RS 
AFSCs and SS AFSCs. Genes are ranked by fold change. Fold change 

represents the difference between the two subtypes.  

 

 

5.2.4 CXC12 gene upregulated in SS AFSCs 
 

The chemokine family consists of small cytokines and signal 

proteins that are secreted by cells (Turner et al, 2014). 44 

chemokines have been identified in the human genome. They are 

relatively small (8-12 kDa) and have three to four cysteine residues 

(Nomiyama et al., 2013). 

 CXCL12 is usually seen in MSCs and it plays a key role in both 

physiological and pathological processes such as haematopoiesis, 

angiogenesis, embryogenesis, migration and inflammation. 

Moreover, CXCL12 activates hematopoietic progenitor cells, in 

addition to most leukocytes and stem cells (Struyf et al., 2018). It 

is crucial for mesenchymal chemotaxis and in migration towards 

the injured tissue (Marquez-Curtis & Janowska-Wieczorek 2013). 

Recently it was shown that younger MSCs have higher expression 

of CXCL12 than older MSCs (Medeiros Tavares Marques et al. 

2017).Upregulation of CXCL12 in SS AFSCs is not surprising due to 

the fact that these cells express other MSCs markers. In 
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comparison, CXCL12 is not detected in RS AFSCs. Single cell 

analysis confirms the results from the bulk analysis showing the 

individual SS AFSCs and RS AFSCs and the upregulation and 

downregulation of CXCL12 respectively. 

 

The chemokines CXCL6 (GCP-2) and CXCL16 are both slightly 

upregulated in RS AFSCs compared to SS AFSCs. CXCL6 is 

found in macrophages and MSCs during inflammation (Linge et al., 

2008) whereas CXCL16 is multifunctional protein, expressed 

mainly by macrophages and dendritic cells. Its production by other 

cells types remains controversial (Tohyama et al., 2007) (Figure 

32). 
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5.2.5 Bulk transcriptome analysis of the CCL chemokine family 
 

Several genes expressed by SS and RS AFSCs are involved in the 

recruitment of the immune cells and therefore in protecting the body 

against infection (CCL2 and CCL5) (Figure 6). CCL2 plays an active 

role in recruiting monocytes, dendritic cells and memory T cells 

(Deshmane et al.,2009; Yoshimura et al., 1989). It is produced by 

many cell types such as epithelial, smooth muscle, astrocytic, 

monocytic and microglial cells (Brown et al., 1992; Standiford et al., 

1991; Barna et al., 1994). Both populations express CCL2, however 

this gene is slightly more upregulated in RS AFSCs. CCL5 is 

expressed at lower levels than CCL2 in both subtypes (Figure 6) 

and recruits a variety of leukocytes such as basophils, eosinophils, 

macrophages and T cells to the site of injury (Soria et al., 2008) 

(Figure 33). 
 

 
 
Figure 32. Gene expression heat map of CCL family in SS AFSC and RS 
AFSC. (Fold change >2, P<0.05). 
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5.2.6 Upregulation of IL11 and IL15 observed in both 
populations 
Interleukins (IL) are group of cytokines with variety of 

immunomodulatory functions such as adhesion, proliferation, 

migration, differentiation and maturation in cells and tissues. The 

function of each IL is complex and depends on the cell that 

produces it (Brocker et al., 2010).  SS and RS AFSCs share 

similarities in terms of high levels of expression of IL15 and IL11, 

with IL11 being slightly upregulated in SS AFSCs and IL15 being 

slightly upregulated in RS AFSCs, and low levels of expression of 

IL10 (Figure 34).  IL10 is anti-inflammatory cytokine that limits the 

host immune response to pathogens and thus prevents damage to 

the host (Subramanianlyer and Cheng., 2013). Despite various 

similarities between the two cell subtypes, IL18 is only expressed in 

RS AFSCs. IL18 is important cytokine involved in the host defence 

and it is expressed in various epithelial cells but not seen MSCs 

(Nowarski et al. 2015; Krásná et al. 2005) (Figure 34).  

 

 

 
Figure 33. Transcriptome analysis of interleukin genes. HC of interleukin 

genes that showed over a 2-fold change in RS and SS AFSC. 
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5.2.7 Transcriptome analysis of focal adhesion genes in AFSCs  
 
Cell migration is another key physiological process observed in stem 

cells. Various reports have uncovered the mechanisms and the 

responsible genes underlying cell migration process (Paluch et al. 

2016). We have observed some of these important genes in the 

transcriptome analysis of AFSCs: Fibronectin 1 (FN1), Integrin beta-

1 (ITGβ1), secreted protein acidic and cysteine rich (SPARC), 

connective tissue growth factor (CTGF), transforming growth factor 

beta 1 (TGFβ1), versican (VCAN) and integrin beta -6 (ITGB6) are 

expressed at high levels in both subpopulations.  While integrin 

subunits alpha 8 (ITGA8), integrin subunit alpha 7 (ITGA7), a-

disintegrin like and metalloprotease with thrombospondin type 1 

motif 13 (ADAMTS13) are expressed at low levels (Figure 35). 

Fibronectin is involved in cell adhesion, growth and migration. In 

addition, supports the organization of the cartilage matrix and 

supports the deposition of collagen. It is mainly expressed by 

hepatocytes; however, it can be detected various stages of 

differentiated cells. Reports are also showing expression of FN1 in 

MSCs (Singh & Schwarzbauer 2012).Secreted phosphoprotein 1 

(SPP1, OPN) is downregulated in SS compared to RS AFSCs 

(Figure 8). OPN is important for recovery after injury or infection and 

bone modelling. It is usually increased in an inflammatory 

environment (Denhardt and Noda., 1998).Extracellular matrix 

protein 1 (ECM1) and thrombospondin-2 (THBS2) are 

downregulated in RS compared to SS AFSCs (Figure 35). ECM1 

mediates angiogenesis and is involved in the maturation and growth 

of various cells (Han et al., 2001). THBS2 regulates cell-cell and 
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cell-matrix interactions and functions as tumour inhibitor (Wang et 

al., 2016). 

 

  
Figure 34. Expression of focal adhesion family genes in SS and RS 
AFSCs.  
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5.2.8 Methylation-associated gene expression in SS and RS 
AFSCs 
 

Most genes involved in DNA methylation are expressed at high 

levels in both SS and RS AFSCs. Overall, the expression is stronger 

in SS AFSCs. Again, the two subtypes show similarities in the levels 

of expression of the majority of genes including SERPINE1, 

metallopeptidase inhibitor 1 (TIMP1), caveolin (CAV2), caldesmon 

(CALD1) and N-cadherin (CDH2) amongst others. SERPINE1 is 

also called plasminogen activator inhibitor 1 (PAI-1). It mediates blot 

clotting and thus preventing blood loss (Simone and Higgins., 2015) 

(Figure 36). 

TWIST1, SNAIL1, six transmembrane epithelial antigens of the 

prostate 1 (STEAP1) and nudix hydrolase 13 (NUDT13) are 

expressed in SS AFSCs but not in RS AFSCs (Figure 36). TWIST1 

is essential during development for the formation of cells that later 

form bone, muscle and other cells in the head and face (Wang et al. 

2017).  In addition, induce epithelial-mesenchymal transition in 

epithelial cells (L.-T. Wang et al. 2018; Mani et al. 2008; Martin & 

Cano 2010). Together, SNAIL1 and SNAIL2 are involved in 

organogenesis and wound healing. They induce epithelial-to-

mesenchymal transition by inhibition of E-Cadherin transport 

(Ganesan et al., 2016 ; Bolos et al., 2003).  

SS and RS AFSCs show difference in the expression of Occuludin 

(OCLN) (Figure 36) whereby it is expressed in RS AFSC only. 

OCLN is essential for the formation of the tight junction (TJ) 

paracellular permeability barrier (Kohaar et al., 2010). OCLN is 

found in cultured urine cells (S.-Z. Zhang et al. 2016).	
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Figure 35. Transcriptome analysis of methylation genes.   
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5.2.9 Transcriptome analysis of TGFβ  family genes  

 

Six genes from the TGFβ family were analysed (transforming growth 

factor β2 (TGFβ2), interleukin18 (IL18), leukemia inhibitory factor 

(LIF), complement c5a anaphylatoxin chemotactic receptor 1 

(C5AR1) and formyl peptide receptor 1 (FPR1). Interestingly, none 

of these genes were found to be expressed in the SS AFSC 

population. However, TGFβ2, IL18 and LIF were upregulated in RS 

AFSCs (Figure 37A). Single cell analysis confirmed the upregulation 

of TGFβ2 in RS AFSCs (Figure 37B). IL18 is pro-inflammatory 

cytokine usually found in macrophages, however recent reports 

found this gene in renal tubular epithelial cells. It mediates fibrotic 

renal injury (Franke et al. 2012).The TGFβ family consists of 

multifunctional cytokine with an immunosuppressive function (de 

Larco and Todaro 1978; Roberts et al., 1981; Chen and Ten., 2016).  

TGFβ has been studied extensively due to its ability to promote and 

supress tumour growth (Bierie and Moses., 2006; Ohtani et al., 

2018; Gigante et al., 2012). It is believed that this gene is usually 

produced by cancer cells whereby it prevents tumour infiltration by 

both innate and adaptive immune cells (Flavell et al., 2010; Speiser 

et al.,2016).IL18 functions in the activation of Th1 and NK cells via 

NF-κB activation, which induces inflammatory chemokines 
(Kaplanski et al., 2018).LIF plays a role in the activation of the signal 

transducer and activator of transcription (STAT)3 signalling pathway. 

It is involved in hematopoietic differentiation in normal and myeloid 

leukemia cells and regulates the mesenchymal-to-epithelial 

transition during kidney development (Boeuf et al., 1997).	
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Figure 36. Heat map of (A) HC and (B) PCA single cell analysis indicating 

differently expressed TGFβ  family genes between SS and RS AFSCs. (Fold 

change >2, P<0.05).  
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5.2.10 Transcriptome analysis of NF-kB family genes 
 

Interestingly, I observed higher levels of expression of NF-kB family 

genes in RS AFSCs compared to SS AFSCs. Some NF-kB family 

genes are exclusively expressed in RS AFSCs such as ICAM1, 

baculoviral IAP repeat containing 3 (BIRC3) and Cluster of 

Differentiation 83 (CD83).  ICAM1 (CD54) is involved in cell-cell 

adhesion and stabilization of cell-cell interactions (Abraham and 

Colonno., 1984). The main function of BIRC3 is to inhibit apoptosis 

by binding with tumour necrosis factor receptor-associated factors 

TRAF1 and TRAF2. CD83 which is found in RS AFSC is marker of 

dendritic cells (Aerts-Toegaert et al., 2006). 

STAT1, nuclear factor kappa B subunit 1 (NF-kB1) and NF-kBIA are 

up-regulated in both populations. However, the expression is slightly 

higher in RS AFSCs. STAT1 is regulates multiple immune system 

functions and mediates IFN-α/β signalling (Boisson- Dupuis et al., 

2012). 

NF-κB is involved in a wide range of cell processes including growth, 

differentiation and survival. It activates various stimuli such as 

cytokines, oxidant-free radicals, viral and bacterial products (Hayden 

and Ghosh., 2012). Tumour necrosis factor alpha-induced protein 2 

and 3 (TNFAIP2) and (TNFAIP3) were found to be expressed in RS 

AFSC only. These genes are involved in inflammatory responses. 

The proteins encoded by them can inhibit NF-kB pathway and TNF-

mediated apoptosis (Fujii et al., 2018). 
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Figure 37. Heat map of NF-kB family expression in SS AFSC and RS 
AFSCs.  
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gene are regulator of nephrogenesis progenitor cells and it is 

responsible for temporal and spatial nephron differentiation 

(Arcolino., 2016). 

The expression of these genes in RS AFSC suggest the existence 

of subpopulation of AFCSs cells with renal origin. 

 
 

Symbol RS AFSC SS AFSC Fold 
change 

p value 

PAX2 32.6 0.35 0.0107362 9.27E-18 

LHX1 153.6 0.1 0.00065104 5.27E-58 

HNF1B 76.85 0.35 0.00455433 7.31E-35 

ADAMTS16 86.35 0.6 0.00694847 8.31E-37 

C3AR1 11.6 0.1 0.00862069 8.18E-08 

HOXD11 6.85 0.1 0.01459854 7.96E-05 

EPCAM 178.85 3.35 0.01873078 3.20E-51 

NOG 406.6 16.6 0.04082637 1.93E-62 

SIX2 13.6 0.1 0.00735294 5.30E-09 

PROM1 
(CD133) 

5.6 0.1 0.01785714 0.00053448 

CD24 232.85 0.6 0.00257677 2.58E-72 

HNF1B 76.85 0.35 0.00455433 7.31E-35 

L1CAM 210.1 0.35 0.00160477 9.09E-71 
  
Table 13.  Expression levels of renal related genes in SS AFSCs and RS 
AFSCs. 
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5.3 Discussion 
 

Although the transcriptome of AFSCs has been described before, 

the two subtypes were not recognised, and conclusions cannot be 

made on the basis of previous data. There is gap in the literature in 

terms of the cell identity, proliferation capacity and their gene profile. 

In this chapter I have analysed the two AF-derived cell subtypes in 

terms of their transcriptomes and the different factors they secrete in 

support of the data presented in chapter 3, we observed many 

differences between SS and RS AFSCs, confirming my hypothesis 

that they are two distinct cell populations that have different origin. 

Despite these differences, the two subtypes share set of core genes 

expression profile which is likely to result from the common source 

from which they were isolated. 

In agreement with the results from chapter 3 in which I show 

increased proliferation and decreased senescence in SS compared 

to RS AFSCs, here I show that SS AFSCs exhibit upregulation of 

genes related to cell proliferation compared to RS AFSCs. They 

express CDK family genes which regulate the cell cycle (Hochegger 

et al., 2008), the AURKA gene which is responsible for microtubule 

formation and stabilization, in addition to VCL and CDK6 (Figure 

28). They also have more upregulated G1 and G2 cell cycle phase 

genes than RS AFSCs and some of the genes related to cell 

division are uniquely expressed in SS AFSCs (Figures 29 and 30). 

To tackle the next issue related with the origin of AFSCs, I have 

examined the mesenchymal markers at gene level. Transcriptome 

analysis was conducted for the expression of cell surface genes. As 
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shown in chapter 3, SS AFSCs comply with the MSC criteria whilst 

RS AFSCs lack the expression of ENDOGLIN (CD105) and 

THY1(CD90) which are key MSC markers (Figure 31). In addition to 

MSC markers, renal related genes were also examined. Data 

showed that RS AFCS express all 13 genes (Table 12), while SS 

AFSCs not. This comply with the data from chapter 3 and the 

previous report of the existence of third trimester AFSCs population 

with renal origin (Rahman et al. 2018a). 

Chemokine expression, to allow cell migration, is another key 

feature of MSCs. As expected, I saw that the chemokine family 

genes were upregulated in SS compared to RS AFSCs (Figure 32 

and 33).  CXCL12  was higher in SS AFSC according to the 

transcriptome.  

Focal adhesion family genes were found to be expressed in both 

subtypes. These genes are important for cell-cell communication, 

the contact between the cell and the extracellular matrix and the T 

cell-mediated immune response. Recent studies have shown that 

ICAM1 and VCAM1 induce MSC-mediated immunosuppression in 

conjunction with other chemokines (Ren et al., 2011) by facilitating 

the interaction between MSCs and T cells during inflammation. Both 

genes are found in the transcriptome of both subtypes (Figure 31). 

However, many core MSC genes such as CD73, CD44 and CAV2, 

were shown to be expressed in both subtypes (Figure 31). TGFβ2, 

IL18 and LIF were found to be expressed only in RS AFSCs (Figure 

34). LIF is involved in the activation of STAT3 pathway and 

mesenchymal-to-epithelial transition during kidney development 

(Boeuf et al., 1997). The higher expression of LIF suggested that RS 

AFSC are more epithelial like cells. SS AFSC are mesenchymal, 
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because they express genes that inhibit E-Cadherin and are 

involved in epithelial-to-mesenchymal transition (Figure 36). 

Another difference is the expression of NF-κB related genes. NF-κB 

is an important cell signalling pathway that takes part in ell growth, 

differentiation and activation of various other pathways such as 

response to inflammation (Hayden and Ghosh., 2012). 

RS AFSCs have higher expression of these genes (Figure 38). 

Hawkins et al., (2017) shows that cells with increased NF-kB 

activation have more anti-inflammatory potential (Hawkins et al. 

2018). Another study that compare the effect of RS and SS in the 

brain shows that SS AFSCs have more anti-inflammatory potential 

then RS AFSCs in vivo (Corcelli et al., 2017). This data corresponds 

to the finding of the transcriptome, since genes for proteins that 

inhibit NF-kB are upregulated in RS AFSCs, therefore they will have 

lower NF-kB activation. 

In conclusion, heat maps in this study were proven useful for 

providing information about the transcriptomes by families of SS 

AFSC and RS AFSCs and for providing information about the core 

signature profiles of both subtypes. SS AFSCs and RS AFSCs 

share some features such as expression of focal adhesion family 

genes (Figure 35) and methylation genes (Figure 36). However, 

they differ in terms of expression of G1 and G2 phase genes (Figure 

29 and 30), in expression of signalling pathways such as TGFb 

family genes, NF-kB family genes. RS AFSCs are less proliferative 

due to downregulation of cell cycle genes. They are also epithelial 

like cells, expressing genes that are involved in epithelial-

mesenchymal transition and renal specific genes. RS AFSCs lack 

key MSCs markers such as ENDOGLIN and THY-1 (Figure 31).  
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In comparison, SS AFSC are of mesenchymal origin, expressing 

core MSC genes. They have higher proliferation rate and up-

regulated cell cycle genes (Figure 28). To conclude, transcriptome 

data highlighted the difference between SS AFSC and RS AFSCs 

and expand our knowledge in terms of what cells are secreting and 

their origin. 
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6.1 Introduction 
 
 
Human AFSC have emerged as a promising cell therapy strategy for 

many diseases, including both immunological and non-

immunological disorders. Although the mechanism of action has not 

yet been discovered, various reports have suggested potential 

mechanisms that could underlie the effect of AFSCs (Morigi & De 

Coppi 2014; Ruttenstock et al. 2016; Villani et al. 2014). The 

therapeutic potential of AFSCs relies on their ability to: 1) 

differentiate into various lineages, 2) migrate to the site of injury 3) 

secrete soluble factors to promote cell proliferation and survival and 

4) modulate the immune response. 

Due to the numerous reports claiming low engraftment and poor 

survival of AFSCs following transplantation, it has recently come to 

light that the repair capacity of these cells might be due to paracrine 

effect (Ruud A Bank 2015; Ranzoni et al. 2016). Release of active 

biological factors such as cytokines, chemokines and growth factors 

alter the microenvironment and mediate repair by preventing 

adjacent cells from undergoing apoptosis and stimulate their 

proliferation (Lazzarini et al., 2016; Bollini et al., 2018; Roubelakis et 

al., 2012). 

The paracrine hypothesis of AFSCs is supported by reports that 

demonstrate the benefits of the conditioned medium (CM). For 

example, AFSC-CM improved the wound healing response in 

ageing skin by promoting  proliferation of dermal fibroblasts and skin 

epidermal cells (Huh et al. 2014). Another study reported increased 

angiogenesis in injured ovaries and enhanced tube formation of 
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umbical vein endothelial cells in response to AFSC-CM (Zhang et al. 

2017). Studies such as these, showing the therapeutic abilities of 

AFSCs, has led to further investigation of secreted factors and more 

specifically, the exosomes that contain these secreted factors. 

Exosomes have been proposed to be the primary mediators of the 

paracrine mechanism of action (Han et al 2016; Tkach and Thery 

2017). They represent a new therapeutic option in regenerative 

medicine by avoiding tumour formation, stem cell graft and 

abnormal differentiation when compared to the stem cells graft 

(Munoz et al. 2013; Howitt & Hill 2016; Basu & Ludlow 2016a). 

Exosomes derived from MSCs can influence a tissue’s response to 

injury, in addition to exerting immunomodulatory effects on the 

activation, differentiation and function of lymphocytes (Nojehdehi et 

al. 2018; Chen et al. 2016). It has been shown that exosomes 

contain cytokines, growth factors, lipids, mRNAs and miRNAs (Toh 

et al. 2018; Ferguson et al. 2018). However, their content varies and 

depends on the cell type of origin (de la Torre Gomez et al. 2018). 

Little is known about the function and the content of exosomes 

derived from AFSCs. Recently, it has been shown that they are 

protective against toxic substances and are involved in 

angiogenesis in vivo (Balbi et al 2017). Additionally, a renoprotective 

effect in animals with Alport syndrome was observed. AFSC-derived 

exosomes reduced endothelial damage and  changed the 

microenvironment to protect glomerular function from further 

damage (Sedrakyan et al. 2017). 

However, these studies have not considered the heterogeneity of 

the AFSCs. To date, a full characterization of SS AFSC-derived 

exosomes has not been performed and their effect on osteoblasts 

has not been investigated. 
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In the first part of this chapter, I have performed cytokine and 

angiogenesis arrays to identify factors released in the CM by RS 

and SS AFSCs. I have identified proteins involved in immune 

system signalling such as IL6, IL8 and MCP-1, factors that remodel 

the extracellular matrix such as TIMP-1 and collagens, growth 

factors such as VEGF, IGFBP7 and GM-CFS and other chemokines 

important for physiological processes such as CXCL12 and CXCL1.  

I have then compared RS and SS AFSCs in terms of their levels of 

production of these factors and proposed the sub-population with 

the highest clinical application.  

In the second part of this chapter, I have described the isolation, 

characterization and function of pure populations of SS AFSC-

derived exosomes. These exosomes were isolated by size exclusion 

chromatography (SEC) and visualised by transmission electron 

microscopy (TEM). Particle and protein levels were measured by 

nanoparticle tracking analysis (NTA) and the cytokine and 

angiogenesis cargos were analysed using arrays specific for these 

factors. Lastly, I have shown the response of fetal osteoblasts to SS 

AFSC-derived exosomes, which included quantification of the levels 

of calcium deposition and bone mineralisation.  
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6.2 Results 
 
6.2.1 Secrotome analysis of AFSCs 
 
Despite the reports showing the beneficial effect of AFSC-CM in 

various conditions, the secretome of AFSCs has not yet been 

established. Moreover, the existence of two distinct populations of 

AFSCs needs to be considered and their secrotome must be 

examined separately. Data from Chapter 3 and 5 suggested that SS 

AFSCs and RS AFSCs are of different origin, and therefore exhibit 

different phenotypes, and proliferation and differentiation capacities. 

Therefore, I have hypothesised that their secretome will differ and I 

have performed cytokine and angiogenesis arrays to address this 

hypothesis. 

 
 6.2.2 Cytokine array on SS AFSC-CM and RS AFSC-CM 

 

A cytokine array was used to compare the cytokine production 

between SS and RS AFSCs. CM was collected after 48 hours of SF 

conditions from 3 samples, pooled together and analysed for the 

presence of 36 cytokines.  

Interestingly, we observed the production of more cytokines in RS 

AFSCs compared to SS AFSCs. Whilst migration inhibitory factor 

(MIF), plasminogen activator inhibitor-1 (SERINE1) and stromal cell-

derived factor 1 (CXCX12) were present in both RS and SS AFSC-

CM, IL6, IL8, ICAM-1 and CXCL1 were additionally present in RS 

AFSC-CM (Figure 40). Dot plot A (SS AFSC) and C (RS AFSC) 

(Figure 39) shows the membrane with the cytokines expressed. 
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Unlabelled pairs of dots represent controls (Figure 39A and C). Bar 

chart of the expressed cytokines in both subtypes is shown on 

Figure 39 B and D.  MIF and SERPIN1 have higher expression on 

RS AFSC, while CXCL12 as seen in transcriptome data is higher in 

SS AFSC (Figure 39E).  
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Figure 38. Secretome analysis of SS and RS AFSCs. The cytokines MIF, 

SERPINE1 and CXCL12 were detected by protein arrays in cell culture 

supernatant from both SS and RS AFSCs. (A) Dot blot of SS AFSC and (C) dot 

plot of RS AFSC. The three unlabelled pairs of dots in the corners represent 

protein array quality controls. (B) and (D) represents relative expression of the 

cytokines seen in SS and RS AFSC respectively. (E) Densitometric analysis 

showing comparison of SS AFSC and RS AFSC levels of production relative to 

the control spots. 

 

6.2.3 Angiogenesis array on SS AFSC-CM and RS AFSC- CM 
 

To investigate the ability of the SS AFSCs and RS AFSCs to secrete 

angiogenic factors, CM was collected from the cells after 48 hours in 

SF conditions and analysed for 55 human angiogenesis-related 

proteins as described in Material and Method section. 

RS AFSC produced most of the same factors as SS AFSCs. 

However, the levels of production were different in that TIMP1, 

ENDOTHELIN 1, SERPINE1, IL8 and THROMBOSPODIN 1 had the 

highest expression (Figure 40E). 

E 
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Overall, RS AFSC had higher expression, VEGF and urokinase-type 

plasminogen activator (uPa) were the only exception in this array 

(Figure 40 E). Higher expression of VEGF in SS AFSC is also seen 

in the transcriptome analysis. 

TIMP1, MCP-1, IL8, IGFBP-3, ENDOTHELIN1 and HB-EGF were 

found only in RS AFSC.  To compare PIGF were only seen in SS 

AFSC. 
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Figure 39. Angiogenesis array of SS AFSC-CM and RS AFSC.   (A) and (C) 

Membrane containing the levels of the angiogenesis related proteins expressed 

by SS AFSC and RS AFSC. Dot blot of 55 angiogenesis-related proteins. The 

three-unlabelled pairs of dots in the corners are controls. (B) and (D) Analysis of 

the membrane. Relative expression of the factors secreted by SS AFSC and 

C 

D 

E 
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RS AFSC respectively. (E) Summary of the levels of production relative to the 

control spots of both subtypes. 

	

 

6.2.4 ELISAs of SS AFSC and RS AFSC 
 

ELISAs for VEGF, IFNγ and NEUROSERPIN in 48h CM were 

performed to validate the results of the arrays and further examine 

the secretome of AFSCs. While VEGF was produced at higher 

levels in SS AFSCs as seen in angiogenesis array. RS AFSCs had 

low levels of expression of VEGF in the transcriptome analysis 

therefore this result agrees with it (Figure 41A).  As oppose to RS 

AFSC, SS AFSC had higher levels in angiogenesis array and the 

transcriptome. Therefore, the results from the ELISA corresponds to 

the data so far. We also observed higher levels of production of IFNγ 

RS AFSCs compared to SS AFSCs (Figure 41B). NEUROSERPIN 

levels were similar in both subtypes (Figure 41C). 
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Figure 40. Detection of CXCL12, VEGF, IFNγ  and NEUROSERPIN in human 

SS and RS AFSC-CM by ELISA.  ELISA for the detection of (A) VEFG (B) IFNγ 

and (C) NEUROSERPIN in SS and RS AFSCs. Graphs show the mean ± SD. n 

= 3. A students t-test was performed * p <0.05; ** p<0.005; *** p<0.0005; NS – 

non-significant 
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6.2.5 Rationale behind using SS AFSCs for exosome extraction 

SS AFSCs represent homogeneous population of multipotent stem 

cells, capable of differentiating down the osteogenic and adipogenic 

lineages. Moreover, they secrete anti-inflammatory and 

immunomodulatory factors. SS AFSCs exhibit a higher proliferation 

capacity and senesce later in culture compared to RS AFSCs. 

Additionally, SS AFSCs demonstrated neuroprotective potential in 

the brain whilst RS AFSCs did not (Corcelli et al. 2018). When 

compared to the RS AFSCs, SS AFSCs seem to be the population 

with the greatest potential for regenerative medicine. Consequently, 

I have examined the exosome production of SS AFSCs only. 

6.2.6 Isolation of SS AFSCs exosomes by SEC 

SS AFSCs were isolated from second trimester amniotic fluid (AF) 

and selected on the basis of positive CD117 expression. Cells were 

then expanded before being cultured in serum free (SF) conditions 

to eliminate any contamination with FBS (Webber & Clayton 2013)  

for 48 hours prior to exosome isolation by SEC. The isolation 

protocol can be found in Materials and Methods section. Briefly, 

samples were concentrated and loaded onto the column. Then PBS 

was added, causing particle separation according to size. The SEC 

column contains pores which cause delay in elution of smaller 

particles such as proteins (Figure 42). The early fractions are 

expected to contain large particles such as exosomes whilst smaller 

particles and soluble protein were eluted in the later fractions.  
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Figure 41. Exosome isolation 
Schematic representation of exosome isolation from SS AFSCs (5-8x106 cells) 

using SEC. Samples are cultured in SF conditions for 48 hours prior to isolation. 

Then concentrated via ultracentrifugation and loaded onto the SEC column, 

which separates the exosomes from other particles and proteins using gravity. 

Smaller particles containing proteins are retained by the column whereas the 

fraction containing exosomes is collected and used for further analysis. 

 

 
6.2.7 SS AFSCs secrete exosomes in their conditioned medium 
 
Pilot SEC experiment was performed to indicate which SEC 

fractions contains the particles and bulk proteins. Particles were 

eluted in early fractions (4-5ml), while protein peaked at fraction 

(~10 ml) (Figure 43). Particle number of fraction 4.5 ml was 

measured by NTA on an LM10-HS Nano Sight instrument (Figure 

43C). This fraction was chosen because it had the higher peak. Size 

shown is typical exosome distribution. Early fractions provided a 
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pure population of exosomes which were free from soluable proteins 

that has eluted later between fraction 9.0ml and 12.5ml. This work 

was performed in collaboration with Mr Kaloyan Takov (The Hatter 

Cardiovascular Institute, UCL). 

The presence of particles and protein alone is insufficient to prove 

the presence of exosome in the conditioned medium (Soares 

Martins et al. 2018; Li et al. 2017; Gheinani et al. 2018; Takov et al. 

2017). Therefore, an immunoassay known as the Dissociation-

Enhanced Lanthanide Fluorescence Immunoassay (DELFIA) 

(ELISA-based assay) was used for the known exosome markers 

(CD9, CD63 and CD81) (Wu et al. 2015; Kastelowitz & Yin 2014). 

First the exosome markers were examined by separated fractions of 

(4-5ml), (5.5-6.5ml) and (7-7.5ml) (Figure 44 A-C), then fractions 

were pooled together (Figure 44D). Notably, both separated and 

pooled fractions were shown to express all three exosome markers. 

Particle fractions from Figure 43 matched the data from Figure 44, 

which shows expression of exosome markers. Importantly, markers 

were not expressed in the later protein fractions (7-7.5ml). 
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  Figure 42. Characterization of exosomes released by SS AFSCs. 

(A) and (B) Particle and protein levels by fraction. The concentration of vesicles 

and protein was measured in each fraction. Low protein levels were obtained in 

the first fractions and high protein levels were obtained after fraction 9.0. (B) 

Quantification of the concentration of protein amount in each exosome fraction. (C) 

Particle size distribution of peak vesicle fraction (4.5ml) measured by NTA on an 

LM10-HS Nano Sight instrument.  C 
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To confirm the presence of exosomes, transmission electron 

microscopy (TEM) was performed using Jeol 1010 (Jeol, 

Warwickshire, Welwyn Garden, UK). 0.5% of uranyl acetate was 

used as a negative stain to allow visualisation of the vesicles. This 

procedure was courtesy of Mark Turmaine. TEM supported the data 

obtained from SEC and showed the presence of exosomes in the 

SS AFSC sample (Figure 45). 
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6.2.8 Analysing the SS AFSC exosome cargo 
  

To investigate the contents of SS AFSC exosomes, two types of 

protein arrays were used: a cytokine array (R+D Systems, quantifies 

36 cytokines) and an angiogenesis array (R+D systems, detects 55 

human angiogenesis-related proteins). Details can be found in 

Materials and Methods section. For all experiments analysing the 

exosome cargo, the pooled fractions 4.0-5.0 ml were used. The 

cytokine array indicated the presence of three key factors: CXCL12, 

migration inhibitory factor (MIF) and endothelial plasminogen 

Figure 44. Transmission 
electron microscopy of SS 
AFSCs derived exosomes  
TEM shows the presence 

of exosomes collected 

from SS AFSCs in fraction 4.5. 

Scale: 100 nm (A) and 500 nm 

(B) 

	

B 

A 
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activator inhibitor E1 (SERPIN E1), also known as plasminogen 

activator inhibitor-1 (PAI-1) (Figure 46A and B). CXCL12 is a 

chemokine with proangiogenic function (Sánchez-Martín et al. 2011; 

Petit et al. 2007). It has been shown to promote endochrondral bone 

repair by recruiting MSCs to the desired site within the body (Sordi 

et al., 2005; Lui et al, 2013). Similarly, SERPIN E1 is essential for 

cellular responses to tissue injury (Simone and Hihins., 2015). 

Lastly, MIF plays a role in the immune system and cell growth 

(Nishihira 2000).  

 

The angiogenesis array revealed an increased number of factors 

compared with the cytokine array. The factors found at the highest 

concentrations in SS AFSC exosomes are shown in Figure 46C-D: 

coagulation factor III (CFIII), Dipeptidyl peptidase IV (DPPIV), 

Pentaxin 3 (PTX3), SERPIN E1, TIMP and urokinase plasminogen 

activator (uPA). Interestingly, PTX3 has been shown to regulate 

bone maintenance and matrix mineralization by inhibiting FGF2 

(Grcevic et al., 2018). uPA plays role in angiogenesis and vascular 

permeability (Stepanova et al., 2015). 

In summary, the main factors contained in SS AFSC exosomes 

were SDF-1, MIF, CFIII, uPA, PTX3, SERPIN E1 and PF4. 

Interestingly, SERPIN E1 was identified in both arrays. Other factors 

were also present, but at lower quantities.  
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Figure 45. Cytokine and angiogenesis-associated factor cargo of exosome 
released from SS AFCSs. Protein arrays for cytokines (A-B) and 

angiogenesis-associated factors (C-D) performed on peak exosome fractions 

(4.0, 4.5 and 5.0) derived from SS AFSCs. Duplicate top left corner, top right 

corner and bottom left corner – controls. (B) and (D) Quantification of the 

relative intensity from panels (A) and (C). Abbreviations: Coagulation factor III 

(CFIII), Dipeptidyl Peptidase IV (DPPIV), Platelet factor 4 (PF4), Pentaxin 3 

(PTX3), Serpin E1, metallopeptidase inhibitor 1 (TIMP) and urokinase-type 

plasminogen activator (uPA). 
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6.2.9 Assessing the effects of SS AFSC exosomes on human 
fetal osteoblasts 

 
Human fetal osteoblasts were derived from gestation week 20 

calvarial bones which were kindly provided from voluntary 

terminations as part of a collaboration with MRC-Wellcome Trust 

Human Developmental Biology Resource (HDBR), based on the 

UCL GOS Institute of Child Health. The protocol used was 

developed by Orriss et al. (2012) and Taylor et al. (2014) and 

adapted by Dr Rachel Sagar and Dr Anna Maria Ranzoni. A detailed 

protocol can be found in the Materials and Methods section. Briefly, 

fetal osteoblasts were cultured on tissue culture-treated plastic in 

αMEM. When grown in these conditions the osteoblasts exhibited a 

fibroblast-like morphology. This work was performed with Dr Rachel 

Sagar and Dr Mari Deguchi. 

Fetal osteoblasts were cultured in expansion medium (EM) until they 

reached confluence, upon which the medium was switched to 

osteogenic medium (OM) containing ascorbic acid, β-

glycerophosphate and dexamethasone. The media was changed 3 

times a week and exosomes were added during these media 

changes. Figure 47A shows the morphology of osteoblasts in EM 

and in OM with exosomes using phase contrast microscopy.  

Bone formation by human fetal osteoblasts was demonstrated on 

reflected light imaging when cultured in both OM alone (control 

group) and in OM with exosomes (Figure 47B). Moreover, Alizarin 

red staining indicated low levels of calcium deposition in both 

conditions (Figure 47C). Binarization of the image was performed 

with Image J to enable bone mineralisation analysis. The area 

covered by bone when osteoblasts were cultured in OM with 
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exosomes was 18.45+/- 1.932% whilst the area covered when 

cultured without exosomes was 15.59+/-1.41%. These results were 

not significant (Figure 47D). 

 

 
 
Figure 46. The effects of SS AFSC exosomes on calcium deposition in 
human fetal osteoblasts. (A) Representative phase contrast microscopy 

images of fetal osteoblasts cultured in EM and OM with exosomes after 7 days. 

(B) Reflected light images demonstrating bone formation in osteoblasts in OM 

with or without exosomes. (C) Alizarin red staining showing calcium deposition 

in osteoblasts in OM with and without exosomes. Scale bar: (A)100 µm (B +C) 

2mm. (D) Bone mineralisation analysis of human fetal osteoblasts grown in OM 

with and without exosomes. 
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6.3 Discussion  
 
In the last decade, many groups including our own have shown that 

the success of MSC treatment is largely due to the factors the cells 

secrete, rather than direct engraftment of MSCs (Corcelli et al., 

2017; Ophelders et al., 2016; Ranzoni et al., 2016). I therefore 

analysed the secretome of both populations of AFSCs via arrays 

and ELISAs. 

The secrotome include soluble proteins, nucleic acids and 

exosomes. However, the secretome is specific to individual cells. 

The results in this chapter confirmed some of the findings from the 

transcriptome analysis. For example, factors such as SERPINE1, 

TIMP and CXCL12 were identified in the array as being ones that 

were produced by both SS and RS AFSCs (Figure 39 and 40). 

CXCL12 which were higher in SS AFSC according to the 

transcriptome (Chapter 5), was also higher in the array after that 

(Figure 39). CXCL12 is a cytokine secreted by MSCs that have  

proangiogenic function and it been proposed to be potential target 

for many diseases (Janssens et al. 2018; Sánchez-Martín et al. 

2011; Sugiyama et al. 2006).  

Another typical MSC factor expressed by SS AFSCs identified in 

both the array and the ELISA is VEGF. VEGF is one of the key 

paracrine factors that plays a role in various diseases  such as lung 

injuries (Poonyagariyagorn et al. 2014), aged macular degeneration  

(Luo et al., 2013) and other ischaemic diseases (Ge et al. 2017). In 

addition, VEGF mediates the differentiation of MSCs  into 

osteoblasts and chondrocytes and it is crucial for the adherence 
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between MSCs and endothelial progenitor cells (EPCs) (Ge et al. 

2017). 

As expected, we found differences between SS and RS AFSCs. The 

latter secrete cytokines and angiogenic factors that are not secreted 

by SS AFSCs such as TIMP1, MCP-1, IL8, IGFBP-3, 

ENDOTHELIN1, IL6 and HB-EGF (Figure 40). TIMP1 is expressed 

by kidney cells and has been shown to mediate TGF-β signalling. In 

addition, it inhibits MMP activity (Park et al. 2015). Endothelin1 is 

another factor expressed by renal endothelial cells. It regulates renal 

physiology by modulating glomerular filtration and blood flow. In 

addition, it transports water, sodium and protons within the kidney 

(Kohan et al. 2011). 	

Taken together, results confirmed the findings from the 

transcriptome analysis (Chapter 5) and showed similarities and 

differences in the cytokine and angiogenesis factor expression 

between the two populations. SS AFSCs expressed typical factors 

for MSCs such as VEGF and CXCL12, while RS AFSCs expressed 

factors typical for renal cells like TIMP1 and ENDOTHELIN1. 

In the second part of this chapter, I have demonstrated the isolation 

of SS AFSC-derived exosomes. NTA was used to observe protein 

and particle separation. Two distinct peaks were obtained, and the 

particles were separated from the proteins. The particles were then 

shown to be exosomes by visualisation using TEM (Figure 45) and 

confirmation of the positive expression of the exosome markers 

CD9, CD63 and CD81 (Figure 44).  

Taken together, these results suggest that highly pure populations 

of exosomes can be obtained from SS AFSCs by using SEC 

column. 
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Exosomes derived from MSCs have been shown to have the ability 

to migrate to sites of injury and possess cardio and renal protective 

abilities (Timmers et al., 2007; Van Koppen et al., 2012). In addition, 

they have been used to successfully treat hypoxic-ischemic brain 

injury (Ophelders et al., 2016) and endothelial damage (Sedrakyan 

et al., 2017) since they are involved in angiogenesis (Balbi et al 

2017). To determine whether the cargo of SS AFSC exosomes 

contains potential therapeutic factors arrays for angiogenesis-

associated factors and cytokines were performed. Both arrays 

showed that these exosomes contain factors that could be 

responsible for mediating their beneficial effects. Of specific interest 

is CXCL12 which promotes cell migration and increases 

endochrondral bone repair.  

Currently, the effects of SS AFSC-derived exosomes on osteoblasts, 

in terms of their potential ability to enhance the differentiation and 

the proliferation abilities of the cells, remain unexplored. Here I show 

that the presence of these exosomes appeared to have no effect on 

the differentiation of non-diseased fetal osteoblasts, assessed by 

both the levels of calcium deposition and the levels of mineralisation 

(Figure 47). However, this work requires further investigation, in 

particular with regard to the ability of MSC derived exosomes to 

modulate the maturation or differentiation of diseased osteoblasts.   

In summary, SEC provided a pure population of exosomes from SS 

AFSC-conditioned medium. My findings suggest that these 

exosomes contain factors that could be responsible for their 

therapeutic activity, for example, by aiding migration to sites of 

injury.  
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7.1 Background 
 
The work presented in this thesis builds on previous studies from 

our laboratory investigating the characteristics and origin of human 

second-trimester AFSCs and their potential role as a valuable stem 

cell source in regenerative medicine. Recent report suggested 

exitance of two distinct populations of cells: RS AFSC and SS AFCS 

(Roubelakis et al. 2013). However, the heterogeneity of the two sub-

populations has not been investigated in detail and questions 

regarding the difference in terms of morphology, differentiation, 

phenotype and function between the two populations remains.  

Originally, AFCSs have been thought to have intermediate 

phenotype between ES cells and MSCs cells (Parolini et al. 2009; 

Cananzi & De Coppi n.d.; De Coppi et al. 2007b) and it was 

suggested that AFSCs express pluripotency markers in particular 

OCT4. Such statements need to be reviewed carefully with rigorous 

approach because if true they will raise some safety issues and it 

will hinder AFSCs therapeutic potential. 

In addition, limited information is available regarding AFSC 

transcriptome. Moreover, reports do not discriminate between two 

subpopulations and therefore the need of new analysis on the 

subtypes occurred. 

Stem cells were previously thought to act via trans-differentiation 

process. Whilst, it has been shown that AFCSs are capable of 

differentiation into various lineages (Markmee et al. 2017; Glemžaitė 

& Navakauskienė 2016; LI et al. 2014; Antonucci, Di Pietro, Alfonsi, 

Antonietta Centurione, et al. 2014), it additionally suggests that they 

may have are least some effects as mediator cells. Our group 
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showed that SS AFSCs, but not RS AFCSs, have anti-inflammatory 

potential in the brain, which is likely to be due to paracrine effect 

(Corcelli et al. 2018). This finding led to explore the secretome of 

both populations and to find the discrepancy underlying their 

functional differences. 

This thesis focusses on characterization of heterogeneity of human 

second trimester AFSCs, in respect of their morphology, 

immunophenotype, function, pluripotency status and their origin. 

Moreover, it shows the full transcriptome and secretome of both 

populations and examine the exosome cargo of SS AFSCs. Finally, 

after considering the data it proposes the population with higher 

therapeutic potential.  

 

7.2 Basic characterization of SS AFSCs and RS AFSCs 
 
Although AFSCs have already been characterized by others (De 

Coppi et al. 2007b; Roubelakis et al. 2012b), our understanding of 

AFSCs has changed significantly over the years making  it 

necessary to examine the cells again, with the use of new 

technological advances to give a better understanding of the true 

clinical potential of these cells. In addition, there are still gaps in 

knowledge in terms of the culture conditions of the two subtypes, 

their growth potential, co-existence and the expression of surface 

markers. 

Here I have performed a detailed characterization of SS AFSCs and 

RS AFSCs.  In this thesis, AFSCs were grown in Chang C and D10. 

These conditions were chosen because they are the most 

commonly used for AFSC culture. D10 is the preferred MSCs media, 
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while Chang C is specifically designed for AFSCs. Our results 

showed that SS AFSCs proliferate well in both conditions, while RS 

AFSCs had reduced proliferation ability in D10 compared to Chang 

C medium. Despite, being in Chang C, RS AFSCs did not perform 

as well as SS AFSCs. Different media requirements show how 

different the cells are and indicates the importance of the culture 

condition for the optimum performance of the cells. Moreover, cell 

therapies require extensive number of cells. In order to obtain 

enough cells for therapeutic use, AFCSs needs to be expanded 

extensively and the same time they have to be genetically stable. 

Therefore, it is crucial to know the favourable culture conditions for 

each subtype. Because only the proper culture conditions will 

eliminate the possibility of early senescence and will allow long-term 

culture. 

To address the hypothesis that AFSCs are MSCs the morphology 

was closely observed. SS AFSCs had fibroblast-like appearance 

and exhibited the spindle-shaped morphology typical for fetal MSCs. 

In contrast, RS AFSCs were round and cuboidal in shape and had 

an epithelial-like morphology. Morphological discrepancy is the first 

evidence of the existence of two populations and suggests that they 

might exhibit different immunophenotype. 

SS AFSCs expressed MSC markers (CD73, CD90 and CD105) 

regardless of the culture conditions (Chang C or D10) and were 

negative for the hematopoietic cell marker CD34, the leucocyte 

marker CD45 and for the monocyte associated marker CD14. This 

result complies with published literature (Spitzhorn et al. 2017; 

Loukogeorgakis & De Coppi 2016a; Ranzoni et al. 2016) and show 
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the mesenchymal potential of SS AFSCs. In comparison, RS AFSCs 

expressed CD73 in both conditions, but not CD90, and variation in 

the levels of CD105 expression was observed depending on the 

culture conditions in that CD105 was expressed at higher levels 

when the cells were cultured in Chang C in comparison to D10. 

Similar to SS AFSCs, RS AFSCs were negative for CD34, CD45 

and CD14 in both culture conditions. Reduced expression of CD90 

is associated with more differentiated state of the cells (Moraes et 

al. 2016). Whilst CD105 is important for chrondogenic differentiation 

of MSCs (Jiang et al. 2010). Reduced CD90 and CD105 in RS 

AFCSs indicates the lack of mesenchymal capacity and shows the 

discrepancy between the subtypes.  However, RS AFSCs 

exclusively express CD133, which is renal related marker expressed 

in developing and adult kidneys. 

In addition to MSC marker expression, the potential of the cells to 

differentiate down the osteogenic and adipogenic lineages was 

examined. Importantly, SS AFSCs were able to differentiate into 

osteoblasts and adipocyte-like cells while RS AFSCs failed to 

differentiate down the adipogenic lineage and their osteogenic 

differentiation was limited with no tubercular woven bone observed. 

However, calcium deposition was detected, and the early stages of 

osteogenic differentiation was seen. 

To conclude, SS AFSCs isolated form second trimester 

amniocentesis have a similar morphology to fetal MSCs. They 

express MSC markers, regardless of the culture conditions, and are 

able to differentiate down the osteogenic and adipogenic linages. 

This confirms the hypothesis that SS AFSCs are MSCs. In contrast, 
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RS AFSCs have an epithelial-like morphology and do not express all 

the MSCs markers needed to comply with the MSC criteria. In 

addition, they do not differentiate towards the adipogenic linages 

and their osteogenic differentiation is limited which suggested that 

this AF population is not MSCs like. 

In this study the proliferation capacity of SS AFSCs and RS AFSCs 

was explored in both culture conditions (Chang C and D10). SS 

AFSCs grew beyond passage 25 in both culture conditions, while 

RS AFSCs had a more limited proliferation capacity. Their 

proliferation capacity was slightly enhanced in Chang C whereby 

they reached passage 15, while in D10 they only reached passage 

10 and then they senescence. This provides further evidence for the 

different phenotypes of the two subtypes of AFSCs and 

demonstrates the optimal conditions for each subset. SS AFSCs can 

be cultured in either Chang C or D10, RS AFSCs should be cultured 

in Chang C medium. 

In addition, SS and RS AFSCs were examined for the expression of 

the MSC-associated marker Vimentin. Vimentin was expressed in 

both subtypes. However, both subtypes were negative for stem cell-

associated marker E-Cadherin. In addition, AFSCs expressed C-kit 

(CD117). C-kit is important factor which identifies stem cell 

population within AF. C-kit was used to select the stem cell 

population within the AF sample. All cells used in this study were 

isolated following the c-kit selection and later the expression was 

again confirmed. 

Additionally, the possibility of AFSCs being of renal origin was 

explored by examining the cells for the expression of renal markers. 
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It has previously been shown that third trimester AFSCs express 

some renal markers (Rahman et al. 2018a) but second trimester 

subtypes have not been assessed in this way. RS AFSCs were 

shown to express all three renal markers (BRN-1, NEPHRIN and 

CITED1) we assessed, while SS AFSCs were shown to express two 

(BRN-1 and NEPHRIN). Moreover, RS AFSCs share a similar 

morphology to renal cells and third trimester AFSCs. This is 

consistent with reports that show the kidney origin of the cells 

(Spitzhorn et al. 2017; Rahman et al. 2018b). 

7.3 OCT4 status of AFSCs 

Following the hypothesis that AFSCs have pluripotent potential as 

ES cells, some scientists reported the expression of OCT4 in AFSCs 

(Karlmark et al. 2005b; Moschidou et al. n.d.; De Coppi et al. 

2007b). However, in order to be pluripotent as ES cells, AFSCs 

have to form teratomas in vivo, to differentiate into all 3 germ layers 

in vitro, to grow in colonies and to be cultured indefinitely. Strictly 

speaking, they did not fulfil the above criteria and are more likely to 

have multipotent potential. 

Literature is still not clear whether AFSCs are OCT4 positive. Prusa 

et al. (2003) were the first to suggest that AFSCs express OCT4, 

which plays a critical role in maintaining pluripotency and is 

expressed by pluripotent stem cells such as ESCs. Subsequently, 

several groups reported the expression of OCT4 and other 

pluripotency markers in AFSCs (Cananzi & De Coppi 2012; 

Moschidou et al. 2012; Loukogeorgakis & De Coppi 2016a; 

Antonucci et al. 2011). These findings came from the hypothesis 

that AFSCs exhibit an intermediate phenotype between ESCs and 
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MSCs. However, more recently the presence of OCT4 isoforms and 

pseudogenes has been documented. We are currently aware of 

three OCT4 isoforms and eight OCT4 pseudogenes. This made the 

detection of OCT4A (the pluripotency-associated isoform) even 

more complicated and caused confusion with some reports claiming 

that AFSCs are OCT4 positive (Gholizadeh-Ghaleh Aziz et al. 2016; 

D Moschidou et al. 2013; Antonucci, Di Pietro, Alfonsi, Centurione, 

Centurione, Sancilio, Pelagatti, D’Amico, et al. 2014; Li et al. 2015) 

and others claiming the opposite (Ryan et al. 2013) 

In this thesis, I have examined the expression of the pluripotency 

marker OCT4A with the aim of addressing the controversy in the 

literature. Detecting the true pluripotency-associated isoform 

requires multiple techniques, testing antibodies for their specificity 

and understanding the OCT4 isoforms along with its pseudogenes. 

Moreover, there is a need to find appropriate antibodies and primers 

for the detection of OCT4A. This requires use of various positive and 

negative controls. Currently, almost all laboratories assess OCT4 

expression by using a single antibody and without the use of the 

appropriate controls. Problems arise since the majority of the 

antibodies are not specific and detect the OCT4B isoform or some of 

the eight pseudogenes that are similar to OCT4A. This has led to 

confusion in the field and false positive results. 

In this study, I have examined the specificity of eight antibodies by 

using six controls and three suitable techniques 

(Immunofluorescence, WB and Flow cytometry). Only two antibodies 

were shown to be specific for OCT4A. In addition, I have suggested 

how the PCR primers need to be designed in order to detect OCT4A 
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and not the OCT4 pseudogenes. This should improve our 

understanding of OCT4, its isoforms and pseudogenes and how to 

test properly for the expression of OCT4A, eliminating the possibility 

of false positive results. 

In line with the results of the antibody test and the PCR analysis, 

both SS and RS AFSCs grown in Chang C and D10 were examined 

for OCT4A, revealing that the OCT4A isoform was not expressed at 

the protein level. However, without the appropriate controls and 

specific primers, false positive results would have been reported due 

to the detection of pseudogenes.  

Although our second trimester AFSCs samples (SS AFSC and RS 

AFSCs) were negative for OCT4A, we did not exclude the possibility 

of population isolated from earlier gestation age to express OCT4A.  

Importantly, this thesis presented techniques that allow proper 

detection of OCT4A, thus offering PCR primers and antibodies that 

will allow robust examination and eliminate the chances of detecting 

the wrong isoform or pseudogenes instead. 

7.4 Transcriptome  
 
To date, a limited number of transcriptomic studies on AFSCs have 

been performed (Moschidou et al. 2012; Rahman et al. 2018b; Tsai 

et al. 2007; Kim et al. 2010; Hui et al. 2012). Yet the heterogeneity 

of the cells remained unconsidered. Here I present a full 

transcriptome analysis of SS and RS AFSCs. This analysis was 

carried out to compare both subtypes at the transcriptome level and 

to observe any discrepancies between the two populations. Single 
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cell analysis reveals new insights which cannot be seen by other 

traditional techniques. It characterizes the cellular composition in a 

novel, more detailed way therefore answering long-standing 

questions. 

 

The results indicate the presence of two distinct populations of cells, 

therefore suggesting that despite the fact that both populations are 

derived from the AF, the cells are likely to have different tissues of 

origin. Firstly, SS AFSCs were found to specifically express 

mesenchymal lineage markers while RS AFSCs express markers 

related to renal development and the regulation of epithelial cell 

differentiation towards kidney development. This data confirms the 

immunophenotypic characterization of the populations, lending 

further support to the hypothesis that SS AFSCs are of MSC origin 

and that RS AFSCs are of renal origin. Further, genes included in 

biological process that are involved in mitotic nuclear division, self-

renewal and cell division are higher in SS AFSCs. Indeed, higher 

proliferation rate and doubling time was observed in SS AFSCs 

compared to RS AFSCs.  

 

Differences in the expression of cytokines and chemokines were 

also observed. For example, CXCL12, which promotes tissue repair 

and migration to the site of injury, is upregulated in SS AFSCs 

(Roubelakis et al. 2012b; Yang et al. 2012). CXCL12 was also found 

in the secretome analysis in this study to be upregulated in SS 

AFSCs. 

 

Additional differences between the two subpopulations were 

observed in terms of the expression of components of specific 
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signalling pathways such as the TGF-β, NF-κB and BMP families. Of 

note, is the upregulated LIF, IL18 and TGFβ2 in RS AFSCs which 

perhaps is the reason why these cells fail to show neuro-protective 

effect (Corcelli et al. 2018). 

 

Nevertheless, SS and RS AFSCs showed several overlapping 

pathways of both up-regulated and down-regulated genes such as 

focal adhesion genes and methylation genes with some exceptions 

(SNAIL1, TWIST1, OCLN, STEAP1 and NUTD13). Highly enriched 

cell adhesion genes in both populations makes the cells promising 

source of stem cells for transplantation and tissue regeneration. 

 

However, the two cell types differ in their expression of 

immunomodulation genes and some migration-related genes. 

Migration is an important step in tissue regeneration and the 

variation in these genes with the differences in immunomodulation is 

perhaps responsible for the functional differences observed when 

the cells were injected into a mouse model of hypoxia-ischemia 

(Corcelli et al. 2018). SS AFSCs reduced the hippocampal tissue 

loss by 47% and the TUNEL-positive dying cells in the hippocampus 

and striatum by 43-45%. In addition, microglial activation and TGFβ 

levels were reduced following injection of SS AFSCs. In comparison, 

RS AFSCs did not exhibit any neuro-protective effects (Corcelli et al. 

2018). 

 

Moreover, the injection of SS AFSCs into a mouse model of 

osteogenesis imperfecta (OI) reduced the fracture rate, improved 

bone strength and quality and regulated bone remodelling. In 
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addition, SS AFSCs were shown to lower the levels of TGFβ and 

TNFα signalling (Ranzoni et al. 2016). 

 

In summary, this study confirms the concept of having two distinct 

populations isolated from the same source that have a different 

tissue of origin. SS AFSCs are of mesenchymal origin while RS 

AFSCs might be of renal origin. The expression levels of genes 

associated with biological processes and pathways are quite 

distinct, which has implications for the fate and functional outcomes 

of transplanting the different cell types in vivo. 

 

7.5 The origin of AFSCs 

Second trimester AFSCs are potential source for regenerative 

therapy due to their high degree of accessibility and safety of 

isolation via routine amniocentesis. However, diversity of the 

isolated cells has led to uncertainty regarding the identity of AFSCs 

and in particular, their origin. 

Throughout the years, different theories were proposed about the 

origin of AFSCs. It was suggested that they originate from PGCs (D 

Moschidou et al. 2013), neural crest (Torricelli et al. n.d.) and 

hematopoietic origin (Dobreva et al. 2010; Loukogeorgakis & De 

Coppi 2016b). To date, there is no clear evidence of where SS 

AFCSs and RS AFSCs originate. Therefore, we have examined the 

subtypes and proposed a possible explanation of their origin. 

Based on their morphological characteristics, adherent cells isolated 

from amniotic fluid are classified into two groups: SS AFSCs and RS 

AFSCs. 
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They differ in size, phenotype, expression of genes and release of 

factors. SS AFSCs comply with the MSC criteria (Keating 2012; 

Dominici et al. 2006) in that they are over 99% positive for CD73, 

CD90 and CD105 and lack CD34, CD45 and CD14. In addition, they 

have a fibroblast-like appearance and are able to differentiate into 

adipogenic and osteogenic lineages. Therefore, we proposed that 

they come from the fetus itself. On the other hand, RS AFSCs do 

not fulfil the MSC criteria, instead exhibiting an epithelial-like 

phenotype and expressing renal markers (NEPHRIN, CITED1 and 

BRN-1) as observed by others (Spitzhorn et al. 2017; Rahman et al. 

2018a), thus suggesting the kidney origin of the cells. This 

hypothesis is confirmed by the transcriptome data which shows 

upregulation of kidney development genes in RS AFSCs and 

downregulation of the same genes in SS AFSCs. 

Taken together, the data presented in this thesis suggests the 

existence of distinct cell sources in mid trimester amniotic fluid. RS 

AFSCs are more abundant, and are likely to be of renal origin, while 

SS AFSCs represent the minority of the sample and are of fetal 

origin.  

7.6 The secretome of AFSCs 

Recently it has been shown that MSCs use growth factors and 

cytokines to mediate process such as apoptosis, promote cell 

proliferation and inhibit inflammation  (Ratajczak et al. 2012; T. 

Wang et al. 2018). It has also become clear that cell-cell interactions 

and the secretion of substances is vital for tissue repair. The 

secretome of a cell includes soluble proteins, lipids, nucleic acids 

and exosomes secreted into the extracellular space.  The secretome 
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is cell-specific and changes in different pathological and 

physiological states. It has been reported that the secretome alone 

is sufficient to improve numerous pathophysiological biomarkers and 

to be as efficient as the transplanted cells themselves (Vizoso et al. 

2017; Yang et al. 2013; Mita et al. 2015).  Numerous studies 

reported positive results of mesenchymal-derived cells-CM in 

various conditions such as muscle degeneration (Sevivas et al. 

2017), Alzheimer’s disease (Mita et al. 2015), osteoarthritis (Hassan 

Famian et al. 2017) and myocardial infarction (Yang et al. 2013). 

The beneficial effect of factors specifically released by AFSCs was 

demonstrated in hepatic failure (Zagoura et al. 2012) and colitis 

(Legaki et al. 2016). 

However, secretome of SS AFSCs and RS AFSCs has not been 

shown and therefore more research is needed to distinguish 

between the two subtypes and to find out why the cells have 

different function. 

In this thesis, CM was used as a cell-source secretome to compare 

the cytokines and angiogenic factors released by SS and RS 

AFSCs. Detailed analysis of SS and RS AFSC CM revealed the 

presence of the cytokines MIF, SERPINE1 and CXCL12, which 

promote tissue repair (Maroof & Kaye 2008; Yoshidome et al. 1999; 

Zagoura et al. 2012). Interestingly, CXCL12 was shown to be 

expressed by SS AFSCs in the transcriptome analysis and also 

identified in the secrotome of these cells. CXCL12 has been shown 

to pay role in various physiological conditions such as inflammatory 

response, stem cell mobilization, angiogenesis and vasculogenesis. 

Reports suggested that the mechanism of action of CXCL12 is via 
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interaction with CXCR4 (Wang et al. 2015; Tang et al. 2009). In 

addition, another study demonstrated that CXC12/CXCR4 pathway 

promote repair of traumatic brain injury (Deng et al. 2018). 

However, to date, the detailed mechanism underlying the process is 

not revealed. But highly expressed levels of CXCL12 in SS AFSCs 

might explain the neuroprotective potential of these cells and why 

RS AFCS did not have the same effect. 

Proinflammatory factors IL6 and IL8 were observed exclusively in 

RS AFSCs. Interestingly, uPA, TIMP1, ENDOTHELIN-1 and HB-

EGF were shown to be secreted at high levels by RS AFSCs. These 

factors are important for kidney regeneration and tissue repair. 

Specifically, HB-EGF is important for kidney development as it is 

responsible for distal  tubule growth  and metanephric development 

(Takemura et al. 2002) while ENDOTHELIN-1 regulates blood 

pressure and renal haemodynamic  (Dhaun et al. 2012). 

The secretion of kidney regeneration factors by RS AFSCs gives 

them potential advantage over SS AFCS for treatment of kidney 

diseases. 

 

Advances in the field of regenerative medicine led to investigation of 

active biological components produced from the stem cells. 

Exosomes are specific class of lipid-membrane bound vesicles 

which are present in the secretome. They range in diameter and 

density and are cell specific. A number of studies suggested the 

superior function of exosomes as a therapeutic candidate, however 

it has to be considered the cell type from which they are obtained 

and the isolation procedure. Balbi characterized the exosomes 

produce by AFSC, however they did considered the two subtypes 

and they did not examine the exosome content (Balbi et al. 2017). 
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Here we present the characterization of SS AFSC-derived 

exosomes.  The reason behind isolating and characterizing only SS 

AFSC exosomes is due to the fact that MSCs are known to produce 

large amounts of exosomes when compared to other cells (Vizoso 

et al. 2017). In addition, they have been shown to have effect on 

myocardial infarction (Lai et al. 2010; Cui et al. 2017), suppression 

of tumour  progression and angiogenesis (Lee et al. 2013), wound 

healing and cutaneous regeneration (B. Zhang et al. 2016) amongst 

other processes. In addition, SS AFSCs alone had neuroprotective 

effects in the brain which is suggested to be due to paracrine 

function of the cells (Corcelli et al. 2018), while RS AFSCs had no 

effect. Moreover, the paracrine effect  of SS AFSCs has been 

demonstrated in a mouse model of OI (Ranzoni et al. 2016). Lastly, 

the isolation of SS AFSCs was technically easier due to their high 

proliferation and doubling time. For the reasons above, only 

exosomes from SS AFSCs were isolated and characterized. 

The method used for exosome isolation in this thesis separates the 

proteins from the exosomes by using SEC (Sean M Davidson et al. 

2017; Takov et al. 2017; Sean M. Davidson et al. 2017). This 

method was chosen because it gives pure population of exosomes 

which are similar in size and more importantly they are separated 

from other particles and proteins. 

The exosome cargo was examined using cytokine and angiogenesis 

arrays in the same way as the CM from SS AFSCs. Unsurprisingly, 

SERPINE1, MIF and CXCL12 were detected in the exosomes as 

well as in the CM. Interestingly, CXCL12 was present at higher 
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levels in the exosomes. The angiogenesis array indicated some 

differences between the CM and the exosomes and detected 

coagulation factor III, DPPIV, TIMP in the exosomes but not in the 

CM.  

Several advantages of exosomes over CM has been reported such 

as encapsulation, storage and isolation. In addition, exosomes can 

be derived by extended cell culture and they could be stored in 

much smaller volume and for a longer period of time (Basu & 

Ludlow 2016b).  

To summarise, the secretome completed the characterization of RS 

and SS AFSCs and showed differences and similarities with regard 

to their secretion of cytokines and angiogenic factors. Exosomes 

from SS AFSCs were successfully isolated and characterized with 

some factors exclusively seen in exosomes and not in the CM. 

Exosomes might represent an ideal ‘’off-the shelf’’ source for 

regenerative therapy because of their purity, storage and no risk of 

aneuploidy. 

 

7.7  AFSCs: future perspectives and cell therapy 
avenues 

AFSCs have been a good model for cell therapy for several reasons 

such as lack of ethical concerns, differentiation potential, secretion 

of numerous cytokines, other factors and exosomes. In addition, 

they could also be easily reprogrammed by viral and non-viral 

methods. For the above reasons AFSCs have been explored in 
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preclinical trials for the treatment of heart failure (Castellani et al., 

2013) and muscular dystrophy (Zani et al., 2014; Loukogeorgakis 

and De Coppi, 2017). Recently, the idea of exosome -based 

therapies has emerged due to their advantages over other cell 

therapies. Exosomes are considered to be more stable and can 

therefore be stored without toxic cryopreservative reagents. In 

addition, there is reduced possibility of immune rejection following 

administration due to their immune privilege properties compared to 

the cell of origin. Exosomes are safer in terms of the risk of adverse 

events and tumour formation. In  fact, the clinical application of stem 

cell-derived exosomes (Kordelas et al. 2014) and the advantages of 

this type of cell-free therapy has already been reported.  Further 

research is needed to ensure that we use the stem cells in the best 

possible way. 

7.8 Conclusions and future work 
 

In conclusion, I have demonstrated the existence of two distinct 

subtypes within AF. I have performed a detailed characterization of 

both subtypes and showed that SS AFSC are of MSC origin 

because they expressed mesenchymal markers and differentiated 

down the osteogenic and adipogenic lineages. In addition, SS AFSC 

had higher proliferation rate, than RS AFCS, senesce later and were 

able to grow equally well in MSC media and amniotic fluid specific 

media.  The transcriptome confirmed their mesenchymal origin and 

showed expression of genes involved in various physiological 

processes such as migration, angiogenesis and inflammation. 

Moreover, similar to MSC, they secreted VEGF, CXCL12 and other 

cytokines that might be involved in their therapeutic potential.  In 
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addition, a pure population of SS AFSC-derived exosomes were 

successfully isolated and characterized. Their cargo was 

investigated and factors that could be responsible for their 

regenerative bioactivity were shown. 

In comparison, RS AFSC did not fulfil the MSC criteria; they did not 

express all MSC surface markers and were not able to differentiate 

into adipogenic lineages. In addition, RS AFSC preferred Chang C 

medium and did not perform well in MSCs media. However, they 

expressed kidney markers such as BRN1, NEPHRIN, CITED1 and 

the transcriptome confirmed their renal origin. Both subtypes shared 

similarities such as lack of pluripotency markers and more precisely 

OCT4A. In addition, they both secrete cytokines and angiogenesis 

factors SERPIN 1, PTX3, THROMBOSPODIN1 and many more. 

This thesis advances the stem cell field by providing detailed 

characterization of AFSCs subtypes and demonstrated the 

differences between the two subtypes which needs to be considered 

before advancing into clinical trials. 

However, more research is needed to further investigate the 

differences between the subtypes in terms of function and to study 

the effect of the exosomes in cell-free based therapies. 
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Abbreviations 
 

 

 

αMEM   Alpha-modified essential medium 

ABL1                   Abelson murine leukaemia 1 

AFSC   Amniotic fluid stem cell 

ALP    Alkaline phosphatase  

ANLN                  Anillin 

ANOVA   Analysis of variance 

ANAPC2             Anaphase-promoting complex 2 

ATM                    Ataxia telangiectasia mutated 

AURKA               Aurora kinase A 

BCA    Bicinchoninic acid 

BIRC3                 Baculoviral IAP repeat containing 3 

BMP2                  Bone morphogenetic protein 2 

BMP7                  Bone morphogenetic protein 7 

BRCA1                Breast cancer 1 

BRCA2                Breast cancer 2 

BSA    Bovine serum albumin  

CALD1                Caldesmon 

CAV2                  Caveolin 

CBX5                  Chromobox 5 

CDCA2               Cell division cycle associated 2 

CDC25C             Cell division cycle 25C 

CDK2                  Cyclin dependent kinase 2 

CDK4                  Cyclin dependent kinase 4 

cDNA   Complementary DNA 
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CKS1B                Cyclin-dependent kinases regulatory subunit 

CO2    Carbon dioxide 

CTGF                  Connective tissue growth factor  

C5AR1                Complement c5a anaphylatoxin chemotactic 

receptor 1 

DAPI   4',6-diamidino-2-phenylindole 

DAZL                  Deleted in AZoospermia 

DELFIA           Dissociation-enhanced lanthanide fluorescence 

immunoassay 

DMEM  Dulbecco’s modified eagle medium 

DMSO   Dimethyl sulphoxide 

DNA    Deoxyribonucleic acid 

dNTP   Deoxy nucleotide triphosphate 

EB            Embryoid body  

EC    Embryonic carcinoma 

ECM1                  Extracellular matrix protein 1 

EDTA   Ethylenediaminetetraacetic acid 

ELISA   Enzyme-linked immunosorbent assay 

EPCAM               Epithelial cell adhesion molecule 

EV    Extracellular vesicles 

ESC                    Embryonic stem cells 

FACS   Fluorescence-activated cell sorting. 

FBS    Fetal bovine serum 

FN1                     Fibronectin 1 

FPR1                   Formyl peptide receptor 1 

GADPH  Glyceraldehyde-3-Phosphate Dehydrogenase 

G-CSF  Granulocyte colony-stimulating factor 

HC                       Hierarchical heat map 

hESC   Human embryonic stem cells 
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hfMSC   Human fetal mesenchymal stromal/ stem cells 

HLA    Human leukocyte antigen 

HMGB2               High mobility group protein B2 

HRP            Horseradish peroxidase 

ICAM1                 Intracellular adhesion molecule 

ICM           Inner cell mass 

IFN γ           Interferon γ 

IL    Interleukin 

IL6                       Interleukin 6 

IL8                       Interleukin 8 

IL10                     Interleukin 10 

IL18                     Interleukin 18 

ITGA1                 Integrin subunits alpha1 

ITGA7                 Integrin subunits alpha7 

ITGB1                 Integrin beta-1 precursor 

ITGB3                 Integrin beta-3 precursor 

ITGB6                 Integrin beta-6 precursor 

iPSC            Induced pluripotent stem cell 

IU            International unit 

IUT            In utero transplantation 

kDa            Kilo Dalton 

LIF                      Leukemia inhibitory factor 

MIF                     Migration inhibitory factor 

MHC            Major histocompatibility complex 

MK167                Marker of proliferation Ki-67 

mRNA   Messenger ribonucleic acid 

MSC    Mesenchymal stem cell 

MSM4                 Multiple sugar metabolism 

NF-kB                 Nuclear factor kappa B  
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NF-kB1               Nuclear factor kappa B subunit 1 

NTA            Nanoparticle tracking analysis 

NUDT13              Nudix hydrolase 13 

OCLN                  Occuludin 

OPN            Osteopontin 

PAI-1                  Plasminogen activator inhibitor-1 

PBS           Phosphate buffered saline 

PCA                    Principal component analysis 

PCR            Polymerase chain reaction 

PCNA                 Proliferating cell nuclear antigen 

PDGF           Platelet-derived growth factor 

PIGF                   Placenta growth factor 

PIKK                   Phosphatidylinositol 3-kinase related kinases 

PFA           Paraformaldehyde 

PF4                     Platelets factor 4 

Pg1                     Pseudogene 1 

Pg3                     Pseudogene 3 

Pg4                     Pseudogene 4 

PTX3                  Pentaxin 3 

PSRC1               Proline and serine rich coiled-coil 1 

PUM2                 Pumilio-2 

RNA            Ribonucleic acid 

RT           Room temperature 

qPCR/RT-PCR Quantitative/real time PCR 

SDF-1   Stromal cell-derived factor 1 

SERPIN E1         Endothelial plasminogen activator inhibitor E1 

sEV    Small extracellular vesicles 

SPARC               Secreted protein acidic and cysteine rich 

SPP1                  Secreted phosphoprotein 1 
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SS-AFSCs   Spindle-shaped amniotic fluid stem cells 

STAG1                Stromal antigen 1 

TGFβ                   Transforming growth factor β 

THBS2                Thrombospondin-2 

THY1                   Thymocyte antigen 1 

TIMP                    Metallopeptidase inhibitor 1 

TJ                        Tight junction 

TLR    Toll-like receptor 

TLR4                   Toll-like receptor 4 

TMPO                 Thymopoietin 

TNFα           Tumor necrosis factor α 

TNFAIP2             Tumour necrosis factor alpha-induced protein 2 

uPA                     Urokinase-type plasminogen activator 

VCAM   Vascular cell adhesion molecule 

VCAN                  Versican 

VCL                     Vinculin 

VEGF   Vascular endothelial growth factor 
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First authored publications: 
 

Human AFSCs from mid-trimester amniotic fluid lack expression of 

the pluripotency marker OCT4AVlahova F, Hawkins KE, Ranzoni 

AM, Hau KL, Sagar R, De Coppi P, David AL, Agjaye J, Guillot PV.  

(in revision with Scientific Report) 

  
Co-authored publication: 
 

Embryonic Stem Cell-Derived Mesenchymal Stem Cells (MSCs) 

have superior neuroprotective capacity over fetal MSCs in hypoxic-

ischemic mouse brain. 

Hawkins KE, Corcelli M, Dowding K, Ranzoni AM, Vlahova F, Hau 

KL, Hunjan A, Peebles D, Gressens P, Hagberg H, de Coppi P, 

Hristova M, Guillot PV. Stem Cells Transl Med. 2018 May;7(5):439-

449. doi: 10.1002/sctm.17-0260. Epub 2018 Feb 28. 

 

Neuroprotection of the hypoxic-ischemic mouse brain by human 

CD117+CD90+CD105+ amniotic fluid stem cells. 

Corcelli M, Hawkins K, Vlahova F, Hunjan A, Dowding K, De Coppi 

P, David AL, Peebles D, Gressens P, Hagberg H, Hristova M, Guillot 

PV. Sci Rep. 2018 Feb 5;8(1):2425. doi: 10.1038/s41598-018-

20710-9. 
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TGFβ-induced osteogenic potential of human amniotic fluid stem 

cells via CD73-generated adenosine production. 

Hau KL, Ranzoni AM, Vlahova F, Hawkins K, De Coppi P, David AL, 

Guillot PV. Sci Rep. 2017 Jul 26;7(1):6601. doi: 10.1038/s41598-

017-06780-1. 
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