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Placenta-derived amniotic cells have prominent features for application in regenerative medicine. However, there are still discrepancies in the characterization of human amniotic epithelial and mesenchymal stromal cells. It seems crucial that the characterization of human amniotic membrane cells be investigated to determine whether there are currently discrepancies in their characterization reports. In addition, possible causes for the witnessed discrepancies need to be addressed toward paving the way for further clinical application and safer practices. The objective of this review is to investigate the marker characterization as well as the potential causes of the discrepancies in the previous reports on placenta-derived amniotic epithelial and mesenchymal stromal cells. The current discrepancies could be potentially due to reasons including passage number and epithelial to mesenchymal transition (EMT), cell heterogeneity, isolation protocols and cross-contamination, the region of cell isolation on placental disk, measuring methods, and gestational age.
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INTRODUCTION

Human amniotic membrane has increasingly attracted the attention of basic and clinical scientists in recent years as a promising source of cells for regenerative medicine. It is a thin avascular membrane which forms a fluid-filled sac enclosing the fetus, which consists of an epithelial layer, a basal lamina, and an avascular mesenchymal layer which includes a compact layer, a fibroblast layer and a spongy layer (Gupta et al., 2015). The epithelial layer consists of flat, cuboidal and columnar epithelial cells which are in contact with amniotic fluid. Attached to the epithelial layer is the basal lamina composed of collagen, fibronectin, and laminin (Hilmy et al., 2018). The mesenchymal layer is connected to the basal lamina and includes fibroblast-like mesenchymal stromal cells, and a defined population of HLA-DR-expressing cells with macrophage-monocyte phenotypic (Magatti et al., 2008). A spongy layer consisting of loosely arranged collagen fibers separates the mesenchymal layer and the chorion. The number of human amniotic epithelial cells (hAECs) is four to eight times greater than human amniotic mesenchymal stromal cells (hAMSCs), depending on the gestational age (Ochsenbein-Kolble et al., 2003).

Extensive research has focused on placenta-derived amniotic membrane as a potential cost-effective unlimited source of cells which could be obtained less invasively compared to procedures like bone marrow biopsy. With parental consent, the placenta could be obtained from elective caesarian sections which have lower risk of microbial contamination compared with vaginal births (Adds et al., 2001). In addition, obtaining amniotic membrane does not require any embryos to be destroyed and is associated with limited ethical considerations compared with the use of embryonic stem cells (Parolini et al., 2008). Human amniotic cells could be used rather safely due to lack of tumorigenicity (Liu et al., 2018; Abbasi-Kangevari et al., 2019). Furthermore, they do not express MHC class II surface markers and have low immunogenicity (Peric et al., 2018). Therefore, they could be used as an allogenic transplant which highlights their potential application among the elderly who do not possess sufficient pools of stem cells for autograft transplantation (Ahmed et al., 2017). Although characteristics of the cells could be affected according to the culture condition such as the components of culture medium, hAECs can sufficiently be expanded under certain culture condition and maintain their reproducible biologic characteristics including expressing major pluripotent genes as well as embryonic stem cell specific surface markers in the subculturing process (Evron et al., 2011). Like many stem cells, human amniotic cells could also be cryopreserved which makes them suitable for banking due to low costs in terms of expense, time, and human resources (Murphy et al., 2014; Yazdanpanah et al., 2015). Moreover, they have ease of isolation and self-renewal capacities which make them a promising option for applications in regenerative medicine. Human amniotic cells have the potential to differentiate into all the three germ layers including endoderm, mesoderm, and ectoderm; i.e., hepatocytes, pancreatic cells (Wei et al., 2003), cardiomyogenic (Miki, 2011), chondrogenic, osteogenic, adipogenic (Shu et al., 2011; Topoluk et al., 2017; Ghasemzadeh et al., 2018), and neurogenic cell lines (Portmann-Lanz et al., 2006).

There is a rapidly growing body of literature on clinical trials which investigate the potential application of hAECs and hAMSCs in the clinic, considering their immunomodulatory features (Yamahara et al., 2019), wound healing promotion (Prakoeswa et al., 2018), prevention and treatment of pulmonary disorders (Moodley et al., 2010; Baker et al., 2019), treatment of premature infants with bronchopulmonary dysplasia (Lim et al., 2018). In addition, they are being investigated in recruiting or non-recruiting clinical trials in Asherman's Syndrome (The Second Affiliated Hospital of Chongqing Medical University and Shanghai iCELL Biotechnology Co., Ltd, Shanghai, China, 2017) and Graft-vs. -Host Disease (PUPS and Shanghai iCELL Biotechnology Co., Ltd, Shanghai, China, 2018).

An international workshop was held in 2008 which focused on the structure of amnion and discussed isolation, characterization, and differentiation protocols for hAECs, and hAMSC, as well as the immunomodulatory properties, in vitro and in vivo preclinical studies, and cell banking strategies for these cell populations (Parolini et al., 2008). However, there are still discrepancies in the recent reports on the characterization of human amniotic epithelial and mesenchymal stromal cells. Possible causes for the witnessed discrepancies among the characterization reports need to be addressed toward paving the way for further clinical application and safer practices. The objective of this review is to investigate the marker characterization as well as the potential causes of the discrepancies in the previous reports on placenta-derived amniotic epithelial cells and mesenchymal stromal cells.



DISCREPANCIES IN CHARACTERIZATION OF HUMAN AMNIOTIC CELLS

Human amniotic cells including hAECs and hAMSCs are derived from the epiblast and hypoblast layers of amnion after 8 days of fertilization, respectively. These cells form a heterogeneous population of pluripotent, multipotent, progenitor, and mature cells (Miki and Strom, 2006; Rennie et al., 2012) which are characterized by the presence of embryonic stem cell and pluripotency markers. Moreover, the expression of epithelial, mesenchymal, and Human Leukocyte Antigens (HLAs) varies among hAECs and hAMSCs. As the amniotic membrane is adjacent to the chorion, the isolated cells of amnion origin need to be negative for hematopoietic markers to rule out hematopoietic cell contamination. In addition, hAECs and hAMSCs express various lineage-associated markers, which represents their potential to differentiate to several cell lineages as progenitor cells. Characterization markers of hAECs and hAMSCs are presented in the following categories (Figure 1, Table 1).
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FIGURE 1. The main negative (red arrows) and positive (green arrows) markers on human amniotic epithelial (hAECs) and mesenchymal stromal cells (hAMSCs). The expression of Human Leukocyte Antigens and embryonic stem cell markers on hAECs and hAMSCs is variable (sky-blue arrows). Specific markers for each category are presented in more details in Table 1.



Table 1. Characterization of human amniotic membrane-derived cells.
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Embryonic Stem Cell, Self-Renewal, and Pluripotency Markers

Although the specific phenotypic features of hAECs and hAMSCs including plastic-adherence, microscopic shape of the cells and the potential to form colony-forming units is of value in cell characterization, their identification essentially relies on characterization using markers of embryonic stem cell, self-renewal, and pluripotency which remains challenging. The expression of specific surface markers of undifferentiated embryonic stem cells including Tumor Rejection Antigen (TRA) 1-60, 1-81, Stage Specific Embryonic Antigens (SSEA)-3, SSEA-4, Octamer-Binding Transcription Factor 4 (OCT-4), Nanog, SOX-2, Kruppel-like factor 4 (KLF-4), REX-1, CFC-1, Developmental Pluripotency Associated 3 (DPPA-3), Prominin 1 (PROM-1), Paired Box Protein 6 (PAX-6), Forkhead box D3 (FOXD3), Growth differentiation factor-3 (GDF3), TFE3, and c-MYC has been studied among hAECs and hAMSCs. It has been shown that SSEA-3 and SSEA-4 are present on 9% and 44% of hAECs, respectively (Miki et al., 2005). Another study also detected SSEA-3 and SSEA-4 on hAECs, but in a different quantity: 40% and 97%, respectively (Zhou et al., 2013). While almost 10% of hAECs express TRA1-60 and TRA1-81 on their surface (Miki et al., 2005), a study suggested that TRA1-60 could be a ubiquitous marker for isolating stem cells from heterogeneous amnion epithelial cells (Koike et al., 2014). A study suggested that hAECs, but not hAMSCs, express TRA1-60, TRA1-81, SSEA-3, and SSEA-4 (Zhou et al., 2013). Consistently, it has been reported that low or no protein levels of TRA1-60 and TRA1-80 were detected on hAMSCs (Roubelakis et al., 2012; Koike et al., 2014). A study reported that only a small percentage of hAMSCs expressed SSEA-4 at P0, which decreased during P2 (Magatti et al., 2016). In contrast, it has been reported that SSEA-4 was expressed among 43% of hAMSCs (Koike et al., 2014). There are also other studies that reported the expression of SSEA-3 and SSEA-4 among hAMSCs (Roubelakis et al., 2012; Samsonraj et al., 2017).

The expression of pluripotency markers including Oct3/4, Nanog and KLF-4 is higher among hAMSCs than other sources of mesenchymal stem cells (Koike et al., 2014). In a study, reverse transcriptase-PCR analysis exhibited transcripts of Oct-3/4 among both hAMSCs and hAECs; however, immunocytochemistry confirmed translation into Oct-3/4 protein by a sub-population of hAECs, but not among hAMSCs (Bilic et al., 2008). There are studies which reported pluripotency of hAMSCs with a high expression of pluripotency-specific genes including Nanog and OCT-4 among other pluripotency genes (Miki et al., 2005; Ge et al., 2012). It has been reported that the expression of pluripotency markers including SOX-2, Nanog, KLF-4, and c-MYC decreased during the culture of mesenchymal stromal cell (Chen et al., 2015).

It has been reported that hAECs express molecular markers that are known to be essential for self-renewal and pluripotency including OCT-4, Nanog, SOX-2, KLF-4 and REX-1 at first culture (P0) and also during passages (Miki et al., 2005; Garcia-Castro et al., 2015). Term freshly isolated (P0) hAECs express mRNA of OCT-4, SOX-2, CFC-1, Nanog, DPPA-3, PROM-1, and PAX-6, while the mRNA of the pluripotency markers FOXD3 and growth differentiation factor 3 (GDF3) were not detected among hAECs population (Ilancheran et al., 2007). A study quantified the expression of pluripotency surface and molecular markers in the first culture of hAECs and through the passages by quantitative real-time PCR and immunostaining. They reported that 10%, 17%, and 52% of hAECs were positive for OCT4, SOX2, Nanog at P0, respectively. Therefore, it could be suggested that at least 10% of the isolated epithelial cells population from human amniotic membrane have pluripotency features which makes it an appropriate source for cells. The percentage of hAECs that expressed OCT-4, SOX-2, and Nanog did not change significantly during passages one to four (P1−4). Furthermore, they measured the presence of E-cadherin (CD324) which was expressed by human pluripotent stem cells and demonstrated that almost 100% of hAECs were positive for E-cadherin. Protein expression of KLF-4 and transcription factor binding to IGHM enhancer 3 (TfE3) was high in P0 culture of hAECs and increased significantly during the second passage (P2) (Garcia-Castro et al., 2015). Therefore, although both hAECs and hAMSCs express embryonic stem cell, self-renewal, and pluripotency markers, the level of marker expression remains variable.



Epithelial Cell Markers

Studies indicate that hAECs express epithelial specific markers including pan-cytokeratin (CK) 1, 2, 3, 4, 5, 6, 7, 8, 10, 13, 14, 15, 16, 19, Carbohydrate Antigen (CA) 125, Mucin (MUC) 16, EpCAM (CD326), and E-Cadherin (Nanbu et al., 1989; Diaz-Prado et al., 2011; Pratama et al., 2011; Caruso et al., 2012). It has been reported that more than 98% of hAECs express E-Cadherin and CD73 (Centurione et al., 2018). Amniotic epithelial cells showed high expression of integrin and increasing expression of CK3 and CK19 during serial passages; however, the expression of CK1 and CK14 decreased during serial passages which suggests that hAECs may be differentiated during passages (Fatimah et al., 2010). Several studies reported negative expression of epithelial cell markers by hAMSCs (Koike et al., 2014; Si et al., 2015; Phermthai et al., 2017; Magatti et al., 2018); however, a study reported low level of expression of E-Cadherin (Iaffaldano et al., 2013). Another study on hAMSCs reported that CK19 was strongly positive at passage 0 and 1 and decreased to zero level at passage 6 (Gomez Dominguez, 2008). E-Cadherin has been used as a marker to prove epithelial contamination in the characterization of isolated hAMSCs (Mariotti et al., 2008).



Mesenchymal Cell Markers

There are studies which reported that hAMSCs expressed mesenchymal markers including vimentin, CD73, CD90, and CD105. Vimentin remained strongly positive at passage 0, 1 and 6 among hAMSCs (Roubelakis et al., 2012; Koike et al., 2014; Spitzhorn et al., 2017). The expression of CD73, CD90, and CD105 increased during passages and more than 95% of hAMSCs expressed CD73, CD90, and CD105 from P2 to P4 (Samsonraj et al., 2017). A recent study confirmed that more than 90% of hAMSCs were positive for CD90 and CD73; however, they reported that CD105 was expressed only by 4% of hAMSCs (Schmelzer et al., 2019). Mesenchymal cell-related markers including CD24, CD133 and CD271 were positive on hAMSCs; however, the expression of CD271 remained controversial. A study identified mesenchymal stromal cells via CD271, while another study reported that only bone marrow-derived mesenchymal stromal cells among all types of mesenchymal stromal cells expressed CD271 (Soncini et al., 2007; Sivasubramaniyan et al., 2013). In addition, a study reported a lack of expression of CD271 on hAMSCs (Iaffaldano et al., 2013), while another study indicated that 50% of hAMSCs expressed CD271 (Koike et al., 2014).

Moreover, hAECs express mesenchymal stromal cell and mesenchymal cell-related antigens. Almost 69% and 38% of hAECs express CD73 and CD271, respectively (Zhou et al., 2013; Koike et al., 2014). The expression of CD24, CD90, and CD133 by hAECs was also observed (Fatimah et al., 2010; Zhou et al., 2013; Koike et al., 2014); however, <1% of hAECs expressed CD44 (Zhou et al., 2013; Koike et al., 2014). The expression of mesenchymal markers including vimentin and CD140-B increased on hAECs during passages, which is possibly suggestive of the epithelial-mesenchymal transition potential of hAECs (Miki and Strom, 2006; Pratama et al., 2011).



Hematopoietic Cell Markers

Almost none of the hAECs and hAMSCs express hematopoietic markers including CD14, CD34, and CD45 (Murphy et al., 2010; Koike et al., 2014; Si et al., 2015; Phermthai et al., 2017; Samsonraj et al., 2017). However, a study detected CD14, CD34 and CD45 on 10%, 3% and 17% of hAMSCs, respectively. There might be small colonies of CD14 and CD45-positive mesenchymal cells at P0, which could be attributed to human amniotic mesenchymal tissue cell contamination (Magatti et al., 2012, 2015, 2016).



Human Leukocyte Antigens

Despite hAECs and hAMSCs possess different morphology and marker expression, they have the same potential of modulating immunoreactions (Wolbank et al., 2007). The immunologic profiles of hAECs and hAMSCs showed that they both expressed very low levels of HLA A, B and C immediately after isolation (P0); however, the level of these antigens on hAECs increased significantly by P2 (Fatimah et al., 2010; Pogozhykh et al., 2015). Furthermore, a study reported that freshly isolated hAECs may express some type-I-MHC antigens including HLA-A, HLA-B or HLA-C as evaluated by a pan antibody against HLA-ABC (Magatti et al., 2015). It has been observed that hAECs displayed negligible expression of type II MHC including HLA-DR, DP and DQ (Fatimah et al., 2010), while the expression of HLA-DR on hAMSCs remained controversial. Although some studies reported negative expression of HLA-DR by hAMSCs, a study indicated that 14% of hAMSCs were HLA-DR-positive (Bilic et al., 2008; Koike et al., 2014; Magatti et al., 2016). Magatti et al. reported small groups of HLA-DR-positive hAMSCs at P0, as well. However, the level of HLA-DR deceased during P2 compared to P0 (Magatti et al., 2016).

It is worth mentioning that the low-level expression of type I HLA and the lack of expression of type II HLA markers alongside the expression of immune privileging HLA-G and co-stimulatory molecules including CD40, CD40 ligand, CD80 (B7-1), and CD86 (B7-2) on hAECs and hAMSCs demonstrates their potential immunomodulatory value in transplantation, which may enable them to be applied across the major histocompatibility barrier (Lefebvre et al., 2000; Chang et al., 2006; Banas et al., 2008; Parolini et al., 2008; Lim et al., 2013; Peric et al., 2018). In addition, hAECs and hAMSCs neither express the Programmed Death-1 (PD-1), an inhibitory receptor that is generally expressed on activated T and B cells, nor Programmed Death Ligand 1 and 2 (PDL-1/2) (Okazaki and Honjo, 2007; Wu et al., 2014).



Specific Cell Lineage Markers

Amniotic membrane cells include a heterogeneous population of stromal cells and precursor cells. These cells are clonogenic and their primary cultures could differentiate into specific cells of three germ lineages which express various markers of ectodermal, endodermal, and mesodermal cells (Miki et al., 2005).

Since hAECs and hAMSCs express specific markers of ectodermal cells derived neuronal, oligodendrocytes, and glial cells, they have shown potential for treating central nervous system disorders as well as having the capacity to produce and secrete neurotransmitters. In 2008, Sakuragawa et al. reported for the first time that these cells expressed high levels of neural cells specific antigens including RCI, A2B5, vimentin, Neurofilament proteins, microtubule-associated protein (MAP) 2, and MAP2 kinase. It has been reported that hAECs had a high expression level of neural specific markers including Musashi-1, Nestin, vimentin, PSA-NCAM, and β-tubulin-III (Kong et al., 2008). There are studies which reported the production of neurotransmitters related proteins in hAECs, including catecholamine, norepinephrine, dopamine, 3,4-Dihydroxyphenylacetic acid (DOPAC), choline acetyltransferase (ChAT) and acetylcholine (Elwan and Sakuragawa, 1997; Sakuragawa et al., 1997; Kakishita et al., 2000). They also showed high expression of glial cells specific markers including glial fibrillary acidic protein, CNPase, myelin basic protein, and Galactocerebroside (Sakuragawa et al., 2004; Portmann-Lanz et al., 2006; Kim et al., 2007; Tamagawa et al., 2008). In addition, it has been reported that fibroblast markers including matrix metallopeptidase 1 (MMP-1) and ApoD were expressed in freshly isolated hAECs; however, the expression level was low in comparison to adult fibroblasts (Koike et al., 2014). PDGF Receptor ß (CD140b) expression on freshly isolated hAECs (P0) alongside vimentin expression is negative; however, 90% of hAECs are positive for CD140b at passage 6 (P6) (Parolini et al., 2008; Miki, 2011; Alcaraz et al., 2013; Centurione et al., 2018). Hepatic markers including GATA-4 and hepatocyte nuclear factor-3ß were detected in amnion-derived epithelial cells by RT-PCR (Wei et al., 2003; Bollini et al., 2018). The expression of the hepatic markers and proteins including alpha fetoprotein (AFP) and albumin were high on both mRNA and protein levels among freshly isolated hAECs (Takahashi et al., 2001, 2002; Liu et al., 2018; Maymo et al., 2018). Amniotic epithelial cells strongly expressed glucose-sensing molecule GLUT-2 on mRNA levels which is characteristic for beta cells of pancreas and hepatocytes (Wei et al., 2003; Garcia-Lopez et al., 2015). Furthermore, albumin synthesis and excretion by hAECs have been detected by immunostaining and enzyme-linked immunoassay (Sakuragawa et al., 2000). It has been shown that undifferentiated hAMSCs expressed genes associated with hepatocytes and pancreatic cells including albumin, AFP, CK18, α1-Antitrypsin (α1-AT), hepatocyte nuclear factor 4α (HNF4α) and the pancreatic lineage-associate marker PDX-1 (Manuelpillai et al., 2011; Sarvandi et al., 2015).

Although hAMSCs originate from avascular stromal layer of the amniotic membrane, they express endothelial and angiogenic markers including von Willebrand Factor (vWF), platelet/endothelial cell adhesion molecule (PECAM-1/CD31), vascular endothelial growth factor (VEGF), vascular endothelial growth factor receptor-2 (VEGFR-2), Fibroblast Growth Factor (FGF) and angiopoietin-1 (Fatimah et al., 2013). It has been reported PECAM-1, bFGF, eNOS, VEGF, VEGFR-2, and vWF expressions decreased during passage of hAMECs; however, angiopoietin-1 expression was increased. On the other hand, endothelial markers including PECAM-1 (CD31), E-selectin (CD62e), and vWF were almost negative on hAECs (Gomez Dominguez, 2008).

It has been reported that hAECs and hAMSCs express cardiac-specific genes including atrial myosin light chain- 2 (MLC-2A), ventricular myosin light chain- 2 (MLC-2V), GATA-4, and Nkx 2.5 in media supplemented with ascorbic acid. In addition, it has been observed that they expressed α-actinin, a mature cardiomyocyte marker, which was detected by Immunohistochemical analysis (Miki et al., 2005). A summary of characterization markers of human amniotic membrane-derived cells is presented in Table 1.




CAUSES OF DISCREPANCIES IN REPORTS ON PHENOTYPE AND MARKERS

Extensive research has focused on the possible applications of amnion-derived cells in the clinic. However, the discrepancies in the reports on characterization of hAECs and hAMSCs need to be considered to further pave the way for their clinical utilization. There are various possible causes for the current discrepancies in reports on characterization markers of hAECs and hAMSCs, which are mentioned here (Figure 2).
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FIGURE 2. Causes of witnessed discrepancies in characterization of human amniotic epithelial and mesenchymal stromal cells could be categorized in seven groups: Gestational age of placenta, Region of cell isolation on placenta, Cross-contamination of amniotic epithelial and mesenchymal stromal cell, Isolation protocol, Epithelial-to-mesenchymal transition of hAECs, Passage number of isolated cells, and Measuring methods that used for characterization.



Passage Number and Epithelial to Mesenchymal Transition

Several studies indicate that the number of passages influence the marker expression on hAMSCs and hAECs. Like mesenchymal stromal cells from other sources, hAMSCs do not express HLA-DR in earlier passages (Pittenger et al., 1999; Covas et al., 2003; In 't Anker et al., 2003; D'Ippolito et al., 2004; Gotherstrom et al., 2004; Lee et al., 2004; Portmann-Lanz et al., 2006; Koike et al., 2014). However, a study on amniotic membranes without culturing reported expression of HLA-DR on hAMSCs (Kubo et al., 2001). Another study reported the expression of MHC antigens in the early passages of hAMSCs which disappeared in later passages (Kim et al., 2007). A suggested explanation for the reported discrepancy among studies has been the multiple passages of the cells which diminished the expression of HLA-DR (Kim et al., 2007).

Along with alterations in surface marker expressions, hAECs' morphology gradually changes toward mesenchymal phenotype over several passages (Bilic et al., 2008) and transmission electron microscopic studies of hAMSCs suggested an epithelial–mesenchymal hybrid phenotype (Pasquinelli et al., 2007). These observations are interpreted as epithelial to mesenchymal transition (EMT) (Portmann-Lanz et al., 2006; Bilic et al., 2008; Pratama et al., 2011). EMT occurs in the natural process of placental development, where extravillous cytotrophoblasts transit to mesenchymal phenotype which allows them to migrate and infiltrate into the maternal decidua and vessels. It has been shown that hAECs are initially negative for the mesenchymal marker vimentin; however, they become vimentin positive during the EMT process (Alcaraz et al., 2013). Along with the rise in vimentin, fibronectin, and N-cadherin levels (Guarino et al., 2009; Tsuji et al., 2009), E-cadherin protein levels which are high at early passages become undetectable in later passages which confirms EMT among the amniotic cells (Alcaraz et al., 2013). Although some studies consider CD73 to be a mesenchymal-specific marker (Brown et al., 2019), others introduce it as an epithelial-specific marker (Centurione et al., 2018). A recent study has suggested that CD73 mechanistically promotes the expression of EMT-associated genes, which could shed more light on the witnessed discrepancy regarding the role of CD73 in characterization of hAMSCs and hAECs (Lupia et al., 2018).



Cell Heterogeneity

Cell heterogeneity could be another explanation for the current discrepancies in reports on characterization of hAECs and hAMSCs. Amniotic membrane cell populations are seemingly heterogeneous and thus may differ in their phenotypic and molecular properties (Roubelakis et al., 2012; Niknejad et al., 2016). A study reported that among mesenchymal cells isolated from chorion, placental decidua, and amniotic membrane, the highest heterogeneity could be from those isolated from amniotic membrane. Miki et al. suggested that there might be various lineage-committed multipotent cells in the population of hAECs (Miki, 2011). The heterogeneity of hAMSCs and hAECs has been confirmed by immuno-phenotypic and morphological analysis (Araujo et al., 2017). Various levels of expression of pluripotency and proliferation markers in hAECs including OCT-4, CD117, SOX-2, a-fetoprotein, CREB, and p- CREB; various proliferation capability; and osteogenic potential could indicate their heterogeneity. In addition, Sakuragawa et al. demonstrated that hAECs express phenotype of both neural and glial cells (Sakuragawa et al., 1996). Heterogeneity also applies to functional molecules as well as growth factors secreted by hAECs and hAMSCs. Several studies have shown that amniotic membrane cells are capable of expressing erythropoietin (Ogawa et al., 2003), pulmonary surfactant (Lemke et al., 2017), dopamine (Niknejad et al., 2012), catecholamine (Sakuragawa et al., 1996) activin (Koyano et al., 2002), brain-derived neurotrophic factor, neurotrophin-3, and nerve growth factor (Uchida et al., 2000; Jin et al., 2015), all of which are involved in fetal early development.



Isolation Protocols and Cross-Contamination

Isolation of cells of human amniotic membrane could become challenging due to its histologic feature. hAECs and hAMSCs are located within layers adjacent to each other, which increases the risk of simultaneous isolation and cross-contamination. Cross-contamination is defined as the contamination of hAECs with hAMSCs and vice versa rather than the pure population of the desired cells. Although the expression of CD117 in hAECs is almost always positive, it has been reported that hAMSCs are negative or weakly positive for CD117 (Bilic et al., 2008; Roubelakis et al., 2012; Magatti et al., 2016). While CD44 is a characteristic marker of mesenchymal stromal cells, a study reported that CD44 is a positive marker for the isolated hAECs (Roubelakis et al., 2012; Insausti et al., 2014). Furthermore, several studies for isolation of hAECs yielded cells that were positive for CD105, which is a defined mesenchymal stromal cells marker (Miki et al., 2010; Murphy et al., 2010, 2014; Tabatabaei et al., 2014). In a protocol for the isolation of hAECs more than 56 percent of cells were CD105 positive (Gramignoli et al., 2016). Simultaneous isolation of cells could be a possible cause for the witnessed discrepancy.

Several protocols have been proposed for isolation of hAECs and hAMSCs with a wide range of cells yielded, viability, and purity (Motedayyen et al., 2017; Araujo et al., 2018; Kitala et al., 2018). However, the protocol of isolation affects phenotype and function of the yielded cells. A study compared two protocols and reported that the isolated hAMSCs had some differences (Diaz-Prado et al., 2011). Soncini's protocol yielded hAMSCs by cutting amniotic membrane into small pieces; enzymatic digestion for 7 min by Dispase; resting period for 10 min; second enzymatic digestion by collagenase and DNase for 3 h, centrifuge at 200 g for 10 min; and culture (Soncini et al., 2007). Alviano's protocol is consisted of mincing; two enzymatic digestion of amniotic membrane by Trypsin/EDTA, collagenase and DNase for 15 and 5 min, respectively; centrifuge at 200 g for 10 min; and culture in DMEM with 20% FBS and 1% penicillin–streptomycin (P/E) (Alviano et al., 2007). The expression of CD117 marker was significantly higher in hAMSCs isolated by Soncini's protocol, which suggested that this protocol isolated more progenitor cells than Alviano's protocol. In addition, the expression of SSEA-4 and STRO-1 were higher among hAMSCs isolated from Soncini's protocol. The authors hypothesized that Soncini's protocol isolated cells in an earlier state of stemness (Diaz-Prado et al., 2011). Therefore, it seems that current protocols could potentially fuel simultaneous isolation and cross-contamination and hence are not yet eligible enough to ensure isolation of the desired cells.



Region of Cell Isolation on Placental Disk

Region at the amniotic membrane from which cells have been isolated may determine the characteristics of the cells (Figure 2). A study demonstrated that cells isolated from placental region had significantly higher mitochondrial activity while significantly fewer reactive oxygen species (ROS) (Banerjee et al., 2015). Centurione et al. isolated cells from four different regions according to their position relative to the umbilical cord. The first area, closer to umbilical cord, was named the central area; the second, in the middle, was considered the intermediate area; the third was named the peripheral area; and the fourth, the reflected area, corresponded to the chorion leave (Centurione et al., 2018). They reported that the peripheral and reflected areas had the highest levels of expression of OCT-4 and SOX-2. On the contrary, the expression of embryonic markers, SSEA-4 and TRA-1-60, was not different among the different areas which indicated homogeneity (Centurione et al., 2018).



Measuring Methods

Sensitivities of the methods employed to detect markers of hAECs and hAMSCs could also give rise to some discrepancies. A study used and compared immunocytochemistry and flow cytometry for SSEA-4 detection and reported that both hAECs and hAMSCs were positive for SSEA-4 in 100% of tested amnion samples as detected by flowcytometry. However, immunocytochemistry confirmed the expression of SSEA-4 on hAECs as well as hAMSCs only in 40% of samples. The authors hypothesized the higher sensitivity of flowcytometry vs. immunocytochemistry to be a possible explanation for this discrepancy (Bilic et al., 2008). Therefore, sensitivity and specificity of measuring methods should be considered not only upon their application but also while comparing the results of various studies.

The marker expression on gene and protein level should also be considered. A study reported that although Oct-3/4 transcripts were detected hAECs and hAMSCs, its protein was found only in hAECs by immunocytochemistry (Bilic et al., 2008). Therefore, it seems crucial that the level of expression, gene or protein, of a marker need to be considered while reporting comparing the results of studies.



Gestational Age

Human amniotic membrane is only easily obtainable after childbirth; therefore, there is limited information concerning the phenotypic and functional differences between cells isolated from amniotic membranes preterm and term cesarean sections. Gestational age is thought to have an effect on the expression of pluripotency markers of hAECs including Nanog, SOX2, TRA1-60, and TRA1-81 which have higher expression on hAECs isolated from preterm (17–19 weeks) than term cesarean sections (>37 weeks) (Izumi et al., 2009; Barboni et al., 2014). Although there is limited evidence on the effect of gestational age on the markers expressed on human amniotic cells, there are studies which investigated its effects among zoonotic samples. A study conducted on ovine amniotic epithelial cells reported that cells of amniotic membranes isolated at early stages of pregnancy expressed higher basal and sustained levels of telomerase reverse transcriptase (TERT), SOX2 and Nanog even after in-vitro adipogenic differentiation (Barboni et al., 2014). A study reported that there was no expression of TERT mRNA in hAECs isolated form term placenta which could be explained by a progressive switch off during pregnancy (Miki et al., 2005). In addition, telomerase activity in murine amniotic epithelia cells isolated from mid stage amniotic membrane was higher compared to that of the late stages (Nakajima et al., 2001). However, mRNA expression of OCT4 in human was not affected by gestational age (Izumi et al., 2009).




NEW INSIGHTS AND FUTURE DIRECTIONS

Herein, we reviewed and compared various studies to shed light on the existing discrepancies in characterization of human placenta-derived amniotic epithelial and mesenchymal stromal cells, which could be potentially due to reasons including epithelial to mesenchymal transition, cell heterogeneity, passage number, cross-contamination, region of cell isolation on placental disk, isolation protocols, measuring methods, and gestational age. The potential causes of discrepancies need further consideration prior to the application of these cells in the clinic. As an early step toward overcoming the challenges, some suggestions which could be of potential use in practice are discussed here.

Epithelial to mesenchymal transition could affect the function and marker characterization of the cells both in basic and clinical research. Although some factors involved in EMT have previously been described, including TGF-β (Alcaraz et al., 2013), TNF-α, and matrix metalloproteinases (Janzen et al., 2017), the whole mechanisms of EMT remain unclear to date. EMT needs to be considered for the subcultures aimed to prepare hAECs for research and clinical use. Some studies employed different methods to avoid EMT. A study used xenobiotic-free medium for the culture of hAECs to eliminate the potential effects of growth factors (Pratama et al., 2011). Although the use of EMT-inhibitors could be of value in minimizing the risk of EMT, their potential adverse effects on the cells need to be investigated for safe clinical use. The application of hAECs in their first passage culture for primary cell therapy could keep the occurrence of EMT to a minimum among cells. Nevertheless, the use of the cells in earlier passages, despite being seemingly useful in minimizing EMT, could adversely affect heterogeneity which is another concern involved in the witnessed discrepancies. Heterogeneity decreases during the culture of both hAECs and hAMSCs. In a study, hAECs downregulated dopaminergic markers after seven days of culture, probably through the dedifferentiation process, which resulted in reduced cell heterogeneity (Niknejad et al., 2012). Therefore, defining certain standards of the controlled sub-culture could eliminate heterogeneity as well as EMT.

Simultaneous isolation and cross-contamination of two cell types are among causes of discrepancies which have also been reported in tissues with similar histology to amniotic membrane including cornea with the possibility of simultaneous isolation of endothelial cells with stromal keratocytes, and skin with the possibility of simultaneous isolation of keratinocyte and fibroblasts. Therefore, it is assumed that the methods used to solve the problems in those tissues could be of value in amniotic membrane. A study used antifibroblast magnetic microbeads to deplete the majority of the contaminating corneal fibroblasts (Peh et al., 2012). The skin explant technique, physical agitation with magnetic stirring, density gradient centrifugation, gravity-assisted cell sorting based on a passive filtration of keratinocytes resulted in the propagation of a highly enriched keratinocyte population (Dragunova et al., 2012; Mahabal et al., 2016). It could be suggested that more innovative isolation techniques are required to isolate hAECs form one side of the amniotic membrane and hAMSCs from the other side in a separate manner.

The functional variety of cells isolated from different regions can be considered for further specific clinical use. The cytoplasm of hAECs isolated from the peripheral area contained the highest level of lipid granules. Centurione et al. suggested that this area could be the most capable of immune modulatory effects (Centurione et al., 2018) since the granules have been associated with prostaglandin E secretion by amniotic membrane (Kang et al., 2012; Park et al., 2016). Moreover, hAECs in the central area expressed higher levels of α-fetoprotein compared to other regions. Consequently, an enriched population of cells isolated from this region has the potential to be applied in hepatic differentiation (Centurione et al., 2018). The region of isolation needs to be determined based on the target clinical features of desired cells. Notably, not all regions of the amniotic membrane are suitable for clinical use. The zone of altered morphology, located near the lower uterine pole and cervix, is associated with apoptosis of cells and degradation of basement membrane by matrix metalloproteinases which results in structural weakness and marked disruption of the connective tissue layers and marked reduction of the thickness and cellularity of the amniotic membrane (Peirovi et al., 2012).

Gestational age, another cause for discrepancy, is a clinical term used by obstetricians that is timed from the first day of the last menstrual period in weeks and days. This clinical age differs by approximately 2 weeks from the time of fertilization used by embryologist in basic research. Therefore, the difference in the actual age of the membrane due to various definitions of gestational age could give rise to discrepancy. Therefore, researchers need to make sure that they have the same definition of GA and use it in a united way to avoid discrepancy. It is of importance to notice that preterm amniotic membrane could not be clinically used due to ethical and practical considerations. The amniotic membranes which could be used in the clinic need to be obtained from elective caesarian sections, which are referred to those caesarian sections that are not associated with any medical or surgical indications and have been conducted as per mother's request (Diema Konlan et al., 2019). Normal uncomplicated pregnancies usually reach term and thus preterm placenta of normal pregnancies are not accessible for clinical use. Preterm labors are usually associated with underling diseases or conditions and thus the amniotic membranes obtained from these births are not the clinicians first choice due to possible defects. Noteworthy, epithelial and mesenchymal stromal cells derived from preterm animal placenta is appropriate for mechanistical investigations and research use.

Considering the witnessed discrepancies in the characterization of hAECs and hAMSCs markers and their potential causes along with the promising results of clinical applications of these cells, more research is needed to address the sensitivity and specificity of markers in their characterization as well as determining the most suitable isolation marker(s) for hAMSCs and hAECs characterization. Until optimal approaches for overcoming the potential undesirable effects of above-mentioned causes of discrepancies are achieved, it is suggested that the passage number of cells mentioned in the study, isolation protocols, region of isolation, and gestational age be stated in the articles and any future products with clinical applications.
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