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Abstract 
 
Pancreatic islet cell transplantation has proven efficacy as a treatment for type 1 diabetes 

mellitus, chiefly in individuals who are refractory to conventional insulin replacement 

therapy. At present its clinical use is restricted, firstly by the limited access to suitable 

donor organs but also due to factors associated with the current clinical transplant 

procedure which inadvertently impair the long-term functionality of the islet graft.  Of note, 

the physical, biochemical, inflammatory and immunological stresses to which islets are 

subjected, either during pre-transplant processing or following implantation are 

detrimental to their sustained viability, necessitating repeated infusions to attain adequate 

glucose control. Progressive decline in functional beta ()-cell mass leads to graft failure 

and the eventual re-instatement of exogenous insulin treatment. Strategies which protect 

and/or preserve optimal islet function in the peri-transplant period would improve clinical 

outcomes.  

 

Human amniotic epithelial cells (HAEC) exhibit both pluripotency and immune-privilege 

and are ideally suited for use in replacement and regenerative therapies. The HAEC 

secretome exhibits trophic, anti-inflammatory and immuno-modulatory properties of 

relevance to islet graft survival.  Facilitated by -cell supportive 3D cell culture systems, 

HAEC may be integrated with islets bringing them into close spatial arrangement where 

they may exert paracrine influences that support -cell function, reduce hypoxia-induced 

islet injury and alter islet allo-reactivity.  The present review details the potential of 

multifunctional HAEC in the context of islet transplantation, with a focus on the innate 

capabilities that may counter adverse events  associated with the current clinical 

transplant protocol to achieve long-term islet graft function.  
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1.0 Introduction 

Conventional management of type 1 diabetes mellitus (DM) involves multiple daily 

injections of insulin analogues to maintain glucose homeostasis. Whilst for many this 

approach is effective and lifesaving, some individuals with diabetes struggle to maintain an 

acceptable level of glucose control, with frequent episodes of hypoglycaemia and/or severe 

post-prandial glucose excursions. As a consequence they  fail to reach their HbA1c targets 

and are more likely to develop diabetes-associated complications viz. blindness, renal 

failure, stroke and other macro-  and micro-vascular diseases (Forouhi & Wareham, 2019).  

 

The outcomes of international multi-centre clinical trials indicate that labile diabetes may 

be more effectively managed by islet transplantation, whereby endogenous insulin 

production is restored through the replacement of an adequate donor-derived beta ()-cell 

mass (Holmes-Walker et al., 2017; Ryan et al., 2005). Whilst insulin-independence is 

achieved for a period following an islet infusion, the principal therapeutic benefit currently 

is the restoration of appropriate metabolic control to a level unrivalled by exogenous 

insulin replacement (Holmes-Walker et al., 2017). One year after transplantation insulin 

independence is maintained in 50% of islet graft recipients but this declines over the 

ensuing four years where data indicate that only 10% of recipients remain free of insulin 

therapy (Foster et al., 2018; Ryan et al., 2005). However, by five years post-transplant over 

50% of recipients continue to experience a reduction in insulin requirement, fewer 

hypoglycaemic episodes and HbA1c levels below 7.0% (Collaborative Islet Transplant 

Registry, 2017; Foster et al., 2018).  

 

The merits of islet replacement therapy in providing tighter glucose control in the short to 

medium-term are thus self-evident, but sustained insulin-independence remains elusive. 
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Post-transplant islet graft efficacy may be enhanced and maintained by the design of 

clinically applicable strategies to address the factors known to underlie diminution of islet 

function which include implantation of poorly functioning -cells, delayed islet 

revascularisation, impaired engraftment and immune rejection (Gamble, Pepper, Bruni, & 

Shapiro, 2018). 

 

The present review details the potential of human amniotic epithelial cells (HAEC) to 

influence the outcome of islet transplantation through their innate regenerative 

capabilities. HAEC exhibit a level of pluripotency conventionally attributed to embryonic 

stem-like cells but also express a range of cell surface markers that provide them with a 

degree of immune-privilege (Miki, 2018). The repertoire of components that comprise the 

HAEC secretome are known to exhibit trophic, anti-inflammatory, anti-fibrotic, pro-

angiogenic and immunomodulatory properties (Table 1). The authors propose, supported 

by previously published research (Qureshi et al., 2015; Qureshi et al., 2011; Zafar et al., 

2019), that HAEC could be used as an adjunct to the current clinical islet transplant 

protocol to address certain limitations of the procedure. Using novel 3D cell culture 

systems these amnion-derived epithelial cells may be integrated with islets to gain a close 

physical and spatial arrangement which enables the HAEC to exert paracrine influences 

that are -cell trophic. Further, soluble factors released by HAEC may act locally to counter 

the various immediate and adverse inflammatory events that impair -cell function and 

reduce islet allogeneity to improve islet transplant success. More recent research indicates 

that HAEC also improve islet revascularisation (Cui, Khan, Ma, Chen, & Desai, 2020; 

Lebreton et al., 2020; Lebreton et al., 2019), reducing hypoxia-induced -cell death, a major 

cause of early graft failure. These beneficial attributes are coupled with the additional 

advantage of HAEC being derived from a renewable, non-invasive and non-controversial 
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source and in sufficient numbers to have clinical relevance. Their integration within the 

islet graft thus offers the opportunity to make islets more resilient to implantation without 

chemical or genetic modification. 

 

 

2.0 Characterisation of Human Amniotic Epithelial Cells: 

2.1 Origin and pluripotency 

Human amniotic epithelial cells (HAEC) form the innermost layer of the amnion, lining a 

basement membrane which in turn underlies an avascular, collagen- and fibronectin-rich 

stromal matrix (Hoyes, 1975). Derived from the epiblast of the inner cell mass the amniotic 

membrane (AM) is of foetal origin and HAEC express markers of pluripotency including 

NANOG, OCT-4, SSEA-4, REX-1, SOX-2 and FGF-4.  A sub-fraction of HAEC retains these 

markers throughout the gestational period (Miki, 2018) and post-partum, continues to 

fulfil certain criteria which define stem cells including the ability to differentiate along all 

three germ lines (osteogenic, adipogenic and chondrogenic), and expresses CD73, CD90 

and CD105, similarly to mesenchymal stem cells (MSC) (Bilic, Zeisberger, Mallik, 

Zimmermann, & Zisch, 2008).  However, the observed differential expression of cell surface 

markers also suggests that HAEC are not a homogenous cell population. Recent research 

indicates that the site of origin of HAEC within the amniotic membrane defines their 

characteristics as comprehensively reviewed by Weidinger, et al, (Weidinger, Poženel, 

Wolbank, & Banerjee, 2020). Thus, HAEC derived from the placental amnion viz. the region 

overlying the placenta exhibit differing characteristics compared to those from the 

reflected amnion which lines the uterine wall.  Different sub-populations of HAEC may thus 

exhibit greater capacity for proliferation and differentiation and, as discussed in this 

review, their anti-inflammatory and pro-angiogenic capabilities. Nevertheless, the wider 

Commented [BCJ1]: Since this is a rather long sentence, is 
it worth breaking into  
….post-partum.  This sub-fraction continues….. 
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stem- and progenitor-like characteristics of HAEC make them strong candidates in the 

search for surrogates to use in cell replacement therapy and highlight their greater appeal 

for regenerative therapies compared to other cell types. Of note, whilst exhibiting similar 

beneficial properties to MSC such as those derived from bone marrow or adipose tissue, 

HAEC are not dependent on invasive or expensive procedures for their harvest, are more 

conducive to in vitro expansion without loss of potency and with no evidence of 

tumorigenicity following transplantation (Miki, Lehmann, Cai, Stolz, & Strom, 2005; Zhu et 

al., 2006). Further, HAEC are more favourable for clinical application than embryonic stem 

cells (ESC)  which pose significant ethical issues and heightened risk of teratoma 

transformation (Furth & Atala, 2009). HAEC also offer advantages over induced pluripotent 

stem cells (iPSC) which are increasingly being associated with genetic instability and 

greater tendency for unwanted mutation (Wyles, Brandt, & Nelson, 2014).   

 

2.2 Immune privilege: 

Feto-maternal tolerance is achieved, in part, by the combined actions of the placenta and 

foetal membranes that exhibit the ability to modulate the surrounding immune micro-

environment as reviewed by Parolini et al. (2008). Both AM and isolated HAEC 

demonstrate immune privilege/inertness as observed in vitro in response to a specific 

immune challenge (Parolini & Caruso, 2011; Qureshi et al., 2015; Qureshi et al., 2011; 

Wolbank et al., 2007) and following transplantation as demonstrated in the studies of Akle 

et al.  (1981) and (1985). Whilst some controversy remains in regard to their immune 

status (Ghamari, Abbasi-Kangevari, Tayebi, Bahrami, & Niknejad, 2020) the lack of a robust 

immune response to HAEC is likely due to the fact that only a small sub-population 

expresses the major histocompatibility complex (MHC) Class I molecules human leucocyte 

antigen (HLA) -A, -B, -C, (Ilancheran et al., 2007). Further, HAEC exhibit very low level 
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expression of MHC Class II molecules, notably HLA-DR when unprimed or at low passage 

(Adinolfi et al., 1982; Akle et al., 1981). Of greater importance to their potential use in 

regenerative therapies, HAEC exhibit unique expression of HLA class 1b molecules with the 

capacity to influence components of the immune response underlying  allo-transplantation 

and autoimmunity (Miki, 2018). HAECs constitutively express the nonclassical HLA-G, 

typically found in immune-privileged tissues viz.  fetal cells, ovary, and testis (Strom & 

Gramignoli, 2016). The potential mechanisms by which the developing foetus is protected 

from maternal rejection include HLA-G-mediated modulation of the immune response of 

natural killer (NK), myeloid and T regulatory (T-reg) cells via interaction with cell surface 

bound receptors (Li et al., 2015; Magatti, Vertua, Cargnoni, Silini, & Parolini, 2018). 

Furthermore, soluble HLA-G isoforms prevent dendritic cell (DC) maturation (Banas, 

Miller, Guzik, & Zeevi, 2014) and induce senescence of NK and T-cells through interaction 

with CD158D (Killer immunoglobulin-like) receptors (Rajagopalan & Long, 2012).  

 

Immune-privilege of HAEC may also be mediated by the Fas/FasL (CD95) pathway, which 

is associated with naturally occurring T-cell evasion in the eye, testis, and brain, and is 

implicated in feto-maternal tolerance (Harirah, Donia, Parkash, Jones, & Hsu, 2002; Kauma, 

Huff, Hayes, & Nilkaeo, 1999). Localised to foetal membranes (Koenig & Chegini, 2000) and 

sub-sets of isolated HAEC (Li et al., 2005; Qureshi et al., 2011) Fas/FasL is known to cause 

apoptosis of the AM at term but may also have an additional role by inducing apoptosis of 

infiltrating lymphocytes, thus limiting the risk of leucocyte trafficking at the foetal-

maternal interface during pregnancy.  In vitro studies suggest that isolated HAEC can 

induce both  B and T cell apoptosis via a mechanism that is partially Fas-dependent (Li et 

al., 2005), providing a role for the Fas/FasL pathway in gestation-associated immune cell 

suppression. 
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Thus the near absence of classical HLA molecules, combined with the expression of 

molecules with the capacity for immunomodulation confers a degree of immune-privilege 

on HAEC which may have relevance to their wider use in regenerative medicine and in 

particular as an adjunct to islet transplantation.  

 
 
3.0 Use of HAEC for the pre-transplant modification of human islets. 

The conventional approach to preserving -cell viability in the pre- and peri-transplant 

period is largely pharma-based and focussed on limiting isolation-induced islet injury 

(Matsumoto et al., 2010), enhancing -cell function during a period of pre-transplant 

culture (Toso et al., 2010) and attenuating islet pro-inflammatory responses and 

immunoreactivity (Yang et al., 2005). Such interventions demonstrate beneficial effects in 

terms of sustaining -cell mass and viability when applied in isolation, but the combined 

use of several pharmacological agents would introduce significant complexity to the clinical 

islet transplant protocol. These additional steps would likely frustrate ongoing efforts to 

achieve standardization of protocols across participating islet isolation and transplantation 

centres and create obstacles to obtaining wider regulatory approval for the procedure. 

Drug-drug interactions have the potential to pose further risks including longer-term 

detrimental impacts on the islet graft or the recipient. A more appropriate strategy would 

sustain an effective -cell mass, enhance islet engraftment and suppress immune rejection 

whilst minimizing risks.   

 

This review explores the potential of pre-transplant islet modification through their 

physical integration with HAEC facilitated by novel 3D dynamic culture systems, to confer 

-cell trophic (Qureshi et al., 2011), anti-inflammatory (Lebreton et al., 2020; Li et al., 
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2005) pro-angiogenic (Lebreton et al., 2019; Song et al., 2015) and immunomodulatory 

(Qureshi et al., 2015; Qureshi et al., 2011; Wolbank et al., 2007)  properties. The in vitro 

integration of islets with HAEC may counter several of the adverse factors that impact -

cell function in the peri-transplant period and create an immune tolerant 

microenvironment to achieve post-transplant graft survival. Specific examples of HAEC-

mediated interventions are discussed in the following sections. 
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4.0 Potential HAEC-mediated interventions in the islet transplantation protocol 

 

4.1 Islet isolation: 

Successful clinical islet transplantation requires efficient separation and purification of 

clinical grade islets from a donor pancreas, yet the isolation process employed in the 

clinical protocol may be detrimental to long-term islet viability. The enzymatic and 

mechanical dissociation of the pancreas disrupts the complex microenvironment which is 

designed for optimum islet function. Of note, sustained -cell activity is regulated by 

interaction with other islet endocrine cells and non-endocrine components of the pancreas 

including the extracellular matrix (ECM) in which islets are embedded (Hopcroft, Mason, & 

Scott, 1985; Ilieva et al., 1999). Islet isolation severs cell-to-cell and cell-to-ECM 

communications leading to a cessation of the trophic and paracrine support and significant 

decline in structural viability and -cell mass. Such factors are, in part, responsible for 

progressively diminished islet graft function. 

 

Pre-transplant culture of isolated islets provides an opportunity to deploy strategies to 

enhance -cell survival and improve clinical outcomes following transplantation. Although 

not a feature of the original Edmonton Protocol as described by Shapiro et al.  (2000), 

periods of pre-transplant culture have subsequently been used to allow time to confirm 

islet cell sterility and viability and provide the opportunity to deploy novel 

immunosuppression protocols involving pre-treatment of the graft recipient (Froud et al., 

2005; Kin et al., 2008). Further, Xiaohui et al. (2006) report that the ex vivo culture of islets 

with ECM components applied as a multi-layer coating on the plate is effective in improving 

islet survival.   
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Conventional static culture (CSC) viz. plate-based models are thus effective in supporting 

islets over short intervals (Daoud, Rosenberg, & Tabrizian, 2010) but use of dynamic, 3D 

cell culture systems or bioreactors enables extended periods of culture without 

compromising cell/tissue viability. Such systems are notably effective in supporting -cell 

viability as observed in rodent islets by Tobin et al. (2001), murine islets as reported by 

Rutzky et al. (2002) and Strepkowski et al. (2006) and, of clinical importance, in human 

islets as demonstrated in the studies of Murray et al. (2005) and (2009). Rotational cell 

culture systems (RCCS) create a microgravity environment which is capable of preserving 

or restoring islet structural integrity and function during prolonged culture  (Murray et al., 

2005) and allow for extensive islet remodelling to enhance the transport of nutrients to the 

islet core, as well as depleting  dendritic cells to reduce islet immunogenicity (Rutzky et al., 

2002; Stepkowski et al., 2006). Such dynamic culture systems also support the propagation 

of physiologically appropriate cell aggregates (Murray et al., 2009; Murray et al., 2005) and 

may facilitate islet modification by their extended post isolation co-culture with 

appropriate accessory cells. Pancreatic ductal epithelial cells (Murray et al., 2009), dermal 

fibroblasts (Jalili et al., 2011), bone marrow-derived mesenchymal cells (Duprez, 

Johansson, Nilsson, Korsgren, & Magnusson, 2011), and Sertoli cells (Li et al., 2011; Teng et 

al., 2005) have all been demonstrated to enhance islet function and/or graft survival 

following a period of co-culture. In addition, studies reported by the authors indicate 

beneficial actions on islet integrity from their co-culture with HAEC under RCCS conditions 

(Qureshi et al., 2015; Qureshi et al., 2011; Zafar et al., 2019). Within high aspect ratio 

vessels (HARVs) islets and HAEC are held under ideal culture conditions, with reduced 

shear forces (Unsworth & Lelkes, 1998) that permit a greater degree of cell-cell interaction. 

As such HAEC harvested from monolayer culture (Fig 1 A, B) and placed in 3D co-culture 
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with human islets, are able to form a near continuous layer to  encapsulate the islets, 

effectively forming stable hybrid constructs (Qureshi et al., 2015) [Fig 1C,D].  

 

HAEC co-culture also positively impacts the insulin-secretory capacity of human islets as 

they exhibit preservation of glucose-sensitivity compared to unmodified which experience 

a diminution of glucose responsiveness when held under CSC conditions over the same 

period in vitro (Qureshi et al., 2011). Growth factors which may have relevance for 

sustained functional viability of islets are expressed by intact human amniotic membrane 

and isolated HAEC (Koizumi et al., 2000)  including epidermal growth factor (EGF), 

hepatocyte growth factor (HGF), keratinocyte growth factor (KGF) and transforming 

growth factor beta (TGF), known to have importance in islet development, plasticity and 

-cell replication (Fiaschi-Taesch et al., 2008; Hanley & Rosenberg, 2007; Movassat, 

Beattie, Lopez, Portha, & Hayek, 2003). Brain derived neurotrophic factor (BDNF) 

(Kakishita, Nakao, Sakuragawa, & Itakura, 2003) like other biologically active 

neurotrophins, has been linked to -cell development and survival (Scharfmann & 

Czernichow, 1996) and is upregulated in the presence of HAEC (Zhang et al., 2019).  

Additionally, as reviewed by Parolini and Caruso (2011), trophic actions of HAEC are 

considered to facilitate regenerative processes in experimental models of liver fibrosis, 

stroke, spinal cord injury and Parkinson’s disease by encouraging the rejuvenation of host 

tissue or supporting the growth and engraftment of transplanted cells . Components of the 

extracellular matrix are vital for appropriate pancreatic development (Bosco, Meda, 

Halban, & Rouiller, 2000; Ris et al., 2002) and several integrin receptors and their 

associated ligands including laminin, fibronectin and collagen I and the adhesion molecule, 

E-cadherin, are expressed by epithelial cells (Cirulli et al., 2000; Jiang, Cram, DeAizpurua, & 

Harrison, 1999; Jiang & Harrison, 2005) and by HAEC specifically (Lebreton et al., 2019).   
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4.2 Islet inflammation 

Isolated islets release inflammatory cytokines, notably when subject to physical, chemical 

or immunological stress. Factors including interleukin (IL) -1, IL-6 and TNF are released 

subsequent to islet isolation and following implantation, alongside pro-inflammatory 

molecules such as tissue factor (TF) and monocyte chemoattractant protein-1 (MCP-1). 

Their presence at the graft site is deleterious to -cell function (Marzorati et al., 2006; 

Matsuda et al., 2005), most notably their involvement in an aggressive inflammatory event, 

termed “immediate blood mediated inflammatory reaction” (IBMIR) elicited by 

incompatibility at the interface between infused donor islets and the hepatic portal blood 

(Kanak et al., 2014). As a consequence islet graft-derived TF, pro-inflammatory cytokines 

and other pro-inflammatory mediators are released into the microenvironment to induce 

immune cell infiltration and -cell toxicity (Cowley et al., 2012; Hughes et al., 2013).  

 

HAEC exhibit anti-inflammatory properties as demonstrated in animal models of lung and 

liver fibrosis (Cargnoni et al., 2018; Manuelpillai, Moodley, Borlongan, & Parolini, 2011; 

Manuelpillai et al., 2010; Murphy et al., 2011; Pratama et al., 2011; Strom & Gramignoli, 

2016; Tan, Chan, Wallace, & Lim, 2014; Tan et al., 2018; Vosdoganes et al., 2013), inhibiting 

the actions of pro-inflammatory cytokines released by monocytes and NK cells with 

concomitant release of anti-inflammatory factors including prostaglandin E2 (PGE2) and 

IL-10.  HAEC secrete migration inhibitory factor (MIF) which prevents macrophage 

migration and activation (Li et al., 2005) whilst Tan et al, (2018) suggest that HAEC 

secretory factors induce a change in the pre-dominant macrophage phenotype from pro-

inflammatory M1 to anti-inflammatory M2, and increase phagocytic activity (Tan et al., 

2014). Other components of the HAEC secretome such as hyaluronic acid counter the 

actions of pro-inflammatory cytokines including TGF- tissue necrosis factor (TNF)-alpha, 



16 

 

interferon (IFN)-gamma, IL-6, IL-8 and IL-17A, and reduce matrix metalloproteinase 

(MMP)2 and MMP8 expression (Evans et al., 2018; Geng et al., 2016; McDonald et al., 2015; 

Murphy et al., 2011).  In vivo, transplantable cell aggregates composed of HAEC and islets 

demonstrate greater capacity to withstand (Zafar et al., 2019) and/or modulate (Lebreton 

et al., 2019) local pro-inflammatory events triggered at the implant site compared to 

unmodified islets. Such studies suggest that paracrine influences mediated by HAEC are 

likely to be exerted within the graft site, enabling locally produced anti-inflammatory 

factors to subdue islet-derived cytokines thus preventing -cell damage. This protective 

influence in turn, supports insulin secretory capacity in the peri-transplant period with 

beneficial consequences in terms of sustained islet graft function. 

 

4.3 Islet hypoxia 

Previous studies suggest that in the early post-transplant period the avascular islet graft 

must rely solely on diffusion to receive vital nutrients and oxygen (Brissova & Powers, 

2008).  Yet islet -cells exhibit high levels of oxygen consumption for glycolytic metabolism 

and regulation of insulin secretion, and any restriction of oxygenation resulting from 

inadequate vascularisation will be detrimental to islet graft function. Further, the studies of 

Samols et al.  (1988) indicate that the route of islet perfusion is important in the secretion 

of the islet hormones to ensure optimal -cell function and glucose regulation. This 

complex microvasculature of the pancreatic islet is damaged during the isolation process 

resulting in impaired blood flow in newly transplanted grafts. The presence of necrotic 

exocrine tissue, enzymatic disruption of the endothelium, hypoxic/osmotic insults and a 

lack of larger blood vessels at the implant site, all hinder the rate of  islet graft 

revascularization (Heuser, Wolf, Vollmar, & Menger, 2000). With time angiogenesis does 

occur, resulting in a glomerulus-like network of capillaries similar to that of intact islets as 
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reported by Beger et al, (1998), but the rate at which this process happens (between 10-14 

days after transplantation) is a critical factor in  graft survival.  Studies suggest that the 

extent of revascularisation is often incomplete; transplanted islets and β-cell aggregates 

experience poor blood vessel formation to their core (Bailey, Davies, & Docherty, 1999; 

Kobayashi et al., 2006) resulting in central necrosis and associated loss of function. In the 

clinical setting this produces a rapid peri-transplant decline in -cell mass, and most likely 

underlies the need for multiple islet infusions in most recipients in order to attain 

glycaemic control (Gamble et al., 2018).  In light of these observations, the development of 

methods to accelerate vascularisation of islet grafts is a crucial goal for the improvement of 

islet transplantation therapy.   

 

HAEC secrete paracrine factors under in vitro hypoxic conditions which may be of benefit 

during the peri-transplant period when islets are most vulnerable. Thus, in response to 

hypoxic stress, HAEC release higher levels of angiogenin (ANG), EGF, IL-6 and MCP-1.  The 

same cytokines were also upregulated in an experimental model of myocardial infarction 

(Song et al., 2015) where they acted on endothelial cells in the damaged myocardium, 

enhancing their proliferation and neo-vascularisation. Further, MCP-1 actions may result in 

the homing or mobilisation of circulating stem cells or endothelial progenitor cells which 

then locate at the site of tissue injury to participate in repair and re-vascularisation 

processes.  

 

Similarly, recent reports suggest that HAEC have the capacity to protect islets from hypoxic 

damage, reducing cell necrosis and preserving functional viability (Lebreton et al., 2019). 

The anti-hypoxic effect is thought to be mediated by hypoxia-inducible factor 1-alpha (HIF-

1) with increased expression occurring concurrently with down regulation of apoptotic 
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genes (caspases) and a corresponding increase in the expression of B-cell lymphoma 2 

(Bcl2) which prevents -cell apoptosis. This, coupled with an increase in E-cadherin 

production, serves to protect both islet integrity and functional viability (as shown by 

preserved insulin secretion), preventing the loss of -cell mass during the early peri-

transplant period. The same study and other recent findings by Cui et al. (2020) indicate 

that pro-angiogenic influences of HAEC may accelerate islet graft re-vascularisation. 

Notably, the release of vascular endothelial growth factor-A (VEGF-A) by -cells is 

upregulated by HAEC embedded within the islet graft, an effect likely mediated by HIF-

1 (Lebreton et al. ). Pro-angiogenic factors in the HAEC secretome also increase graft 

vascular density, an effect that persists up to 28 days post transplantation. The increased 

rate and extent of re-vascularisation, as evidenced by enhanced engraftment and reversal 

of hyperglycaemia, serves to improve blood glucose control in HAEC-bearing graft 

recipients (Lebreton et al., 2019).  

 

4.4 Islet immunogenicity 

The cause of progressive islet graft dysfunction is multi-factorial and includes the 

unquestionable vulnerability of islets to the recipient’s immune system. Implantation of 

allogenic islets triggers immune events considered to be responsible for islet graft 

rejection, consisting of both cellular and humoral (antibody) responses. An early 

sensitisation phase results from the activation of T-cells that recognise transplanted cells 

through direct interaction with donor MHC I molecules or indirect interaction with donor-

derived antigen presenting cells (APCs). Previous research suggests that islet derived- MHC 

class II expressing DCs, B cells and macrophages act as APCs whereas intra-islet endothelial 

cells and other endocrine components of the graft are known to express MHC class I which 

may activate CD8+ T-cell mediated events (Bharat et al., 2007; Campbell, Wong, Schrader, 

Commented [BCJ2]: Because these islets trigger an 
immune response I wonder if they are sufficiently different 
that they should be termed ‘allogeneic’ especially if they 
come from a close but not identical match.   
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& Harrison, 1985). An effector stage follows with the activation of CD4+ T-cells which then 

serve to recruit cytotoxic T-cells, macrophages and B cells, through the upregulation of pro-

inflammatory cytokines (Kupfer, Beilke, Pham, Buhrman, & Gill, 2008; Sleater, Diamond, & 

Gill, 2007). Regulatory T-cells (T-regs) have been shown to mount a counter response by 

inhibiting or inactivating APC (Gibly et al., 2011). However, the combined effect of these 

various graft derived metabolically active APCs amplifies the immune response and 

overwhelms the T-reg defence, with co-stimulation leading to lymphocyte proliferation, 

further cytokine production, -cell damage and eventual graft rejection.  

 

The effector response of allo-specific T-cells which underlies islet graft immune-

destruction is not adequately restrained by current immunosuppressive drug regimens. 

Additionally, intrahepatic transplanted islets are in “direct line of fire” for the cytotoxic 

effects of orally administered immunosuppressants transported to the liver via the portal 

vein (Laugharne et al., 2007; Mineo, Sageshima, Burke, & Ricordi, 2009). As such, strategies 

which promote immune tolerance of islet grafts would be preferable to solely pharma-

based immunosuppression and may be achieved by altering islet immunogenicity and/or 

conditioning the local transplant microenvironment. Elimination or suppression of the 

actions of potentially immunogeneic intra-islet moieties prior to transplantation or during 

the peri-transplant period could reduce islet alloreactivity and support graft tolerance at 

the site of implantation. Islet grafts, being discrete clusters of cells infused within a 

localized, identifiable site are uniquely suited to such modification.  

 

Previous studies including those of the authors indicate that isolated HAEC abrogate 

antigen-induced PBMC, CD4+ and CD8+ T-cell proliferation (Li et al., 2005; Qureshi et al., 

2011; Wolbank et al., 2007).  Factors known to influence the actions of immune cells are 
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secreted by HAEC including  HLA-G, IDO, IL-4, 6 and 10, PGE2 and TGF and are present at 

concentrations capable of affecting localised immunomodulation (Hori, Wang, Kamiya, 

Takahashi, & Sakuragawa, 2006; Li et al., 2005; Ueta et al., 2002). Immunoregulatory 

components of the HAEC secretome thus have the potential to modulate specific mediators 

of the innate and adaptive immune systems (Lefebvre et al., 2000; Li et al., 2005; Pratama 

et al., 2011) and in the context of islet transplantation, by integration within the islet graft, 

they could create a local environment more conducive to sustained graft survival. Of note, 

Magatti et al. (2018) report that TGF- creates an anti-inflammatory microenvironment by 

rebalancing the Th1/Th2 ratio through inhibition of Th1 proliferation whilst McDonald et 

al. (2015) suggested that HAEC enhance IL-4 levels in favour of Th2. In addition, TGF- and 

IL-6 prevent DC maturation and induce T-reg expression (Silini, Magatti, Cargnoni, & 

Parolini, 2017), whilst HLA-G-mediates inhibition of T-cell proliferation and the 

suppression of the cytotoxic activity of NK cells (Bassi, de Almeida, Moraes-Vieira, & 

Camara, 2011). The actions of indoleamine 2,3- dioxygenase (IDO) leads to the depletion of 

free extracellular tryptophan, and the consequent reduction in kynurenine and other 

catabolites. The net effect triggers activated CD4+ and CD8+ T cells to undergo arrest and 

apoptosis, coupled with the upregulation of resting CD4+T cells by differentiation of 

activated T-regs (Mellor, 2005) . 

 

 It is thus evident that several factors secreted by HAEC possess the ability to influence 

immune cell action either by direct interaction or by inducing the upregulation of other 

immunomodulatory factors (Fig 2), albeit complete characterisation of the mechanisms 

underlying the immunosuppressive potential of HAEC is not yet forthcoming. Whilst HAEC-

mediated graft immune-protection could occur by a direct cytotoxic effect on CD4+ and 

CD8+ T-cells (through the actions of soluble HLA-G) (Hammer et al., 1997; Pratama et al., 
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2011) their ability to induce regulatory T-cells (CD4+/CD25+/Foxp3 regulatory T-cells) 

should also be considered. T-regs are increasingly implicated in the suppression of 

allogeneic graft rejection and transplantation tolerance (Wood & Sakaguchi, 2003),  being 

derived from naïve CD4+ cells in the periphery, following appropriate exposure to a specific 

allo-antigen and co-stimulation. The process is potentiated by cytokines notably TGF and 

IL-10 (Chung et al., 2009; Li et al., 2005; Manuelpillai et al., 2010; Pothoven et al., 2010) 

which induce expression of Foxp3 that, in turn, orchestrates T-reg expansion. As both 

cytokines are secreted by HAEC this serves as a further mechanism by which these cells 

may be capable of influencing the immune response, expanding alloantigen-specific T-reg 

populations that can counteract the deleterious effects of CD4+ and CD8+ T-cells (Tan et al., 

2015), with the potential to prevent graft rejection and mediate graft tolerance in the 

context of islet transplantation.  

 

 

4.5 Islet xeno-transplantation 

Wider application of -cell replacement therapy is restrained by the limited supply of 

transplant-grade islets obtained from viable human donor pancreases. Porcine islets may 

serve as surrogates, having a similar physiology to humans, producing insulin which differs 

from native human insulin by a single amino acid, with comparable efficacy and very low 

antigenicity. The risks from porcine endogenous retroviruses (PERVS) can be eliminated, 

notably by the use of CRISPR-based gene editing (Niu et al., 2017; Zhu, Yu, Lyu, & Wang, 

2014) and as a consequence porcine islets are gaining credence as an alternative to human cells 

for transplantation purposes.   The efficacy of encapsulated porcine islets is being evaluated in 

ongoing clinical trials where biocompatible materials serve to reduce the likelihood of 

xeno-rejection (Buder, Alexander, Krishnan, Chapman, & Lakey, 2013). In conjunction with 
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successful application of localised immune-modulation (Matsumoto, Abalovich, Wechsler, 

Wynyard, & Elliott, 2016; Morozov et al., 2017) the case for adopting non-human islet 

donors for clinical use may gain wider acceptance. 

 

Recent research from the authors indicates that the inherent trophic and immuno-

modulatory properties of HAEC are also relevant to islet xenotransplantation (Zafar et al., 

2019). Despite their disparate origins HAEC have the capacity for physical association with 

porcine islets, interacting at the surface to form a semi-continuous layer. HAEC in co-

culture preserve porcine islet function and alter their CD4+ xeno-reactivity (Zafar et al., 

2019). In vivo studies suggest that co-integration of porcine islets and HAEC into 

transplantable heterotypic cell constructs using 3D RCCS to support -cell function, 

provides the graft with a survival advantage compared to unmodified islets. For example, 

enhanced islet structural integrity and altered tempo of xeno-rejection have been 

demonstrated in a murine model of islet transplantation (Zafar et al., 2019). HAEC induce 

apoptosis of activated T-cells  (Banas et al., 2008; Li et al., 2005) thus abrogating CD4+ T-

cell expansion which, in the context of xeno-rejection would be advantageous for long-term 

graft survival. Further, HAEC-secreted HLA-G mediates inhibition of T-cell proliferation and 

the suppression of the cytotoxic activity of NK cells (Li et al., 2015; Magatti et al., 2018) 

which may also have implications in relation to altered xenograft recognition and sustained 

porcine islet xeno-graft immune-protection. Coupled with the observations that Fas/FasL 

in HAEC induces apoptosis in both T and B cells, and that HAEC express CD59 (Fust et al., 

2012; Li et al., 2015; Rooney & Morgan, 1992), such inhibitory effects targeted at the 

cellular, humoral  and complement immune systems suggest that HAEC  have the potential 

for immunomodulation in xenogeneic as well as allogeneic transplantation (Kubo, Sonoda, 

Muramatsu, & Usui, 2001). Supplementary methods of immune protection would likely 
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need to be applied during the early peri-transplant period to give the HAEC time to 

establish and exert influence at the site of implantation.  Co-stimulation blockade (notably 

the CD28/CD80/86 and CD40/CD154 pathways) and the use of anti-CD3 or T-cell 

depleting antibodies (Bellin et al., 2012) may be compatible  with the putative 

mechanism(s) underlying HAEC-mediated localised  immunosuppression. Such agents 

could potentially provide protection as induction therapy in conjunction with islet:HAEC 

xeno-grafting to circumvent the need for more conventional immunosuppressive agents  

and eliminate associated toxic actions on transplanted islets and on the graft recipient. 

Successful deployment of tolerogenic strategies (Chhabra & Brayman, 2011) involving 

HAEC (Fig 3) would also serve to enhance the therapeutic potential of islet xeno-

transplantation. 

 

5.0 Summary and Conclusions 

The present review critically evaluates evidence for the clinical application of HAEC in 

regenerative therapies and, in particular, as an adjunct to islet transplantation. The human 

AM, procured via elective Caesarean section, represents an unlimited source of renewable, 

non-controversial stem cell populations.  Their clinical application as demonstrated in 

clinical trials (Baradaran-Rafii et al., 2018; Lim et al., 2018; Malhotra, Lim, Mockler, & 

Wallace, 2020; Parmar et al., 2006) provides a regulatory pathway for the translation of 

such technologies for patient benefit. Further work is required for isolated HAEC to be 

approved as a standardized medicinal product.  Indeed, continued exploration of the HAEC 

secretome and the extracellular vesicles in which the various components are packaged 

may allow further refinement of the clinical use of HAEC, as suggested by Alhomrani et al. 

(2017) and Tan et al. (2018) for HAEC-derived exosomes in experimental models. 

Alternative transplant methods may also be explored such as the use of HAEC to bio-



24 

 

engineer sheet-like -cell-bearing constructs which potentially could be implanted within 

less invasive sites. 

 

Islet transplantation awaits adoption as a mainstream therapeutic approach to the 

management of diabetes, but its potential to improve glycaemic control and quality of life 

for graft recipients is clear. The need to refine the technique is equally apparent, whereby 

strategies to reduce risk and enhance long-term graft viability are essential to attaining 

good clinical outcomes for patients. The work detailed in the present review provides a 

rationale for examining novel cell-based strategies that offer islets trophic support, limit 

ischaemia-induced -cell damage and provide immune protection. Such interventions may, 

in time, make islet transplantation a serious rival to exogenous insulin therapy, 

contributing to a more effective means of reducing transplant-related risks whilst 

achieving optimal and sustained islet graft function.  
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Table 1 

Studies that characterise human amniotic epithelial cells (HAEC) and their secretory 

factors. 

Source/isolation 

method 

Major cell surface 

markers expressed 

Secretome components 

detected 

Clinical 

Application 

Reference 

MEM-Trypsin N/A TNFα, FasL, TRAIL TGFβ, 

MIF 

Ocular repair  (Li et al., 2005) 

0.5% trypsin  

N/A 

MCP 

IL-6 

ang 

Myocardial 

infarction 

 (Song et al., 

2015) 

0.25% Trypsin-

EDTA 

CD324 

SSEA-4 

VEGF 

IL-4 

IGF 

Intrauterine 

adhesions 

 (Bai et al., 

2020) 

 

0.05% 

trypsin/EDTA 

 

CD326 

CD90, CD105 

SSEA-4 

OCT-4 

HLA-G and HLA-E 

 

HIF-1α 

VEGF-A 

collagen IV and laminin 

E-cadherin 

 

Islet 

transplantation 

(Lebreton et al., 

2019) 

Shanghai iCELL 

Biotechnology Co., 

Ltd 

 

N/A 

 

BDNF 

 

Autism spectrum 

disorder 

 

(Zhang et al., 

2019) 

 

0.25% trypsin 

 

 CK19 
 

 

Fas/FasL 

 

Islet 

transplantation 

 

(Qureshi et al., 

2011) 

0.25% trypsin E-cadherin, CD49f, CK7, 

EpCAM 

CD44, CD90, CD105, 

CD146, PDGFR-β, CD2 

HLA-A-B-C, HLA-G 

TGF-β1, IL-6 

MCP-1 (at P5) 
 

 

Liver and lung 

fibrosis 

(Pratama et al., 

2011) 

0.2% trypsin OCT-4, GATA-4 

HNF-3β), nestin 
 

IL-10 and PGE2  Spinal cord injury  (Wei et al., 

2003) 

 

  
 

 

0.05% trypsin 

 

HLA-G 

 

IL-10 

 

Hepatic fibrosis 

(Manuelpillai et 

al., 2012) 
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Figure Legends 
 

 

 

Table 1 – Studies that characterise human amniotic epithelial cells (HAEC) and their 

secretory factors.  

 

Abbreviations: ANG, angiogenin; BDNF, brain derived neurotrophic factor; CK19, 

cytokeratin 19; FasL, Fas Ligand; HLA, human leucocyte antigen;  HIF-1α, hypoxia-

inducible factor 1-alpha; HNF- 3β, hepatocyte nuclear factor 3beta;  IGF, insulin-like growth 

factor; IL, interleukin; OCT-4, octamer-binding transcription factor 4; MCP, monocyte 

chemotactic protein; MIF, migration inhibitory factor; N/A, not applicable; PDGFR-β 

platelet-derived growth factor receptors beta;  PGE2, prostaglandin E2 SSEA-4, stage-

specific Embryonic Antigen-4; TNFα, tumour necrosis factor alpha; TRAIL, TNF-related 

apoptosis-inducing ligand;  TGF-β, transforming growth factor-beta; VEGF, vascular 

endothelial growth factor; 

 

Figure 1.  (A) Phase contrast image of HAEC in monolayer culture. (B) 

Immunofluorescence staining of CK-19 positive HAEC. (C&D) Morphological analysis of 

Islet:HAEC constructs formed during 72 hours in rotational cell co-culture. 

Immunofluorescence indicates the presence of insulin (red - TRITC) or CK 19 (green - 

FITC). Figures C&D reproduced with permission (Qureshi et al., 2015) 

 

Figure 2.  Schematic diagram to illustrate the putative mechanisms underlying HAEC-

mediated immunomodulation 

Abbreviations: FasL, Fas Ligand; HLA, human leucocyte antigen; IDO, indoleamine 2,3- 

dioxygenase; MIF, migration inhibitory factor; PGE2, prostaglandin E2; TGF-β, transforming 

growth factor-beta  
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Figure 3. Schematic diagram to illustrate the potential HAEC-mediated mechanisms to 

abrogate islet xeno-graft rejection 

 

Abbreviations:  FasL, Fas Ligand; HLA, human leucocyte antigen; IDO, indoleamine 2,3- 

dioxygenase; IL, interleukin; TGF-β, transforming growth factor-beta; T-regs, regulatory T- 

cells 

 


