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Abstract 

 Several paediatric gastrointestinal diseases result in life-shortening organ failure.  For 

many of these conditions, current therapeutic options are suboptimal and may not offer a 

cure.  Regenerative medicine is an inter-disciplinary field involving biologists, engineers, and 

clinicians that aims to produce cell and tissue-based therapies to overcome organ failure.  

Exciting advances in stem cell biology, materials science, and bioengineering bring engineered 

gastrointestinal cell and tissue therapies to the verge of clinical trial.  In this review, we 

summarise the requirements for bioengineered therapies, the possible sources of the various 

cellular and non-cellular components, and the progress towards clinical translation of 

oesophageal and intestinal tissue engineering to date. 

  



Introduction 

 Regenerative medicine and bioengineering aim to rescue organ failure by the 

restoration of function through the generation of cells, tissues, or organs de novo.  This field 

combines insights from developmental and stem cell biology with expertise in biomaterials 

science and engineering to develop personalised therapy for specific needs.  Currently, 

several congenital malformations and diseases acquired in early childhood result in life-

limiting organ failure due to sub-optimal treatment options. In particular, this applies to 

gastrointestinal diseases including, oesophageal atresia, intestinal failure, and intestinal 

neuropathies. In this regard, there is an unmet clinical need in these children that 

regenerative medicine aims to address.  

Oesophageal atresia (OA) is a congenital disorder of the oesophagus resulting in a lack 

of continuity from the mouth to the stomach, commonly associated with an abnormal 

connection between the oesophagus and trachea (tracheoesophageal fistula, TOF).  

Approximately 10% of OA patients have no communication with the trachea. This is 

associated with a large tissue deficit between the proximal and distal oesophagus making 

primary anastomosis unfeasible, necessitating oesophageal replacement [1]. Even patients 

undergoing primary anastomosis may require an oesophageal substitute following 

anastomotic leak, recurrent fistula, or severe strictures refractory to endoscopic intervention. 

Currently, the options for oesophageal replacement are interposition grafts using stomach, 

jejunum, or colon. However, each technique is associated with substantial disadvantages; 

gastric interpositions tend to cause reflux and microaspiration, jejunal grafts are associated 

with a significant risk of anastomotic leak and ischaemia, and colonic grafts have a high 

incidence of redundancy, delayed emptying, and a lifelong malignancy risk [2]. Long-term 

feeding problems are common in OA patients and can be severe, such that extra surgical 

interventions may be required, such as anti-reflux or feeding ostomy formation. 

Intestinal failure (IF) is a group of conditions defined by the lack of sufficient functional 

intestine to maintain hydration, nutrition, and growth through enteral nutrition alone.  

Currently, there is no cure for IF, with available treatments including parental nutrition, 

intestinal lengthening procedures, and intestinal transplantation [3-5].  However, 

complications of IF and its current treatments are many, including liver failure, bacterial 

overgrowth, sepsis, eventual loss of central venous access, metabolic bone disease, 

transplant-associated immunosuppression, and ultimately death [4].  In the most severe 



cases, 5-year survival may be as low as 20%, with small intestinal transplantation carrying a 

5-year survival of only 60% [6-8]. 

In addition to the anatomical absence of gut, disorders of the enteric nervous system 

(ENS) may cause significant morbidity, including IF, and have limited treatment options.  

Hirschsprung disease (HSCR) is congenital disorder of the digestive tract due to absence of 

ganglion cells in the myenteric and submucosal plexuses. While the exact aetiology of HSCR 

is unclear, failure of rostro-caudal migration of sacral neural crest ENS progenitor cells has 

been hypothesised as the main cause. Currently, the definitive treatment is surgical resection 

of the aganglionic gut and pull-through of ganglionated gut to the anal canal. Although 

surgery is lifesaving by relief of the functional bowel obstruction, there is a significant 

proportion of patients with long-term morbidity and decreased health-related quality of life 

[9, 10]. Multiple factors are speculated to contribute to persisting bowel dysfunction, 

including the suggestion that patients with HSCR have inherent dysmotility, even in their 

ganglionic bowel. 

It is clear that in conditions such as OA, IF, and HSCR, regenerative medicine holds 

tremendous potential to fulfil an unmet clinical need; that is, the durable restoration of organ 

function where no ideal alternative therapy exists.  In this review, we discuss the aims, 

strategies, and progress of regenerative medicine for congenital and acquired childhood 

disorders of the gastrointestinal tract.  We also address the remaining challenges and barriers 

to clinical translation of engineered therapies in the future. 

 

What are we trying to achieve?  

Goals and aims of bioengineering for gastrointestinal disorders 

The current treatment options for congenital and childhood-acquired GI disorders are 

suboptimal.  Therefore, the goal of bioengineering for these conditions is to generate cells or 

tissues de novo to ameliorate, cure, or perhaps even prevent these diseases [11, 12].  Just as 

the causes of congenital and childhood-acquired disorders are diverse, so too then must be 

the regenerative medicine strategies to treat them (Figure 1).  Bioengineered therapies must 

aim to faithfully recapitulate normal anatomy and function in order to achieve tissue 

reconstruction.  In the case of the gastrointestinal tract, the multi-layered structure of 

mucosa, submucosa, muscularis externa and adventitia must be restored. 

 



Mucosa and Submucosa 

Crucial to intestinal function is the self-renewing simple columnar epithelium with a 

diversity of absorptive (enterocytes) and secretory (enteroendocrine, goblet, and Paneth) cell 

lineages arranged in well-defined repeating crypt-villus units as an intact epithelial barrier 

[13].  This diversity of cells arises from somatic intestinal stem cells (ISCs), which express 

leucine rich repeat-containing G protein coupled receptor 5 (Lgr5) and are located at the base 

of the crypt [13, 14].  Under normal homeostatic conditions, this is achieved through the 

complex interplay of signalling gradients along the crypt villus axis including Wnt/-catenin, 

Notch, transforming growth factor- (TGF-), bone morphogenic protein, and hedgehog 

signalling pathways [13, 15-17].  However, it is worth noting that following injury, more 

mature cell types can ‘de-differentiate’ to replenish the ISC compartment in a pattern that 

has remarkable resemblance to the foetal development program [18, 19]. 

The oesophageal epithelium consists of a highly proliferative basal layer with a 

stratified layer of increasingly flattened superficial cells. The stratified squamous epithelium 

provides a physical barrier from chemical and mechanical injury during the passage of food 

and refluxing gastric acid. Evidence from lineage tracing and cell cycle tracing data in mice 

suggest oesophageal epithelial homeostasis is supported by a single stem population of 

progenitor cells stochastically producing one daughter for stem maintenance and one for 

subsequent differentiation [20]. When injury occurs, cells close to the wound transiently 

increase the production of progenitor cells, allowing for rapid replacement of the superficial 

layer as part of a co-ordinated set of responses involving molecular signals including, 

EGF, HGF/c-MET and NGF/TrkA [21, 22].  

The epithelium is supported by the lamina propria comprised of mesenchymal cells, 

including fibroblasts and myofibroblasts, and a lymphovascular network.  In the intestine, the 

mesenchymal cells are a crucial component of the ISC niche, supplying growth factors that act 

through the signalling pathways mentioned above [23-25].  The lymphovascular network, 

beginning in the villus as capillaries and lacteals, is responsible for absorption of digested 

nutrients and fluid, as well as immune surveillance.  The oesophageal submucosa is composed 

of a loose connective tissue layer rich in collagen and elastin. The orientation of these fibres 

allows for high degrees of circumferential distensibility which is essential for swallowing 

without compromising longitudinal strength [26]. The vascular and neural networks regulate 



secretion of mucus from submucosa glands directly into the oesophageal lumen and co-

ordinate contraction of the muscularis mucosae.  

 

Muscularis externa 

The mucosa and submucosa of the gut tube are wrapped in a two-layered smooth 

muscle tube with orthogonally orientated smooth muscle fibres, except for the proximal 

oesophagus which contains skeletal muscle in continuity with the pharynx.  Together with an 

organised and complex enteric nervous system (ENS) comprising both submucosal and 

myenteric nerve plexuses, the neuromuscular coat is responsible for coordinated peristalsis 

[27].  Furthermore, the ENS has been shown to have additional functional importance 

including the regulation of intestinal hormone secretion, maintenance of epithelial growth 

and barrier function, and communication of host-microbe interactions [28-30].  

Understanding of the developmental biology of the neuromusculature of the gut has been 

crucial to the development of protocols for isolation and culture of cells that can act as muscle 

and neural precursors. 

 

Supply and defence: vasculature and immune tissue 

Beyond the mucosal lymphovascular network, the large and medium sized lymphatic 

and vascular tree is clearly essential to normal gut tube oxygenation, nutrition, waste 

removal, and immune surveillance. Recapitulating an intact non-thrombogenic 

lymphovascular tree will be crucial to engineering anything more than cell-based therapies, 

for example, multi-layered engineered tissues. For the intestine, this could be achieved by 

using the existing vascular tree, in the form of a decellularised scaffold (see below) or as a 

pattern for bioengineering, combined with vascular progenitor cells [31].  While for the 

oesophagus, this is more complex as there is no single major vessel providing vascular supply. 

As one of the largest interfaces with the external environment, the intestinal immune 

system, including myeloid and lymphoid cells encounters a vast antigenic load.  However, it is 

clear that normal function of the immune system and its interaction with the microbiome are 

essential to intestinal homeostasis, while dysregulation of these components contributes 

infectious and inflammatory diseases of the intestine, which may lead to intestinal failure [32, 

33]. 

 



Orientation and organisation: the extracellular matrix 

Finally, these various cell types must be organised into an appropriately 

compartmentalised multi-layered organ, and this is achieved through a finely micro-

patterned extra-cellular matrix (ECM).  Apart from micro-structural organisation and 

mechanical properties provided by ‘structural’ proteins, the ECM also contains a vast array of 

ECM-associated proteins, including matrix modifying enzymes, ECM-bound growth factors, 

and ligands for cell surface receptors [34, 35].  Furthermore, the ECM exists in a state of 

dynamic reciprocity with its resident cells; that is, the ECM instructs cellular polarity and 

phenotype, and the cells digest and secrete ECM in response to chemical and mechanical 

signals in the microenvironment [34, 36, 37]. 

 

Sourcing the Building Blocks: Cells and Scaffolds 

Having considered the cell and tissue types required to bioengineer the gut, we now 

discuss efforts to source these cell types for translational purposes.  Ideally, cells to be used 

for regenerative medicine applications should be able to proliferate to clinically relevant 

numbers but be available from minimal source tissue, while retaining the capacity to 

differentiate into mature cell subtypes and not give rise to unwanted tissues, including 

neoplasia, in the process.  

 

Epithelial cells 

Bioengineering of the epithelium with or without supporting mesenchyme is the most 

advanced aspect of bioengineering for the gut.  Initial work on intestinal tissue engineering 

(ITE) utilised intestinal “organoid units” derived from enzymatically digested minced intestine 

[38-42].  These organoid units comprised epithelium and supporting mesenchyme but have 

limited in vitro expansion potential relative to the amount of source tissue required.  

Establishment of stroma-free ISC-derived intestinal organoid culture was first published by 

the Clevers group in 2009 [13, 14, 43].  These organoids give rise to a full diversity of epithelial 

cell types (i.e., they retain tissue-specific multipotency), morphologically resemble crypt-villus 

architecture, are genetically stable in long-term culture, and can have near unlimited 

potential to be expanded exponentially [14, 43].  Another strategy to generate intestinal 

organoids is from pluripotent stem cells (PSCs), either induced-PSCs (iPSCs) or embryonic 

stem cells (ESCs) [44-49].  Clinical translation of ESC-based therapies is still limited by 



immunological and ethical concerns.  However, iPSC-derived human intestinal organoids 

(HIOs) contain all mature epithelial cell subtypes, like ISC-derived organoids, and additionally 

smooth muscle and mesenchymal cells, with HIOs exhibiting a level of maturity similar to 

foetal intestine [45, 50].  Potential problems with iPSC intestinal organoids include variability 

across iPSC lines, the risk of persistence of tumorigenic pluripotent cells, and possible genetic 

and epigenetic instability [51-54].  Clearly these are significant issues to be addressed prior to 

clinical trial.  However, both organoid systems can be cultured in a 3D ECM-based hydrogel 

using chemically defined media, which can be manufactured according to good 

manufacturing protocols (GMP), making organoids an attractive option for the mucosal 

components of intestinal bioengineering. 

 The stratified squamous epithelium of the oesophagus is not readily cultured in 3D 

organoid-like conditions, although it has been reported [55, 56].  Epithelial cells for 

oesophageal bioengineering may be sourced from either buccal mucosal biopsy or 

endoscopic oesophageal biopsy.  Cells delivery to mucosal defects can be by direct injection 

as trialled in animal models [57] or more recently as a cell sheets cultured on feeder layers, 

usually mouse fibroblasts (J2-3T3 cells), or in 2D on basement membrane coated tissue 

culture flasks [56, 58]. Culture of epithelial cells on thermo-responsive polymers allows for 

detachment of the epithelial cell layer without compromise to cell morphology or function by 

decreasing the temperature which converts the polymer from a hydrophobic to hydrophilic 

state [59]. This technique is now extensively used for clinical delivery of epithelial cells for 

treatment of mucosal defects, discussed later.    

 

Smooth and skeletal muscle 

In comparison, engineering of organised smooth and skeletal muscle layers is much 

earlier in development.  The primary problems to be overcome include the reliable isolation, 

expansion, and differentiation of visceral smooth muscle progenitors from the intestine, 

although these have recently been characterised in mouse [60].  Alternatively, several groups 

have investigated non-intestinal mesenchymal stem cell (MSC) sources of smooth muscle 

progenitors.  For example, visceral smooth muscle cells (viSMCs) can be derived from 

mesoangioblasts (MABs) in the blood vessels of skeletal muscle [58, 61-63], from autologous 

amniotic fluid stem cells (AFSCs) via culture in media containing TGF-1 and PDGF-BB [64], or 



from bone marrow mesenchymal stem cells via inhibition of the ERK/MAP kinase signalling 

pathway [65]. 

Successful bioengineering of muscle for the oesophagus is essential as this layer must 

provide the graft strength, elasticity and ultimately, peristalsis. Cells at different stages of 

maturity, from stem to mature muscle cells, have been used as the source of muscle tissue 

for oesophageal engineering. The use of mature smooth muscle cells in tissue engineering is 

limited due to volume of source tissue required and relative inaccessibility. In addition, they 

demonstrate slower expansion than other cell lines used for muscular replacement. 

Alternative and more viable options include using muscle progenitor cells which can 

subsequently differentiate into smooth muscle. Mesoangioblasts are a subset of pericytes 

which are well suited to this application as they have both smooth and skeletal muscle 

differentiation potential [66, 67], can be reliably cultured and have already been used in 

clinical trials for the treatment of muscular dystrophies [68].  MSCs derived from bone 

marrow, adipose tissue and amniotic fluid have all been used in oesophageal animal models 

with relative success and continue to be an attractive option for muscle tissue engineering 

due to their multipotency, ease of harvesting and positive immunomodulatory effects [69-

72]. Another possible cell source is skeletal muscle progenitors, such as myoblasts, which are 

readily available from skeletal muscle biopsies and have potential to give rise to 

multinucleated skeletal muscle fibres in scaffolds [73].  However, it is unclear whether skeletal 

muscle offers the ideal mechanical properties given that the dominant muscle type of the 

oesophagus is smooth muscle, apart from in the proximal segment. 

 

Enteric neurons and neural precursors 

Development of techniques to reconstitute the ENS have made substantial progress 

recently.  Enteric neural stem cells (ENSCs) represent a multipotent stem cell population with 

the capacity to differentiate into neurons, glial cells, and myofibroblasts and are considered 

the most likely cell source for cell and tissue engineered therapies [74-77].  ENSCs were 

initially isolated from embryonic gut tissue and later from postnatal gut [74, 78].  Three-

dimensional organotypic cultures called neurosphere-like bodies (NLBs) have become the 

preferred mode of in vitro propagation of ENSCs with the ability to recapitulate biological 

behaviour of ENS cells and colonise the bowel following transplantation [76].   



Full-thickness segments of gut containing the smooth muscle and myenteric plexus 

were the major source of ENSCs, but the large amount of source tissue required has been 

prohibitive. The discovery of the existence of ENSCs within the mucosal layer has made it 

possible to derive NLBs even from endoscopic biopsies, allowing the possibility of autologous 

cell therapy [79].  However, a disparity between ENSCs sourced from the submucosal plexus 

versus the myenteric plexus has been observed in terms of proliferation and differentiation 

potential [80].  By contrast and of great relevance to the treatment of intestinal neuropathies, 

NLBs generated from HSCR biopsy specimens have been reported to be equivalent to those 

from healthy gut [81].  Finally, tissue processing to purify ENSCs is crucial, using fluorescence-

activated cell sorting (FACS) or magnetically activated cell sorting (MACS) isolation based on 

p75 or RET positivity, as contamination with mesenchymal cells may have a detrimental effect 

on proliferation and differentiation [82]. 

Neural crest cells (NCCs) have been isolated from intestinal tissue and derived from 

PSCs [79, 83, 84].  NCCs are ENS progenitors and can form neurospheres in culture exhibiting 

both differentiated neuronal and glial cell types [74, 78, 81].  Neurosphere cultured NCCs have 

been combined with HIOs and have been shown to generate myenteric and submucosal 

plexus-like structures which demonstrate contractility both in vitro and in vivo [83-86].  

Interestingly, in one study, non-enteric pre-migratory NCCs were successfully combined with 

HIOs, suggesting cell candidates for ENS reconstruction may be found beyond enteric origins 

[86]. 

 

Endothelial cells 

Existing tissue engineering strategies have relied on in vivo vascularisation of 

implanted constructs [40, 58, 87, 88].  However, pre-vascularisation in vitro will likely be key 

to engineering organs of clinically significant size, given the increased complexity of the gut 

compared to previously engineered organs.  Endothelial progenitor cells can be found 

circulating in the blood [89] or derived from the bone marrow or blood vessels [90-92].  

Furthermore, the isolation and culture of endothelial cells derived from human umbilical vein 

(HUVECs) has been well described and offers the potential for autologous therapy.  However, 

senescence of endothelial cells in culture has proved problematic for clinical translation.  A 

potential strategy to overcome this has been described recently through the partial re-

programming of vascular endothelial cells, including HUVECs, using ETS variant transcription 



factor 2 (ETV2).  ETV2-expressing endothelial cells exhibit a more plastic and vasculogenic 

phenotype in vitro and in vivo [31].   

 

Scaffolds 

Scaffolds for digestive tract bioengineering must meet several criteria: 

1. Allow for cellular attachment and proliferation while maintaining 

cytocompatibility. 

2. Provide mechanical cues to facilitate formation of normal microanatomy. 

3. Exhibit similar mechanical and biochemical properties to native tissue to mimic 

native organ microenvironment, whilst being robust enough to be transplanted. 

4. GMP-grade processes should be available for manufacture of the scaffolds. 

Bioscaffolds meeting these criteria can be grouped according to their origin.  Synthetic 

scaffolds include polyglycolic acid (PGA) and poly-L-lactic acid (PLLA), both of which have been 

successfully used in tissue engineered small intestine (TESI) and oesophageal engineering 

already [69, 85, 93-95].  Natural scaffolds include single component mammalian ECM 

proteins, such as collagen I, chitosan, alginates, and scaffolds derived from decellularisation 

of native tissues (Figure 2) [96-99]. 

Various features of the scaffold are important.  Scaffold topography has been shown 

to affect spatial distribution of intestinal epithelial cell subtypes [100], while stiffness has an 

impact on epithelial organisation and ISC maintenance [101, 102].  Biochemical cues from the 

ECM are vitally important; these are maintained in ECM-based scaffolds [103-105] but 

generally lacking from synthetic scaffolds.  The main advantage of synthetic scaffolds is the 

mechanical properties and size can be customised to the patient and they are available ‘off 

the shelf.’  However, it has been demonstrated that decellularised scaffolds can be 

cryopreserved which would also allow them to be stored and readily available at the point of 

use [106]. 

Excitingly, it has been shown that decellularisation of native intestine is possible in 

small and large animals, as well as humans, using a variety of detergent and enzymatic-based 

protocols delivered via the lumen, vasculature, and/or immersion [88, 98, 104, 107].  

Decellularised intestine maintains native tissue microarchitecture and a critical diversity of 

ECM proteins and growth factors [98, 104].  Similar decellularisation techniques have been 

applied to oesophageal tissue engineering in rodent and porcine models [58, 108].  Porcine 



oesophagus is likely the preferred source for clinical translation, as it has similar anatomical 

dimensions to the human oesophagus and acellular porcine products are widely used in 

clinical surgical practice already.  While this is by no means the only approach to digestive 

bioengineering, scaffolds from decellularised organs could well provide the most 

physiological scaffold, provided its xenogeneic or allogenic origin are not barriers to 

transplantation. 

 

Bioengineering for Oesophageal Atresia 

Having considered the necessary building blocks, we will now review the progress 

made towards translation of engineered cell and whole-organ therapies.  Clearly, any 

bioengineered product requires rigorous evaluation prior to clinical use, particularly with 

regards to implant integration, immune response, durability, long-term functionality, and 

neoplastic risk. This is especially vital when considering tissue engineered therapies for 

children. 

 

Mucosal sheets 

Whilst full thickness replacement of the oesophagus is still far from human 

translation, attempts at mucosal replacement alone have shown some successful results in 

both large animal and human studies.  Techniques for epithelial cell delivery include use of 

organoid units or epithelial cell sheets [59, 109, 110].  Where autologous epithelial sheets 

were transplanted in canine and porcine models immediately after endoscopic submucosal 

dissection (ESD), those treated with epithelial sheets had significantly lower stricture rate 

and degree of fibrosis compared to controls [111-113]. The hypothesised mechanisms for 

reduced stricture include the protective effect of an epithelial barrier from further 

mechanical damage and secretion of growth factors and cytokines to recruit host epithelial 

cells to repair the wound. These successful animal studies paved the way for similar 

approaches to be used in humans. The first transplantation of autologous epithelial sheets 

in humans demonstrated reduction in wound healing times and subsequent studies have 

demonstrated decreased stricture rates with no significant complications or adverse 

reactions [114, 115]. 

 



 

Full-thickness patch oesophagoplasty 

Patch oesophagoplasty models, whereby a full-thickness defect in the oesophagus is 

replaced with a bioengineered patch have shown promising results in animal studies. The use 

of acellular small intestine submucosa (SIS) for patch repair has shown good survival rates 

with decreased incidence of stricture and leak in rat and canine models [116-118].  ECM 

scaffolds seeded with smooth muscle and bone marrow derived MSC also have demonstrated 

earlier epithelialisation and improved muscular regeneration compared to controls [119].  

Mucosal regeneration on the patch and tissue remodelling at the transplantation sight has 

been identified [117]. Epithelial cell seeding on SIS has been reported to promote re-

epithelialisation and skeletal muscle regeneration in a canine model [120].   

By contrast, patch models using biodegradable synthetic scaffolds have had varied 

results, with relatively low survival rates and complications, including pseudodiverticula 

formation and anastomotic leak [121, 122].  Cell-seeded synthetic patches showed better 

epithelial and smooth muscle regeneration compared to unseeded controls in a rabbit model 

[123].  However, regardless of scaffold type or pre-seeding of epithelial cells, ingrowth of 

endogenous epithelium appears to occur by three months [120].  Therefore, it remains 

unclear if pre-seeding of epithelial cells is necessary before transplantation. 

 

Full-thickness circumferential oesophageal replacement 

Although replacements of part-circumference oesophageal defects have shown 

promising results, circumferential, full-thickness repair is even more complex.  An in vitro 

model replicating full thickness native oesophagus has been developed by seeding MABs, 

fibroblasts, neural precursors, and epithelial cells on decellularised rat oesophagi and 

cultured them in a custom-made bioreactor. This resulted in an organised oesophageal 

construct with a multi-stratified epithelium and an innervated smooth muscle layer [58].  In 

this context, efficiency of cell repopulation is highly dependent on culture conditions; culture 

of the seeded constructs in bioreactors was shown to improve the morphology of engineered 

oesophagus, especially in the muscle layers (Figure 3) [58]. 

Initial attempts using acellular natural scaffolds to repair cervical oesophageal defects 

in vivo in canine models appeared positive [124].  However, subsequent adaptation of the 

technique to an intra-thoracic model was complicated by high occurrence of stenosis [125].  



Other circumferential reconstruction techniques without cell seeding have led to high rates 

of stricture formation [70, 95, 126]. What is clear from this early experience, is that both the 

presence of a stent and its duration in situ appear to be critical to reduce stricture if acellular 

scaffolds alone are to be used and has led to the use of pre-seeded scaffolds instead.  

Nakase et al. performed an intra-thoracic interposition of un-stented PGA scaffolds 

seeded with epithelial cells and fibroblasts after three weeks of maturation and 

vascularisation in the omentum.  Within three weeks, stratified epithelialisation was 

complete with polarised smooth muscle-like regeneration [95]. This suggests that cell seeding 

of scaffolds accelerates both epithelial and muscle regeneration in vivo. The effect of stenting 

in cell-seeded constructs also appears to be positive with less incidence of stricture and 

anastomotic leak [73].   

An alternative approach is the use of synthetic scaffolds as temporary templates to 

guide endogenous tissue regrowth. La Francesca et al. used polyurethane electro-spun 

scaffolds seeded with autologous adipose-derived MSCs to replace the thoracic oesophagus 

in pigs. Although multiple stent replacements were required, epithelialisation and organised 

smooth muscle were reported with symptom-free survival of two pigs at 18 and 19 months 

[127]. The same model was used to determine whether seeding with epithelial or 

mesenchymal cells resulted in better tissue regeneration.  Scaffolds seeded with amniotic 

fluid derived MSCs appeared to have improved muscular regeneration in the scaffolds 

compared to the animal seeded with oesophageal epithelium only, however numbers were 

very small (n=4) [69].  The presence of MSCs has been reported to enhance both 

epithelialisation and muscularisation.  They also appear to support angiogenesis and healing, 

likely by salutary paracrine signalling [69-72].   

There has been a single case report of a full thickness circumferential replacement in 

human on compassionate grounds after extensive oesophageal injury failed all conventional 

treatment. The 5-cm defect in the cervical oesophagus in a 24-year-old patient was repaired 

using a self-expanding metal stent covered with an acellular dermal matrix, coated with 

autologous platelet-rich plasma adhesive gel. The stent was left in place for three years with 

no evidence of stricture or fistula one year after removal [128]. Although it is difficult to judge 

to what extent the tissue remodelling processes contributed to this clinically successful 

outcome, these results suggest that full coverage with exogenous cells may not be essential.  

 



Bioengineering for Intestinal Failure and Intestinal Neuropathies 

Cell therapies for intestinal failure 

It is likely that initial engineered therapies for intestinal failure will be cell-based, 

rather than full thickness tissue, and in fact may be able to prevent the development of 

intestinal failure in the first place.  A series of studies have examined AFSCs as a therapy for 

necrotising enterocolitis (NEC), a severe multi-factorial inflammatory disease of the gut that 

is common in premature infants and a leading cause of acquired intestinal failure in children 

[129-131].  In a rat model of NEC, those treated with intraperitoneal injection of AFSC had 

improved survival, intestinal morphology, increased enterocyte proliferation and decreased 

apoptosis, and improved barrier function and gut motility, compared to controls [130, 131].  

Interestingly, the beneficial effects occurred within hours after injection and before 

histological evidence of engraftment of AFSCs in the bowel wall.  Paracrine signalling acting 

via a COX-2 dependent mechanism was shown to be responsible for the clinical effect [130, 

131].  Besner and colleagues examined the efficacy of different sources of MSCs in the 

treatment of NEC.  Again, in a rat model, AFSC, BM-MSC, AF-derived neural SC (AF-NSC), and 

enteric neural SC (E-NSC) administered by intra-peritoneal injection all reduced the incidence 

and severity of NEC and preserved intestinal barrier function [132, 133].  Each cell line 

produced a similar magnitude of benefit, but interestingly E-NSC were shown to ameliorate 

the enteric nervous system damage caused by NEC and may be useful as a rescue therapy for 

post-NEC dysmotility [134].  Given the likely paracrine effect of MSC-based therapies, further 

studies have utilised exosomes derived from MSCs to treat NEC in animal models and have 

found similar beneficial effects to the administration of MSCs themselves.  Mechanistically, 

this may occur through the induction of a protective endoplasmic reticulum stress response 

[133, 135-137]. 

Another cause of intestinal failure in children is gastroschisis, a congenital abdominal 

wall defect characterised by herniation of the intestine into the amniotic cavity and is 

associated with chemical, ischaemic, and mechanical damage to the intestine.  In parallel to 

the NEC studies described above, AFSC injected into the amniotic cavity of rat foetuses with 

surgically created gastroschisis were able to engraft in the exposed bowel and placenta, while 

exerting positive effects on bowel wall thickness and mucosal health [138-140]. 

ISC organoids have been shown in several studies to be capable of treating colonic 

mucosal defects in rodent models of colonic ulceration (induced via EDTA or dextran sulphate 



sodium and mechanical abrasion) [141-144].  In an initial study by Yui et al [144], Lgr5+ mouse 

colon organoids infused trans-anally engrafted and contributed to improved healing of the 

colonic mucosa.  Subsequent studies have utilised organoids from mouse small intestine, 

which either take on a colonic phenotype (foetal mouse intestinal organoids) [141] or retain 

a small intestinal phenotype [142] following engraftment in the colon.  More recently, 

Sugimoto et al were able to replicate these results, but this time utilising human colon 

organoids infused into the lumen of immunodeficient mice [143].  Delivery of epithelial 

organoids into injured mucosa, perhaps in combination with CRISPR-Cas9 gene editing 

techniques, is a promising methodology for treatment of mucosal disorders such as 

inflammatory bowel disease, chemoradiotherapy induced mucosal injury, or microvillus 

inclusion disease [143, 145]. 

When planning clinical translation of intestinal cell therapies, one must consider the 

delivery mechanism.  All studies mentioned above utilise either cells suspended in isotonic 

solutions, cell culture media, or ECM-based hydrogels.  In general, results favour the use of 

ECM-based hydrogels.  However, the most common ECM-based hydrogel in use is Matrigel®, 

which is a laminin-rich mixture of ECM proteins secreted by the Engelbreth-Holm-Swarm 

mouse sarcoma cell line, excluding it from direct clinical translation [96, 146].  However, 

recent work from our group has shown that a hydrogel derived from porcine small intestine 

mucosa and submucosa (pSIS) can support a diverse range of endodermal organoid cultures 

with comparable performance to Matrigel® for up to four passages [104].  From a 

translational perspective, pSIS-based products are already in widespread use in surgical 

practice, all reagents used in generating the hydrogel are already commercially available at 

GMP-grade, and we demonstrated that the highly antigenic galactose-1,3-galactose (-Gal) 

was absent in the gel [104]. 

 

Cell therapies for intestinal neuropathies 

Transplantation of neural stem or progenitor cells into neuropathic gut is expected to 

be a promising strategy to restore the ENS dysfunction.  Hirschsprung disease (HSCR) is 

congenital disorder of the digestive tract due to absence of ganglion cells in the myenteric 

and submucosal plexuses leading to a functional bowel obstruction.  Several mouse models 

have been established, including Ret−/−, endothelin receptor type B deficiency (Ednrb−/−), and 



nNOS−/− mice.  Furthermore, these models have been combined with immunodeficient 

murine phenotypes to enable the study of transplanted human neural cells [75, 147].   

Several reports have demonstrated that ENSCs are able to colonize the muscle layers 

when transplanted into the mouse colon.  The process has yet to be fully understood and 

optimised, to ensure the entire aganglionic lesion is covered following transplantation [77, 

148, 149].  However, it is promising that long-term survival and widespread functional 

integration with the endogenous ENS of transplanted ENSCs has been reported in mouse, 

suggesting the potential of ENSCs not only to form neurons but also give rise to various 

neuronal subtypes in vivo [75].  In addition to engraftment and differentiation, McCann et al 

demonstrated functional improvement in contractility in nNOS−/− mice after transplantation 

of ENSC neurospheres [148]. Improved survival of  Ednrb−/− mice after injection of ESC-derived 

ENC precursor cells has also been reported [147].  These findings have yet to be reproduced 

in large animal models, but ENSC cell therapy may prove a therapeutic option for enteric 

neuropathies in the future. 

 

Partial and full thickness tissue engineered small intestine (TESI) 

As discussed above, initial attempts at TESI utilised rat intestinal “organoid units” 

seeded onto synthetic scaffolds.  Adaptation of the technique to human organoid units was 

soon achieved, developing TESI with crypt-villus like structures that was capable of rescuing 

weight loss in a rat model of intestinal failure [40, 41].  Moving on from organoid units, Lgr5+ 

organoids have been seeded on PGA scaffolds to generate TESI [93].  The constructs were 

successfully transplanted into the peritoneal cavity of recipient mice and showed 

preservation of the ISC compartment, mature epithelial cell lineages, and formation of 

primitive crypt-villus structures, along with mesenchymal and smooth muscle cells recruited 

from the host animal [93, 150].  HIOs have also been combined with synthetic scaffolds to 

produce TESI, surviving 12 weeks in vivo [85].  Excitingly, TESI produced from HIOs and ENS 

progenitors have been shown to form neuroepithelial connections and produce nerve-

mediated contractile activity in vitro and in vivo [83, 84].  However, concerns about genetic 

stability, tumorgenicity, and immunoreactivity of iPSCs and the prohibitive cost of generating 

autologous iPSC lines in GMP-compliant conditions, remain barriers to clinical translation of 

iPSC-based tissues [51-54]. 



TESI has thus far relied on in vivo vascularisation.  However, two recent important 

works have helped to move forward the field of pre-vascularisation.  The Ott group were able 

to repopulate a decellularised rat intestine scaffold with HIOs via the intestinal lumen and 

pre-vascularise the TESI via infusion of HUVECs via the superior mesenteric artery and vein.  

Endothelial cells were seen in the lamina propria, and the graft was able to survive and absorb 

glucose following heterotopic transplantation [88].  In another study, ETV2-HUVECs were also 

able vascularise ISC-derived organoids in vitro and repopulate a decellularised rat intestine 

scaffold down to the capillary level and could be perfused with human blood [31].  Similar to 

the oesophagus, dynamic culture conditions using perfusion bioreactors have shown positive 

effects in preparing TESI for transplant, including improved maturation of epithelial and 

vascular components [58, 88, 107]. 

 While the development of full thickness TESI continues, two recent studies of partial 

thickness TESI are worth mentioning for their capacity for translation in near future.  In 2020, 

the generation of partial thickness TESI using patient derived organoids, fibroblasts, and 

scaffolds was reported [107].  Organoids and fibroblasts were derived from duodenum, 

jejunum, and ileum of patients with short bowel syndrome, thereby showing this strategy 

capable of producing autologous TESI.  Following exponential expansion, the organoids 

retained regional identity, including disaccharidase and protease activity, whether they were 

seeded on decellularised human small intestinal or colonic scaffolds, highlighting the ability 

of this approach to be region-specific based on the required epithelial cell identity.  This 

mucosal TESI could be transplanted into immunodeficient mice and survive for two weeks but 

was enterocyte dominant and had immature crypt-villus morphology, highlighting the areas 

requiring optimization for clinical trial [107]. 

 This year, Sugimoto and colleagues reported a technique to repurpose the colon for 

intestinal failure treatment [151].  In a rat model, the authors were able to remove the colonic 

epithelium by a combination of EDTA and mechanical scraping while leaving the 

neuromuscular coat intact.  Seeding of rat ileal organoids into the denuded colon resulted in 

reconstitution of an ileal epithelium with crypt-villus structures, LYVE-1 positive lacteals, and 

evidence of glucose, peptide, and fat absorption, while maintaining function of the colonic 

neuromuscular coat.  When introducing this treatment into a rat model of intestinal failure, 

there was a marked improvement in survival.  However, the authors did not repeat the 

experiments using human organoids [151].  If results from these two studies can be 



recapitulated with human intestinal organoids in large animal models, the repurposing of 

residual colon to small intestine and/or the use of engineered mucosal sheets will be a major 

step closer to clinical trial. 

 

Challenges and unanswered questions 

There are several significant challenges which will require further study to overcome 

prior to clinical translation. Stricture at the sites of anastomosis and in the engineered 

construct itself, which may be worsened by an inadequate blood supply, exposure to gastric 

acid, or an incomplete epithelial barrier [116, 125].  Another hurdle for clinical translation is 

vascularisation. Various methods have been demonstrated to be useful for the oesophagus, 

including in vivo maturation in the greater omentum, latissimus dorsi, or thyroid gland flaps 

[152].  For the intestine, the presence of a single feeding arterial supply is advantageous for 

vascular anastomosis at transplantation, but much work remains to be done to achieve 

complete coverage of the vascular scaffold [31, 88].  Furthermore, key to normal intestinal 

physiology is a functioning lymphatic network.  Lymphatic endothelial cells can be formed 

from pluripotent stem cells and self-organising lymphatic networks have been observed in 

vitro when cultured in ECM hydrogels [153, 154].  However, combining these lymphatic cells 

in to existing TESI models is still in its infancy. 

Nervous innervation and coordinated peristalsis do not appear to be essential for 

replacement of a small segments of oesophagus but will be vital for large defects [69, 73, 

127].  In the case of long-segment TESI and intestinal neuropathies, achievement of near-

normal motility will be crucial to therapy success. While the ENS replacement strategies 

discussed above show promise, understanding of the behaviour of implanted neural 

precursors remains incomplete [27, 148].  Finally, the effect of pre-transplantation bioreactor 

maturation still needs to be addressed, because prolonged maturation protocols may 

compromise mechanical strength and cell survival, especially for epithelial cells and the 

lymphovascular tree [31, 70, 73, 88, 95]. 

  

Future Perspectives 

The ultimate goal of bioengineering for congenital digestive disorders is the 

generation of a full thickness segment of fully functional organ.  The engineered organ must 

be of a clinically relevant size, exhibit regionalised absorptive, endocrine, barrier, and/or 



immune functions, be vascularised and have coordinated peristalsis, all whilst the cells in the 

construct remain genetically stable and capable of homeostasis over time [11, 12].  While this 

goal is some way from being met, engineering of individual components, particularly 

epithelium, is much more advanced.  Therefore, it is likely that initial clinical translation will 

focus on cell-based therapies or partial thickness reconstruction [11], or perhaps, as discussed 

above, even utilising these approaches to prevent progression to intestinal failure [133, 136, 

137].  The feasibility of cell-based approaches is exemplified by the ability to generate region-

specific patient-derived intestinal organoids that can be loaded onto scaffolds to generate 

mucosal sheets [107], the use of CRISPR-Cas9 based gene editing technology in organoids 

[145], and the successful treatment of colonic mucosal defects or repurposing of the colon to 

small intestine-like function using organoids [142, 144, 151].  Furthermore, cell-based 

therapies offer promise in the treatment of intestinal neuropathies [27, 148]. 

Much work remains to move beyond cell and mucosal sheet therapies to full thickness 

engineered organs. Examples of major issues still to be addressed include improvement in the 

in vitro derivation of organised neuromusculature, defining the best approach to pre-

vascularisation of constructs, upscaling of engineered organs to clinically relevant 

proportions, understanding how best to combine the separate cell and tissue types onto a 

suitable scaffold in vitro, and optimisation of transplantation strategies in animal models prior 

to first-in-human clinical trials.  It has been shown previously that presence of at least 10% of 

neonatal intestinal length (~20cm residual) can allow patients to wean from parenteral 

nutrition [6, 155], and it is likely that an even shorter segment of engineered oesophagus 

would be required.  From a regulatory perspective, bioengineered organs must be developed 

using good manufacturing practice (GMP) compliant protocols, produced in a reasonable 

timeframe, and in a sustainable fashion.  Finally, the implanted engineered organs should be 

durable over a lifetime, with lifelong follow-up surveillance of initial trial participants to 

ensure the promise of bioengineering for congenital disorders is fulfilled [11, 12]. 

 

  



Practice Points 

• Congenital disorders of the digestive tract cause substantial morbidity and mortality, 

with long-gap oesophageal atresia, intestinal failure, and long-segment Hirschsprung’s 

disease all having sub-optimal treatments at present. 

• Pre-clinical research is advancing towards the possibility of cell therapies and 

transplantable engineered organs that could provide durable solutions to congenital 

digestive defects, possibly using autologous cell sources. 

• Various tissue engineering techniques have been employed with a focus on 

individualisation and disease-specific strategies, which have yielded promising results 

in small and large animal pre-clinical studies. 

• Cell therapies hold promise to treat dysfunction of specific tissue subtypes within an 

organ (e.g. neural stem cell therapy for intestinal neuropathies), while major tissue 

loss or absence (e.g. long gap oesophageal atresia, short bowel syndrome) may 

require full thickness multi-layer organ regeneration. 

Research Agenda 

• Optimisation of methods to vascularise and innervate engineered gut. 

• Optimisation of scaffold selection and cell source for full-thickness oesophageal 

engineering. 

• Derivation of neural stem/progenitor cells and improvement of integration, migration 

and differentiation after transplantation. 

• Pre-clinical studies in large mammals for engineered intestinal epithelium/mucosa 

and full thickness oesophagus, prior to first-in-human clinical trial. 

• Maintaining rigorous ethical standards throughout the development and execution of 

clinical trials. Regulators and patient groups should be involved in the research process 

as early as possible.  Furthermore, this resource intense and potentially costly group 

of therapies must be developed with environmental impact and equity of access issues 

in mind. 
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Figure Legends 

Figure 1: Schematic overview of proposed autologous regenerative medicine strategies for 

childhood gastrointestinal diseases. Created with BioRender.com. 

 

Figure 2: Perfusion detergent-enzymatic treatment (DET) decellularisation of a segment of 

porcine intestine.  Such a scaffold is of appropriate dimensions to act as the basis for TESI of 

a size relevant for transplantation into a human infant. 

 

Figure 3: Oesophageal bioreactors allowing for dynamic culture of various cell types seeding 

onto decellularlised oesophageal scaffolds. 
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