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Abstract
In addition to squamous cell carcinoma, the incidence 
of Barrett’s esophagus with high-grade dysplasia and 
esophageal adenocarcinoma is rapidly increasing world-
wide. Unfortunately, the current standard of care for 
esophageal pathology involves resection of the affected 
tissue, sometimes involving radical esophagectomy. 
Without exception, these procedures are associated 
with a high morbidity, compromised quality of life, and 
unacceptable mortality rates. Regenerative medicine 
approaches to functional tissue replacement include the 
use of biological and synthetic scaffolds to promote tis-
sue remodeling and growth. In the case of esophageal 
repair, extracellular matrix (ECM) scaffolds have proven 

to be effective for the reconstruction of small patch 
defects, anastomosis reinforcement, and the preven-
tion of stricture formation after endomucosal resection 
(EMR). More so, esophageal cancer patients treated 
with ECM scaffolds have shown complete restoration of 
a normal, functional, and disease-free epithelium after 
EMR. These studies provide evidence that a regenera-
tive medicine approach may enable aggressive resec-
tion of neoplastic tissue without the need for radical 
esophagectomy and its associated complications.
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INTRODUCTION
The default tissue response to injury in adult mammals 
is characterized by hemostasis, inflammation, and subse-
quent deposition of  dense collagenous connective tissue 
(i.e., scar tissue)[1-5]. The deposited scar tissue serves as a 
partial volume replacement for the missing native tissue 
and maintains the structural integrity of  the tissue, albeit 
at a loss of  normal function in many instances. This 
mechanism is adequate in most, but not all, tissues. 

Some tissues in adults retain the ability to regener-
ate either as part of  normal physiologic events or in 
response to injury. For example, the epidermis is com-
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pletely replaced approximately every 40 d[6-9]. The bone 
marrow sustains a regenerating population of  cells to 
continuously replenish the hematopoietic cell popula-
tion[10-13], and the intestinal epithelium regenerates from 
a well described crypt stem cell population[14-16]. The liver 
can respond to injury by a nonblastemal epimorphic 
regenerative mechanism[17] and can replace most if  not 
all of  its lost hepatocellular mass if  the native stroma re-
mains intact[18-20]. Skeletal muscle has limited regenerative 
potential and can respond to mild or repetitive injury 
with full return to structure and function[21,22]. However, 
volumetric muscle loss (i.e., loss of  greater the 20% of  
the muscle mass) results in deposition of  scar tissue[23]. 
Therefore regenerative potential is encoded into the ge-
nome of  adult mammals but only functionally expressed 
in selected tissues or to a limited extent. It should also 
be noted that all of  these examples of  tissue/organ 
regeneration involve the participation of  a reserve stem/
progenitor cell population.

Those tissues with the inability to regenerate func-
tional mass following injury are the cause of  significant 
morbidity, aesthetic deformity, mortality, and are causally 
associated with a large fraction of  the health care burden 
worldwide. For example, the inability to regenerate func-
tional myocardium following ischemic coronary artery 
disease[24-27], the dysfunctional central nervous system tis-
sue following ischemic stroke or spinal cord injury[28-35], 
and the lack of  functional pancreatic beta cells follow-
ing immune mediated destruction[36-39] are the cause for 
a group of  diseases that affects a large percentage of  
the aging population. Esophageal pathology, especially 
neoplasia, affects a rapidly increasing number of  indi-
viduals in North America[40,41] and worldwide[42]. The lack 
of  regenerative ability in the esophagus relegates this 
tubular structure to an inflammation/scarring response 
following injury, which in turn results in stricture and 
loss of  function. Therefore, the standard of  care for 
many esophageal diseases, especially overt cancer and 
its’ precursor Barrett’s disease with high grade dysplasia 
(HGD) involves esophagectomy; a procedure associated 
with a complication incidence approaching 50%[43-46]. A 
regenerative medicine approach which can recreate func-
tional esophageal tissue, preserve the integrity of  the 
esophagus, and avoid the necessity for esophagectomy 
would offer a significant advancement in the arsenal of  
treatment methods available to affected patients.

PROBLEM
There are 5000 to 10 000 patients identified annually with 
non-neoplastic esophageal disease[47] including congenital 
anomalies such as esophageal atresia, tracheoesophageal 
fistulas[48], and corrosive injuries[49,50]. The incidence of  
Barrett’s esophagus (BE) and esophageal adenocarci-
noma has increased dramatically and esophageal cancer 
now represents the world’s sixth leading cause of  cancer 
death with 300 000 new cases each year[41,42,51]. The man-
agement of  Barrett’s disease with HGD and intramuco-

sal adenocarcinoma remains controversial. Esophagec-
tomy has been the standard of  care for HGD based on 
the high incidence of  progression to subsequent neo-
plasia[52,53]. However, the majority of  patients in which 
esophageal neoplasia is diagnosed have disease limited 
to the mucosa and the involvement of  regional lymph 
nodes is unlikely. Because esophagectomy is associated 
with high morbidity rates and a marked compromise in 
quality of  life, there has been a great deal of  interest and 
success in minimally invasive endoscopic approaches 
which involve esophageal preserving techniques in pa-
tients with superficial malignancy[54].  

STANDARD OF CARE
There are several endoscopic ablation techniques for 
BE with HGD and for superficial adenocarcinoma. Ra-
diofrequency ablation (RFA) has become accepted as a 
viable treatment for BE, especially flat BE, in light of  a 
recent sham controlled randomized trial[55]. RFA has been 
shown to effectively ablate BE with very low rate of  stric-
ture formation. For BE with nodularity, endomucosal re-
section (EMR) with or without ablation therapy has been 
shown to be safe and effective to eradicate BE and pre-
vent the recurrence of  BE with minimal complications[56]. 
Excellent survival has been found in long term follow 
up studies in which endoscopic approaches were used to 
treat HGD and intramucosal adenocarcinoma[57,58]. 

However, the development of  metachronous le-
sions is common (21.5%) with risk factors that include 
piecemeal resection, no ablation therapy of  flat BE after 
EMR, long-segment BE, multifocal neoplasia, and the 
prolonged time required for complete eradication of  the 
lesions[59]. Currently used techniques invariably include 
one or more of  the stated risk factors. These risk factors 
are compounded by the inability to remove all affected 
tissue as an en bloc specimen by endoscopic techniques; 
thus less than optimal specimens are available for histo-
pathologic examination of  the removed tissue.   

A stepwise radical endoscopic resection (SRER) has 
been proposed to treat BE refractory to RFA and/or 
EMR. A recent multicenter randomized trial[60] has dem-
onstrated encouraging results of  SRER but the tech-
nique involved a greater number of  therapeutic sessions 
and complications such as esophageal stenosis requiring 
dilation in up to 50% of  cases. 

In summary, the limitations of  currently used endo-
scopic techniques include the necessity for numerous in-
terventions, the high incidence of  metachronous lesions, 
the absence of  a suitable tissue specimen for histologic as-
sessment, and the unavoidable sampling error that occurs 
especially in patients with long segment Barrett’s. Ideally, 
en bloc resection of  the entire abnormal epithelium in a 
single procedure without any compromise of  tissue speci-
mens collected for histopathologic examination would be 
possible. A regenerative medicine strategy that would fa-
cilitate restitution of  the resected esophageal tissue with-
out concomitant stenosis would represent a significant 
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advancement in the treatment of  esophageal disease.

REGENERATIVE MEDICINE STRATEGIES 
FOR THE TREATMENT OF ESOPHAGEAL 
DISEASE
Classic tissue engineering and regenerative medicine ap-
proaches involve either cell based therapies, utilization 
of  a scaffold material, and/or use of  bioactive molecules 
such as growth factors, cytokines and chemokines. In 
reality, the goal of  all approaches is to alter or avoid the 
default inflammatory/scar tissue response to esophageal 
injury, and either replace the missing tissue with engi-
neered normal tissue or stimulate the endogenous for-
mation of  new, site appropriate functional tissue.

Although an esophageal epithelial stem cell popula-
tion located in the basal layer of  the esophagus has been 
identified[61-65], their use in a cell based approach to func-
tional esophageal reconstruction has not been described. 
Sheets of  esophageal epithelial cells can be cultured[66-68], 
but practical application of  such cell sheet technology 
to resurface the esophageal lumen following ablative 
procedures has not been successful. An approach which 
involves the placement of  xenogeneic extracellular 
matrix (ECM) showed that full thickness defects that 
included approximately 40%-50% of  the circumference 
and 5 cm of  length could facilitate a constructive, non-
stenotic healing response with formation of  all layers of  
the esophageal wall in a preclinical dog model[47]. How-
ever, when reconstruction of  complete circumferential 
full thickness defects was attempted with the same ECM 
scaffold approach, there was the uniform occurrence 
of  severe stricture[69]. Of  note however, if  the complete 
circumferential defects were not full thickness in nature 
and lesions were limited to the mucosa, then placement 
of  the ECM scaffold upon the subjacent muscularis ex-
terna supported the endogenous regeneration of  a func-
tional mucosa without clinical stricture[47,69-71].  

These results suggested that a combination of  the bi-
ologic scaffold material in contact with a native esopha-
geal cell population (i.e., skeletal and smooth muscle plus 

adventitial cells) was required for a constructive remod-
eling response to occur. Further studies showed that as 
little as 30% of  the normal esophageal muscle tissue was 
required to support the constructive type of  esophageal 
remodeling outcome which allowed for normal dietary 
habits and absence of  any signs of  esophageal disease[69].

The promising results of  these preclinical studies 
were the basis of  successful endoscopic treatment for 
five patients with esophageal adenocarcinoma[72]. All pa-
tients had long segment disease limited to the mucosa. 
Complete circumferential en bloc mucosal resection, rang-
ing from 8 cm to 14 cm in length, was performed on 
these patients with subsequent placement of  a xenoge-
neic ECM scaffold (SurgiSisTM, Cook Biotech, Lafayatte, 
IN) held in place by an expandable stent. The stent was 
removed within 9-17 d during which time the ECM scaf-
fold integrated with the underlying muscular wall of  the 
esophagus and supported complete epithelialization and 
formation of  a new submucosal layer. All patients re-
quired transient post operative dilation for mild stricture 
but were able to then eat a normal diet without recur-
rence of  disease. Several of  these patients have had sub-
sequent reflux surgery and require no further treatment 
(unreported data). In the context of  classic approaches 
to regenerative medicine, one could consider the suc-
cessful approach in these patients as a combination of  
scaffold plus the bioactive factors inherent in the ECM, 
plus the required endogenous host cells in contact with 
the scaffold. 

Using a similar approach, three additional patients 
recently were subjected to endoscopic, circumferential en 
bloc resection of  Barrett’s with HGD, followed by fundo-
plication (Figure 1).The results support the findings from 
the previous study and provide further evidence for the 
use of  this procedure as a feasible alternative to surgery 
for the treatment of  HGD and intramucosal adenocarci-
noma. 

Alternative regenerative medicine approaches to creat-
ing esophageal tissue have been explored. Grikscheit et al[73] 
adapted a technique previously used in intestinal engi-
neering whereby organoid units, mesenchymal cores sur-
rounded by epithelial cells, were isolated from neonatal 
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Figure 1  Replacement of esophageal mucosa with extracellular matrix device after endoscopic resection for treatment of high grade dysplasia. A: High 
grade dysplasia before treatment; B: Esophagus after circumferential resection; C: Regenerated neoepithelium without stricture 3 mo post operatively.       
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and adult rats, labeled with green fluorescent protein 
(GFP), and paratopically transplanted on biodegradable 
polyglycolic acid tubes before implantation within the 
omentum of  syngeneic hosts. Four weeks later, the en-
gineered esophageal tissue was either harvested or anas-
tomosed as an onlay patch or total interposition graft[73]. 
Histologic examination of  these organoids showed a 
complete esophageal wall including mucosa, submucosa, 
and muscularis propria. These findings were confirmed 
with immunohistochemical staining for actin smooth 
muscle. Furthermore, the tissue-engineered esophagus 
architecture was maintained after interposition or use 
as a patch, and animals gained weight on a normal diet. 
GFP-labeled tissue-engineered esophagus preserved its 
fluorescent label, proving the donor origin of  the tissue-
engineered esophagus. The maximal amount of  esopha-
geal tissue that could be replaced by this method remains 
to be explored and the application of  this technique to 
full circumferential lesions has not been investigated.

Similar cell based and/or scaffold based approaches 
to construct functional esophageal tissue have been in-
vestigated by others. In 2006, Marzaro et al[74] used esoph-
ageal ECM seeded with smooth muscle cells (SMCs) to 
repair a 2 cm defect in the tunica muscularis in a porcine 
model. They reported the ingrowth of  SMCs with early 
organization into small fascicles. Two years later, Nakase 
et al[75] explored replacement of  a full circumference 
esophageal defect with polyglycolic acid scaffolds seeded 
with epithelial cells. Good distensibility of  the construct 
following implantation was reported although peristal-
tic activity of  the new tissue was absent. The thickness 
of  both the squamous epithelial layer and the smooth 
muscle layer of  the engineered esophagus were similar 
to that of  the native esophagus. These results confirmed 
the concept of  biomaterials seeded with cells, either dif-
ferentiated cells or stem/progenitor cells, as a potentially 
viable approach for the repair of  damaged esophageal 
tissue.

The mechanisms by which ECM bioscaffolds alter 
the default proinflammatory esophageal healing response 
and instead promote a more constructive remodeling 
response are only partially understood. However it is 
known that degradation of  the ECM releases a variety of  
growth factors including vascular endothelial growth fac-
tor and basic fibroblast growth factor, among others[76]. 
The critical amounts of  active growth factor and the 
specific factors required to support constructive tissue 
remodeling are unknown. ECM scaffold degradation in 
vivo occurs rapidly based upon results of  preclinical stud-
ies in non-esophageal sites[77-80] and the endoscopic pro-
cedures to remove the temporary stents in the patients 
treated for esophageal cancer suggests that degradation 
is also very rapid in this location. Scaffold degradation 
is considered important because it removes a persistent 
foreign material against which the host can mount a 
chronic inflammatory reaction and, perhaps more im-
portantly, scaffold degradation results in the generation 
of  bioactive cryptic peptides from component structural 

molecules of  the ECM such as collagen[81]. These cryptic 
peptides, typically no larger than 10-12 amino acids in 
length, have been shown to have potent chemotactic and 
mitogenic activity for selected stem and progenitor cells 
in vitro[81-84]. The role of  this chemotactic phenomenon in 
constructive remodeling is not fully understood but logi-
cally it provides a method for supporting a regenerative 
type of  response.

It is also known that the host response to the pres-
ence of  a xenogeneic ECM scaffold includes local modu-
lation of  the innate immune response from proinflam-
matory M1 macrophage mediated events toward more 
dominant constructive tissue remodeling M2 macro-
phage mediated processes[77,85-87]. However, it is unknown 
which, if  any, of  these mechanisms occur or are impor-
tant in the esophageal location.

CONCLUSION
Esophageal disease is an increasingly important problem 
and has very limited satisfactory treatment options. The 
default inflammatory and scarring response of  the non-
regenerating esophageal tissue not only creates severe 
morbidity from the disease process itself, but also limits 
the therapeutic options since manipulation and tissue 
injury are unavoidable sequelae of  either invasive or 
minimally invasive endoscopic techniques. Regenerative 
medicine strategies that utilize cell based, scaffold based, 
and bioactive molecule based approaches potentially 
provide a viable alternative for both physicians and the 
affected patients. Preliminary early results of  a bioactive 
ECM scaffold based approach have been promising.
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