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Biologic scaffolds composed of extracellular matrix (ECM) have been used to facilitate repair or remodeling of
numerous tissues, including the esophagus. The theoretically ideal scaffold for tissue repair is the ECM derived
from the particular tissue to be treated, that is, site-specific or homologous ECM. The preference or potential
advantage for the use of site-specific ECM remains unknown in the esophageal location. The objective of the
present study was to characterize the in vitro cellular response and in vivo host response to a homologous
esophageal ECM (eECM) versus nonhomologous ECMs derived from small intestinal submucosa and urinary
bladder. The in vitro response of esophageal stem cells was characterized by migration, proliferation, and threedimensional (3D) organoid formation assays. The in vivo remodeling response was evaluated in a rat model of
esophageal mucosal resection. Results of the study showed that the eECM retains favorable tissue-specific
characteristics that enhance the migration of esophageal stem cells and supports the formation of 3D organoids
to a greater extent than heterologous ECMs. Implantation of eECM facilitates the remodeling of esophageal
mucosa following mucosal resection, but no distinct advantage versus heterologous ECM could be identified.
Introduction

S

caffolds derived from extracellular matrix (ECM)
have been investigated for their ability to support tissue
remodeling in nearly every body system, including parts of
the gastrointestinal tract. Similarly, ECM scaffolds have
been isolated from tissues ranging from the urinary bladder
and small intestine to the spinal cord and brain,1–3 among
others. Implantation and subsequent degradation of ECM
scaffolds lead to the release or exposure of cryptic peptide
fragments that affect cell behavior and tissue remodeling
events. However, the necessity or preference for a homologous ECM remains unknown for many therapeutic
applications.
The ECM represents the structural and functional molecules secreted by the resident cells of a tissue or organ. The
biochemical composition and mechanical and ultrastructural
characteristics of an ECM scaffold therefore vary according
to the tissue source from which the ECM is isolated. Logically, the ideal substrate for cell survival, proliferation,
differentiation, and functional tissue remodeling is the na-

tive ECM of the homologous tissue or organ. Recent work
has described the potential benefits of ECM scaffold materials derived from homologous tissue versus heterologous
tissue when used in selected anatomic locations.2,4–11 The
homologous ECM can preferentially maintain tissuespecific cell phenotypes,4–7 promote cell proliferation,6,8
induce tissue-specific differentiation,9 and enhance the
chemotaxis of stem cells.2,10,12 However, the preference or
necessity for tissue-specific ECM has not been shown for all
therapeutic applications.13–15
The objective of the present study was to compare the
cellular response to esophageal ECM (eECM) versus small
intestinal submucosa (SIS)-ECM and urinary bladder matrix
(UBM) in vitro and in vivo. The chemotaxis, proliferation,
and capacity for eECM to support the formation of threedimensional (3D) organoids of esophageal stem cells, which
are a candidate cell population that may play a role in
functional tissue remodeling of the esophagus, were investigated. The eECM scaffold was then implanted in a rat
esophageal mucosal defect model to determine the ability of
the scaffold to facilitate remodeling of esophageal mucosa.
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Materials and Methods
Overview of experimental design

Porcine esophageal mucosa was decellularized to produce
the eECM. Using a population of murine-derived esophageal stem cells,16 the ability of the eECM to promote migration, proliferation, and 3D organoid formation was
evaluated and compared to two benchmark ECM scaffolds,
UBM and SIS. Subsequently, eECM and UBM scaffolds
were implanted into a rat model of esophageal mucosa resection and the remodeling response was evaluated at 14
days postsurgery.
Mice and rats

Transgenic EGFP C57BL/6 mice were bred and housed
in the Division of Laboratory Animal Resources facility
at the University of Pittsburgh McGowan Institute for
Regenerative Medicine. Female Sprague Dawley rats
(350–400 g at implantation) were purchased from Harlan
Laboratories and housed in the Division of Laboratory
Animal Resources facility at the University of Pittsburgh
McGowan Institute for Regenerative Medicine. Experimental protocols followed NIH guidelines for animal care
and were approved by the Institutional Animal Care and
Use Committee at the University of Pittsburgh.
Harvest and preparation of ECM scaffolds
and hydrogels

The esophagus, urinary bladder, and small intestine were
isolated from market weight pigs and frozen at -20C until
use. All ECM scaffolds were prepared according to established
decellularization protocols (Fig. 1). Briefly, esophageal ECM
(eECM) was prepared by mechanically separating the mucosa
and submucosa from the muscularis externa and subjecting the
mucosal layers to 1% trypsin/0.05% EDTA (Invitrogen,
Carlsbad, CA) for 1 h at 37C on a rocker plate, deionized
water for 15 min, 1 M sucrose (Fisher Scientific, Pittsburgh,
PA) for 30 min, deionized water for 30 min, 3.0% Triton X100 (Sigma-Aldrich, St. Louis, MO) for 48 h, deionized water
for 15 min, phosphate-buffered saline (PBS; Fisher Scientific)
for 15 min, 10% deoxycholate (Sigma-Aldrich) for 4 h, deionized water for 30 min, 0.1% peracetic acid (Rochester Midland Corp., Rochester, NY) in 4.0% ethanol for 4 h, 100 U/mL
DNAse (Invitrogen) for 2 h on a rocker plate, followed by 15min washes with PBS, deionized water, PBS, and deionized
water.17 All washes were agitated at 300 rpm on a shaker plate,
unless otherwise specified.
SIS was prepared by mechanically removing the superficial layers of the tunica mucosa, tunica serosa, and tunica
muscularis externa from the intact small intestine, leaving
the submucosa, muscularis mucosa, and basilar stratum
compactum intact. UBM was prepared by mechanically
removing the tunica serosa, tunica muscularis externa, the
tunica submucosa, and majority of the tunica muscularis
mucosa from the intact bladder, leaving the lamina propria
and basement membrane intact. The SIS and UBM were
then subjected to 0.1% peracetic acid in 4.0% ethanol for
4 h, followed by 15-min washes with PBS, deionized water,
PBS, and deionized water as described above. All treatments
were performed at room temperature with agitation on a
shaker plate at 300 rpm, unless otherwise stated.

FIG. 1. Preparation and characteristics of extracellular
matrix (ECM) scaffolds. (A) Overview of decellularization
process for preparing urinary bladder matrix (UBM), small
intestinal submucosa (SIS), and eECM. (B) Gel chromatography of ECM materials showing features in banding
patterns of different ECM materials. Color images available
online at www.liebertpub.com/tea
For implantation studies, the ECM scaffolds were lyophilized using an FTS Systems Bulk Freeze Dryer (Model
8-54) and sterilized with ethylene oxide. For studies using
a hydrogel form of the ECM, the decellularized ECM sheets
were lyophilized and comminuted to a particulate form
using a Wiley Mini Mill. One gram of lyophilized ECM
powder and 100 mg of pepsin (Sigma-Aldrich) were mixed
in 100 mL of 0.01 M HCl and kept at a constant stir for 48 h
at room temperature.
Sodium dodecyl sulfate gel chromatography

Pepsin solubilized (0.1% pepsin) forms of SIS, UBM, and
eECM were diluted 1:1 in 2 · Laemmli sample buffer (BioRad, Hercules, CA) and boiled at 95C for 8 min. Samples
were diluted and protein concentrations were approximated
using bovine serum albumin (BSA) with a Pierce BCA
Protein Assay (Thermo Fisher, Waltham, MA) according to
the manufacturer’s instructions. Samples (5 mg) were run on
a 10%, 12-well sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE; Bio-Rad, Hercules, CA) at 50
V until the tracking dye moved below the stacking gel. The
gel was then run at 150 V for 50 min, until the dye reached
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the end of the gel. After running, the gel was washed and
fixed with 30% ethanol/10% acetic acid in a rocking staining
dish. Silver stain was applied according to the manufacturer’s instructions (Silver Stain Plus Kit; Bio-Rad) and developed for 15 min. The developed gel was imaged using a
Nikon D7000 over a light table.
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tion of EdU into dividing cells. Organoids were fixed in 4%
paraformaldehyde and embedded in gelatin. Organoids were
sectioned at 10 mm and EdU was detected using the Click-iT
Alexa Fluor 594 EdU labeling kit (Life Technologies,
Carlsbad, CA). Cells were counterstained with Hoechst to
detect cell nuclei. EdU-positive cells were counted to determine the number of proliferating cells per organoid.

Isolation and culture of esophageal stem cells

The esophagus was removed from transgenic EGFP
C57BL/6 mice ( Jackson Laboratories) followed by physical
separation of the mucosa using forceps. The mucosa was
minced into small pieces and digested with 0.25% trypsin for
60 min. Cells and remaining tissue were passed through a 70mm filter to obtain a single-cell suspension. Cells were then
placed in tissue culture flasks that were previously seeded
with irradiated LA7 feeder cells. LA7 cells have been shown
to select for esophageal epithelial cells with stem cell properties.16 Esophageal epithelial cells were expanded by passaging cells to flasks coated with irradiated LA7 cells.
Migration assay

Migration assays were performed using a 48-well chemotaxis chamber with polycarbonate filters containing 5 mm
pores (Neuro Probe, Gaithersburg, MD). The filters were
coated with 20 mg/mL laminin (Sigma-Aldrich) and dried
before use. The bottom wells of the chamber were loaded
with 30 mL containing 25 or 100 mg/mL of ECM digest and
the top wells were loaded with 50 mL containing 7 · 104
esophageal stem cells. Control wells consisted of serum-free
media and media containing 10% fetal bovine serum (FBS).
Following a 6-h incubation, the top filter surface (nonmigratory) was scraped and the bottom of the filter was fixed in
95% methanol for 5 min and then mounted on a glass slide
with mounting media containing 4¢,6-diamidino-2phenylindole (DAPI; Vector Laboratories, Inc., Burlingame,
CA) and imaged. Migrated cells were quantified using ImageJ (NIH, Bethesda, MD) to set the threshold and count
cells, with binning to resolve cell clusters of various counts.
The same ImageJ macro was used to analyze all images.
Experiments were performed using four technical replicates
with four separate biologic replicates (n = 4).
Generation of 3D organoids

Esophageal cells were suspended in ECM hydrogels and
were placed as a droplet in a tissue culture plate. Cells were
incubated at 37C for 30 min to allow for solidification of the
hydrogels. A growth medium was added to the plate to initiate
organoid formation. The growth medium consisted of advanced Dulbecco’s modified Eagle’s medium/F12, 1· N2,
1· B27 supplements, 1· Glutamax, 1· HEPES, 1· penicillin/
streptomycin, 1 mM N-acetyl-l-cysteine, 100 mM gastrin,
10 mM nicotinamide, 10 mM SB202190, 50 ng/mL epidermal
growth factor, 100 ng/mL Noggin, 100 ng/mL Wnt3A, 100 ng/
mL R-Spondin 2, and 500 nM A8301. Media were changed
every 2–3 days.
Proliferation assay

Esophageal organoids were generated followed by the
addition of 5-ethynyl-2¢-deoxyuridine18 to the culture media. Cells were exposed to EdU for 2 h to allow incorpora-

Surgical procedure and ECM implantation

All surgical procedures were approved by the Institutional
Animal Care and Use Committee at the University of
Pittsburgh and the animal care complied with the National
Institutes of Health Guidelines for the Care and Use of
Laboratory Animals. Induction and surgical plane of anesthesia were achieved with 2% inhaled isoflurane, and the
animals were placed on a warming pad in a supine position.
The cervical skin was shaved and aseptically prepared with
ethanol and Betadine. A midline cervical incision was performed above the clavicle and the esophagus exposed by
means of blunt dissection. A transverse incision of the
muscularis externa layer was performed, and a window of
full-thickness mucosa extending 5–10 mm in length, including 70% of the circumference, was resected. Animals
treated with the ECM received a single layer sheet that was
placed over the denuded area and secured in place with
interrupted 10.0 Prolene sutures (Ethicon, Somerville, NJ).
The denuded mucosa was left exposed in nontreated control
animals. Skin was closed with 4.0 VICRYL (Ethicon) and
buprenorphine (0.5 mg/kg; Benckiser Healthcare (UK) Ltd.,
Hull, England) was administered intramuscularly immediately postoperatively and twice a day for 3 days. Animals
were placed on a soft diet for 5 days postoperatively.
Histology and immunolabeling

Two histology and immunolabeling studies were performed as follows: (i) on the 3D organoids and (ii) on the
explanted esophageal tissue sections. Organoids were collected upon digestion of the hydrogel using 0.2% dispase,
0.1% collagenase type II, and 20 mg/mL DNase I in
1· HBSS containing 1% HEPES. Organoids were embedded
in 5% gelatin, fixed in 4% paraformaldehyde for 1 h, and
embedded in paraffin. Explanted esophageal tissue sections
were fixed in 10% neutral buffered formalin and paraffin
embedded.
Serial sections (5 mm) of the organoids and tissue sections
were stained with hematoxylin and eosin or immunolabeled.
Organoid and tissue sections were deparaffinized with
xylene and rehydrated through a graded ethanol series.
Antigen retrieval was performed by heating a citrate antigen
retrieval buffer (10 mM citric acid with 0.05% Tween 20,
pH 6) until boiling, and incubating the slides in the solution
until returning to room temperature. Three washes in PBS
for 5 min at room temperature were performed. Organoid
and tissue sections were permeabilized with 1· Trisbuffered saline with Tween 20 (TBST) for 10 min at room
temperature. The slides were incubated in a blocking solution (5% BSA in 1· PBS) at room temperature to prevent
nonspecific binding. The slides were incubated in a primary
antibody blocking solution at 4C overnight. Five washes in
PBS were performed for 5 min at room temperature. Slides
were incubated in a secondary antibody blocking buffer at
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room temperature for 1 h. Five washes in PBS were performed for 5 min at room temperature. The primary antibodies used for the immunolabeling studies were
cytokeratin 13 (1:250, Ab92551; Abcam, Cambridge, United Kingdom) and cytokeratin 14 (1:500, Ab7800; Abcam)
for the organoids, and cytokeratin 14 (1:200, NBP1-67606;
Novus Biologicals, Littleton, CO) for tissue sections. The
secondary antibodies used were Alexa Fluor 488 (1:200, A11034; Invitrogen) and Alexa Fluor 594 (1:200, A21203;
Invitrogen). Sections were counterstained with DAPI and
mounted in a fluorescence mounting medium (Dako,
Glostrup, Denmark). Stained sections were visualized on a
Nikon E600 fluorescence microscope with the Cri Nuance
FX Multispectral Imaging System.
Statistical analysis

Data sets were analyzed with a one-way analysis of variance using SPSS Statistical Analysis Software (SPSS, Inc.,
IBM, Chicago, IL). A Student’s t-test was used to identify
the differences between means when the observed F ratio
was statistically significant ( p < 0.05). Data are reported as
mean – standard error.
Results
ECM characteristics

The esophagus, small intestine, and urinary bladder were
decellularized according to established methods of decellularization. The attributes (thickness, cellularity, density,
etc.) of each tissue are unique and therefore require different
protocols for decellularization (Fig. 1A). Effective decellularization, as defined by previously described metrics,19
was achieved for each tissue. Each ECM scaffold had a
unique protein banding pattern and the eECM had a prevalent band at *30 kDa that was absent in both UBM and
SIS (Fig. 1B).

FIG. 2. Migration of esophageal stem cells. (A) Representative images of 4¢,6-diamidino-2-phenylindole
(DAPI)-stained migrating cells toward varying concentrations of ECM. (B) Quantification of migrated cells in response to ECM scaffolds. **p<0.01.

Esophageal stem cell chemotaxis

The chemotaxis of esophageal stem cells was evaluated
using a Boyden chamber assay. Two concentrations of ECM
were chosen to determine whether a migration dose response existed. The stem cells did not migrate toward
serum-free media or 10% FBS. Representative images of
migratory cells after DAPI staining (Fig. 2A) showed an
increased migration response of the esophageal stem cells
toward eECM and SIS, but not UBM, versus the pepsin
control. Quantification of migrating cells (Fig. 2B) showed
that the eECM enhanced migration of esophageal stem cells
at both 25 mg/mL ( p = 0.01) and 100 mg/mL ( p = 0.04). The
SIS-ECM enhanced stem cell migration at 100 mg/mL
( p < 0.01) but not at 25 mg/mL.
Organoid forming capacity of ECM hydrogels

The ability of ECM hydrogels to support the formation of
esophageal organoids was tested using two concentrations of
ECM: 2 and 6 mg/mL (Fig. 3A). The number of organoids
formed in the eECM was greater than those formed in SIS
and UBM at both 2 mg/mL ( p = 0.04) and 6 mg/mL
( p = 0.04). Interestingly, the lower concentration hydrogel
(2 mg/mL) better supported the formation of organoids

FIG. 3. Capacity of ECM hydrogels to support organoid
formation. (A) Comparison number of organoids formed in
different ECM types. Data are normalized to the number of
organoids formed in SIS. (B) Comparison of number of
organoids formed in ECM at 2 and 6 mg/mL. Data are
normalized to the number of organoids present at 2 mg/mL
concentration of ECM. **p<0.01.
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compared to the 6 mg/mL ECM hydrogel (Fig. 3B). Furthermore, SIS consistently performed the poorest among the
ECM hydrogels in the ability to support organoid formation.
Based upon these results, only the 2 mg/mL ECM hydrogels
were used for subsequent proliferation studies and only
eECM and UBM were used for in vivo studies.
Only eECM was able to support the growth of a substantial number of organoids necessary for histologic processing. Organoids that formed in the eECM were sectioned
and immunolabeled for cytokeratin 14 (CK14), a marker of
basal epithelium, and CK13, a marker of suprabasal differentiated epithelial cells (Fig. 4A).16 Compared to native
esophageal mucosa (Fig. 4B), the organoids largely maintained the CK14+ phenotype at the periphery of the organoid, while the cells at the organoid center exhibited a more
differentiated CK13+ phenotype.
Proliferation of esophageal stem cells

Proliferating cells were identified by incorporation of
EdU and immunolabeling (Fig. 5A). Proliferating cells
within organoids were present in numbers similar to that in
native tissue16 and there was no difference among the values
for proliferating cells in organoids formed eECM versus
UBM (Fig. 5B), although there were substantially more
organoids in eECM, as stated above. The sizes of organoids
(i.e., number of cells per organoid) were equivalent in the
UBM and eECM hydrogels.
Esophageal mucosal remodeling

The ability of ECM to mediate tissue repair in the
esophageal mucosa was tested in a rat model of mucosal

FIG. 4. Cytokeratin immunolabeling. (A) Representative
images of organoids formed in eECM. (B) Representative
image of normal esophageal mucosa. Cytokeratin 14, a basal
epithelial cell marker, is stained red. Cytokeratin 13, a
marker of suprabasal epithelial cells, is stained green. Nuclei (DAPI) is shown blue. Scale bars = 50 mm. Color images
available online at www.liebertpub.com/tea

FIG. 5. Proliferation of organoid cells. (A) Representative
images of EdU-stained organoids following 2-h EdU exposure. EdU+ cells are shown in red. Nuclei are shown in
blue. (B) Quantification of number of cells per organoid and
number of EdU+ cells per organoid. Scale bar = 50 mm.
Color images available online at www.liebertpub.com/tea
resection. Following resection of *7 mm length of esophageal mucosa consisting of 70% of the circumference, a
size-matched ECM scaffold was placed at the site of tissue
resection. Rats weighed 228 – 2.5 g before operation, and all
animals lost weight following mucosal resection. The ECMtreated rats gradually gained weight over time. Eighty-three
percent (5 out of 6) of the untreated control animals showed
anorexia and complications secondary to anastomotic leaks
and stricture formation that required removal from the study
before the predetermined experimental endpoint. The remaining control rat showed no signs of mucosal coverage
of the implant site (Fig. 6A). The eECM-treated rats lost
-7.4% – 1.3% versus -11.9% – 2.5% for the UBM-treated
rats by 3 days postsurgery compared to the UBM-treated
rats, although the difference was not significant ( p = 0.243).
By 14 days postsurgery, both groups had recovered from the
weight loss and exceeded their initial weight (eECM +
2.4% – 2.7% vs. UBM + 1.4% – 2.6%). All of the ECMtreated rats recovered from surgery and survived to the
experimental endpoint (14 days) without complications.
Representative images show that remodeling of the esophageal mucosa was indistinguishable in rats treated with
UBM (Fig. 6B) versus eECM (Fig. 6C). Positive staining for
CK14, a marker of basal esophageal epithelium, was absent
in the control animals (Fig. 6D), but was shown in cells
lining the basement membrane of the esophageal mucosa in
rats treated with both UBM (Fig. 6E) and eECM (Fig. 6F).
Discussion

Results of the present study show that a homologous
eECM preferentially enhances the migration of esophageal
stem cells and supports the formation of 3D organoids in
culture, but in vivo remodeling of the esophageal mucosa
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FIG. 6. Histology and immunolabeling of explants at 14 days
postsurgery. The in vivo host response
to no treatment (A, D), UBM scaffold
(B, E), and eECM (C, F) was assessed
histologically with hematoxylin and
eosin (H&E) staining and by immunolabeling for stratified squamous
epithelium (cytokeratin 14, green).
Blood vessel endothelial cells stain
positive for cytokeratin 14. Arrows
indicate positive staining and scale
bars = 100 mm. Color images available
online at www.liebertpub.com/tea

was similar with the use of heterologous (UBM) versus
homologous (eECM) scaffolds. These collective results
suggest that the mucosa of the esophagus contains favorable
tissue-specific properties that are retained following the
decellularization process, but the contribution of these
properties to the overall in vivo remodeling process is either
not identifiable in this model or is not required for a constructive remodeling outcome.
While the types of cells that contribute to esophageal
remodeling following mucosal resection in the present study
are not completely known, the resident esophageal stem cell
population represents a plausible and logical candidate.20
These cells are present in the basal layer of the esophageal
mucosa and following tissue resection must migrate the
length of the mucosal resection to aid in tissue repair. Results of the present study show that the ECM constituents
facilitate the migration and differentiation of esophageal
stem cells and that the eECM, in particular, supports these
processes. Interestingly, the present study showed an inverse
dose response of migrating cells toward the esophageal

ECM. It is known that chemoattractants often exhibit a bellshaped dose–response curve.21 It is plausible that tissuespecific chemoattractant molecule(s) are present in the
eECM, just as similar findings appear to be true for other
tissues and organs.10,22 A unique gel chromatography
protein-banding pattern in the eECM was identified in the
present study, but the identities and biologic activity of the
individual proteins have not yet been characterized.
A key determinant of the success or failure of an ECM
scaffold to facilitate constructive and functional tissue repair
is the host response to the material following implantation.
While a distinct and tissue-specific ECM-dependent cellular
response was observed in vitro in the present study, the
in vivo remodeling outcome at 14 days postsurgery yielded
an indistinguishable constructive outcome regardless of
which ECM scaffold was used for repair. The poor outcome
for the control animals clearly indicated that the mucosal
defect was critically sized. Both ECM scaffolds promoted a
constructive remodeling response compared to the healing
response of the untreated control animals. Whether the

TISSUE-SPECIFIC EFFECTS OF EECM

temporal remodeling response differed between the UBM
and eECM is unknown since only a single postoperative
time point was studied.
Previous studies in the esophagus have shown constructive outcomes with the use of UBM and SIS,14,23,24 both
heterologous forms of ECM. The heterologous ECMs were
successful in reducing stricture formation, but the remodeled
tissue did not fully reconstitute all components of normal
esophageal tissue; for example, glandular tissue was absent.
The present study showed that heterologous source ECM
scaffolds were inferior to site-specific ECM in vitro, but
in vivo differences in outcomes in eECM versus UBM at 14
days postmucosectomy were not identified. Species differences in the rat and human esophageal histology, namely the
lack of submucosal glands in the rat esophagus, would require testing in a large animal model to determine whether
eECM may have clinical benefits.
It should be noted that the ECM materials used in the
present study were derived from xenogeneic tissues. However, this is quite representative of the clinical scenario,
where a large majority of commercial scaffolds composed of
ECM are from xenogeneic (typically porcine) source.25
Practical considerations favor the use of xenogeneic tissues as
they are in abundant supply through the agricultural supply
chain. More importantly, the constituent molecules of ECM
are some of the most highly evolutionarily conserved proteins
across species.26–28 The present study shows that porcine
eECM regulates murine esophageal stem cell behavior and
also mediates esophageal remodeling in the rat, consistent
with known species homology of ECM constituents.
There were limitations to the present study. First, the
response of only one cell type was evaluated. Esophageal
stem cells are not the only cell population that may contribute to remodeling of the esophageal mucosa. Another
potential contributing cell population is the multipotent
perivascular stem cell.22,29 Perivascular stem cells are found
surrounding the endothelium of normal tissue and are likely
to be present in the vasculature within the esophagus. A
number of studies have reported the chemotactic and mitogenic potential of ECM for the perivascular stem cell
population.29,30 Another limitation of the present study was
the use of different decellularization protocols for preparing
the ECM scaffolds. Decellularization protocols are typically
dictated by tissue-specific characteristics, which almost always differ to achieve effective decellularization. The use of
a single decellularization protocol for all tissues in the
present study would have resulted in ECM scaffolds with a
different content of cell remnants and thus would have added a major variable.31 The effect of the different decellularization protocols on the results in the present study is
unknown, but protocols similar or identical to those in the
present study would likely be used in the clinical setting and
therefore have potential clinical relevance.
In conclusion, the present study showed a superior in vitro
response of esophageal stem cells to homologous ECM
versus heterologous ECM. Surgical placement of the scaffold into a rodent mucosal defect, however, showed no
differences in the remodeling response for homologous
versus heterologous ECM. A single time point limited
conclusions from the in vivo portion of the present study.
The preference of homologous ECM in the esophageal location is worthy of further investigation considering the
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unmet clinical need for therapeutic options for esophageal
pathology.
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