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a b s t r a c t

Surgical resection of the esophagus requires sacrificing a long portion of it. Its replacement by the
demanding gastric pull-up or colonic interposition techniques may be avoided by using short biologic
scaffolds composed of decellularized matrix (DM). The aim of this study was to prepare, characterize, and
assess the in vivo remodeling of DM and its clinical impact in a preclinical model. A dynamic chemical
and enzymatic decellularization protocol of porcine esophagus was set up and optimized. The resulting
DM was mechanically and biologically characterized by DNA quantification, histology, and histo-
morphometry techniques. Then, in vitro and in vivo tests were performed, such as DM recellularization
with human or porcine adipose-derived stem cells, or porcine stromal vascular fraction, and maturation
in rat omentum. Finally, the DM, matured or not, was implanted as a 5-cm-long esophagus substitute in
an esophagectomized pig model. The developed protocol for esophageal DM fulfilled previously estab-
lished criteria of decellularization and resulted in a scaffold that maintained important biologic com-
ponents and an ultrastructure consistent with a basement membrane complex. In vivo implantation was
compatible with life without major clinical complications. The DM's scaffold in vitro characteristics and
in vivo implantation showed a pattern of constructive remodeling mimicking major native esophageal
characteristics.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Despite recent advances in esophageal surgery, the morbidity of
esophagectomy remains high, with estimated postoperative com-
plications ranging 30e60% [1e5]. The continuity of the post-
esophagectomy gastrointestinal tract is preferably restored using
gastric pull-up and sometimes the autologous interposition of
other organs of the intestinal tract [6]. However, converting the
stomach into an esophageal substitute is associated with
r Arnozan, Avenue du Haut

(M. Durand).
deleterious changes, i.e., reduced gastric capacity, altered innerva-
tion, and damaged antireflux barrier [7]. In contradistinction to
other tubular tissues such as the small intestine, lesion(s) of the
esophagus require(s) ablatingmost of this organ for anatomical and
oncological reasons, yet its lack of elasticity would preclude a
tensionless anastomosis. Therefore, the need has arisen to develop
segmental esophageal replacement techniques [8,9].

Esophageal tissue engineering is a promising approach to create
an esophageal substitute [10] and improve clinical results in
esophageal surgery. Various non-degradable and degradable
esophageal scaffolds have been developed in tissue engineering.
Luc et al. [10] described the pros and cons of 1) non-absorbable
scaffolds, 2) polymeric absorbable scaffolds, and 3) decellularized
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matrices (DMs) designed for this purpose. Non-absorbable scaf-
folds require stenting, leading to stenosis after stent removal and
lack of tissue regeneration in large defects. Polymeric absorbale
scaffolds release toxic degradation products, while the degradation
rate is not controlled and the resulting structure is very different
from the native tissue. DMs have the advantage of mimicking the
native tissue and respect the architectural environment. Biological
scaffolds composed of extracellular matrix (ECM) derived from
decellularized tissue are increasingly used in regenerativemedicine
[11,12]. If tissue specificity is not essential in all tissue engineering
applications [13], site-specific ECM preferentially maintains tissue-
specific cell phenotypes, promote cell proliferation, and induce
tissue-specific differentiation [14]. Decellularization is used to
reduce inflammation and immunogenicity in an organ by removing
its cellular elements and thus minimizing the functionality of the
major histocompatibility complex (MHC), the root of self-
recognition [15], while retaining the organ's mechanical and
bioactive properties [6,16]. Beckstead et al. [2005] demonstrated
that a decellularized human dermis (Alloderm©) offered a more
favorable architecture to the organization of the epithelium when
compared to cell-seeded polymeric scaffolds [17]. DMs contain the
same components as ECM, i.e., glycoproteins, proteins, glycosami-
noglycans (GAGs), and proteoglycans. These matrices mimic the
biological and mechanical functions of native ECM and have a
three-dimensional architecture associated with a microenviron-
ment conducive to growth, proliferation, and cell orientation [6,16].
DMs are already used in vascular, cardiovascular, cutaneous, pul-
monary, and urological applications and transpire as good candi-
dates for esophageal tissue engineering. In previous experiments
DMs were derived from stomach [8], bladder [18], and intestinal
submucosa [8,18e20]. The use of DM allows reepithelialization
[16,21], neo-angiogenesis [21], and muscle tissue obtention [16].

The aims of our study were to: (i) validate a standardized and
reproducible model of decellularized esophagus, (ii) evaluate its
histological composition and biomechanical behavior, (iii) evaluate
possibilities of recellularization, and (iv) to evaluate its clinical
relevance in a pig model.
Table 1
In vitro and in vivo experiments.
2. Materials and methods

The various in vitro and in vivo experiments are summarized in
Table 1. The procedures and handling of animals were based on the
principles of Laboratory Animal Care formulated by the French
National Society for Health and Medical Research, pursuant to Eu-
ropean Directive #2010/63/EU and approved by the Animal Care
and Experiment Committees. All experiments were carried out in
accredited animal facilities.
2.1. Harvest and preparation of DM from porcine esophagus

The two lower thirds of esophagi were harvested frommale pigs
(45e55 kg) that had previously been involved in other experiments
at the research facilities of Bordeaux University, i.e., DETERCA and
IHU LIRYC (Bordeaux, France), pursuant to the recommendations of
European Directive #2010/63/EU to reduce the number of animals
to be used. With mechanical tests in mind, the pigs were specially
purchased from supplying facilities accredited by Bordeaux Uni-
versity aiming to obtain sex, age, and weight homogeneity in a
short period of time. Following euthanasia by an intravenous
pentobarbiturate overdose (150mg/kg), post-mortem esophagec-
tomies were performed via thoracotomy by an experienced sur-
geon (G.L.). The esophagus adventitia was gently abraded. All
samples were cut to an approximate length of 12 cm and preserved
in a solution of Dulbecco's phosphate buffered saline (DPBS) (Gibco,
Life Technologies, UK) containing 1% penicillin-streptomycin-
amphotericin (PSA) at 4 �C until decellularization. In accordance
with regulations, given that animals were directly euthanized
without any other manipulation, no Ethics Committee approval
was required.
2.1.1. Decellularization and assessment of DNA content
Esophagi were washed in DPBS (Gibco, Life Technologies), can-

nulated at both ends so as to be placed in a Bose Biodynamic Test®

bench. The organs were fixed to the cannulas using 2-0 Vicryl lig-
atures (Ethicon) and infused with a peristaltic pump set to 70 mL/
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min. The infusion protocol consisted of (i) a 12-hour cycle of water
purified by reverse osmosis (resistivity 15 MegaOhm cm-1) with
0.9% w/v sodium azide (99.9%, Sigma-Aldrich), (ii) 24 h with 4% w/
w sodium deoxycholate (Sigma-Aldrich)þ 0.09% sodium azide w/v,
and (iii) 12 h with 2000 Kunitz units of DNase-I (Sigma-Aldrich).
Between cycles organs were rinsed for 6 h using PBS. All steps were
carried out at room temperature with a reagent volume of 400 mL.
After decellularization, each DM was stored in PBS and sterilized
with gamma radiation at 25 kGy (Gammacell 3000 Elan MDS,
Nordion).

DNA isolation and quantification were performed on native
esophagi (NE) and DM (Supplementary material).

2.1.2. Biological characterization and biomechanical testing
Histology, immunohistochemistry analyses, and scanning elec-

tron microscopy (SEM) were performed and the concentration of
sulfated glycosaminoglycans (sGAGs) determined in NE and DM
(Supplementary material).

Longitudinal and circumferential mechanical tests were carried
out by Rescoll® (France) with a Frame2 MTS 858 tabletop test
system in physiologic solution (6 L, 48 g NaCl/1.2 g KCl/6.9 g Na2H-
PO4·2H2O/1.2 g KH2PO4) at 37 �C. Twenty-eight esophagi were
tested as follows: longitudinal traction test on 7 NEs and 7 DMs and
circumferential traction test on 7 NEs and 7 DMs. Strain (%), stress
(kPa), elastic modulus (kPa), and strength (N) were measured in
each sample. Burst tests were performed on a BOSE Biodynamic
Test© bench at CIC-IT (Bordeaux, France). Twelve additional
esophagi were tested: 6 NE and 6 DM in a physiological medium in
a solution of Dulbecco's phosphate buffer saline (DPBS) 1X at 37 �C.
Diameter variations were measured by a Mitutoyo® LSM 5035
micrometric laser scanner.

2.2. Biocompatibility

2.2.1. In vitro cytocompatibility
The DMs used for in vitro cytocompatibility studies had a last

wash with Dulbecco's modified Eagle's medium DMEM/Ham's F-12
nutrient mixture 1:1 before irradiation.

2.2.1.1. Adipose tissue-derived stem cells (ADSCs) isolation and cul-
ture. Human ADSCs (hADSCs) were obtained from surgery waste of
the Bordeaux University Hospital patients, in accordance with the
provisions of law L. 1245-2 of the French Public Health regulation.
hADSCs were isolated from human adipose tissue according to the
technique of Bunnell et al. [22] with some modifications (detailed
in the Supplementary material).

Pig ADSCs (pADSCs) were extracted from the retro-mandibular
adipose tissue of the same animal whose esophagus was har-
vested (described above). The samples were collected under sterile
conditions and stored in PBS with 1% PSA at 4 �C for a maximum of
48 h. The specimens were cut and prepared like the human adipose
samples except that the cell pellet was taken up in erythrocytes
lysis buffer (ELB) for 5min with mechanical stirring and, after
filtration at 100 mm, the whole was centrifuged at 1200 rpm for
10min. Then, 1% PSA and 50 mg/mL of gentamicin were added to
DMEM/Ham's F-12 1:1. The obtained porcine stromal vascular
fraction (SVF) was either directly cryopreserved or cultured in
suitable culture flasks, treated to promote adhesion and cell growth
and to isolate the pADSCs. The flasks were placed in an incubator at
37 �C, 5% CO2, and 85% humidity.

2.2.1.2. Cytotoxicity tests. Two techniques were used to evaluate
the cytotoxicity of released products generated by decellularization
and/or sterilization: the MTT test (3-(4-5-dimethylthiasol-2-yl)
diphenyl tetrazolium bromide) to quantify metabolic activity [23]
and the neutral red (NR) assay to evaluate hADSC cell viability [24]
(Supplementary material).

2.2.1.3. hADSC adhesion test. The adhesion of hADSCs after seeding
was tested over 3, 6, and 24 h under static conditions on plastic
control and DM (Supplementary material).

2.2.2. In vivo biocompatibility
Adult non-immunosuppressedWistar rats were subcutaneously

implanted in order to study the biocompatibility of NEs and DMs in
terms of host response. The procedures and handling of animals
were approved by the Animal Care and Experiment Committee
(CEEA50) of Bordeaux University, France (authorization #1363 of
12-Nov-2014) (Supplementary material). Semi-quantitative histo-
morphologic analysis was perfomed on the explanted tissue after
sacrifice (Supplementary material).

2.3. Recellularization

2.3.1. In vitro recellularization assays
Various issues of DM recellularization were investigated: either

in vitro or in vivo, with sheets or cell suspensions, by external or
intraluminal seeding.

2.3.1.1. Internal/external seeding with hADSC sheet. hADSCs ob-
tained after passage 2 were seeded at 10 000 cells/cm2 in peelable
T150 culture flasks. The used medium was composed of DMEM/
Ham's F-12 3:1, 10% (v/v) SVF, 1% (v/v) antibiotic antimycotic solu-
tion (AAS containing penicillin 10 000 U/streptomycin 10mg/
amphotericin 25 mg (Sigma©, France), and 50 mg/mL ascorbic acid.
The culture flasks were incubated in a humid atmosphere at 37 �C,
5% CO2. The media were changed 3 times a week. A ballasting
systemwas necessary to avoid the early detachment of sheets from
flasks. Seeding of the outer surface was done by placing the DM
onto the hADSC sheet, resulting in adherence between them. The
DM was rolled up in the hADSC sheet over 2e3 convolutions. The
method of seeding the inner surface was similar but required prior
manual eversion of the DM. After 14 days in culture, it was reverted
to the original state so as to seed the outer surface by placing the
DM onto a new sheet. Once both sides were seeded, the DM/sheet
complexes were maintained in T150 culture dishes associated with
culture medium similar to hADSCs for 21 additional days. Analysis
of the DM/sheet complexes was done by histology with HES
staining on days D0, D14, D21, D28, and D35 after internal seeding.
The hADSCs were characterized both before and after 30 days of
sheet culture by flow cytometry, whereas their ability to express
markers of adipocytes, chondrocytes, osteoblasts, and smooth
muscle cells was assessed with or without differentiating media
(Supplementary material).

2.3.1.2. Intraluminal seeding with pig cell suspensions. DMs were
installed in a sterile Bose BioDynamic Test© bench between 2
connectors, and then seeded with a density of 250,000 cells/cm2 of
the internal esophageal wall. Seeding of the DMs was performed
with either pADSCs or pSVF, injected with a syringe through the
connectors, and 5 mL of DMEM/Ham's F-12 1:1 þ10% FCS þ 1% AAS
were injected approximately simultaneously through the connec-
tors. Slight overpressure was applied for a few seconds to force cell
passage through the different layers of the DM. Medium was then
added to the chamber. The chamber was placed in the incubator at
37 �C, 5% CO2, and 85% humidity for 4 h and 24 h. The medium
contained in the lumen of the DMwas renewed every day. After the
desired incubation time, the DMs were placed in 4% formaldehyde
for histological analysis and compared with the unseeded samples.



Fig. 1. Surgery Surgical view of DM implantation in the porcine omentum (A), 4 weeks
after maturation before transposition (B, C).
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2.3.2. In vivo omental maturation
To assess the biological efficiency of in vivo recellularization

process by omental maturation, 8-week-old nude rats (male,
270e330 g) (Charles River Laboratories, France) were operated via
median laparotomy under general anesthesia. The procedures and
handling of rats were approved by the Animal Care and Experiment
Committee (CEEA50) of Bordeaux University, France (authorization
#DIR1369, 17-Mar-2015). Implantation of the DM in rats' omentum
was performed in 30 animals divided in 3 groups of 10, followed up
for 2, 4, and 8 weeks, respectively. Two conditions were tested: DM
versus DM cellularized with a sheet of hADSC (cDM). In each group
5 rats received a 1-cm2 sample of DM or cDM, rolled up in omentum
and fixed with interrupted stiches using 4/0 non-resorbable su-
tures. The abdominal wall was closed in the usual manner. Rats
were euthanized 2, 4 or 8 weeks after implantation in order to
evaluate the optimalmaturation time, i.e., the effect of time and DM
cellularization on inflammation and vascularization. Each sample
was placed in 4% formaldehyde and histological analyses were
performed after hematoxylin-eosin-saffron (HES) staining.

2.4. Proof of concept: feasibility of the DM transplantation with or
without previous maturation, in a pig model of esophagus
substitution

The aim of this experimental protocol was to evaluate the
feasibility of esophageal replacement by DM after prior omental
maturation or without it. The procedures and handling of pigs were
approved by the Animal Care and Experiment Committee of INRA
084, France (authorization #2015101211046416 of 24-Feb-2017).
Twelve male 10-12-week-old domestic pigs with weights ranging
37e47 kg were used (6 donors for DM production and 6 recipients).
The recipient animals were accustomed to a liquid diet for two
weeks and then fasted 24 h pre-operatively. They underwent
standard endotracheal general anesthesia after induction. The an-
imals were positioned in the dorsal decubitus position.

Recipient pigs were randomized in 2 groups: receiving DM after
maturation in their own omentum (n¼ 3) versus DMwithout prior
omental maturation (n¼ 3). In the former group midline laparot-
omy led to exposure of the greater omentum. An 8-cm-long DM
was stented by 20-Fr Foley catheter and rolled up in omentum
(Fig. 1 A). The muscle-aponeurotic layer and skinwere closed in the
usual manner. The DM was removed 4 weeks later (Fig. 1B and C)
and transposed in the same animal.

Median laparotomywas performed for DM implantation (n¼ 6),
i.e., transposition from omentum (n¼ 3) and de novo implantation
(n¼ 3). The abdominal esophagus was transected and resected to
generate a 5-cm-long, full-thickness circumferential defect. The
gastroesophageal junction was left out of the resected defect in
order to suture the DM to the esophagus and not the stomach. DM
was placed in the esophageal defect and sutured to the esophageal
edges by interrupted 4/0 PDS (polydioxanone) end-to-end stiches.
In the maturation group, DM was transposed respecting omental
vascularization. In the non-maturation group, a cover omentoplasty
was performed around the DM and the anastomoses. The abdom-
inal wall was closed by running sutures. Stent and abdominal/
thoracic drains were not left in situ. The post-operative care pro-
tocol is described in the Supplementary material. After 5 weeks, all
pigs were sacrificed; the DMs and adjacent tissues were harvested
and underwent histochemistry analysis under Masson's trichrome
staining.

2.5. Statistical analysis

Quantitative data are reported as mean± standard deviation.
The distribution of the samples was considered Normal. The
independent continuous variables were compared by the Student's
test. Comparison of two percentages (categorical variables) was
made by the Chi-square test or Fisher's exact test, whichever
appropriate. Comparison of means of continuous variables was
made by means of Student's t-test. The cut-off for statistical sig-
nificance was set at p� 5%. The data analysis was performed on the
SPSS software, version 11.0 (Statistical Package for the Social Sci-
ences, Chicago, IL, USA).
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3. Results

3.1. Harvest and preparation of DM from porcine esophagus

A total of 186 eight-week-old pigs, either female or male, were
used in the study to prepare and characterize esophageal scaffolds,
of which 101 were used for the development of the decellulariza-
tion process, 40 for the mechanical tests, 33 for the cellularization
experiments, and 12 for in vivo studies.

3.1.1. Decellularization and assessment of DNA content
The macroscopic aspect changed during the decellularization
Fig. 2. Assessment of esophageal decellularization, A. Macroscopic aspect of porcine esoph
staining histomicrographs before (a, x10) and after (b, x100) decellularization. No intact nuc
lumen; M e mucosa; SM e submucosa; MP e muscularis propria, C. The concentration of
weight versus 50 ng/mg of DM dry weight. *** p < 0.001, D: Residual DNAwas present in DM
fragments longer than 200 bp (46, 47, and 48).
process: DM turned translucent and thicker than the native
esophagi (NE) (Fig. 2, A, a and b). Decellularization fulfilled the
pertinent criteria [25], i.e., no intact nuclei were visible by HES
staining (Fig. 2, B, b), the concentration of remnant DNA in DM
(50± 18 ng/mg) was markedly less than that in NE tissue
(1630± 141 ng/mg) (p< 0.001) (Fig. 2, C), and residual DNA was
present only in fragments less than 200 bp in length (Fig. 2, D).

3.1.2. Biological characterization and biomechanical testing
The concentration of sGAGs was lower in DM than in NE:

0.19± 0.02 mg/mg vs. 0.27± 0.03 mg/mg of dry tissue, respectively
(p> 0.0001) (Fig. 3, A). Alcian blue staining demonstrated sGAGs in
agus before (a) and after (b) decellularization, B. Hematoxylin, eosin and saffron (HES)
lei were visible after decellularization, while the ultrastructure was preserved (b). L e

remnant DNA in DM extraction was 1630 ng/mg of native esophagus (NE) tissue dry
with fragments shorter than 200 bp (43, 44, and 45). Residual DNAwas present in NE in



Fig. 3. Structure, A. Concentration of sulfated glycosaminoglycans (sGAGs) before (NE) and after decellularization (DM) in dry weight tissue. The concentration decreased
significantly after decellularization. *** (p < 0.0001), B. Alcian blue staining histomicrographs (x40) showing more GAGs in glands of NE (a, white arrow) than in DM samples (b,
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the NE submucosa and to a lesser degree after decellularization
(Fig. 3, B).

SEM images of the luminal and external surfaces disclosed that
DM had a smoother luminal surface, in contrast with the external
surface that had a more textured and fibrous structure (Fig. 3, C).

The spatial distribution of ECM proteins (laminin, elastin and
fibronectin) was preserved after decellularization, as revealed by
immunohistochemistry analysis (Fig. 3, D, C, F).

The biaxial stress response of NE showed an anisotropic
behavior, i.e., a maximum strain of 104% and 95% in the circum-
ferential and longitudinal directions, respectively. DM showed
similar anisotropy, with a maximum strain of 65% and 387% in the
circumferential and longitudinal directions, respectively. Table 2
details the results of biomechanical tests. Compared to NE, DM
demonstrated (i) a significant strain reduction in the longitudinal
axis and significant strain increase in the circumferential direction,
(ii) a significant increase of stress in the longitudinal axis but no
significant change in the circumferential direction, (iii) an impor-
tant and significant rise of elastic modulus in the longitudinal axis
and its significant decrease in the circumferential axis, and (iv) a
significant increase in the longitudinal axis strength but no signif-
icant change in the circumferential direction.

Burst pressure could not be reached with DM, whereas it
marked 79.2 kPa± 20.9 for NE. The porosity resulting from the
decellularization process induced a liquid leakage through the DM
wall (Fig. 4, B). The maximal pressure reached with DM was
108.3 kPa± 17.9, with constant leakage through the wall at that
pressure. No significant difference was observed between the two
groups in terms of endoluminal pressure (p¼ 0.386).

3.2. Biocompatibility

3.2.1. In vitro cytocompatibility
3.2.1.1. Cytotoxicity testing. The neutral red assay exhibited mean
cellular viability rates of 89%± 21 at 24 h, 103%± 6 at 48 h, and
100%± 5 at 72 h for DM when compared to control. The MTT test
found mean metabolic activity/viable cells of 81%± 22 at 24 h,
95%± 9 at 48 h, and 91%± 11 at 72 h for DM when compared to
control. The increase of hADSC viability and metabolic activity with
immersion time was statistically significant (p< 0.0001) in all
conditions, except for positive control (Triton x-100). Assuming a
70% toxicity limit [23], it can be stated that DM displayed a non-
cytotoxic profile in both tests (Fig. 5, A).

3.2.1.2. hADSCs adhesion test. The attachment of hADSCs on DM
white arrow), C. Scanning electron micrographs (SEM) of the DM's surfaces (x100). The ex
smoother (c,d), D. Anti-laminin Ab immunohistochemistry micrographs of a DM sample,
submucosa (b, x40) and in muscularis layer (c, x40). At higher magnification laminin is seen
elastin Ab immunohistochemistry micrographs of the DM sample showing the presence of el
Elastin was foremost demonstrated around capillaries in the submucosa (d, x400, white a
showing the presence of fibronectin (a, x10). Fibronectin was present in muscularis layer
submucosa and muscularis layer (d, x200, white arrow).

Table 2
Mechanical characteristics of native esophagus and decellularized esophagus (extracellu

Characteristic Longitudinal

Mean± SD

NE (n¼ 7) DE (n¼ 7)

Strain (%) 95± 20 42± 11
Stress (kPa) 280± 69 1384± 932
Elastic modulus (kPa) 621± 149 5974± 2551
Strength (N) 33± 7 68± 13

a Student's t-test. SD e standard deviation; NE e native esophagus; DE e decellulariz
was observed thanks to Td-tomato labelling confirming that
hADSCs were present after 10 days of in vitro culture (Fig. 5, B). The
rates of hADSCs adhesion to DM were 40%± 13, 43%± 13, and
49%± 12 at 3 h, 6 h, and 24 h, respectively. The increase of hADSC
adhesion with testing time was statistically significant (p< 0.0001)
for all conditions.

3.2.2. In vivo biocompatibility
All specimens were alive at the end point. TheWistar rats had an

uneventful post-implantation period. Encapsulation of the DM was
not detected (Fig. 5, C, a). The in vivo host reaction to DM scaffold
after 14 and 35 days consisted in an inflammatory cell response,
mainly of mononuclear cells (Fig. 5, C, b, c, and d). Performed
accordingly to the protocol detailed in Supplementary data, a semi-
quantitative histomorphologic analysis at day 14 and day 35 yiel-
ded histologic scores of 12.3± 1 and 8± 2, respectively.

3.3. Recellularization with hADSC, pADSC, and pSVF

3.3.1. In vitro recellularization assays
3.3.1.1. Internal/external seeding with hADSC sheets. The extracted
hADSCs were able to differentiate into osteoblasts, chondrocytes,
adipocytes, or smooth muscle cells [Fig. 6A and B, C, D]. After 30
days of sheet culture, they kept their ADSC flow cytometry profile
(CD31/, CD45 /, and HLA-DR/, with 80e100% of cells being
CD73þ, CD90þ, CD105þ); they also showed no positive staining
with Oil red, Alcian blue, Alizarin red, and actine/myosine heavy-
chain, similarly to the control hADSCs [Fig. 6E and F, G, H]. How-
ever, they stained positive for calponin and SM22, which was in
contrast to control hADSC (Supplementary material).

Three DMs were seeded on the internal surface for 14 days and
then seeded on the external surface for 21 additional days. Samples
cut on day 0 (before seeding) confirmed the absence of nuclei
within the DM. On samples cut on day 35 the hADSC sheet is
observable and adheres to the residual adventitia (Fig. 7, A). At the
level of the adhesion zones, the ADSCs seem to have migrated from
the external surface to the muscularis confirmed by the presence of
nuclei in violet. But ADSCs did not migrate from the sheet in the
lumen to the underlying muscularis, except through a crack in the
mucosa. Accordingly, we decided to remove this “natural barrier”,
the epithelium of the mucosa, before the seeding experiments that
follow.

3.3.1.2. Intraluminal seeding with pig cell suspensions. As soon as
4 h after seeding, pADSCs were found along the submucosa in the
ternal surface was more textured and fibrous (a,b), whereas the luminal surface was
showing the presence of laminin (a, x10). Namely, laminin was demonstrated in the
in the submucosa (d, x200, white arrow) and muscularis (f, x200, white arrow), E. Anti-
astin (a, x10). Elastin was present in the muscularis layer (b, x40; c, x200, white arrow).
rrow), F. Anti-fibronectin Ab immunohistochemistry micrographs of the DM sample
b (x40), c (x200, white arrow). At higher magnification fibronectin is shown in both

lar matrix) in the circumferential and longitudinal directions.

Circumferential

Pa Mean± SD Pa

NE (n¼ 7) DE (n¼ 7)

<0.001 102± 16 366± 254 0.033
<0.001 160± 44 146± 32 0.548
<0.001 279± 16 89± 53 <0.001
<0.001 107± 25 93± 23 0.289

ed esophagus.



Fig. 4. Biomechanics, A. Mechanical characterization of NE and DM. Equipment with intact samples for circumferential (NE in a, DM in b) and longitudinal (NE in c, DM in d) traction
tests, B. Burst pressure in DM sample with Patent Blue V exhibiting leakage through the walls of the DM.
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form of clusters or aligned cells (Fig. 7, B, a); they coated the luminal
surface in a continuous organized layer of brick-shaped cells and
penetrated and remained sporadically viable in the submucosa
(SM). These pADSCs in the SM are either spindle-shaped or round,
i.e. their appearance and density are indeed different from the
continuous layer on the surface. In counter distinction, four hours
after seeding a DM with pSVF, cells were visible on or within the
submucosa, sometimes up to the level of themuscularis. These cells
were round and rather isolated from one another (Fig. 7, B, b).
However, no other cells were found in the mid-section of the DM.

3.3.2. In vivo omental maturation
3.3.2.1. Implantation of DM, seeded with hADSC or not, in nude rats'
omentum. The postoperative period was uneventful, with a satis-
fying postoperative weight gain (data not shown) demonstrating
the tolerability of the procedure.

At 2 weeks post-op, DMs were intact and maintained histolog-
ical organization, i.e., all three layers were present. The mean± SD
estimated cellularization was 111± 37 cells/10 fields in DM with
prior ADSCs seeding, versus 99 ± 44 cells/10 fields in DM without
ADSCs (p > 0.1). The presence of ADSCs did not modify vasculari-
zation (2 ± 0 for DMþ ADSCs versus 2.5 ± 0.5 in DMwithout ADSCs
(p> 0.1)).

At 4 weeks post-implantation, DMs were still present but the
muscularis layer was partially degraded (Fig. 7, C, a, b).
Cellularization was estimated at 65 ± 15 cells/10 fields in DM with
previous ADSCs seeding, versus 60 cells ± 5/10 fields in the DM
without ADSCs (p> 0.1). The presence of ADSCs did not modify
vascularization (1.5± 1 in DM with ADSCs versus 1.75± 0.5 in DM
without ADSCs (p> 0.1)).

At 8 weeks post-implantation DMswere entirely degraded, with
the three histological no longer identifiable (not shown). Cellula-
rization marked 55 ± 24 cells/10 fields in DM with previously
ADSCs seeding, versus 44± 18 cells/10 fields in ECMwithout ADSCs
(p > 0.1). The presence of ADSCs did not modify vascularization
(2 ± 0 in DM þ ADSCs versus 2.5 ± 0.5 in DM without ADSCs
(p> 0.1)).

3.4. Proof of concept: feasibility of DM transplantation with or
without previous maturation in a pig model of esophagus
substitution

The graft was clinically well-tolerated globally and proved
functional as witnessed by weight regain. Five of the six animals
never reached class 3e4 critical endpoints during the entire follow-
up. One specimen in thematuration group died of sepsis on the first
postoperative day.

Macroscopic analysis showed that the 4-week matured DM was
more fibrous and seemed less resilient according to the surgeon.
Histological analysis showed cell infiltration (Fig. 8A and b & d)



Fig. 5. Biocompatibility, A. Neutral red test and colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay in the final rinsing water of the DM
preparation. Cell viability and metabolic activity were higher than 70% at all incubation times, showing no DM cytotoxicity, whereas the positive control (Triton x-100) was below
70%, as expected, B. Fluorescence micrograph 24 h (a) and 10 days (b) after manual seeding of hADSCs Td-tomato on DM, showing the ability of hADSCs to adhere and survive on
DM, C. Histomicrographs of a DM sample 14-day post-implantation in the abdominal wall of a Wistar rat under hematoxylin, eosin and saffron (HES) staining. Encapsulation of DM
was not present (a, x10). There was inflammatory response with cells infiltrating the residual muscularis layer (b, x40) and degradation of the mucosa along with cell infiltration (c,
x100). Mononuclear cells are visible at higher magnification in the muscularis layer (d, x200).
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Fig. 6. hASC characterization, Images in the left column demonstrate that extracted hASCs show positive staining for markers of osteoblasts (A, Red alizarin), chondrocytes (B,
Alcian blue), adipocytes (C, Oil red), and smooth muscle cells (D, anti-MHC immuno-staining) after culture in differentiation media. Images in the right column show the same
extracted hASC but after 30-day culture in sheet showing no positive staining for the markers of those lineages (E e Red alizarin, F e Alcian blue, G e Oil red, and H e anti-MHC
immunostaining) demonstrating the preservation of their hASCs phenotype.
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Fig. 7. Recellularization and seeding, A. Histomicrograph under hematoxylin eosin and saffron (HES) staining showing DM after 35 days of seeding with hADSCs sheets. The
presence of cells on the external and internal surfaces is shown (black arrows pointing to layers of the ADSC sheet), along with the scarcity of intact nuclei in DM's submucosa and
their total absence from the muscularis layer. At the level of the adhesion zones, the ADSCs seem to have migrated from the external surface to the muscularis externa (presence of
some nuclei in violet). On the mucosal side migration of ADSCs did not occur from the lumen but an adhesion to the underlying muscularis mucosa was possible through a crack in
the mucosa (red arrow) (a and b, x40). L e lumen, B. HES-staining histomicrographs of DMs after 4-hour intraluminal seeding with pADSC (a, x200) and pSVF (b, x400). Both
histomicrographs reveal cells, although of different shapes: elongated and organized cells present along or within the submucosa after seeding with pADSC (a) versus round and
isolated cells along the submucosa after seeding with pSVF (b). L e luminal side, C. HES-staining histomicrographs of DMs 4 weeks after implantation in nude rat omentum: DM
without hADSCs sheet seeding (a, x100) and DM seeded with hADSCs sheet (b, x40). In both, cells were present in the DM (black arrows pointing to clusters of violet nuclei). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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from the periphery to the center, more intense in the muscularis
layer but also in the submucosa. Vascularization was mainly pre-
sent in the muscle layer. A minor encapsulation was evidenced by
the presence of fibroblasts and the DM's fibrous macroscopic
aspect. Immunohistochemistry enhanced the presence of cells with
alpha-actin expression, which may be muscular cells or



Fig. 8. Maturation and implantation, A. Histomicrograph under HES staining showing a DM before maturation with no intact nuclei in the DM and the three structural layers still
present (a, x100; c, x40) and after four weeks of maturation in porcine omentum (b, x100; d, x40). The presence of cell infiltration and vascularization is marked by black arrow in b
(x100). The junction between omentum and DM is pointed out with by a black arrow in d (x40). The presence of cell infiltration is visible throughout the DM, from periphery to
center in b and d, B. Post-operative weight curves of the six pigs, C. Histomicrograph under Masson's trichrome staining showing DM 5 weeks after esophageal replacement in a pig
with prior omentum maturation (x40) with its 3 structural layers. Inflammatory cells were present in the mucosa, with histologic organization and vascularization by capillaries
(black arrow) mainly in the muscle layer. Muscle tissue was undergoing remodeling, D. Histomicrograph under Masson's trichrome staining of DM 5 weeks after esophageal
replacement in a pig without prior omentum maturation (x10) with the 3 structural layers. Mononuclear cells were present in all three layers. The histological organization was not
preserved and the connective tissue not organized.
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myofibroblasts.
The DM was easily suturable during surgery and kept its

integrity. The surviving five animals were alive at the end of the 5-
week follow-up. Their weight decreased in the first week following
implantation, then increased over the next 4 weeks (Fig. 8, B). All
animals had postoperative complications with the exception of
specimen 5; these pathologies were observed upon macroscopic
inspection at explantation, i.e., 2 stenoses with esophageal dilata-
tion, 3 abscesses (2 peri-anastomosis and 1 pleural), 2 proximal
anastomosis leakages, and 1 pulmonary infection (Table 3). The
meanweight loss was 17.4%± 7.7, and 4 out of 5 pigs regained their
preoperative weight after one month.

At histological analysis under Masson's trichrome staining, DM
with previous maturation in omentum exhibited cellularization
and vascularization near the proximal and distal anastomotic areas.
The mucosa and submucosa were preserved with cells present,
while fibrosis was in progress and vascularization seen in the
muscularis layer (Fig. 8, C). Fibrotic tissue was mainly observed in
mid-section of the DM (data not shown). In the proximal and distal
perianastomotic zones of DM that had not undergone prior
omental maturation, there was cellularization, with a preserved
architectural structure of themucosal and submucosal layers, while
blood vessels were observed in the muscularis and submucosal
layers. The connective tissue was not well organized. The muscular
layer was not organized or entirely absent and infiltration by in-
flammatory cells was pronounced. Mononuclear cells were present
in the all three histological layers. (Fig. 8, D).

4. Discussion

The aims of the present study were to (i) validate a standardized
and reproducible model of decellularized esophagus, (ii) evaluate
its histological composition and biomechanical behavior, (iii)
evaluate its recellularization potential, and (iv) evaluate its clinical
impact in a pig model of esophagectomy.

4.1. Harvesting

The homogeneity of pigs in terms of age and weight was a
mandatory prerequisite in order to validate the decellularization
process. The availability of appropriate animals sacrificed in pre-
vious experiments has been a significant issue all along the project:
the authors' strategy to minimize the number of animals to be
sacrificed solely for harvest greatly complicated the course of the
study. Harvesting of esophagi and adipose tissuewere performed in
very strict surgical conditions to prevent bacterial contamination.
The source of esophagi originating from animals submitted to
previous protocols demonstrated to be feasible, cheap, ethical, and
Table 3
Postoperative complications in six pigs after esophagectomy and decellularized matrix (

Post-operative complications

Postoperative mortality
Postoperative morbidity Clinical events Sialorrhe

Vomiting
Weight l

Pathologies observed at explantation Fistula
Abscess
Stenosis
Dilatatio
Pulmona
efficient.

4.2. Decellularization

Our findings assessed the good quality and reproducibility of
decellularization according to previously established criteria [25].
Numerous methods of decellularization yielding random results
have been described in the literature [10]. Our choice to use a dy-
namic detergent/enzymatic method was carried out to avoid using
chemical agents criticized for their cytotoxic potential and also to
preserve the structure of the ECM that allows cell migration, pro-
liferation, and differentiation [14]. In addition, the influence of ECM
has also been described in mitogenesis [26], cell differentiation
[27e29], and tissue remodeling in the host [30].

4.3. Mechanical/biological characterization

4.3.1. Biological characterization
We observed maintenance of structural proteins (laminin,

elastin, fibronectin) after decellularization. In particular, the
amount of sGAGs was similar before and after decellularization in
our model, although their distribution could not be specified in the
submucosa of the DM. Glycosaminoglycans are long-chain linear
saccharide polymers and major components of ECM that play an
important role in the mechanical strength of the tissue and in
attracting calcium ions owing to their high negative charge. Their
absence may favor the appearance of calcium phosphate because of
their high negative charge [31]. Thus, the importance of sGAGs
preservation has been emphasized, particularly in a porcine aortic
DM model [32].

4.3.1.1. Mechanical characterization. Our results are not comparable
to those of Badylak et al. [33] for two main reasons: their matrix
consisted in a porcine bladder in a canine model and the tensile
tests were performed on rectangular samples. The originality of our
tests was based on traction of the complete tubular structure as
opposed to a planar sample. In longitudinal traction our DMs
exhibited higher stresses associated with an increase in elasticity
modulus. These characteristics were not found in circumferential
traction where a reverse trend was observed: since DM is more
prone to deformation and less rigid than NE, it may facilitate food
bolus transit through the DM tube since neither innervation, nor
musculature is present immediately after grafting. On the other
hand, if the DM is too deformable, a bezoar may form. Our burst
tests are close to those of Bhrany et al. [16] who tested a decellu-
larized esophageal matrix in a murine model. However, we
observed higher intraluminal constraints for DM (108 kPa versus
79.2 kPa, p¼ 0.363). This superiority was also observed in
DM) substitution.

DM with maturation in
omentum

DMwithout maturation in
omentum

Specimens

1 2 3 4 5 6

No Yes No No No No
a Yes e Yes No No No

No e No No No No
oss (%) 26 e 26 17 7 11

Yes e No Yes No No
Yes e Yes Yes No No
No e Yes No No Yes

n No e Yes No No Yes
ry infection No e No Yes No No
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longitudinal traction. Indeed, our DMs supported higher stresses
and tensile forces than NE. These results confirm that the me-
chanical properties of the esophagus are fulfilled by ECM. Collagen
and elastin have a central role in the mechanical function of the
esophagus [34]. The helical organization of the collagen fibers in
the mucosa confers its anisotropic characteristics, whereas the
orthogonal organization of the muscle fibers gives the muscularis
its orthotropic character [35]. Yang et al. [2006] tested the me-
chanical characteristics in porcine esophagus [36]. Their specimens
were rectangular and the tests were carried out on the mucosa and
the muscularis separately. The mucosal and muscular stresses in
longitudinal traction were 9.4MPa and 1.5MPa respectively, while
in circumferential tension, the mucosal and muscular stresses were
5.3MPa and 1.2MPa in that study [36]. These discrepancies with
our values can be explained by the esophagus sampling (full
thickness tubular shape in our case). Finally, the number of samples
tested was insufficient in our study to draw statistically reliable
conclusions (n< 30). This insufficient number is explained by the
desire to perform mechanical tests on the esophagus in its original
form and not on two-dimensional (rectangular) samples. Dividing
each esophagus into several parts would have allowed multiplying
the number of tests but would not have been representative of the
mechanical behavior in situ. However, we observed similar me-
chanical behavior with greater stresses in longitudinal traction and
similar percentages of deformation. These properties were main-
tained after decellularization in our study. The values of mechanical
parameters of swine esophagus differ from those of its human
counterpart [37]. The latter study performed longitudinal and
circumferential tensile measurements on human esophagi har-
vested from fresh cadavers and the longitudinal and circumferen-
tial tensile stresses were estimated at 1.67MPa and 1.48MPa,
respectively [37]. Our circumferential tension results (0.146MPa),
i.e., lower than those obtainedwith human esophagi [37]. However,
the mechanical behavior of the porcine esophagus also differs from
its human counterpart, which renders the comparison of DM to
human esophagus extraneous.

With these encouraging results we decided to go one step
further and test the in vivo implantation in a porcine model, after
having assessed the biocompatibility of our DM model.

4.4. Biocompatibility

4.4.1. In vitro biocompatibility
DMs are non-cytotoxic in MTT and NR in vitro tests according to

the ISO 10993 standard. The impregnation of matrices by culture
medium molecules (growth factors in fetal calf serum and nutri-
ents) in the last decellularization wash could promote ADSCs'
adhesion and survival.

4.4.1.1. In vivo biocompatibility. The use of a histomorphologic
score [38,39] enabled the evaluation of tissue integration quality.
This was performed at 14 and 35 days after DM implantation in rat
muscle wall. Results showed good DM biocompatibility (score> 10)
at D14 but not at D35 (score¼ 8). Since this histomorphologic
scoring method is semi-quantitative, it could only give an approx-
imation of biomaterial integration. Keane et al. coupled this assay to
the quantification of M1 and M2 macrophages [30]. The M1
phenotype was identified by the presence of CD68þCD86þ markers
(M1 phenotype) and the M2 phenotype by CD68þCD206þ (M2
phenotype) markers. The M2/M1 ratio evaluated the extent of
inflammation; the higher the ratio, the better the tissue integration.
These two tests applied together permit a better assessment of
biological integration.We did not have the technical means to carry
out the quantification and the automated calculation of the
macrophage ratio.
4.5. Cellularization

The choice of the DM re-cellularization before implantationwas
based on prior scientific findings, such as the reduction of post-
implantation fibrosis and better tissue regeneration of implanted
DM [8,10]. The choice of cell type was relatively narrow, and was
oriented towards (i) one or more differentiated cell types, or (ii) a
stem cell type. Since the majority of esophageal replacements are
needed in cases of oncological esophageal ablation, harvesting
autologous epithelial or muscle cells of gastrointestinal origin may
potentially be amenable to criticism. Also, the stem cells' potential
to transform into various lineages made the choice of the latter
more appropriate. Among stem cells, the choice between adult
embryonic stem cells and induced pluripotent stem cells (IPS) was
in favor of the former because those offered the ethical advantage
of withdrawal and the practical benefit of availability in large
quantities. The technical ease of sampling - a minimally invasive
surgical procedure - was also an important criterion. The adipose
tissue-derived stem cells (ADSCs) met all of these expectations.
ADSCs and SVFs are two distinct but closely related entities in
regenerative medicine [40]. The SVF is a mesenchymal cell popu-
lation comprising four different cell types identified by their sur-
face cell markers analyzed in flow cytometry [41]. Li et al.
quantified cell subsets of the SVF and determined that ADSCs
accounted for 67.6± 29.7% of cells [42]. Stilleart et al. were the first
to observe that the use of SVF in tissue engineering in a murine
model induced angiogenesis secondary to the secretion of angio-
genic factors [43]. ADSCs secrete a wide variety of growth and
angiogenic factors (e.g., vascular endothelial growth factor) favor-
ing angiogenesis in an ischemic medium [44], play an immune role,
and are already used in clinical practice especially in plastic and
reconstructive surgery [45]. Clinical trials of ADSCs are underway in
gastrointestinal surgery (treatment of fistulas in Crohn's disease)
[46] and their use would be possible in near future in cardiology,
hepatology, and orthopedics [40]. Therefore, ADSCs transpire as the
stem cells of choice for cellularizing an esophageal DM. Their
isolation, characterization, and culture have been already largely
controlled in laboratory, as it was confirmed in the present study
with regards to the characterization of the hADSCs we extracted.

4.5.1. Internal/external seeding with hADSC sheets
Regarding the DM's seeding with hADSC sheets, we obtained

unsatisfactory cellularization on the luminal surface, whereas cell
adhesion and migration did occurs from the DM's external surface.
Primary adhesion of the sheet to DM transpired as an important
factor in cell migration. The esophageal mucosa, however, consti-
tutes a barrier just as other epithelia in the body. This role of barrier
is fulfilled in a state of global equilibrium (cell renewal, submucosal
gland secretion, peristalsis), which we aimed to break through
decellularization. On the mucosal side ADSCs did not migrate from
the lumen, yet adhesion to the underlying submucosa occurred
through fissures in themucosa. The encouraging element is that the
concept of cellularization by sheets is viable. The optimal time to
culture the sheet with the DM remains to be determined, and so do
the culture conditions (dynamic or static).

4.5.1.1. Intraluminar seeding with pADSC and pSVF. On the other
hand, DMs were seeded after removal of their mucous membrane
by pADSCs or pSVF directly from the lumen. The chosen incubation
times were 4 h and 24 h, the aim being to find an incubation time
long enough to allow the cells to adhere, but still sufficiently short
to avoid excessive manipulations that might lead to contamination
(culture media changes), and to allow better cell survival. DMs
seeded with pADSCs showed after 24 h organized and elongated
cells aligned along and within the submucosa. The DMs seeded
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with pSVFs showed many isolated or clumps of round cells inside
the submucosa, and sometimes even reaching the border of the
muscularis (data not shown). Since these cells were just extracted
and had not been grown, they did not show any specific organi-
zation between them, and therefore, penetrated deeper into the
DM. In addition to pADSCs, pSVF also contains many elements
derived from extraction and other cell types such as endothelial
progenitors. This molecular and cellular mix may play a role in the
migration and survival of pSVF cells and act in cell proliferation and
differentiation in situ. The pADSCs were isolated from the pSVF by
culturing. During this phase, the pADSCs divided and organized on
the culture flask. This phase of cultivation seemed to allow them
better organization within the DM, but limited their migratory
capacity. These results show that it is possible to cellularize DM by
this technique in a relatively short time and by greatly limited
manipulations. However, new tests should be carried out for
further data and to increase the reproducibility and homogeneity of
this seeding technique. Nonetheless, cell survival and proliferative
capacity within the DM should be studied to check the viability of
the injected cells and verify their survival capacity within the DM.
The number of cells to be seeded may also have to be adjusted as a
function of cell survival in situ and relevant biological and clinical
impact.

Differentiation of stem cells withinmatrices has not been clearly
demonstrated in all types of DM [47] and their effect could also be
paracrine in nature [48,49]. The power of ADSCs on the microen-
vironment could have an accessory action to their own differenti-
ation once in a biological matrix [47]. The use of autologous stem
cells such as ADSCs has raised the problem of these cells' potential
carcinogenesis because they chiefly originate from cancer patients
[40]. The use of ADSCs in such clinical conditions has already been
the subject of clinical studies and has shown encouraging results
[50]. ADSCs, however, appear to stimulate tumor cell multiplication
by inhibiting cell death under in vivo conditions [51]. The exact
mechanisms of the effect of autologous ADSCs on patients with
progressive cancer are unknown. Their use in the surgical/onco-
logical clinical practice should be cautious and controlled, yet short
of absolutely contra-indicating it since their potential mischief is
currently not scientifically proven [40].

4.5.1.2. In vivo omentum maturation. Another way to cellularize
DM in this study was by means of maturation in omentum. The use
of this technique has hitherto been based on empirical clinical
conviction short of scientific evidence [52e56]. The use of the
omentum in gastrointestinal surgery is commonplace and learning
to master it is part of the syllabus in surgical training. In order to
evaluate the potential benefit of DM implantation in omentum we
performed a preclinical study on a murine model (nude rat). This
choice was based on the need to use a mammal (because all have a
large omentum [52]. Such an experiment aiming to evaluate the
effect over different periods of time of DMs of porcine origin
populated with human ADSCs and implanted in rodents, necessi-
tated the use of innate immunotolerant nude rats as hosts, because
these can accept MHC-mismatched organ allografts or xenografts
for several months. The results established the benefit of such a
strategy at the tissue level without major clinical drawbacks. All
rats survived and their weight curves appeared normal. These
preclinical data permitted assessing the procedure's feasibility
under clinical conditions. We have demonstrated the presence of
cells in the DM's submucosa - a cellular infiltrate consisting mainly
of inflammatory and fibroblastic cells. These datawere necessary to
confirm the feasibility of DM recellularization. Additionally, the
presence of blood capillaries in DMs, even in the submucosal layers,
elicits to some extent the consideration of a solution to the
vascularization of DMs. The vascularization of matrices is necessary
to ensure the transport of oxygen and nutrients within them [57] in
order to enable stimulating cell migration within the biomaterial,
yet this challenge proved a gridlock in tissue engineering [57,58].
Finally, the use of omentum has knocked down the technological
barrier to vascularization. The main obstacle to this method has
been the almost complete lack of regulation over omental matu-
ration. However, maturation is controlable by way of the omental
implantation duration and the prior addition of cells to the DM. The
optimal latency required for DM maturation remains to be deter-
mined. There has been a broad literature on the subject, namely,
implantation times range from 1 to 12 weeks [59,60]. At 2 weeks of
maturation a severe inflammatory reaction was marked by a peak
infiltrate suggesting that this interval was too short. However, it
was interesting to note that DM vascularization was already pre-
sent after only 2 weeks of maturation in our study, as well as in
another recent work [20]. At 4 weeks vascularization persisted but
with a regression in the cellular inflammatory infiltrate. Cells were
present even in the DM's submucosa. The DMs showed signs of
degradation but their architecture was preserved. After 8 weeks of
maturation, more than half of DMs have disappeared, confirming
their degradable nature but also that this interval was too long.
Consequently, the 4-week delay was deemed the optimal DM
maturation period in our study.

Seeding DMs with hADSCs before implantation altered cellular
infiltration. DM vascularization was unchanged, without evidence
of benefit or drawback on histological analysis. At 4 weeks of
maturation, the cellular infiltrate was present even in the submu-
cosa without change in the quantity or quality of the infiltrate. The
real benefit of DM's cell seeding before maturation is clearly not
demonstrated in our study despite findings to contrary in the
literature [10,20,61]. The hypotheses explaining the absence of
benefit would lie in the cellularization method, cell type, and ani-
mal model. Even though the method of cellularization has shown
encouraging in vitro results, its potential re-evaluation should not
be excluded. The cell type (ADSC) is not questioned, yet its source
might be objectionable. Indeed, the source of ADSC sampling
should be porcine and autologous. This would entail switching to
another animal model. Ideally, in order to formulate more reliable
conclusions, pADSCs should be grown in sheet form, placed on the
DM that is, in turn, implanted in the greater omentum of a swine;
under such conditions, the potential conclusions could be more
pertinent, without however being necessarily extrapolatable to
humans. Given the encouraging results obtained by Catry et al.,
another option would be to reproduce our method of seeding DMs
with mesenchymal stem cells (MSCs) [20].

The large omentum remains a good bioreactor on account of its
easy accessibility by surgical techniques that have become clinical
routine and its demonstrated intrinsic qualities [53e56] sanc-
tioning its use in regenerative medicine.

4.6. DM implantation in a pig model

DM implantation after esophagectomy was the ultimate goal of
the present study. Currently there is no surgical procedure to
replace short esophageal segments without the challenging pro-
cedures of gastric pull-up or colon interposition. Keeping some
animals alive with an artificial esophagus is a promising result. The
first step was to evaluate whether such an interventionwas feasible
by laparotomy. The choice of excising the lower third of esophagus
was motivated by the clinical reality of higher incidence of
esophageal adenocarcinomas occurring in the lower third. The
transcervical replacement in swine would have been simpler in all
aspects (technique, follow-up) but would not have responded to
the clinical need. The transabdominal surgical approach has not
been hitherto published in animal models. Its surgical feasibility
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seemed good. The depth of field (esophageal hiatus) is lesser in pig
versus man, making the accessibility of the abdominal and thoracic
esophageal segments easy via laparotomy. However, the anatom-
ical associations between the esophagus and pleura appear nearer,
especially on the left side, consequently resulting in frequent left-
sided intraoperative pneumothorax. The suturability of DM was
very good based on the surgeon's assessment (albeit not objectively
studied); the PDS 4/0 suture did not cut through the DMs, which
indicated good fixedness of the material. We chose a preclinical
model close to human [10]. The pig esophagus has morphological
characteristics (weight, length, and thickness) similar to the hu-
man, which may allow potential transfer to the clinic by designing
DMs from either human organ donation or porcine esophagus.

The group of 3 pigs receiving DM after prior maturation in their
own omentumpermitted to estimate the clinical impact of a second
laparotomy, however minor. Indeed, the weight curve of those
three animals shifted trajectory. However, the group of six pigs was
homogeneous age-wise and we found a difference in body weight
at the time of esophageal replacement with an advantage for the
group without prior maturation. These findings call for caution as
to the safety of an in vivo maturation phase. Moreover, this 4-week
maturation phase significantly modified the elasticity of DM. The
matured DMs were more fibrous, adding a technical constraint
during esophageal replacement surgery. Indeed, the caliber
incongruence between NE and DM was easily corrected without
maturation but it provedmore difficult after maturation on account
of the matured DM's fibrous nature. There was no technical prob-
lem even 4weeks after a first laparotomy. The vascularization of the
DM through the omentum was macroscopically visible and the
latter's surgical non-violation proved undemanding. The resump-
tion of feeding on a hypercaloric liquid fraction was authorized on
the evening of intervention and continued throughout the first
week without quantity restriction. This postoperative strategy of
“early rehabilitation” enabled dispensing with enteral or parenteral
nutritional support. The early rehabilitation strategy is currently
being studied in esogastric surgery [62] but has already demon-
strated its effectiveness in other surgical specialties [63]. An indi-
vidual had fever and died on the first post-operative day. Autopsy
extracted an intraperitoneal abdominal mesh located in the left
hypochondrium and the death was attributed to this “textiloma”
for lack of another plausible explanation. Only one individual had
no postoperative complications, whereas 2 pigs had fistula, 3 had
abscess, and 2 had stenosis. Clinical findings were mixed. Never-
theless, the only individual with no complications had a maximum
observed weight loss of only 7%. Histological analysis of the
implanted DM systematically objectified its tissue regeneration
very close to the condition of NE in all individuals. It may be
assumed that the anatomical location of the esophagus conditioned
its structure and, consequently, its regeneration. On the other hand,
the areas affected by fistulas and abscesses showed very significant
inflammatory and fibrous changes, which precludes definite con-
clusions. The absence of a sham group precluded the evaluation of
non-specific surgical morbidity caused by laparotomy or anasto-
moses independently of those imparted by the DM per se.

4.7. Our model through the lens of previous attempts

Scrutiny of the literature on recently tested models distin-
guishes between different approaches in terms of graft character-
ization and/or animal model, regardless of themethod to obtain the
tubular tissue to be grafted.

For reasons of graft size and surgery feasibility, the rabbit is
often selected because it is larger than rodents: (i) Tessier et al.
tested fascial flap-wrapped allogenic aorta (AA) segments with
disappointing clinical results despite finding incipient remodeling
of the esophageal substitute [64], (ii) Park et al. evaluated a 3-D-
printed cellularized patch of polycaprolactone as cervical esoph-
agus substitute with successful results in terms of remodeling and
clinical outcomes [65], and (iii) Maughan et al. implanted a tracheal
scaffold for pediatric purposes [66]. On the other hand, Barron et al.
[2016] used a pig model to test a 5-cm long polyurethane mucosal
non-autologous cell-seeded circumferential graft implanted via
thoracotomy and supported by a stent to ensure permanent
patency of the structure [67]. Significant remodeling of the graft
occurred during the animal's 29-day follow-up but this encour-
aging single test is insufficient to conclude. The approach chosen by
Catry et al. was closest to ours, by having tested a cellularized
porcine small intestinal submucosa (SIS) seeded with MSCs and
matured for 14 days in porcine omentum [20]. However, their
interesting results in terms of recellularization were impaired by
the heterogeneity of animals' survival closely linked to frequent
and repeated stent migration and subsequent stricture. Using a
stent has severe drawbacks that surgeons would like to avoid [68]
even though no alternative exists as of yet.

Interestingly, Den Hondt et al. chose a method very similar to
ours to evaluate a decellularized rabbit trachea in terms of decel-
lularization process, biological, and mechanical characterization of
the substitute, yet for the latter they developed an ingenious
microCT analysis that was non-destructive of the construct [69].

4.8. Limits of the model and perspectives

We demonstrated the ability to produce a 5-cm-long tubular
tissue-engineered esophageal graft and evaluate its integration in a
pig model of esophagectomy. For this purpose, we chose to decel-
lularize a pig esophagus. Criteria of effective decellularization are
not consensual. Crapo et al. [25] described simple criteria to assess
effective decellularization, i.e.: (i) no intact nuclei visible with
histologic staining or DAPI, (ii) quantity of residual DNA< 50 ng/mg
weight dry tissue, and (iii) length of residual DNA> 200 bp. The
decellularization method is different for each specific tissue but
generally includes applying reagents (such as detergents and en-
zymes) and/or physical methods [25]. Our decellularization process
of pig esophagi proved efficient in terms of the Crapo et al. criteria
[25]. It was also reproducible and led to a biocompatiblematrix that
was amenable to cellularization and proved implantable. It is not
mandatory to look for a longer and/or innervated circumferential
graft since the replacement of a short segment can be sufficient to
save the whole organ. In this case, the absence of innervation and
motility is, although not satisfactory, less crucial. However,
regarding the prospect of clinical translation of this concept, the
preservation conditions of the DM are a challenging issue. Cryo-
preservation proposed by Urbani et al. [70] seems to be promising
and should be tested in our model. Then, biocompatibility and
mechanical tests should be redone to assess the suitability of this
technique to our DM. The cellularization, or in other words “revi-
talization”, of the matrix before implantation cannot be avoided in
order to ensure the proper integration of the esophageal substitute
and reduce the risk of fistula. However, this implies following up
the cells and assess their viability and behavior after
transplantation.

Our animal model of choice had pros and cons: (i) we avoided
the thoracotomy approach to facilitate animal follow-up although
this is not the most prevalent choice transpiring from the literature
[67]; (ii) we preserved the esophagogastric junction to avoid the
natural heavy reflux although 90% of the target population undergo
the resection of this area; iii) one may assume that the model is
functional because of our DM's high burst pressure (no blow-out by
food transit is feared) and because the animals gained weight; (iv)
we should further investigate the impact on esophageal physiology
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by a manometry study and lengthen the animals' follow up; (v) the
formation of fistulas within anastomoses during the early phase
remains the main issue to be addressed, by means of DM cellula-
rization, or by using autologous platelet-rich plasma spraying [68],
in order to improve healing kinetics.

5. Conclusion

We set up a biological tissue-engineered biocompatible esoph-
ageal graft made of DM and protein with architectural properties
similar to the native porcine esophagus. Its lack of cytotoxicity
allowed seeding with adult mesenchymal stem cells. The clinical
applications of this study may concern reconstructions after abla-
tion of esophago-tracheal fistulas, small adenocarcinomas of the
lower third of the esophagus, and potentially providing a solution
to long-gap esophageal atresia [71]. This work will widen the
knowledge on the pros and cons of the potential use of decellu-
larized tissues as organ substitutes.
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