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Abstract

In pathologies of the esophagus such as
esophageal atresia, cancers and caustic inju-
ries, methods for full thickness esophageal
replacement require the sacrifice of healthy
intra-abdominal organs such as the stomach
and the colon. These methods are associated
with high morbidity, mortality and poor
functional results. The reconstruction of an
esophageal segment by tissue engineering
(TE) could answer this problem. For esopha-
geal TE, this approach has been explored
mainly by a combination of matrices and cells.
In this chapter, we will discuss the studies
on full organ esophageal decellularization,

including the animal models, the methods of
decellularization and recellularization.
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2.1 History

The esophagus is a tubular hollow organ composed
of four layers (innermost mucosa, submucosa,
muscularis propria and adventitia) and different cell
types including epithelial, glandular and muscle
cells (Poghosyan et al. 2011; Kuo and Urma 2006).
It has been shown previously that extracellular
matrix (ECM) can induce the recruitment and dif-
ferentiation of cells in their relative compartments
through its biochemical and biomechanical prop-
erties (Reing et al. 2009). Decellularized organs
have the advantage of preserving these complex
properties (Crapo et al. 2011), and very early after
the development of decellularization methods,
research groups started working on decellularized
tissues for esophageal TE.

Decellularized ECM of other organs such as
skin (Bozuk et al. 2006), urinary bladder
(Badylak et al. 2005) or small intestinal submu-
cosa (SIS) (Badylak et al. 2011) have been tried
in animal models and humans for several types of
esophageal repair. These matrices were shown to
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be efficient for superficial lesions or partial
defects (Badylak et al. 2011). However, no suc-
cess has been reported for full thickness cir-
cumferential esophageal replacement with non-
esophageal matrices, with or without cells.
Therefore, researchers turned to organ specific
ECM for esophageal TE.

The first report on decellularized esophagus
dates back to 2005 in a rat model (Ozeki et al.
2006). Porcine esophagi have also been decel-
lularized in several studies with success (Koch
et al. 2012; Totonelli et al. 2013; Luc et al. 2018;
Arakelian et al. 2019).

We will discuss the challenges faced for a
clinical use of these ECM in humans (Fig. 2.1).

2.2 Material and Methods

2.2.1 Animal Models

Full esophageal decellularization has been
mainly carried out on rat (Ozeki et al. 2006;

Urbani et al. 2018) and porcine esophagi (Luc
et al. 2018; Arakelian et al. 2019). Even though
rat esophagi have served as an important proof of
concept, protocols developed on this small ani-
mal model cannot be directly applied to esophagi
corresponding to human size. Porcine esophagus
has the advantage of a highly similar structure
and size compared to the human one (Ziegler
et al. 2016). For this reason, porcine esophagus
seems to be a relevant model to develop decel-
lularization methods that can be used for a
human esophageal decellularization.

2.2.2 Decellularization

The decellularization of the esophagus has been
mainly carried out using detergents including
SDS, DEOX, triton X-100 or Chaps (Mallis et al.
2019). The detergent is used for rupturing the cell
membranes and eliminating cell content. Cal-
cium chelator EDTA has also been added to
facilitate cell detachment and improve the
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Fig. 2.1 Steps to produce a clinical grade esophageal decellularization: from bench to bedside
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decellularization (Arakelian et al. 2019). The
nature, concentration and treatment period can
highly affect the quality of the final product. For
smaller esophageal models, lower concentrations
or mild detergents can be used for decellular-
ization. However, for larger models, higher
concentrations of stronger detergents such as
SDS and DEOX were needed and the treatment
period was extended to several days.

Decellularization protocols showed that even
though in some experiments in the rat esophagi,
DNA can be eliminated by cycles of detergent
treatment (Mallis et al. 2019), in larger animal
esophagi, the detergent alone does not remove
DNA and the cell nuclei (Arakelian et al. 2019).
Therefore, esophageal decellularization proto-
cols include a DNase treatment. In the two
recent decellularization studies in porcine model,
one treated the decellularized matrix 12 h with
2000 Kunitz units of DNase-I (Sigma-Aldrich)
(Luc et al. 2018), whereas the other team priv-
ileged a shorter 3 h treatment with 100 u/ml
clinical grade DNase (Pulmozyme) (Arakelian
et al. 2019).

At the end of decellularization, an efficient
rinsing method should be developed in order to
fully remove these detergents to avoid cytotoxi-
city. In small animal models, abundant rinsing
with water or PBS was reported to be sufficient to
remove these detergents. In bigger models, the
rinsing cycles were much longer or it could be
necessary to use an absorbing resin which sig-
nificantly improved detergent removal and
reduced cytotoxicity (Arakelian et al. 2019).

In the first attempts of decellularization,
mechanical treatment, along with enzymatic and
detergent treatment, was achieved by placing the
esophagi under constant agitation (Ozeki et al.
2006) or by perfusing the organ using a speed
roller pump (Totonelli et al. 2013). These meth-
ods increased detergent and enzyme infiltration
within the esophagus and improved decellular-
ization compared to static conditions. However,
these technics worked better for smaller rat eso-
phagi compared to larger and thicker porcine
ones. Furthermore, these are open systems which
require a high level of manual manipulation and

an increased risk of contamination. The recent
decellularization protocols included the use of
bioreactors for liquid perfusion (Luc et al. 2018)
or perfusion and axial rotation (Arakelian et al.
2019). These closed systems increased the effi-
ciency of decellularization and reduced manual
handling which may be an advantage for future
clinical applications.

2.2.3 Sterilization

The esophagus is an organ which is in constant
exchange with extracorporeal, non-sterile envi-
ronment. It is therefore important to use a ster-
ilization method to prevent bacterial and fungal
growth throughout the decellularization or at the
end of the process. For decontamination, a team
used sodium azide (Luc et al. 2018), a molecule
which can be highly toxic (Chang and Lamm
2003) and not recommended for clinical use.
Others privileged the use of antibiotics (ATB) for
an initial decontamination. For this purpose, a
mix of ATB (gentamycin, clindamycin van-
comycin and amphotericin B), previously used
for vascular graft applications, was validated for
esophageal decontamination (Arakelian et al.
2019). Due to the high concentration of the ATB,
it is important to efficiently remove them at the
end of the decellularization to avoid toxicity,
while preserving the sterility of the decellularized
matrix.

Another option is a final sterilization with
chemical or physical treatments. Chemical treat-
ments can include ethylene oxide or peracetic
acid (PAA). The difficulty with these treatments
is that these products may remain in the decel-
lularized tissue and induce cytotoxicity (Lucas
et al. 2017). Furthermore, it has been shown that
PAA can prevent vascularization of soft tissues
after implantation in vivo (Scheffler et al. 2008).
Physical sterilization includes treatment with
gamma rays. Even though this treatment
efficiently removes bacterial, fungal and viral
contaminations, it can compromise the biome-
chanical properties of the decellularized matrices
(Witt et al. 2016).
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2.2.4 Characterization
of the Decellularized
Matrix

As for other decellularized organs, the recom-
mended criteria to define a complete decellular-
ization are to validate the absence of residual
cells, the elimination of DNA (less than
50 µg/mg of dry mass) and to make sure that no
residual DNA fragments exceeding 200 bp
remains in the tissue (Crapo et al. 2011). How-
ever, these recommendations can vary slightly
according to the nature and the origin of the
tissue. Furthermore, the general structure, the
bioactive molecules and the biomechanical
properties should also be maintained after
decellularization.

2.2.5 DNA Quantification

In decellularized esophagi, DNA was extracted
from the matrix and was then quantified. In all
these studies, an efficient elimination of DNA
was demonstrated (Luc et al. 2018; Arakelian
et al. 2019). For DNA fragment size, an elec-
trophoresis of the extracted DNA on agarose gel
was carried out which showed that no large DNA
fragments (more than 200 bp) was visible. The
elimination of nuclei was also shown by DAPI
staining (Luc et al. 2018; Arakelian et al. 2019;
Mallis et al. 2019).

2.2.6 General Structure
and Composition

For the demonstration of cell removal, histology
(HES staining) remains the standard method of
validation (Luc et al. 2018; Arakelian et al.
2019). Furthermore, it is important to show that
the components of the ECM such as collagens,
elastin fibers, glycosaminoglycans (GAGs) and
other molecules are preserved after decellular-
ization. In two studies of rat and porcine eso-
phageal decellularization, collagen has been
quantified using a hydroxyproline assay kit
(Mallis et al. 2019) or stained with picrosirius red

and analyzed by histochemistry (Arakelian et al.
2019). These studies showed that most of the
collagen was preserved, despite some loss of
structure. Elastin fibers have been stained with
orcein after esophageal decellularization, and it
was shown that they were highly preserved after
decellularization. Finally, GAG quantification
with dimethylmethylene blue assay (DMMB) or
staining with toluidine blue (Arakelian et al.
2019) showed that there was a major loss of these
molecules after decellularization. However,
immunostaining with specific antibodies showed
that the loss of GAGs was mainly related to
chondroitin sulfates, whereas the heparan sulfates
and dermatan sulfates were preserved (Arakelian
et al. 2019). These last two categories of GAGs
are the main ones involved in the biomechanical
properties of the matrix, as well as the binding
and the delivery of hormones and growth factors
(Kjellén and Lindahl 2018). It is important to
mention that the extent of loss of these molecules
highly depends on the nature and concentration
of the detergent, as well as the duration of the
treatment (Mallis et al. 2019). It is therefore
important to develop a protocol which allows an
efficient decellularization without a major loss of
structural molecules.

2.2.7 Biomechanical Properties

The biomechanical properties of the decellular-
ized esophagi have been evaluated and compared
to the native esophagi. The two methods that
have been used to evaluate the biomechanical
properties are burst pressure test and tensile
strength. In the decellularized esophagi, porosity
was detected which prevented the decellularized
esophagi from reaching a burst point (Luc et al.
2018). Tensile tests showed that in the transver-
sal orientation, the decellularized and native
esophagi had similar properties. On the other
hand, in the longitudinal orientation, the decel-
lularized esophagi were stiffer than the native one
(Luc et al. 2018; Arakelian et al. 2019). As for
in vivo implantation, decellularized esophagi
were easily handled for surgical procedures and
were resistant to sutures.
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2.2.8 Immunogenicity
and Biocompatibility

One of the main purposes of decellularization is
to reduce the immune reaction of the host to
avoid graft rejection and fibrosis. To study these
properties in decellularized esophagi, an in vitro
assay was developed based on the proliferation
of lymphocytes stained with fluorescent molecule
and analyzed by flow cytometry (Arakelian et al.
2019).This assay showed that the decellularized
esophagi did not induce lymphocyte proliferation
and indicated the absence of an acute
immunogenicity.

However, the immune reaction is a complex
mechanism and true immunogenicity should be
evaluated in vivo. In another study, this reaction
was evaluated by a subcutaneous implantation of
the matrix in non-immunosuppressed Winstar
rats (Luc et al. 2018). After 14 days, an induction
of inflammatory response with infiltration of
mononuclear cells was shown.

2.2.9 Cytotoxicity

As the products used for decellularization such as
detergents and a high dose of ATB are toxic for
cells, it is important to make sure that they are
efficiently removed after decellularization. It is
therefore necessary to develop assays to answer
these questions efficiently. In decellularized
esophagi, the main assays used so far were based
on the evaluation of cell viability, by direct or
indirect methods (Iso 10993-5-2009). In the
direct method, mesenchymal stromal cells
(MSCs) were seeded on the decellularized eso-
phagi and the viability and metabolic activity
were evaluated by neutral red assay and MTT
assay, respectively (Luc et al. 2018). In the
indirect method, the decellularized esophagi were
incubated with cell culture medium and the
supernatant was then used for Balb/3T3 cell
culture. The viability of these cells was evaluated
by flow cytometry after annexin V and 7AAD
staining (Arakelian et al. 2019).The difficulty
with a direct MTT assay is that the resulting dye
is absorbed by the matrix, and it is difficult to

have accurate and reproducible results. The
indirect method allows to overcome this diffi-
culty and to evaluate the release of toxic sub-
stances by the matrix. Both methods can be used
for short term cytotoxicity evaluation. However,
the presence of detergents and toxic substances
should be further evaluated by mass spectrome-
try and long-term cytotoxicity should also be
evaluated in vivo.

2.3 Cell Seeding

2.3.1 Cell Types and Origin

Cell seeding on decellularized esophagi has been
explored in order to functionalize these matrices
and to evaluate the potential of cells to accelerate
tissue regeneration. For in vivo applications, it is
essential to question the cell types and their ori-
gin (autologous or allogeneic), as this choice
conditions the desired mechanism of action. The
first choice is to use differentiated cells, organ-
specific or not, such as epithelial cells (Ozeki
et al. 2006; Urbani et al. 2018; Asnaghi et al.
2009; Barron et al. 2016; Jensen et al. 2018;
Poghosyan et al. 2015; Nakase et al. 2008),
smooth muscle cells (Barron et al. 2016;
Poghosyan et al. 2015; Takeoka et al. 2019) and
endothelial cells (Takeoka et al. 2019). The
functionalization of the decellularized esophagus
by these cells can be induced either by a direct
colonization of the ECM by the seeded cells or
by paracrine effects. It has been shown that some
cells can indeed secrete factors that can attract
the host cells and accelerate tissue regeneration
(Marzaro et al. 2006; Xiuunl et al. 2009).

The other option is to use non-differentiated
cells. To date, no clear stem cell niche, able to
give rise to all the cell types, has been identified
in the adult esophagus (Seery 2002). Regarding
stem cells, another possibility is to seed the
matrix with MSCs either originating from adi-
pose tissue or bone marrow (Hass et al. 2011).
These cells promote the recruitment of patient
cells in situ through paracrine effects, accelerate
re-vascularization and reduce inflammatory and
scarring processes (Luc et al. 2018; Arakelian
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et al. 2019; Asnaghi et al. 2009; Jensen et al.
2018; Poghosyan et al. 2015; Takeoka et al.
2019; Tan et al. 2013; Francesca et al. 2018;
Catry et al. 2017). It was shown that bone mar-
row MSC seeded on a non-esophageal extracel-
lular matrix accelerated muscle regeneration and
re-epithelialisation in a patch esophagoplasty and
a full thickness esophageal replacement models
(Tan et al. 2013; Catry et al. 2017).

Beyond these mechanistic aspects, the origin
of cells can lead to significant constraints.
Indeed, autologous cells will require a sample of
the patient, isolation, amplification and then the
constitution of the substitute; while the use of
allogeneic cells will reduce the production time,
but raises the question of immunological rejec-
tion. Thanks to their immunomodulatory prop-
erties, MSCs are an interesting source for the
recellularization of decellularized esophagi.

2.3.2 Seeding Methods

The decellularized esophagus is a cylindrical
hollow tube with an inner and outer surface. The
challenge is therefore to decide which layer
should be seeded and how to distribute the cells
evenly on the matrix.

Cell density, as well as the duration of cell
culture in-vitro are further important parameters
to ensure the colonization of the matrix by the
cells and their infiltration. Five teams showed
very variable culture times, ranging from 7 to
21 days (Ozeki et al. 2006; Luc et al. 2018;
Arakelian et al. 2019; Urbani et al. 2018). The
number of seeded cells varies from one study to
another from 1.105 to several millions per cm2

(Ozeki et al. 2006; Luc et al. 2018; Arakelian
et al. 2019; Urbani et al. 2018). These parameters
could be different according to cell types and
their capacity to adhere and proliferate.

Some tubular esophageal substitutes were
seeded under static conditions. Cells were
deposited on the outer surface or were injected
inside the lumen using a pipette (Catry et al.
2017; Poghosyan et al. 2013). However, in most
studies, axial rotation was applied to homogenize
cell distribution on the matrix. This rotation was

achieved either manually at regular time intervals
(Urbani et al. 2018; Barron et al. 2016; Jensen
et al. 2018) or using a continuous rotation system
(Ozeki et al. 2006; Arakelian et al. 2019; Urbani
et al. 2018; Asnaghi et al. 2009; Francesca et al.
2018). These systems include: (1) an axial rotary
bioreactor with partial liquid immersion of the
substitute (Asnaghi et al. 2009), (2) an axial
rotating stirrer with a filter plug tube (Arakelian
et al. 2019), (3) a rotating bioreactor with a full
liquid immersion of the matrix (Francesca et al.
2018) or (4) a Waverotor bioreactor (Thermon-
ics, Tokyo, Japan) (Ozeki et al. 2006). The
advantage of using a bioreactor for cell seeding is
that it allows a homogeneous cell distribution, as
well as reducing manual intervention and a better
control of oxygenation, pH and cellular meta-
bolism. These parameters are important for the
reproducibility of cell seeding and for a future
clinical application under GMP conditions.
Urbani et al. clearly demonstrated the benefits of
a dynamic culture (Urbani et al. 2018). However,
the animal model used being the rat, the trans-
position to a human-sized esophagus remains to
be demonstrated. Cell sheet technology is
another option of cell seeding on the decellular-
ized esophagi. This method has been explored
using MSCs. To summarize, MSCs were cul-
tured in a dish at a very high confluence and the
cell sheet was rolled around a decelluarized
esophagus (Luc et al. 2018). Cell sheet seeding
can be improved using thermoresponsive poly-
mers such as pNIPAM which allow a full cell
sheet detachment upon changing the temperature.
This method has already been validated in a
clinical trial for superficial lesions using epithe-
lial cells (Yamaguchi et al. 2017) and could be
used for seeding of decellularized esophagi.

2.4 Clinical Applications

Commercialized non-esophageal decellularized
natural ECM have previously been tested in
clinical trials for treating esophageal leaks with
decellularized skin or superficial esophageal
lesions with SIS patches to prevent stenosis
(Bozuk et al. 2006; Badylak et al. 2011).
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However, these methods have never been suc-
cessfully applied for full thickness circumferen-
tial replacement humans.

For the clinical application of decellularized
esophagi, it is important to consider the regula-
tory aspect which will be applied. In Europe, for
example, if the matrix is to be used alone,
without cell seeding, it could be considered as an
implantable medical device “IMD” or as “human
cells, tissues, and cellular and tissue-based pro-
duct (HCT/P)”. One of the main determining
criteria for choosing between these two cate-
gories is the origin of the decellularized matrix
and the nature of the protocol. A final decon-
tamination is mandatory for IMDs. A human
matrix can be treated both as an IMD and a
HCT/P, whereas a porcine decellularized esoph-
agus can only be treated as an IMD. In both
categories, it is necessary to show the sterility of
the matrix and both can involve an initial
decontamination with antibiotics and a final
sterilization using gamma rays or chemicals such
as ethylene oxide. For IMD, the quality controls
should be carried out to obtain a CE marking and
the matrix can be produced by pharmaceutical
companies. A HCT/P, however, should be pro-
duced in special accredited facilities such as
human tissue banks. In both categories, a long-
term conservation method should be validated
which could include the preparation of a frozen
matrix bank.

If the decellularized esophageal matrix is to be
seeded with cells before implantation, the final
product is considered as an advanced therapy
medicinal product (ATMP), corresponding to a
new category of regulations (https://www.ema.
europa.eu/en/human-regulatory/overview/
advanced-therapy-medicinal-products-overview).
This means that on top of evaluating the bio-
logical properties and the sterility of the matrix,
the nature of the cells and the culture conditions
on the matrix before and after in vivo implanta-
tion should be evaluated. The cells should be
isolated and cultured in a clinical grade cell
culture media, and the optimal cell density as
well as in vitro maturation time should be clearly
defined. Once implanted in the animal, the pos-
sible migration of the cells within different

organs, as well as their tumorigenic potential,
should be carefully evaluated. Unlike MD and
tissue products, ATMPs need to be produced in
authorized special facilities such as platforms or
pharmaceutical industries.

For all the three categories, a pre-clinical trial
in a big animal model is necessary to show
the efficiency of the matrix in esophageal
replacement.

One of the challenges for in vivo esophageal
replacement is the method of vascularization. As
the esophagus is composed of microvessels
coming from the aorta and the surrounding
organs, it is necessary to find a vascularization
method to prevent organ necrosis. The option
that has been tested in previous esophageal tissue
engineering studies has been a maturation step in
the omentum (Luc et al. 2018; Poghosyan et al.
2015). These studies showed that a tubular sub-
stitute composed of SIS for esophageal replace-
ment was successfully vascularized by this
option. This method has also been used suc-
cessfully for the vascularization of a rat decel-
lularized esophagus and a porcine one. However,
long-term efficiency after organ replacement
should be evaluated in vivo.
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