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Inflammatory bowel disease (IBD) consists of two major idiopathic gastrointestinal diseases: ulcerative
colitis and Crohn's disease. Although a significant advance has been achieved in the treatment of IBD,
there remains a particular population of patients that are refractory to the conventional treatments,
including the biologic agents. Studies have revealed the importance of “mucosal healing” in improving
the prognosis of those difficult-to-treat patients, which indicates the proper and complete regeneration
of the damaged intestinal tissue. In this regard, organoid-based regenerative medicine may have the
potential to dramatically promote the achievement of mucosal healing in refractory IBD patients, and
thereby improve their long-term prognosis as well. So far, studies have shown that hematopoietic stem
cells (HSCs) and mesenchymal stem cells (MSCs) may have some beneficial effect on IBD patients
through their transplantation or transfusion. Recent advance in stem cell biology has added intestinal
stem cells (ISCs) as a new player in this field. It has been shown that ISCs can be grown in vitro as
organoids and that those ex-vivo cultured organoids can be employed as donor cells for transplantation
studies. Further studies using mice colitis models have shown that ex-vivo cultured organoids can
engraft onto the colitic ulcers and reconstruct the crypt-villus structures. Such transplantation of orga-
noids may not only facilitate the regeneration of the refractory ulcers that may persist in IBD patients but
may also reduce the risk of developing colitis-associated cancers. Endoscopy-assisted transplantation of
organoids may, therefore, become one of the alternative therapies for refractory IBD patients.
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an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).

Contents
B OO 00 /o Ta L o (o) » U A .2
2. Old players of stem cell-based regenerative medicine in the treatment of IBD ...........c.iiiriiiiiiiii ittt ettt i et 2
3. Intestinal stem cells: new player in the field of stem cell-based IBD treatment..................... 2
4. Expected advantages and requirements of ISC transplantation for IBD patients..................... 3
ACKNOWIBAZEIMEIIES . ..o\ttt ettt ettt et e et ettt et e et et ettt e e e et et e e e e e e et e et ettt e e e e et te ettt it
S 1 ()01l PP

Abbreviations: 1SC, intestinal stem cells; UC, ulcerative colitis; CD, Crohn's disease.
* Corresponding author. Center for Stem Cell and Regenerative Medicine, Tokyo Medical and Dental University, 1-5-45 Yushima, Bunkyo-ku, Tokyo, 113-8519, Japan. Fax

+81 3 5803 0262.

E-mail address: rokamoto.gast@tmd.ac.jp (R. Okamoto).
Peer review under responsibility of the Japanese Society for Regenerative Medicine.

https://doi.org/10.1016/j.reth.2019.11.004

2352-3204/© 2020, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:rokamoto.gast@tmd.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.reth.2019.11.004&domain=pdf
www.sciencedirect.com/science/journal/23523204
http://www.elsevier.com/locate/reth
https://doi.org/10.1016/j.reth.2019.11.004
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.reth.2019.11.004
https://doi.org/10.1016/j.reth.2019.11.004

2 R. Okamoto et al. / Regenerative Therapy 13 (2020) 1-6

1. Introduction

Inflammatory bowel disease (IBD) is a disease that is charac-
terized by idiopathic mucosal inflammation along the gastroin-
testinal tract [1]. Ulcerative colitis (UC) and Crohn's disease (CD)
represent the two forms of IBD. Their incidence, as well as the
prevalence, is continuously increasing at the global level, including
the Asian, South American, and Middle Eastern countries [2]. The
treatment of IBD has dramatically improved in the past decade,
mainly by the outstanding clinical effect of biologic agents such as
anti-TNF-o antibodies [3]. Those therapies were targeted mostly to
control the inflammation that arises at the mucosa of IBD patients.
However, less attention had been paid to the recovery of the tissue
damage that may manifest as intestinal ulcers. Recent clinical
studies have clearly shown that “mucosal healing” is an utmost
requirement to achieve long-term remission in IBD patients [4].
“mucosal healing” indicates complete restore of the mucosal
structure and function. Therefore, a high demand exists for an
alternative treatment that can promote tissue regeneration of re-
fractory IBD patients.

The intestinal mucosa consists of three cell populations: lym-
phocytes, mesenchymal cells, and epithelial cells. In the past years,
many studies have tried to use hematopoietic stem cells (HSCs) or
mesenchymal stem cells (MSCs) for the treatment of IBD. Recent
advance in culture methods has newly added ISCs as another
candidate cell source for regenerative medicine in IBD patients. A
more extensive choice of stem cell source may help to establish an
effective stem cell-based alternative therapy for refractory IBD
patients.

2. 0ld players of stem cell-based regenerative medicine in the
treatment of IBD

The earliest challenge to establish stem cell-based therapy for
IBD patient used HSC transplantation preceded by non-
myeloablative conditioning, to rebuild or reset the host immune
system [5]. In the study, HSC transplantation appeared to have the
ability to induce and maintain remission of refractory CD patients.
In the following periods, a series of studies further suggested some
clinical benefits in HSC transplantation [6—10]. However, studies
raise concerns to the high incidence of serious adverse events [11],
and also to the clinical benefit itself [12,13]. From a multi-center
study conducted in Europe (ASTIC trial), it was concluded that
autologous HSC transplantation might not be recommended to
refractory CD patients [13]. However, the possible adverse effect of
cyclophosphamide used for the transplantation group has been
pointed out [14]. Conversely, the most recent retrospective study
concluded that autologous HSC transplantation is relatively safe
and appears to be effective for treatment-resistant Crohn's disease
[15]. Thus although a long time has been spent to examine the
relevance of HSC transplantation to CD patients, it remains
controversial whether it can be considered as a good alternative
therapy for refractory CD patients.

MSCs are another stem cell population that has long been
studied for its use in IBD treatment. Studies have shown that MSCs
have the potential to adjust the host immune response, and at the
same time promote repair of the damaged tissue. Such an effect of
MSCs may come from their paracrine effect, and also from their
direct engraftment to the target lesions [16,17]. Another distinct
feature of MSCs is its low immunogenicity [ 18]. Therefore, MSCs has
been used for autologous as well as allogeneic transplantation, in
various disease models [19,20]. Based on such a function of MSCs,
they have gone through a series of trials to treat the luminal and
fistulizing type of CD. In the initial trials for luminal CD, both
autologous and allogeneic transfusion of MSCs improved the

disease activity of refractory CD patients, with low risk of adverse
events [21,22]. Also, it has been shown that local injection of
autologous MSCs to fistulizing CD can induce closure of the fistula,
also with low risk of adverse events [23—26]. A recent double-blind
dose-finding study concluded that allogeneic bone-marrow-
derived MSC therapy for CD associated perianal fistulas is safe
and effective in terms of long-term outcome [27]. Thus, infusion or
injection of MSC appears to be a safe and effective treatment for a
particular population of CD patients. However, several issues
remain unclear and need further studies. For example, it is not
known whether the difference in the origin of MSCs may determine
the clinical outcomes when they were used for the treatment of
refractory CD. Also, it is not clear whether a transfusion or a local
injection is better for the treatment of CD. The effect of a single MSC
treatment is mostly transient and may not persist in the long term.
So the frequency or the duration of the treatment may also have to
be optimized.

3. Intestinal stem cells: new player in the field of stem cell-
based IBD treatment

Intestinal stem cells (ISCs) reside at the bottom of the intestinal
crypt and play indispensable roles in maintaining the homeostasis
and the rapid renewal of the intestinal epithelium [28—30]. They
are characterized by the expression of ISC-specific genes, such as
LGR5 [31]. Also, studies have shown that loss of stem cell-specific
properties may retard or disrupt the regeneration of the damaged
intestinal epithelium [32,33]. Thus, it may be easy to think that
transplantation of ex-vivo cultured ISCs may help promote the
regeneration of the damaged intestinal epithelium in IBD patients.
However, the question of how we could efficiently culture and
expand donor ISCs in vitro has remained an unsolved problem for
an extended period.

Series of studies by Sato et al. has provided an apparent break-
through in this area, by their establishment of a novel culture
method for ISCs [34]. They succeeded in long-term culture of ISCs
by maintaining them in a 3D-structure, which was named as
“organoids” [35]. The culture method required at least four growth
factors, which were Wnt3a, R-Spondin-1, EGF, and Noggin. In their
later studies, those factors turned out to be the indispensable
components of the stem cell niche, which is supplied by the Paneth
cells in vivo [36]. Therefore, the success was based on the careful
in vitro reconstitution of the stem cell niche microenvironment. The
culture method can be applied to grow both mice as well as human
organoids [37], which can be continued infinitely for over the years.
Other groups have reported that endoscopic biopsies can be used as
a starting material to establish patient-derived organoids [38] and
that those organoids retain the specific properties of their site-of-
origin within the gastrointestinal tract [39].

Yui et al. further developed an original culture method using
collagen instead of Matrigel [40]. Proving that collagen can be used
as an extracellular matrix for the culture of intestinal organoids is
essential for the development of organoid-based regenerative
therapy, as Matrigel is not allowed for clinical use. Their recent
study further showed that extracellular collagen could induce
“fetalization” of organoids, which indicates a partial acquirement of
the fetal intestine-specific phenotype by adult-derived intestinal
organoids [41]. Such a “fetalization” is also observed in the regen-
erating epithelia of UC patients, thus providing the validity of using
organoid cultured in collagen gels for the treatment of those
patients.

Another breakthrough that has been acquired in this area was
the proof that those ex vivo cultured ISCs could engraft orthotopi-
cally, and thereby contribute to the reconstruction of the damaged
mucosa. A study using a DSS-colitis model showed that organoids
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Fig. 1. Proposed strategy of the endoscopic intestinal stem cell transplantation for its application to IBD patients.

could engraft onto the surface of the rectal ulcer when they were
delivered through an intraluminal route [40]. Those donor-derived
cells formed a clear crypt structure that was integrated into the
recipient epithelial crypts and remained there for over months.
These observations provided the evidence that ex vivo cultured ISCs
can engraft and contribute to the regeneration of the damaged
intestinal epithelium. Further studies showed that organoids
derived from the fetal intestine or the adult small intestine are also
able to engraft onto the damaged epithelium of the colon, but
shows the difference in their ability to adapt to the surrounding
environment through a mechanism of cell plasticity [42]. These two
breakthroughs provided a sound basis to apply ex-vivo cultured
ISCs for the treatment of refractory IBD. A recent study by Sugimoto
et al. further confirmed that human intestinal organoids could also
reconstruct the damaged mucosa of immunodeficient mice [43].

4. Expected advantages and requirements of ISC
transplantation for IBD patients

Base on those previous studies, intestinal organoids can now be
considered as one of the candidate sources to repair the ulcers that
may appear in refractory IBD patients. One of the strategies that
may be taken for such treatment is autologous, endoscopic trans-
plantation of ISCs (Fig. 1). ISCs can be collected from the intact

lesion of a patient through the endoscopic biopsy, and then
expanded in vitro by the established organoid culture method. After
growing them to a desired number of cells, they can be trans-
planted onto the target site through an endoscopic delivery
method. Presumably, it would be better to reduce or achieve good
control of the mucosal inflammation before the organoid trans-
plantation, to guarantee high engraftment efficiency.

However, further researches and several technical de-
velopments are required to enable such a treatment (Table 1). At
the cell culture level, we need to know whether the in vitro prop-
erties of ISCs that were derived from IBD patients is comparable to
those derived from healthy donors. A recent study by our group has
shown that organoids derived from active lesions of CD patients
exhibit comparable growing potential compared to those from
healthy donors and maintain mostly same ISC-specific gene
expression profile at the single-cell level [44]. Besides, organoids
can change their morphology or its ISC-content depending on the
culture environment determined mainly by extracellular matrix
and growth factors (Fig. 2). Further studies using transplantation
model of colitis mice may reveal the optimized culture condition
for transplantation therapy.

Also, to assure the safety of the treatment and avoid adverse
events, validation in the quality of cultured ISCs must be estab-
lished and performed. For example, the prevalence of infectious
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Table 1

Remaining questions for the development of intestinal organoid transplantation therapy for IBD patients.

Questions

Suggested solution(s)

At the cell culture level

Can we expand patient derived organoids in vitro at a proliferation efficiency
comparable to those derived from healthy donors?

Can we expand patient derived organoids in a completely xeno-free culture
condition? Or otherwise in a fully defined culture condition?

What kind of tests should we apply for the quality assurance and quality control
of donor organoids?

How could we exclude the tumorigenicity of the donor organoids?

Can we expand patient derived organoids without enhancing the risk of
infectious pathogen-related adverse events?

At the cell transplantation level

Is it better to deliver ISCs as an organoid, or otherwise as a cell sheet?

What kind of device is suitable to efficiently deliver organoids through an
endoscopic procedure?

Is an additional technique/procedure required to promote the engraftment of
the donor organoids?

Is there any host mucosal condition that is beneficial or inversely unfavorable
for the engraftment of the donor organoids?

At the clinical level

What will be the best index to evaluate the clinical effect of organoid
transplantation?

What kind of patients is the best candidate of organoid transplantation? UC or
CD?

Can we identify the donor cell derived crypts within the recipient mucosa?

Is it better to perform an allogenic organoid transplantation from a healthy
donor instead of an autologous transplantation?

e May be possible depending on culture conditions and cell source (REF 44).

e Adaptation or modification of the collagen-based method may be suitable (REF
40).
o Evaluation of stem cell function and/or content may be required.

o Data of in vivo transplantation may be highly supportive (REF 43).

e Standard sterility tests, endotoxin tests should be confirmed. In addition,
viruses or mycoplasmas should be examined following the standard methods
for clinical grade products.

o Engraftment ability confirmed only for organoids.
o Readily available endoscopic tools, or custom-made devices should be tested.

e Additional procedure may be required to let the organoids stay at the desired
region until they finish the initial engraftment process.

e Needs to be evaluated in pre-clinical studies using colitis mice models, and
further evaluated in initial-phase clinical trials.

o Needs to be evaluated in early-phase clinical trials.

e Needs to be evaluated in mid ~ late-phase clinical trials.

o I[dentification of a reliable donor-cell marker, or clinically available method for
donor-cell labeling should be developed.

o Pre-clinical evidence should be established using transplantation to the colitis
model.

pathogens in the donor tissues should be checked, and the ampli-
fication of those pathogens during the culture period should be
carefully ruled out. Also, the frequency of genomic mutations in
tumor-related genes might be checked in both donor-derived tis-
sues and in cultured organoids to exclude an increase in tumori-
genic potential by the ex-vivo culture. So far, the accumulation of

mutation I ISCs does not seem to increase so much by the in vitro
organoid culture [45]. Also, in vivo mucosal transplantation of
organoids has not yet identified the formation of organoid derived
tumors [40,43].

At the cell transplantation level, a new endoscopic cell delivery
system may be required. At first, we need to know what kind of
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Fig. 2. Change in organoid morphology depending on culture condition. Human intestinal organoids show either round-shaped morphology, or otherwise a complex-shaped
morphology depending on choice of extracellular matrix and on growth factor condition. Data acquired by confocal microscope system (FV3000, Olympus).
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extracellular matrix could be used for the transplantation process.
A recent study showed that collagen, as well as fibrin glue, can be
used for intestinal organoid transplantation, without showing the
deleterious effect on donor organoids [46]. Delivery of the orga-
noids through an endoscopic tool may be feasible, but another
choice may be manufacturing a sheet type donor epithelial cells,
and delivering them by a formerly developed device [47]. Finally, at
the clinical level, we currently do not know exactly which kind of
IBD patients may most benefit from such a treatment. Our opinion
is to start organoid transplantation studies in refractory UC pa-
tients, whose tissue damage is persistent and carries several re-
fractory ulcers, although their inflammation is generally under
reasonable control [48,49]. For the initiation of our first-in-human
study, clinical-grade culture methods and endoscopic delivery
methods are both under development [50].

Then what would be the expected benefit for those patients who
underwent the ISC transplantation? The first may be the
improvement in mucosal healing rate that would directly lead to an
improved prognosis. The second will be the possible reduction of
the risk in developing colitis-associated cancer [51]. As those can-
cers may arise from the accumulation of genetic as well as epige-
netic changes within the ISCs through their long-term exposure to
the inflammatory environment, replacing such an exhausted ISCs to
those fresh and lively ISCs that were grown in the most ideal and
stable environment would possibly have the potential to reduce the
initiation of colitis-associated cancers.
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