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Stem cell-based therapy for inflammatory bowel disease
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Inflammatory bowel disease (IBD) is an idiopathic, multi-etiological disease characterized by inflammation and mucosal de-
struction of the gastrointestinal tract. Despite the remarkable advance in immunomodulating therapies, there still remains a
certain population of patients who are refractory to conventional as well as biologic therapies and fail to achieve mucosal heal-
ing. To improve the prognosis of those patients, at least 2 types of stem cells have been tested for their potential therapeutic use.
Transplantation of hematopoietic stem cells or mesenchymal stem cells have been tested in several clinical studies, but their
beneficial effect still remains controversial. In this review, we would like to overview the recent clinical challenges of stem cell-
based therapies in IBD and also introduce our new therapeutic plan of intestinal stem cell transplantation for IBD, based on our

ex vivo intestinal organoid culture technique. (Intest Res 2019;17:311-316)
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INTRODUCTION

Inflammatory bowel disease (IBD) is a chronic inflammatory
disorder of the GI tract that is characterized by mucosal ulcer-
ation, rectal bleeding, diarrhea, and abdominal pain. UC and
CD are the 2 major diseases in IBD, and worldwide preva-
lence has been on the rise. IBD is multi-etiological and is driv-
en by immunological disturbances, genetic alterations, and
environmental factors such as diet, lifestyle, and socioeco-
nomic development. However, the etiopathogenesis of IBD is
not fully understood. Prior to the development of biological
medicine, treating IBD was challenging. The conventional
therapies for IBD were 5-aminosalicylic acid, corticosteroids,
and immunomodulators; surgery was the only available op-
tion for patients who were unresponsive to these treatments.
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Recently, biological agents, such as anti-TNF-q, anti-a437, and
anti-interleukin (IL) 12/23 antibodies have been developed
and released for IBD treatment. These monoclonal antibody
therapies target selective molecules that exacerbate GI dam-
age and have greatly advanced IBD treatment. Treated pa-
tients experience complete healing of the intestinal and co-
lonic mucosa. Accumulating evidence suggests that achieving
mucosal healing should be the principal aim of IBD treatment
as it ameliorates disease outcome in terms of clinical symp-
toms, disease relapse, hospitalization, and surgeries.”* Howev-
er, despite the use of biological agents, we still encounter mul-
tidrug resistance in IBD patients which impedes mucosal
healing and necessitates surgical intervention. Therefore, it is
of paramount importance that an effective therapy is devel-
oped for facilitating the achievement of mucosal healing and
avoiding potentially invasive surgeries in refractory IBD pa-
tients. In the current paper, we review a “stem cell-based thera-
py” as a promising regenerative treatment for IBD.

MECHANISM OF MAINTAINING GI HOMEOSTASIS

The GI tract is one of the largest organs in humans, which en-
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Fig. 1. Intestinal epithelial cells (IECs) are the first barrier against
outer environment. The gastrointestinal tract, formed of an IEC
monolayer, interacts with the commensal microbiome and pro-
tects the organism from pathogenic microbes by secreting anti-
microbial peptides and mucins. Further, IECs coordinate with stro-
mal cells, including immune cells and mesenchymal cells, via an-
tigen presentation and cytokine-mediated signaling, to maintain
gastrointestinal homeostasis.

counters an external environment with the largest surface
area. In addition to being a barrier, it also performs various
functions such as digestion and assimilation of food, and se-
cretion of digestive juices and hormones. Moreover, the GI
tract is one of the biggest immunological organs that closely
interacts with commensal microbiome and protects the or-
ganism from pathogenic microbes. The intestinal epithelium
comprises a monolayer of intestinal epithelial cells (IECs) that
are maintained by intestinal stem cells (ISCs) residing at the
bottom of the crypts (Fig. 1). Studies have identified that Lgr5-
positive crypt base columnar cells function as ISCs, which are
also marked by ASCL2, SMOC2, and OLFM4 genes. Another
potential ISC subset, called the quiescent ISCs, lack rapid turn-
over, suggesting that they function as an ISC reservoir in the
event of ISC damage by radiation or other causes. ISCs give
rise to 5 types of mature differentiated cells every 3 to 4 days.
These mature differentiated IECs function as enterocytes, gob-
let cells, enteroendocrine cells, Paneth cells, and Tuft cells, and
are involved in various specific activities. In addition, ISCs are
supported by a stem cell “niche” maintained by Paneth cells,'
myofibroblasts and other stromal cells providing indispens-
able stimuli, epidermal growth factor, Wnt, and Notch signals.
Nonetheless, further studies are necessary to elucidate the pre-
cise mechanisms controlling ISC differentiation, proliferation,
and the effect of various ISC niche states on ISC behavior.
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MECHANISM OF GI INFLAMMATION IN IBD

The etiology of IBD has not been fully understood, but it is pro-
posed that both dysregulated innate and adaptive immune
pathways contribute to the aberrant inflammatory response
in the GI tract.”® CD has long been considered to be driven by
the Th1 response, while UC is associated with the Th2 response.
In CD mucosa, macrophage-derived IL-12, IL-18, and TNF-o
are overexpressed, which drives the Th1 immune response to
upregulate IL-2 and IFN-¥ production. This response is thought
to trigger intestinal inflammation. Contrastingly, UC is charac-
terized by increased expressions of IL-5 and IL-13, which are
members of the Th2 cytokine family. In addition to the Th1
and Th2 responses, the role of Th17 cells, a subpopulation of
inflammatory T cells that expand in response to pro-inflam-
matory cytokines, has been the focus of many recent studies.
Th17 cells are induced by IL-6 and transforming growth factor
B (TGF-B) and produce IL-17A, IL-21, and IL-22. Higher tran-
script levels of IL-17A have been reported both in CD and UC
mucosa, and its expression has been observed by immuno-
histochemistry in the lamina propria of IBD patients. These
dysregulated T cell responses with the abnormal development
of activated T cell subsets could lead to intestinal inflamma-
tion by an excessive release of cytokines and chemokines.

Studies have also focused on mucosal immune responses,
such as epithelial barrier integrity, the secretion of various an-
timicrobial peptides, innate microbial sensing, and programmed
cell deaths including apoptosis and necroptosis. In patients
with IBD, decreased epithelial barrier function and increased
epithelial permeability have been observed. IL-13 released by
Th2 cells can exert some potent effects on IECs, such as incre-
asing epithelial permeability and inducing IEC differentiation
and apoptosis. A defective expression of protective mucus and
antimicrobial peptides in CD patients has also been observed.
This could be more pronounced in patients with variant NOD2
whose polymorphisms have shown a strong association with
ileal CD and Paneth cell dysfunction.

MECHANISM OF MUCOSAL REGENERATION IN IBD

The reestablishment of homeostasis in damaged gut mucosa
depends on the proper organization of ISCs and IECs. Limited
information on the underlying mechanism is available; how-
ever, tissue repair and regeneration of damaged mucosa can
be divided into the following 3 phases:” (1) Restitution of TECs:
IEC migration over damaged and ulcerated areas is the very
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first step of regeneration. IECs migrate over the wound bed in
a non-proliferative manner from crypts adjacent to the area.
TGE-B, intestinal trefoil factor, and trefoil factor have been re-
ported to promote this process.” (2) Proliferation of IECs: the
second phase involves supplying IECs to cover the wound
bed. ISCs in the crypts adjacent to the wound bed are pre-
dominantly proliferative, forming channel-like structures to
supply IECs to the wounded area. (3) Reconstitution of gut tis-
sue: the channel-like structures invaginate to form multiple
fissions from which new crypts arise in the wounded area.
During the reconstitution of crypt structure, Wnt5a, part of the
noncanonical Wnt signaling generated from myofibroblast in
the wound bed, plays an indispensable role. It is also reported
that vascular endothelial growth factor secreted by the stro-
mal cells contributes to tissue regeneration.” Yui et al."’ report-
ed that IECs have the plasticity to temporarily gain a gene ex-
pression pattern similar to that of fetal IECs during gut tissue
regeneration, possibly due to the stromal cells in the wound
site. Sato et al." reported that an IEC subpopulation, DIl1-pos-
itive IEC secretory progenitor cells, are able to gain plasticity
to function as ISCs to contribute to IEC regeneration when
ISCs are eliminated by lethal radiation in mice. Similar to this
phenomenon, we have previously reported that Atoh1 posi-
tive cells, a secretory progenitor cell, are able to function as
ISCs for tissue repair in mice with induced colitis."” These emer-
ging reports demonstrate that IECs share their plasticity to
serve as ISCs and contribute to tissue regeneration. Thus, ISCs
play a crucial role in gut tissue regeneration. The proper spa-
tial allocation of both ISCs and stromal cells, which coordinate
with each other for tissue regeneration, is essential.

In recent years, the development of IEC primary culture sys-
tems has allowed deeper and more thorough investigations
into IECs and ISCs."" We have successfully generated ‘organ-
oids,” cultured primary IECs, from biopsy samples of the small
intestine of an IBD patient, and analyzed the gene expression
pattern of organoids at a single-cell level. Organoids from the
lesion of CD patients had a higher expression of ISC genes
and were characterized by faster proliferation and a higher
‘organoid reconstitution” capacity. These characteristics dem-
onstrate that ISCs in CD patients are predominantly prolifera-
tive and regenerative.”

STEM CELL-BASED THERAPY IN IBD

The development of biological agents has greatly improved
the treatment of IBD, enabling significant mucosal healing,
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which is the ultimate therapeutic goal for IBD patients. How-
ever, there are patients who are refractory to multidrug treat-
ments, and for these patients’ novel and innovative approach-
es are required. “Stem cell-based therapy” is one of those prom-
ising therapies and is currently in the stages of development
and clinical trials. The 3 sources of stem cells are as follows:
embryonic (ES cell), induced pluripotent (iPS cell), and so-
matic stem cells. Both ES and iPS cells are currently difficult to
implement in therapy due to ethical issues for the former and
the potentially oncogenic characteristics of the latter. Research
is underway to clarify and mitigate the oncogenic potential of
iPS cells. The somatic stem cells, which are found throughout
the body in various organs and tissues after development, have
less multipotency or multi-differentiative potential than ES
and iPS cells. Somatic stem cells multiply by cell division both
to self-renew and to generate every cell type of the local organ
from which they originate. Unlike ES cells, somatic stem cells
are derived from adult tissue, which alleviates the ethical con-
troversy. Further, somatic stem cells do not require any genet-
ic reprogramming, reducing the oncogenic risk for therapeutic
use. Therefore, somatic stem cells present numerous advan-
tages as a stem cell source for “stem cell-based therapy.” Stem
cells can either be autologous or allogeneic, obtained from the
patient or a donor, respectively. To date, 2 “stem cell-based ther-
apies” using either hematopoietic stem cells (HSCs) or mes-
enchymal stem cells (MSCs) have been trialed on IBD patients.

HSCs give rise to a variety of blood cells including both my-
eloid and lymphoid lineage cells. HSC transplantation (HSCT)
has been suggested to reset the immune system, attenuating
the abnormal inflammatory immune response in IBD patients.
Based on this model, several reports have tried to demonstrate
the efficacy of HSCT in moderate to severe CD." HSCT involves
resetting the primary immune system through lymphoabla-
tion using chemotherapy followed by the reconstitution of the
immune system. In this context, autologous HSCT may not
adequately address patient predisposition, and although allo-
genic HSCT may be more appropriate and effective, there is a
much greater risk of treatment-related complications such as
graft versus host disease. Majority of the reports available per-
tain to allogeneic HSCT conducted on patients with UC or CD
as a treatment for hematological malignancy. Only one ran-
domized control trial using autologous HSCT has been con-
ducted on refractory CD patients.” Of the 45 patients who un-
derwent cell mobilization and randomization, 23 received
HSCT while 22 received the standard CD treatment. In the 12
months after autologous HSCT, 38.1% (P=0.01) more patients
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in the HSCT group were able to stop immunosuppressive med-
icine compared with the control group. In an imaging study,
25.7% (P=0.54) more patients in the HSCT group were free
from the active disease, and 25.7% (P=0.52) more patients
had a CDAl less than 150 for the last 3 months. CDAI decreased
from 326 at baseline to 150.7, compared with 354 to 63.0 (P=
0.04) in the control group. However, this HSCT trial did not re-
sult in a statistically significant improvement in sustained dis-
ease remission at the end of 1 year. Furthermore, frequent se-
rious adverse events (SAEs) had occurred throughout this tri-
al. Seventy-six SAEs occurred in the HSCT group, while 38 oc-
curred in the control group, and 1 patient who experienced an
SAE in the HSCT group died. Almost all patients experienced
non-SAEs, 265 events in the HSCT group and 134 in the con-
trol group. Thus, the study concluded that the use of HSCT,
compared with conventional therapy, was not an acceptable
treatment option for patients with refractory CD.""

MSCs are derived from the bone marrow, umbilical cord,
and adipose tissue. They retain pluripotency, transforming
into adipocytes, osteoblasts, myocytes, and chondroblasts.
MSCs have been reported to have an immunosuppressive ef-
fect by polarizing anti-inflammatory M2 macrophages and re-
ducing both dendritic cells and neutrophils through prosta-
glandin E, (PGE2) and IL-10 at the wound site."” MSCs can
also reduce the activity of T lymphocytes and B lymphocytes
by modulating their proliferation and differentiation."**’ There
have been several phase I/1I clinical studies for both autolo-
gous and allogeneic MSC transplantation (MSCT). Bone mar-
row-derived MSCT (BM-MSCT) has been much safer than
HSCT. Although autologous BM-MSCT did not demonstrate a
significantly higher efficacy than conventional therapy, alloge-
neic BM-MSCT seemed to be efficient for luminal CD patients
in a phase II multicenter clinical trial. In this trial, CDAI decre-
ased by 167 points (P<0.0001), 53% of patients had clinical
remission (CDAI <150), and endoscopic improvement was
observed in 47% of patients at 42 days after transplantation.
Only one SAE was reported, which was a colonic adenocarci-
noma.”' Clinical studies have also been conducted using adi-
pose-derived mesenchymal stem cells (ASCs) for CD patients
with fistulas. Panés et al.”* completed a phase IIl randomized,
double-blind study using allogeneic ASC transplantation (AS-
CT) for CD patients with complex perianal fistulas. This multi-
center clinical study was performed with 212 patients random-
ly assigned to either the ASCT or placebo group (107 patients
vs. 105 patients). At week 24, 50% of ASCT-treated patients
achieved remission, compared with 34% of the placebo group
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(P=0.024). ASCT was found to be safe with similar adverse
events to those of the placebo group, which were mostly anal
abscesses and proctalgia.”' Their extensional study at 52 weeks
found that ASCT achieved remission for 59.2% of the treated
patients, compared with 41.6% of placebo-treated patients
(P=0.013). ASCT has been shown to be significantly effective
for CD patients with complex perianal fistulas, with adverse
effects similar to those for the placebo group.”

ISCS FOR STEM CELL-BASED THERAPY

Thus, stem cell-based therapy could be a promising treatment
option for IBD patients refractory to conventional therapies.
Presently, MSCT seems highly promising, especially for treat-
ing fistulizing and perianal disease, but seems less promising
for treating luminal disease. Clinical studies using ASCT showed
encouraging results in which more than 50% of CD patients
with fistulas achieved remission 1 year after transplantation.
Contrastingly, HSCT cannot be recommended because of fre-
quent SAEs, even though clinical studies using HSCT showed
efficacy to some extent. Currently, we are investigating a novel
stem cell-based therapy. Using the IEC culture system, Yui et
al** generated mouse-derived organoids and transplanted
ISCs into mice with colitis. They demonstrated the efficacy of
ISC transplantation in the treatment of mouse colitis by ISC
engraftment on the wound bed and the reconstitution of the
damaged tissue. Based on this, we focus on ISC transplanta-
tion (ISCT) as one of the possible therapeutic tools for refrac-
tory IBD patients. In this study, we derived organoids from bi-
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Fig. 2. Autologous intestinal stem cell (ISC) transplantation on
IBD patients. Organoids are generated from biopsy samples taken
through colonoscopy of an IBD patient, and further cultured and
expanded for transplantation on the wound bed of the same pa-
tient. Transplantation is planned to be through colonoscopy.
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opsy samples obtained through colonoscopy of an IBD pa-
tient and generated enough ISCs for transplantation on the
wound bed of the same patient (Fig. 2). This autologous ISCT
could potentially cover the wound by supplying both prolifer-
ative ISCs and functional IECs to the site (IEC restitution and
proliferation). Subsequently, mucosal barrier integrity would
be reestablished, protecting the wound bed from both chemi-
cal and mechanical stimulations and from luminal pathogenic
microorganisms (reconstitution). Hopefully, the local immune
abnormality would be corrected through this process, leading
to reduced inflammation, although this should be studied fur-
ther. ISCT is an innovative form of “stem cell-based therapy”
that directly addresses mucosal healing by facilitating epithe-
lial restitution, proliferation, and reconstitution. Although the
clinical trial is still pending, we are optimistic that ISCT will
prove to be a useful therapeutic option for IBD patients refrac-
tory to multiple therapies.

CONCLUSIONS

The achievement of mucosal healing is important for IBD treat-
ment. To improve the treatment paradigm, it is necessary to
deepen our understanding of IBD etiology and to investigate
new therapeutic methods. “Stem cell-based therapy” is one of
the promising new treatment options for refractory IBD pa-
tients.
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