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Introduction: Ulcerative colitis (UC) is an inflammatory bowel disease characterized by repeated re-
missions and relapses. Immunosuppressive drugs have facilitated the induction and maintenance of
remission in many patients with UC. However, immunosuppressive drugs cannot directly repair impaired
intestinal mucosa and are insufficient for preventing relapse. Therefore, new treatment approaches to
repair the damaged epithelium in UC have been attempted through the transplantation of intestinal
organoids, which can be differentiated into mucosa by embedding in Matrigel, generated from patient-
derived intestinal stem cells. The method, however, poses the challenge of yielding sufficient cells for UC
therapy, and patient-derived cells might already have acquired pathological changes. In contrast, human
induced pluripotent stem (iPS) cells generated from healthy individuals are infinitely proliferated and
can be differentiated into target cells. Recently developed human iPS cell-derived intestinal organoids
(HIOs) aim to generate organoids that closely resemble the adult intestine. However, no study till date
has reported HIOs injected into in vivo inflammatory models, and it remains unclear whether HIOs with
cells that closely resemble the adult intestine or with intestinal stem cells retain the better ability to
repair tissue in colitis.
Methods: We generated two types of HIOs via suspension culture with and without small-molecule
compounds: HIOs that include predominantly more intestinal stem cells [HIO (A)] and those that
include predominantly more intestinal epithelial and secretory cells [HIO (B)]. We examined whether the
generated HIOs engrafted in vivo and compared their ability to accelerate recovery of the damaged tissue.
Results: Findings showed that the HIOs expressed intestinal-specific markers such as caudal-type ho-
meobox 2 (CDX2) and villin, and HIOs engrafted under the kidney capsules of mice. We then injected
HIOs into colitis-model mice and found that the weight and clinical score of the mice injected with HIO
(A) recovered earlier than that of the mice in the sham group. Further, the production of mucus and the
expression of cell proliferation markers and tight junction proteins in the colon tissues of the HIO (A)
group were restored to levels similar to those observed in healthy mice. However, neither HIO (A) nor
HIO (B) could be engrafted into the colon.
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Conclusions: Effective cell therapy should directly repair tissue by engraftment at the site of injury.
However, the difference in organoid property impacting the rate of tissue repair in transplantation
without engraftment observed in the current study should be considered a critical consideration in the
development of regenerative medicine using iPS-derived organoids.
© 2022, 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/).
1. Introduction

Ulcerative colitis (UC) is a highly prevalent inflammatory bowel
disease. Treatment aims to keep the disease in remission for as long
as possible, and therapy has improved by targeting the regulation
of immune response [1]. Consequently, biological drugs such as
anti-tumor necrosis factor-a (TNF-a) antibodies facilitate the in-
duction and maintenance of remission in many patients with UC
[2,3]. However, relapse may still take place despite treatment with
biological drugs because these drugs are unable to directly repair
inflammation-mediated damage in the intestinal mucosa [4e6].
Therefore, repair of the damaged intestinal mucosa while reducing
inflammation is important to prevent relapse. The mucosal
epitheliumworks as a barrier against bacterial flora in the lumen of
the gastrointestinal tract and as a regulator of immune response via
submucosal immune cells, therefore playing an important role in
maintaining the body’s internal and external harmony [7]. Recent
studies have suggested that the disruption of epithelial cell func-
tion is a factor in UC pathogenesis [8], and several studies have
shown that the risk of relapse can be reduced by not only improving
clinical symptoms but also structurally and functionally restoring
the mucosal epithelium [6,9].

Many treatments have adopted cell therapy, such as the injec-
tion of mesenchymal and intestinal stem cells, as a new method to
achieve mucosal recovery. Mesenchymal stem cells are known for
their ability to promote the repair of damagedmesenchymal tissues
and regulate immunity [10,11]. Therefore, mesenchymal stem cell
injection can be expected to repair mesenchymal tissues under
intestinal epithelial tissues and help regenerate intestinal epithelial
tissues in UC. Meanwhile, intestinal stem cell injection can directly
reconstruct ulcers in the intestinal mucosa [12], while Sugimoto
et al. reported that injecting human colonic organoids in a mouse
with colitis could repair its injured mucosa [13]. Therefore, intes-
tinal organoid injection is an expected treatment for UC. Intestinal
organoids are three-dimensional structures containing multiple
types of cells that constitute intestinal tissue. Recently, the tech-
nique of producing intestinal organoids by embedding human
biopsy-derived crypts in Matrigel has allowed the culture and
proliferation of intestinal epithelial stem cells in vitro [14,15].
However, the embedding method is not appropriate to ensure cell
sources for therapy because of the limited area available for culture
and the difficulty in obtaining enough cells. Nevertheless, suspen-
sion culture can be easily scaled up by simply increasing the
amount of medium, a culture technique that must be applied to cell
therapy, which is essential to reserve cell count.

Although using patient-derived cells is preferable for the pre-
vention of immune rejection in therapy, patient-derived cells may
lead to poor therapeutic efficacy or recurrence. In addition,
obtaining sufficient cell quantities from patients for therapy is
extremely time-consuming and costly. Thus, healthy human
induced pluripotent stem (iPS) cells have gained attention as a new
cell resource. Human iPS cells can easily meet cell quantity re-
quirements and can be also generated from a few drops of healthy
human blood [16]. Furthermore, plans are underway to generate
and stock iPS cells from people with homozygous human leukocyte
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antigen (HLA) haplotypes, which are less sensitive to immune
rejection [17e19]. Meanwhile, issues include whether enough
target cells can be differentiated to use human iPS cells for UC
therapy. Although studies have reported several methods to induce
differentiation of human iPS cells into intestinal organoids [20e22],
these methods use embedding, for which obtaining sufficient
number of cells for UC therapy is difficult. Additionally, the specific
properties of human iPS cell-derived intestinal organoids (HIOs)
that are best suited for UC treatment are unknown. Although recent
studies of HIO have aimed to develop HIOs that closely resemble
adult intestinal cells, recent regenerative medicine research have
been focused on tissue repair by intestinal stem cells. To the best of
our knowledge, no reports have evaluated the effect of HIOs in
in vivo inflammatory models.

Therefore, this study aimed to generate two types of HIOs,
predominantly including intestinal stem cells or intestinal cells
close to the adult intestine, using our established method as an
alternative to embedding and to evaluate whether the generated
HIOs accelerate the recovery of damaged tissues.

2. Materials and methods

2.1. Animals

All experimental procedures followed the Regulations for Ani-
mal Experimentation at Nagoya City University and were reviewed
by the university’s Institutional Laboratory Animal Care and Use
Committee. CB17. Cg-Prkdcscid Lystbg-J/CrlCrlj (SCID-Beige) mice
(male, 7e10 weeks old) and NOD. Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG)
mice (male, 8e10 weeks old) were purchased from Charles River
Laboratories Japan (Kanagawa, Japan) and were housed in a
controlled environment with access to water ad libitum.

2.2. Human iPS cells

A human iPS cell line (Windy), which was registered in the
Japanese Collection of Research Bioresources Cell Bank, was kindly
provided by Dr. Akihiro Umezawa from the National Center for Child
Health andDevelopment. Established byUmezawa et al.,Windywas
derived from the embryonic human lung fibroblast cell line MCR-5
[23] by introducing four factors: OCT3/4, SOX2, KLF4, and c-MYC.

2.3. Culture of iPSCs and differentiation into intestinal organoids

HIOs were generated and maintained according to the previ-
ously described method [24]. On day 7, the differentiation cells
(7.0 � 106 cells) were passaged onto 100 mm EZSPHERE dishes
(AGC Techno Glass Inc., Shizuoka, Japan) to generate spheroids and
cultured with (þ)-(R)-trans-4-(1-amino-ethyl)-N-(4-pyridyl) cyc-
lohexa-necarboxamide dihydrochloride (Y-27632, Focus Bio-
molecules, Plymouth Meeting, PA) for three days, after which the
spheroids were transferred to ultralow attachment plates (Corning,
Corning, NY). From days 19e34 of differentiation, 0.5 mM 3-(6-
methyl-2-pyridinyl)-N-phenyl-4-(4-quinolinyl)-1H-pyrazole-1-car
bothioamide (A-83-01, AdooQ BIOSCIENCE, Irvine, CA), 20 mM 2-(2-
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amino-3-methoxyphenyl)4-H-1-benzopyran-4-one (PD98059,
AdooQ BIOSCIENCE), 5 mM 5-aza-20-deoxycytidine (5-aza, Chem-
Impex International, Inc., Wood Dale, IL), and 5 mM N-[(3,5-
difluorophenyl)acetyl]-L-alanyl-2-phenyl-1,1-dime-thylethyl este-
r-glycine (DAPT, Peptide Institute Inc., Osaka, Japan) were added
to the HIO (B) group.

2.4. HIO transplantation

HIOs cultured for 34 days were resuspended in media contain-
ing purified type I collagen (Cellmatrix® Type I-A, Nitta Gelatin Inc.,
Osaka, Japan) for 1 h at 4 �C and were transferred into standard
Advanced DMEM/F12 medium. Kidney capsules were transplanted
as previously reported by Watson et al. [25,26], after which Spon-
gel® (LTL Pharma, Tokyo, Japan) was placed over the opened kidney
capsules to prevent HIO leakage. HIOs, classified as those without
small-molecule compounds [HIO (A)] and with small-molecule
compounds [HIO (B)], were transplanted into six or eight SCID-
Beige mice, respectively, and the transplanted HIOs were har-
vested after eight weeks.

Acute colitis-model mice were constructed by administering a
concentration of 2.5% wt/vol dextran sodium sulfate (DSS, MP
Biomedicals, Irvine, CA) with a molecular weight of 36,000e50,000
in drinking water daily for 6 days, as described previously [11,27].
On days 8 and 11, HIOs (equivalent to 2 � 106 cells) were injected
into the colonic lumen using a thin flexible catheter 4 cm in length
and 1.3 mm in diameter. After the injection, the anal verge was
glued for 6 h to prevent the immediate excretion of luminal con-
tents. NSG mice were monitored daily for body weight and clinical
scoring such as diarrhea or fecal occult blood. Clinical scores were
assigned using a modified scoring sheet, as described previously
[11,28,29]. Weight loss percentage was calculated and scored as
0 (no loss), �1 (1%e5%), �2 (5%e10%), �3 (10%e15%), �4 (15%e
20%), and �5 (above 20%). Fecal occult blood was scored as 0 (no
blood),�1 (mild), and�2 (severe). Scores for fecal consistencywere
0 (normal), �1 (moist), and �2 (loose or watery). The final clinical
score was the sum of the weight, fecal occult blood, and fecal
consistency scores with a maximum level of nine. On day 17, the
mice were sacrificed and analyzed.
Table 1
PCR primer and probe sequences.

Human

Gene Forward primer sequence (5’ / 30)

ACTA2 CCGACCGAATGCAGAAGGA
CDX2 ACCTGTGCGAGTGGATGC
CHGA TCCGACACACTTTCCAAGCC
HPRT CTTTGCTTTCCTTGGTCAGG
LGR5 TGCTCTTCACCAACTGCATC
MUC2 AGAAGGCACCGTATATGACGAC
OLFM4 CAGACACCACCTTTCTG
VIL1 AGCCAGATCACTGCTGAGGT
VIM AGGAAATGGCTCGTCACCTTCGTGAATA

Mouse

Gene Forward primer sequence (5’ / 30)

Hprt TTGTTGTAGGATATGCCCTTGA
Il-1b GACCTGTTCTTTGAAGTTGACG
Il-6 TCCTTAGCCACTCCTTCTGT
Tnf-a AGACCCTCACACTCAGATCA

Gene

Hprt
Il-1b
Il-6
Tnf-a
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2.5. Realtime quantitative polymerase chain reaction

Total RNA was extracted using Agencourt RNAdvance Tissue Kit
(Beckman Coulter Inc., Brea, CA) according to manufacturer’s in-
structions. cDNA was prepared from 500 ng of total RNA. Reverse-
transcription reaction was performed using the ReverTra Ace qPCR
RT Kit (TOYOBO, Osaka, Japan). Quantitative polymerase chain re-
action (qPCR) with the primers and probes presented in Table 1 was
conducted using a KAPA SYBR FAST qPCR Kit or KAPA PROBE Fast
qPCR Kit (KAPA Biosystems, Wilmington, MA) and LightCycler 96
system (Roche, Basel, Switzerland). The mRNA expression levels
were normalized to those of the encoding hypoxanthine phos-
phoribosyltransferase (HPRT, human) or Hprt (mouse) gene.

2.6. Immunocytochemistry

HIOs were embedded in an optimal cutting temperature (OCT)
compound (Sakura Finetech Japan Co., Ltd., Tokyo, Japan) after
fixing with 4% paraformaldehyde and then cut into 10 mm sections.
Antigen activation was conducted using 1/200 diluted Immu-
noSaver (Nissin EM, Tokyo, Japan) at 98 �C for 45 min. The sections
were permeabilized with 0.1% Triton X-100 and, after blocking in
phosphate-buffered saline (PBS) containing 5% fetal bovine serum
(FBS) for 30 min, reacted with the primary antibodies at 4 �C
overnight. The sections were then incubated using Alexa Fluor 488-
or 568- conjugated secondary antibodies (Thermo Fisher Scientific)
at room temperature for 1 h. Nuclei were stained with 40,6-
diamidino-2-phenylindole (DAPI, Dojindo, Kumamoto, Japan) at
room temperature for 5 min. The sections were then washed with
PBS and mounted using SlowFade Diamond Antifade Mountant
(Thermo Fisher Scientific), and confocal images were captured and
analyzed using a Zeiss LSM510microscope and AxioVision software
(Carl Zeiss, Oberkochen, Germany).

2.7. Histology and immunohistochemistry

The tissue samples were fixed with 4% paraformaldehyde, after
which heat-induced epitope retrieval was conducted by boiling the
specimens in 1/200 diluted ImmunoSaver at 98 �C for 45 min.
Reverse primer sequence (5’ / 30)

ACAGAGTATTTGCGCTCCGAA
TCCTTTGCTCTGCGGTTCT
TTCTGCTGATGTGCCCTCTC
TCAAGGGCATATCCTACAACA
CTCAGGCTCACCAGATCCTC
CAGCGTTACAGACACACTGCTC
CCTTCTCCATGATGTCAATTCG
TGGACAGGTGTTCCTCCTTC
GGAGTGTCGGTTGTTAAGAACTAGAGCT

Reverse primer sequence (5’ / 30)

GCGATGTCAATAGGACTCCAG
CTCTTGTTGATGTGCTGCTG
AGCCAGAGTCCTTCAGAGA
TCTTTGAGATCCATGCCGTTG

Probe sequence (5’ / 30)

56-FAM/AGCCTAAGA/ZEN/TGAGAGTTCAAGTTGAGTTTGG/31ABkFQ
56-FAM/TTCCAAACC/ZEN/TTTGACCTGGGCTGT/31ABkFQ
56-FAM/CCTACCCCA/ZEN/ATTTCCAATGCTCTCCT/31ABkFQ
56-FAM/CCACGTCGT/ZEN/AGCAAACCACCAAGT/31ABkFQ



A. Nakanishi, S. Toyama, D. Onozato et al. Regenerative Therapy 21 (2022) 351e361
Endogenous peroxidase was then inactivated by treating the
specimens with 0.3% H2O2 in methanol at room temperature for
30 min. Next, the specimens were permeabilized with 0.1% Triton
X-100. After the specimens were treated with Blocking One solu-
tion (Nacalai Tesque, Kyoto, Japan) at room temperature for 30 min,
they were incubated with primary antibodies at 4 �C overnight. The
sections were stained using ImmPRESS IgG-peroxidase kits (Vector
Laboratories, Burlingame, CA) and ImmPACT DAB Peroxidase Sub-
strate Kit (Vector Laboratories) according to supplier instructions.
After counterstaining with hematoxylin, the specimens were
dehydrated and mounted. Alcian blue staining was performed at
pH 2.5, and the nuclei were stained with nuclear fast red. Stained
images were captured using All-in-One Fluorescence Microscope
BZ-X810, and the positive area of acid mucopolysaccharide was
calculated using the Hybrid Cell Count System (KEYENCE, Osaka,
Japan). Table 2 shows the primary antibodies and their dilutions.

2.8. Statistical analysis

All data were expressed as mean ± SD. For parametric data,
Student’s t-test or one-way analysis of variance with post-hoc
Tukey’s multiple comparison was used. For nonparametric data,
the KruskaleWallis test and Dunn’s test for multiple post hoc
comparison were employed. Statistical analyses were performed
using SPSS Statistics version 25.0 (IBM Japan, Tokyo, Japan). The
results were considered significant when p < 0.05.

3. Results

3.1. Differentiation of intestinal organoids from human iPS cells

To generate a large volume of uniformly sized spheroids effi-
ciently and simply, we conducted a floating culture using Matrigel-
suspended medium. Human iPS cell-derived midguts were seeded
on EZSPHERE plates. After culture on the plates for 3 days (Fig. 1A),
the size of the spheroids was uniform at about 200 mm. The
spheroids were transferred to ultralow attachment plates and
cultured in Advanced DMEM/F12 with 3% Matrigel suspension
(Fig. 1B). We then generated HIOs from the spheroids with or
without A-83-01, PD98059, 5-aza, and DAPT (Fig. 1C). In both
groups, the mRNA of caudal-type homeobox 2 (CDX2), which is the
marker of the hindgut, was expressed as well as the adult small
intestine. In addition, the mRNA expression levels of intestinal
mature cell markers villin 1 (VIL1), mucin 2 (MUC2), and chromog-
ranin A (CHGA) in group B (HIOs with compounds) were signifi-
cantly higher than those of group A (HIOs without compounds)
(Fig. 1D). However, the mRNA expression of leucine-rich repeat-
containing G-protein-coupled receptor 5 (LGR5), the intestinal stem
cell marker, was significantly higher in group A. The mRNA
Table 2
Primary antibodies for immunostaining.

Antibody Source

a-Smooth muscle actin Abcam
Chromogranin A IMMUNOSTAR
CDX2 Abcam
E-Cadherin BD Transduction Laboratories
Ki67 eBioscience
Ki67 BD Biosciences
Lysozyme BioGenex
MUC2 Santa Cruz
Occludin Thermo Fisher Scientific
OLFM4 Abcam
Villin Santa Cruz
Vimentin Abcam
ZO-1 Thermo Fisher Scientific
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expression of vimentin, themesenchymal cell marker, was higher in
both HIO groups than that of adult small intestine (Fig. 1D).

The HIOs expressed villin, olfactomedin 4 (OLFM4), LGR5, Ki67
(proliferation marker), CDX2, E-cadherin (epithelial cell marker),
CHGA, vimentin, and a-smooth muscle actin (a-SMA) (Fig. 1E).
Interestingly, some markers were expressed locally; those of in-
testinal cells were expressed near the lumen-like structures where
the epithelial cell marker E-cadherin was expressed. In particular,
HIO (B) showed that villin expression was localized inside the
lumen-like structures. In contrast, vimentinwas expressedmore on
the outer side. MUC2 and lysozyme, a Paneth cell marker, were
expressed only in HIO (B) (Supplementary Fig.1) and not in HIO (A).

3.2. Transplantation of intestinal organoids into mouse kidney

To determine whether the generated HIOs contained intestinal
stem cells, we transplanted the HIOs under the kidney capsules of
immunodeficient mice. Eight weeks after transplantation, both HIO
groups were engrafted into the kidneys of each mouse (Fig. 2A).
However, a difference in grafting efficiency was observed between
the two groups. The transplanted HIOs were found in three of the
four mice in group A but in only two of the eight mice in group B
(data not shown). Fluorescence immunostaining results showed
the expression of protein markers present in the intestinal cells in
both groups (Fig. 2B). Specifically, villin and OLFM4 expression
levels were similar to those of the HIOs before transplantation;
villin was expressed in the inner part of the lumen-like structures
whereas OLFM4 was expressed in the outer part (Figs. 1E and 2B).
The expression of vimentin, a-SMA, and occludin was also
observed. While lysozyme expression was observed only in group
A, MUC2 expression was found only in group B. These results
indicated the in vivo maintenance of the properties of intestinal
stem cells in transplanted HIOs.

3.3. Injection of HIOs into mouse colitis models

To determine whether the HIOs helped repair damaged intes-
tinal mucosa, we injected HIOs into the colons of DSS colitis-model
mice (Fig. 3A). On day 5, the body weight and the clinical score of
the colitis-model mice recovered significantly faster in group A
compared with the sham group (Fig. 3B and C). On day 9 post-
injection, the sham group recovered to the same level as the in-
jection groups in weight, clinical score, and colon length
(Fig. 3BeD).

To examine whether the barrier function of the intestinal
epithelium after inflammation differed depending on the presence
of HIO injection and the properties of the injected HIOs, we stained
for acidic mucopolysaccharide, Ki67, and ZO-1. After nine days of
DSS discontinuation, the sham group showed a significantly higher
Catalog number Biological source Dilution

ab5694 Rabbit 1:100
20085 Rabbit 1:500
Ab76541 Rabbit 1:100
610181 Mouse 1:100
14e5699 Mouse 1:200
550609 Mouse 1:50
AR024-5R Rabbit e

sc-15334 Rabbit 1:200
71e1500 Rabbit 1:100
ab85046 Rabbit 1:100
sc58897 Mouse 1:50
ab8069 Mouse 1:100
33e9100 Mouse 1:100



Fig. 1. Morphology and features of human iPS cell-derived intestinal organoids by suspension culture (A) Day 10 of differentiation induction. Spheroids of the differentiation cells
cultured for 3 days on EZSPHERE plates (B, C) Day 34 of differentiation induction. Spheroid of (A) transferred to ultralow attachment plates and cultured in Advanced DMEM/F12
containing 3% Matrigel suspension (B) without or (C) with small-molecule compounds at the end of differentiation (day 34) (AeC) Scale bar ¼ 500 mm (D) Relative mRNA expression
of the HIOs cultured without [HIO (A) group] and with [HIO (B) group] small-molecule compounds. SI: total RNA from human adult small intestine samples (five donors), Caudal-
type homeobox 2 (CDX2), villin 1 (VIL1), leucine-rich repeat-containing G-protein-coupled receptor 5 (LGR5), olfactomedin 4 (OLFM4), mucin 2 (MUC2), chromogranin A (CHGA),
vimentin (VIM), and actin alpha 2, smooth muscle (ACTA2) are markers of the hindgut, absorptive epithelial cells, intestinal stem cells, goblet cells, enteroendocrine cells,
mesenchymal cells, and smooth muscle cells, respectively. The mRNA expression levels of SI were defined as 1. Data were shown as mean ± SD (n ¼ 3). *p < 0.05, **p < 0.01 [HIO (A)
vs. HIO (B)] (E) Fluorescence immunostaining of HIOs. Ki67 and E-cadherin (E-cad) are markers of cell proliferation and epithelial cells, respectively. Villin, OLFM4, Ki67, CDX2, E-cad,
and CHGA were highly expressed in the luminal-like structures, and vimentin (Vime) and a-smooth muscle actin (a-SMA) were expressed outside them. Scale bar ¼ 100 mm.
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Fig. 2. Engraftment of HIOs transplanted into the kidney capsules of mice (A) HIOs after 8 weeks of transplantation. Scale bar ¼ 5 mm (B) Fluorescence immunostaining of
transplanted HIOs. Villin and occludin were expressed inside the lumen-like structures. Lysozyme (Lyso) and occludin are markers of Paneth cells and tight junctions, respectively.
Scale bar ¼ 50 mm.
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positive alcian blue staining area than the DSS (�) group, while the
positive alcian blue staining area in the HIO (A) injection group was
smaller than that of the sham group and comparable to that of the
DSS (�) group (Fig. 4A and B). Ki67 was evenly expressed at the
bottom of the crypt in the HIO injection groups but was not
expressed in some areas in the sham group (Fig. 4C). ZO-1
expression in the upper part of the crypt was weaker in the sham
group than in the HIO injection groups (Fig. 4C). These results show
that on day 9, the tissues in the sham group were still not
completely repaired, suggesting that barrier function status, such
as mucus secretion and tight junctions, recovered faster in the HIO
(A) injection group than in the sham group.

3.4. Effects of HIO injection on inflammation

To evaluate the extent of inflammatory response against disease,
we quantified the expression levels of pro-inflammatory cytokines.
The expression levels of Tnf-a, Il-1b, and Il-6 in the HIO injected
groups tended to be lower than in the sham group although they
were higher than in the DSS (�) group (Fig. 5). Specifically, the Tnf-
a expression levels in the HIO injection groups were significantly
lower than those in the sham group. These results indicate that the
sham group was still in an inflamed state on day 9, when their body
weight was similar to that of the HIO injection groups, and HIO
injection may reduce the activity of pro-inflammatory cytokines.

4. Discussion

This was the first study to report the possible effectiveness of
suspension culture-produced HIOs in tissue repair in acute colitis-
model mice. Conventional methods generally produce HIOs by
356
embedding Matrigel or other materials [21,22,30], but these make it
difficult to immediately obtain enough organoids for UC therapy. In
this study, we used our established suspension culture method to
generate HIOs and examined whether these HIOs could accelerate
the recovery of damaged tissues. By adopting suspension culture, we
expect future experiments to use mass culture via floating culture
devices such as bioreactors. Meanwhile, newer differentiation
methods such as the exclusion of xenogeneic components must be
investigated in regenerativemedicine, as this study’s culturemedium
contained Matrigel and serum as components of nonhuman origin.

We also produced two HIO types with different levels of
expressing intestinal constituent cells in the absence or presence of
small-molecule compounds (Fig. 1) and found that those with a
higher expression of intestinal stem cell markers showed higher
engraftment efficiency under the kidney capsule of mice (Fig. 2)
and a greater effect on mucosal repair in acute colitis-model mice
(Figs. 3e5). We previously reported the effectiveness of A-83-01/
PD98059/5-aza/DAPT in differentiating human iPS cells into in-
testinal organoids [24]. Adding these compounds during differen-
tiation produced organoids with higher intestinal epithelial cell and
secretory cell expression, while the absence of such compounds
produced organoids with higher intestinal stem cell expression.
However, the lack of reports on the injection of HIOs into colitis-
model mice made it unclear which organoid types were more
suitable for tissue repair: those with more intestinal differentiated
cells such as intestinal epithelial cells and goblet cells or those with
more intestinal stem cells. Other studies on injection into colitis-
model mice have used biopsy-derived intestinal organoids, which
contain both epithelial and stem cells [13,31]. Therefore, we
investigated whether there were differences between the two
types of HIOs with regard to their engraftment ability under the



Fig. 3. Improvement of clinical symptoms in colitis-model mice via HIO injection (A) Scheme for constructing colitis-model mice and HIO injection experiments. Acute colitis was
induced in mice by drinking water containing 2.5% DSS daily for 6 days. Two injections were performed, with day 0 designated as the day of the first injection. Body weight and
clinical scores (weight loss, fecal occult blood, diarrhea) were measured daily, and colon tissues were removed on day 9. NSG mice were randomly assigned to the following groups.
DSS (�): untreated control group; sham: DSS; HIO (A): DSS and HIOs without small-molecule compounds; HIO (B): DSS and HIOs with small-molecule compounds (B) Body weight
changes of colitis-model mice after injection. The body weight of mice on the first day of DSS administration was defined as 100%. Data were shown as mean ± SD (n ¼ 6). *p < 0.05
(vs. sham) (C) Time-dependent change in clinical scores of colitis-model mice after injection. Clinical scores were the sum of weight loss (0 to �5), fecal occult blood (0 to �2), and
diarrhea (0 to �2). The minimum possible score was �9. Data were shown as mean ± SD (n ¼ 6). *p < 0.05 (vs. sham) (D) Length of colon after 9 days of injection. Data were shown
as mean ± SD [DSS (�): n ¼ 3; sham, HIO (A), HIO (B): n ¼ 6]. N.S.: not significant.
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kidney capsule of mice and their effect on colon tissue injury in
acute colitis-model mice.

Before injecting HIOs into colitis-model mice, we transplanted
HIOs under the mouse kidney capsules as reported in several
studies [25,32] and examined the differences between the two HIO
types (Fig. 2). Because the kidney capsule has a high blood flow
rate and prevents the transplanted cells from spreading to other
locations, the transplanted cells were easy to engraft [33]. In
addition, transplanting HIOs in vivo makes it possible to confirm
whether the intestinal stem cells expressed on the HIOs sponta-
neously and continuously differentiate into intestinal cells [25].
Eight weeks post-transplantation, both HIO groups engrafted in
the mice kidneys (Fig. 2A). Protein expression of intestinal cells
was also observed in both groups of HIOs. This shows that even
after in vivo transplantation in mice, intestinal stem cell properties
are preserved. Notably, the two groups showed different HIO sizes
and engraftment rates at the time of removal. Approximately 10
HIOs with a diameter of 500 mm (Fig. 1C) were transplanted for
each kidney, and HIOs (A) after 8 weeks of transplantation were
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larger and had a higher engraftment rate than HIOs (B) (Fig. 2A).
The mRNA expression of intestinal stem cells in HIO (A) was higher
than in HIO (B) (Fig. 1D), which might have led to the increase in
organoid size and engraftment efficiency. Furthermore, although
neither lysozyme nor MUC2 was expressed in HIO (A) before the
transplantation, only lysozyme was expressed after the trans-
plantation (Fig. 2B). In contrast, both lysozyme and MUC2 were
expressed in HIO (B), in agreement with Onozato et al.‘s study
(Supplementary Fig. 1) [24]. However, the expression of lysozyme
in HIO (B) was lost after the transplantation. These results suggest
that the expression of lysozyme was induced in HIO (A) and sup-
pressed in HIO (B) after transplantation. Based on these results,
we hypothesize that HIO (A) might be more suitable for injection
into colitis-model mice. Meanwhile, although the size of the
engrafted HIOs was about 5 mm, fluorescent immunostaining
revealed intestinal-specific markers only in small areas of the
HIOs. Therefore, these results suggest that the remaining undif-
ferentiated cells in the HIOs might have differentiated into other
types of cells.



Fig. 4. Recovery of tissue damage via HIO injection. Nine days after injection, colon tissues were removed and stained (A) Alcian blue staining. The blue areas show acidic mu-
copolysaccharides, which is a component of mucus, and the pink area shows nuclei. Lowmagnitude images (upper left) for each group: scale bar ¼ 500 mm; high magnitude images:
scale bar ¼ 100 mm (B) Quantification of acidic mucopolysaccharide. Positive area of acid mucopolysaccharide was calculated using the Hybrid Cell Count System. Data were shown
as mean ± SD (n ¼ 5). **p < 0.01 (C) Immunohistochemical staining of Ki67 and ZO-1, a marker of tight junctions. Brown areas indicate positive areas for each antibody, while blue
areas indicate nuclei. Scale bar ¼ 500 mm (upper), 100 mm (middle and lower).
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We then compared the clinical symptoms and colon tissues of
acute colitis-model mice when injecting the two HIO types. Up to
day 5 after injection, the HIO (A) group showed earlier improve-
ment in body weight and clinical scores compared with the sham
group, but on day 9 post injection, all groups recovered to the same
level (Fig. 3BeD). This was an expected outcome as the colonic
mucosa involved in water absorption also showed recovery to the
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same level in all the groups. However, in patients who do not
experience long-term remission, mucosal damage is often not
completely repaired despite improvements in clinical symptoms
[6,9]. Therefore, we analyzed mucus secretion and tight junctions,
which are important in determining the state of intestinal mucosal
injury. Goblet cells secrete mucus, which mainly consists of glyco-
proteins, to prevent intestinal flora from entering the body [34].



Fig. 5. Relative mRNA expression of proinflammatory cytokines in the colon 9 days after injection. The mRNA expression levels of DSS (�) were defined as 1. Data were shown as
mean ± SD (n ¼ 6). *p < 0.05. **p < 0.01.
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One study reported that mucus secretion was increased by DSS-
induced inflammation and returned to normal levels dependent
on recovery [35]. Nine days after DSS discontinuation, the acid
mucopolysaccharide level in the HIO (A) group was lower than that
in the sham and HIO (B) groups and closer to that in the DSS (�)
group (Fig. 4B). This indicates that the sham and HIO (B) groups
recovered from inflammation more slowly than the HIO (A) group;
the HIO (A) group progressed toward restoration a little earlier. In
addition, the tight junctions between intestinal epithelial cells
prevent the entry of xenobiotics. The loosening of these junctions is
believed to be involved in disease progression [36,37]. After nine
days of injection, ZO-1 expression in the sham group was lower
than that in the other groups (Fig. 4C). Therefore, this suggested
that the sham group had recovered enough function to gainweight;
however, the tissue damage had not recovered sufficiently. We
consider this to be a recurrence-prone condition, similar to that of
patients with clinical UC. Remarkably, the HIO (A) group tended to
have less colonic stricture than the sham and HIO (B) groups
(Fig. 4C), indicating that the HIOs with higher intestinal stem cell
expression contribute to the faster and more extensive restorative
repair of mucosal damage than natural healing and may help pre-
vent UC relapse (Fig. 4). The expression of Ki67 and ZO-1was higher
in the HIO (B) group than in the HIO (A) group. However, the higher
expression of ZO-1 and Ki67 was related to slower repair in the HIO
(B) group than in the HIO (A) group. Previous study has reported
that intestinal stem cells transiently proliferate and mature into
large number of epithelial cells in tissue repair, and then the in-
flammatory condition returns to normal [38]. That is, we consid-
ered that the state of HIO (B), which promotes the proliferation and
barrier function, is pre-stage back to the state such as the HIO (A)
group or DSS (�) group. These results weremore pronounced in the
colonic tissue, especially in the side closer to the anus. In this study,
we considered that the effect of HIO was observed only in the vi-
cinity of the HIO injection site; therefore, the analysis was limited
to the colon tissue. However, the effects of HIO involving HIO
contents and secretory factors could have been discussed further by
analyzing other intestine tissue, such as the small intestine.

This study has several limitations. First, the HIOs could only be
injected in mice during remission after the cessation of DSS
administration. We could not examine the effect of HIO injection in
the exacerbation phasewith continued DSS administration because
more than 50% of mice died during continuous DSS administration
as a result of significant weight loss following injection. Second, we
could not obtain data that supported the involvement of intestinal
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stem cells and other component cells in HIOs during the repair of
intestinal mucosal damage or data regarding the mechanism of
tissue repair induced by the HIOs, especially by those having higher
intestinal stem cell expression. We previously injected intestinal
stem cells generated from human iPS cells into the colitis-model
mice. However, it did not show tissue recovery as remarkable as
was seen with the HIO injection (data not shown). Therefore, the
presence of intestinal stem cells and the other cells surrounding the
stem cells is important. To demonstrate that a specific cell popu-
lation within the HIO is involved in the repair of intestinal mucosal
damage, we require a technique to single-cell the HIO, select a
specific cell population, and then transplant it. However, due to
technical difficulties, further analysis was not possible. While the
intestinal organoids have the advantage of containing multiple
cells, they may have the disadvantage of being difficult to analyze
for mechanisms. In addition, when HIOs were injected into the
colitis-model mice, no human genes could be identified in the
mouse colon. Therefore, unlike the results of transplantation
studies on crypt-derived intestinal organoids reported previously,
the HIOs generated by us did not directly repair mucosal tissues by
engraftment. Nevertheless, the colon tissues after HIO (A) in-
jections resembled those without DSS administration rather than
those in the sham group (Fig. 4). The HIO injection groups also
displayed lower mRNA expression levels of inflammatory cytokines
compared with the sham group (Fig. 5). Additionally, the concen-
trated culture supernatants of HIO (A) tended to suppress weight
loss better than the sham group as well as the injection of HIO (A)
(Supplementary Fig. 2). These results suggest that HIO (A) might
contain more factors that promote epithelial regeneration than HIO
(B). Previous studies have reported that the conditioned medium
and the extracts of intestinal epithelial cells and fibroblasts con-
taining anti-inflammatory factors, especially prostaglandin E2,
suppressed the production of proinflammatory cytokines by den-
dritic cells in the absence of functional regulatory T cells [39,40].
The HIOs used in the present study expressed villin-positive in-
testinal epithelial cells and vimentin-positive fibroblasts and were
injected into immunodeficient mice lacking regulatory T cells.
Therefore, we considered that prostaglandin E2 secreted from HIOs
might have affected the dendritic cells and suppressed the pro-
duction of inflammatory cytokines.

These findings suggest that HIOs do not directly repair intestinal
mucosal damage by engraftment, but that the content or released
factors of the HIOs, especially HIO (A), may be indirectly associated
with the promotion of epithelial cell proliferation and inflammation
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suppression. When iPS cell-derived cells are used for regenerative
medicine, one issue is that residual undifferentiated cells may form
tumors [41,42]. Therefore, in consideration of safety, showing effects
that promote repair without engraftment may be convenient.

5. Conclusions

Effective cell therapy should directly repair tissue by engraft-
ment at the site of injury. However, the difference in organoid
property impacting the rate of tissue repair in transplantation
without engraftment observed in the current study should be
considered a critical consideration in the development of regen-
erative medicine using iPS-derived organoids.
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