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ORIGINAL ARTICLE

Bone marrow-mesenchymal stem cells are a major
source of interleukin-7 and sustain colitis by forming
the niche for colitogenic CD4 memory T cells

Yasuhiro Nemoto,' Takanori Kanai,” Masahiro Takahara,' Shigeru Oshima, '
Tetsuya Nakamura," Ryuichi Okamoto, ' Kiichiro Tsuchiya," Mamoru Watanabe'

ABSTRACT

Objective Interleukin (IL)-7 is mainly produced in bone
marrow (BM) that forms the niche for B cells. We
previously demonstrated that BM also retains pathogenic
memory CD4 T cells in murine models of inflammatory
bowel disease (IBD). However, it remains unknown
whether BM-derived IL-7 is sufficient for the
development of IBD and which cells form the niche for
colitogenic memory CD4 T cells in BM.

Design To address these questions, we developed mice
in which IL-7 expression was specific for BM, and
identified colitis-associated IL-7-expressing mesenchymal
stem cells (MSC) in the BM.

Results IL-7"xRAG-1""" mice injected with BM cells
from IL-7*"*RAG-17"" mice, but not from IL-7"xRAG-
17" mice, expressed IL-7 in BM, but not in their colon,
and developed colitis when injected with
CD4*CD45RB™I" T cells. Cultured BM MSC stably
expressed a higher level of IL-7 than that of primary BM
cells. IL-7-sufficient, but not IL-7-deficient, BM MSC
supported upregulation of Bcl-2 in, and homeostatic
proliferation of, colitogenic memory CD4 T cells in vitro.
Notably, IL-77"xRAG-17" mice transplanted with IL-7-
sufficient, but not IL-7-deficient, BM MSC expressed IL-7
in BM, but not in their colon, and developed colitis
when transplanted with CD4*CD45RB™" T cells.
Conclusions \We demonstrate for the first time that
BM MSC are a major source of IL-7 and play a
pathological role in IBD by forming the niche for
colitogenic CD4 memory T cells in BM.

INTRODUCTION

Inflammatory bowel disease (IBD) is characterised
by chronic inflammation of the gastrointestinal
tract. Accumulating evidence suggests that IBD is
caused by an inappropriate response of the innate
and acquired immune systems to commensal micro-
biota.! Even if IBD enters remission as a result of
treatment, it often relapses, leading to its lifelong
duration. Therefore, we hypothesised that even in
remission, colitogenic memory T cells survive for a
long period as ‘pathogenic memory stem cells’?  in
IBD patients.

Interleukin (IL)-7 is an important cytokine
involved in supporting the survival of naive and
memory, but not effector, CD4 T cells.*® IL-7 is
secreted by stromal cells in the bone marrow (BM)
and thymus, and by epithelial cells.” In a series of
studies, we have consistently focused on IL-7 as an

Significance of this study

What is already known on this subject?

» IL-7 is mainly produced in BM.

» BM stromal cells forms the niche for B cells.

» We have previously reported that colitogenic
memory CD4 T cells are retained in BM of IBD
model mice in a IL-7-dependent manner.

» MSC have the ability to downmodulate
inflammation and improve tissue repair, so
their use to treat inflammatory diseases is
being explored.

What are the new findings?

» IL-77"xRAG-1"" mice injected with BM cells
from IL-7*"*xRAG-17"" mice, but not from IL-77
“xRAG-17"" mice, expressed IL-7 in BM, but not
in the colon, and developed colitis when
injected with CD4*CD45RB™" T cells.

» BM MSC produced larger amount of IL-7 than
that of primary BM cells.

» |L-7-sufficient, but not IL-7-deficient, BM MSC
supported upregulation of Bcl-2 in, and
homeostatic proliferation of, colitogenic
memory CD4 T cells in vitro.

» IL-7"xRAG-1"" mice transplanted with
IL-7-sufficient, but not IL-7-deficient, BM MSC
expressed IL-7 in BM, but not in the colon, and
developed colitis when transplanted with
CD4*CD45RB"" T cells.

How might it impact on clinical practice in

the foreseeable future?

» The present study may be a new example for
changing concepts of IBD from intestinal to
systemic disease, and a therapeutic approach
targeting BM MSC-derived IL-7 may be feasible
in the treatment of chronic immune diseases.

essential factor for the persistence of chronic
T-cell-mediated colitis. We have shown that: (1)
IL-7 is constitutively produced by intestinal goblet
cells;¥ (2) IL-7 transgenic mice, in which strong
promoters drive systemic overexpression, develop
colitis that mimics the histopathological characteris-
tics of human IBD;’ (3) colitogenic CD4 effector
memory T (Tgy) cells, which express high levels of
IL-7Ra, reside in the inflamed lamina propria (LP)
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of RAG-27" mice injected with CD4*CD45RB"#" T cells;'* and
(4) IL-77"xRAG-17" mice injected with CD4"CD45RB"&" T
cells or colitogenic LP CD4* Tgy, cells do not develop colitis. !

However, we have found that the IL-7 level of colitic intestine
is less than that of normal intestine as a result of the disappear-
ance of goblet cells.!? Therefore, we hypothesise that colitogenic
memory CD4 T cells are maintained outside the intestine as
memory stem cells. Because the spleen and lymph nodes are dis-
pensable for the development of chronic colitis,"* we found that
BM is the main source of IL-7."* '* We previously demonstrated
that, in addition to a major subpopulation of Tgy; cells, a substan-
tial proportion of colitogenic CD4 central memory cells prefer-
entially reside in the BM of colitic mice.'® ' Importantly, these
resident BM CD4 memory T cells are closely associated with
IL-7-producing stromal cells and retain a significant potential to
induce colitis after adoptive retransfer into new SCID/RAG-27~
mice. BM CD4 memory T cells cannot induce colitis when they
are transferred into IL-77/~xRAG-17'" mice, suggesting that IL-7
plays an essential role in the maintenance of CD4 memory T cells
in BM."'® Using intrarectal administration of CD4 T cells, we also
demonstrated that colitogenic memory CD4 T cells constantly
recirculate from the LP to BM.'®

However, two important questions remain: whether
BM-derived IL-7 is sufficient for the maintenance of colitogenic
CD4 memory T cells in the absence of IL-7 produced at other
sites, and which cells in BM mainly produce IL-7 and form the
niche for colitogenic memory CD4 T cells. To address these
questions, we established mice in which IL-7 expression is spe-
cific to BM, and attempted to identify the IL-7-expressing cells
in BM. Although it is generally accepted that mesenchymal stem
cells (MSC) have the ability to downregulate inflammation, and
their use to treat inflammatory diseases is being explored, we
propose a new hypothesis in which BM MSC,'”>! a candidate
for the IL-7-producing stromal cells or their progenitors in BM,
play a pathological role in the maintenance of colitogenic CD4
memory T cells.

MATERIALS AND METHODS
Animals
C57BL/6 mice were purchased from Japan CLEA (Tokyo,
Japan). RAG-2-deficient mice (RAG-277) were obtained from
Taconic Laboratory (Hudson, New York, USA) and Central
Laboratories for Experimental Animals (Kawasaki, Japan).
RAG-1"~ and IL-7*"~ mice on the C57BL/6 background were
kindly provided by Dr Rose Zamoyska (National Institute for
Medical Research, London, UK). These mice were intercrossed
to generate RAG-17" and IL-77"xRAG-17" littermate mice. All
mice are originally derived from C57BL/6 mice. Mice were
maintained under specific pathogen-free conditions in the
Animal Care Facility of Tokyo Medical and Dental University.
Donors and recipients were used at 6-12 weeks of age. All
experiments were approved by the regional animal study com-
mittees and performed according to institutional guidelines and
Home Office regulations.

See ‘more information’ in supplementary materials and
methods (available online only) for details.

RESULTS

IL-77~x RAG-1""" mice transplanted with BM cells from
RAG-1""" mice develop colitis after adoptive transfer of
CD4*CD45RB"" T cells

We first assessed whether BM-derived IL-7 is sufficient for the
development of colitis in the absence of IL-7 produced at other
sites. To this end, we used a model of chronic colitis induced by

the adoptive transfer of CD4*CD45RB"&" T cells into RAG-17"
mice in combination with bone marrow transplantation (BMT) of
donor BM cells from RAG-17" or IL-77"xRAG-17" littermate
mice. First, RAG-17" and IL-77"x RAG-17" mice were treated with
intraperitoneal busulfan and underwent total body irradiation to
ablate their BM. The next day, mice were reconstituted with donor
BM cells from RAG-17" or IL-77""xRAG-17" mice. Mice were
divided into four groups as follows (figure 1A): IL-77"xRAG-17~
mice transplanted with RAG-17~ BM cells (IL-7* S 1L-77);
IL-77""xRAG-17" mice transplanted with IL-77"xRAG-17~ BM
cells (IL-77~— IL-777); RAG-17" mice transplanted with RAG-17~
BM cells (IL-7** - IL-7*'*) and RAG-17" mice transplanted with
IL-77"xRAG-17" BM cells (IL-77"— IL-7*/*). Four weeks after
recovery from BMT, all groups of mice were injected intraperitone-
ally with CD4*CD45RB"E" T cells (figure 1A). As expected,
IL-7%* S IL-77" mice developed severe colitis. Interestingly,
IL-77"= IL-7** mice also developed colitis at a level similar to
that of IL-7** - IL-7*'* mice (figure 1B-E), indicating that non-
hematopoietic cells, including IL-7-producing BM stromal cells
and/or BM stem cells that differentiated into IL-7-producing
stromal cells, could not be completely ablated by the current busul-
fan/irradiation protocol. In contrast, IL-77~— IL-77" mice did not
develop colitis because of the lack of IL-7 (figure 1B-E). However,
to our surprise, the clinical findings revealed that IL-7/* — IL-77"
mice injected with CD4"CD45RB"&" T cells developed a wasting
disease and severe colitis to a similar extent to that of control
IL-7** - IL-7""" mice (figure 1B-E), indicating that the BMT
protocol led to successful transplantation of IL-7-producing BM
cells in IL-7"* - IL-77~ mice.

A quantitative evaluation of T-cell expansion was performed
by counting LB spleen and BM CD4 T cells. While only a few
CD4 T cells were recovered from all sites examined in IL-77" -
IL-77~ mice, approximately 100-fold higher numbers of LB
spleen and BM CD4 T cells were recovered from IL-77/* —
IL-777, IL-7Y" S IL-7% and IL-77" > IL-7"" mice (figure
1F). In addition, on in-vitro stimulation, LP CD4 T cells from
IL-77* S IL-777, IL-77* > IL-77 and IL-77" = IL-7%" mice
produced equal and significantly higher amounts of interferon
(IFN)-y, tumour necrosis factor (TNF)o. and IL-17 than those
from IL-77~ — IL-77" mice (figure 1G). Flow cytometric analysis
revealed that the CD4 T cells isolated from the LB mesenteric
lymph nodes, spleen and BM of all recipients at 8 weeks after
transfer of CD4*CD45RB™" T cells had a characteristic
CD69TIL-7Ro™&" phenotype (see supplementary figure S1,
available online only), indicating that the transferred
CD4*"CD45RBM8" T cells differentiated into activated Tgpy cells
irrespective of the presence of IL-7. These results suggest that
BM-derived IL-7 promotes the development and persistence of
colitis primarily by supporting the expansion of colitogenic
CD4 Tgy cells in the colon.

We performed highly sensitive reverse transcription PCR for
the detection of IL-7 messenger RNA using samples obtained
from the BM and colon. As shown in figure 1H, IL-7 mRNA was
detected in the BM of IL-7*/* - IL-77", IL-7*/* - IL-7*/* and
IL-77" = IL-7*"* mice with colitis, but not in that of IL-77" -
IL-77" mice without colitis. Of note, IL-7 mRNA was detected in
the LP of IL-7** - IL-7%" and IL-77~ - IL-7** mice, but not
in IL-77* > IL-77" or IL-77" > IL-77" mice regardless of the
development of colitis, indicating that after BMT, IL-7"* BM
cells led to the establishment of IL-7-producing stromal cells in
BM. Consistent with this result, immunohistochemistry revealed
that IL-7 was in the BM of IL-7"/* S IL-77, IL-77/+ S IL-7H/F
and IL-77" > IL-7%"" mice with colitis, but not in IL-77"—
IL-77~ mice without colitis (figure 1I). However, IL-7 protein
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Figure 1 CD4*CD45RB"" T-cell-injected IL-7""xRAG-17"" recipients pretransplanted with bone marrow (BM) cells from IL-7*'*xRAG-1""" mice
develop colitis. (A) Experimental design. Mice were divided into four groups (n=8). Each group was injected intraperitoneally with CD4*CD45RB"9"
T cells at 4 weeks after bone marrow transplantation. (B) Gross appearance of the colon, mesenteric lymph nodes and spleen (SP) from mice of each
group at 10 weeks after cell administration. (C) Clinical scores determined at 10 weeks after administration as described in Materials and methods
section. Data are shown as the mean+SEM for eight mice in each group, *p<0.01. (D) Histopathology of the distal colon of the indicated mice.
Original magnification, x200. (E) Histological scores. Data are shown as the mean=SEM for eight mice in each group, *p<0.05. (F) Absolute number
of lamina propria (LP) CD3*CD4" T cells from the colon. Data are shown as the mean+SEM. N.S., not significant, *p<0.01. (G) Cytokine production
by LP CD4 T cells. LP CD4 T cells were isolated and stimulated in vitro. IFN-y, TNFo and IL-17 concentrations in culture supernatants were measured
by ELISA. Data are shown as the mean=SEM for eight mice in each group, *p<0.05. (H) Expression of IL-7 mRNA in colonic BM and the colon from
the indicated mice as detected by reverse transcription PCR. (I) Frozen sections of BM and the colon from each mouse were stained with a
polyclonal anti-IL-7 antibody. Original magnification x400.
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was not detected in any group regardless of the presence of
colitis by immunohistochemistry, indicating that IL-7-producing
goblet cells were depleted in the inflamed mucosa of colitic mice,
a phenomenon known as ‘goblet depletion’ in the pathology of
human IBD.'* Collectively, these data suggest that BM-derived
stem cells become established in the BM after BMT and thereafter
produce IL-7.

BM MSC from RAG-17" mice express IL-7 mRNA and protein
As shown in figure 11, IL-7-producing cells were colonised in
the BM, but not in the colon of IL-7%* = IL-77" mice even at
10 weeks after BMT, suggesting that the BM cells of RAG-17/~
mice include some progenitors of IL-7-producing cells, which
preferentially migrate to the BM. BM cells include not only
haematopoietic stem cells, which can differentiate into granulo-
cytes, macrophages, natural killer cells, B cells, T cells and other
haematopoietic cells, but also MSC, which can differentiate into
adipose tissue, cartilage, bone and other mesenchymal tissues,
and both stem cells preferentially migrate to the BM after
BMT.?° Because it is well known that IL-7 is not secreted from
haematopoietic cells, but from stromal cells in BM, we hypothe-
sised that MSC are the progenitors of IL-7-producing cells in
BM. To test this hypothesis, we cultured MSC derived from the
BM of RAG-17" and IL-77~ XRAG-17" mice using a current
standard protocol.*! First, IL-7 mRNA expression in cultured
MSC at passages 0-40 was assessed by real-time PCR.
Surprisingly, MSC derived from the BM of RAG-17" mice
(IL-7%* MSC), but not from IL-77"XRAG-17" mice (IL-77~
MSC), strongly expressed IL-7 mRNA at passages 1-40, which
peaked at passage 5 (figure 2A). Furthermore, a substantial pro-
portion of cultured IL-7%* MSC, but not IL-77/~ MSC,
expressed IL-7 protein that was detected by immunohistochem-
istry (figure 2B). MSC derived from both RAG-17" and IL-77~
XRAG-17" mice expressed MSC markers Sca-1, CD140a,
CD73 and CD10S, but not haematopoietic markers CD11b,
Gr-1, TER119, CD3, CD45 and CD34 or endothelial markers
CD146, FLK1 and VEGFR3 (see supplementary figure S2, avail-
able online only). In contrast, whole BM cells from RAG-17~
and IL-77" xRAG-17" mice included various types of haemato-
poietic cells (see supplementary figure S2, available online only).
We confirmed that these cultured BM MSC had the ability to
differentiate into three mesenchymal lineages: adipocytes, osteo-
cytes and chondrocytes (figure 2D). Importantly, IL-77* MSC
and IL-7** MSC-derived adipocytes, osteocytes and chondro-
cytes expressed IL-7 mRNA in sharp contrast to that of cells
derived from IL-77" mice (figure 2C). This result was also con-
firmed by immunohistochemistry analysis (figure 2D). We thus
identified MSC not only as the progenitors of IL-7-producing
cells, but also the highly IL-7-producing cells in BM.

MSC suppress activation of CD4 T cells, but support
maintenance of memory CD4 T cells in vitro

Given the evidence of IL-7*/* BM MSC that express high levels
of IL-7, we next assessed the role of BM MSC in the

maintenance of colitogenic CD4 memory T cells in vitro. First,
we attempted to confirm the hallmark character of the immuno-
suppressive ability of MSC.' To this end, CD4*CD25~ T cells
isolated from the spleen of wild-type mice were labelled with
carboxyfluorescein diacetate succinimidyl ester (CFSE), and
then co-cultured with IL-7** or IL-77/~ MSC in the presence
of an anti-CD3 antibody and mitomycin-C-treated CD4 nega-
tive cells, which are used as antigen presenting cells. At 4 days
after co-culture, CD4*CD25~ T cells were collected and ana-
lysed (see supplementary figure S3A, available online only).
Both IL-7** and IL-77~ MSC suppressed the proliferation of
responder T cells, while those cultured without MSC prolifer-
ated extensively (see supplementary figure S3B-D, available
online only).

We next conducted long-term co-culture with colitogenic
CD4 Tgym cells and MSC to assess the ability of MSC to
support memory CD4 T cells (figure 3). CFSE-labelled CD4 T
cells isolated from colonic LP of colitic RAG-27" mice, which
had been pre-injected with CD4"CD45RB"" T cells, were
incubated with IL-7%" or IL-77~ MSC, or in conditioned
medium alone (figure 3A), and CFSE was evaluated after
4 weeks of culture. The absolute number of surviving
CD3*CD4" T cells that were co-cultured with IL-7*/* MSC
was significantly higher than that of the other groups (figure
3B). Consistently, CD4 T cells co-cultured with IL-7%* MSC
slowly divided up to five times in 4 weeks, suggesting that these
cells were quiescent and divided intermittently, much like
homeostatic proliferation in vivo.?* In sharp contrast, CD4 T
cells co-cultured with IL-77~ MSC or cultured in medium alone
did not proliferate (figure 3C). Furthermore, the expression of
Bcl-2 in CD4 T cells co-cultured with IL-7** MSC was signifi-
cantly higher than that in other groups (figure 3D, E). These
results indicate that IL-77/* MSC support not only homeostatic
proliferation but also the survival of colitogenic CD4 Tgy cells
in a manner dependent on IL-7-producing MSC. To exclude the
possibility that these activities of IL-7*/" MSC are mediated by
secondary effects, rather than their production of IL-7, we per-
formed an IL-7-blocking experiment. As shown in figure 3F-H,
the ability of IL-7*/" MSC to support colitogenic CD4 Tgy
cells was almost completely abrogated by an IL-7-blocking anti-
body (figure 3F-H).

IL-7"xRAG-17"" mice pretransplanted with IL-7-sufficient

BM MSC develop colitis after adoptive transfer of
CD4*CD45RB™" T cells

We next conducted an adoptive transfer experiment in conjunc-
tion with the transplantation of BM MSC. First, we checked
whether cultured MSC could migrate to the BM, spleen and
colon, because it is unknown whether these cultured MSC
traffic to the same organs compared with those of freshly iso-
lated MSC.*° IL-7%/* MSC were transferred to IL-77"
xRAG-17" mice without the busulfan/irradiation protocol that
was used in the previous BMT experiment. At 1, 2 and 4 weeks
after the transfer, the expression of IL-7 mRNA and protein in

Figure 2 Bone marrow (BM) mesenchymal stem cells (MSC) from IL-7*"*xRAG-1""" mice express IL-7 mRNA and protein. (A) Expression of IL-7
mRNA in IL-7** and IL-77~ MSC at various passages and in freshly isolated BM cells from RAG-17" (IL-7*"* BM cells) and IL-77"xRAG-1"" (IL-77~
BM cells) mice were determined by real-time PCR. Data are relative miL-7 expression levels in MSC at each passage compared with that in IL-7*"*
BM cells. (B) Adherent monolayer of cultured MSC stained with a polyclonal anti-IL-7 antibody. Original magnification x400. (C) Real-time PCR was
performed to check the expression of IL-7 mRNA in differentiated tissues derived from IL-7+"* and IL-7"~ MSC. Data are relative mIL-7 expression
levels in each differentiated cell type compared with that in IL-7*'* pre-MSC. (D) Adherent monolayer of differentiated tissues derived from IL-7*/*
and IL-77~ MSC were stained with anti-FABP-4, anti-osteopontin, anti-collagen-Il (all red) and anti-IL-7 (green) antibodies and DAPI (blue). Original

magnification x400.
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the BM, spleen and colon of recipient mice was determined
(figure 4A). As shown in figure 4B and C, at each time point,
IL-7 mRNA and protein was detected in the BM, but not in the
spleen or colon.

Given the evidence of IL-7-producing MSC that migrate to
the BM, 1x10° IL-7"* or IL-77~ MSC were transplanted into
IL-77"xRAG-17" mice. At 4 weeks after transplantation,
CD4"CD45RB"&" T cells were injected into the pretransplanted
mice (figure SA). At 6 weeks after transfer, the colon from
IL-7*/" MSC-transplanted mice, but not that from IL-77"
MSC-transplanted mice, was enlarged and had a greatly thick-
ened wall (data not shown). Overall, the assessment of colitis by
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clinical scoring showed a clear difference between mice that
received IL-7** or IL-77~ MSC (figure SB). This result was
confirmed by histological examination of multiple colon sec-
tions (figure SC, D). The absolute number of CD37CD4* T
cells recovered from the BM, spleen and LP of IL-7*/*
MSC-transplanted mice was significantly higher than that from
IL-77~ MSC-transplanted mice (figure SE). Flow cytometric
analysis revealed that CD4 T cells isolated from the BM, spleen
and LP of IL-7** MSC-transplanted mice at 6 weeks after
transfer of CD4*CD45RB™®" T cells had a characteristic
CD44™ CD62L"CD69 IL-7Ro™8" effector memory phenotype
(see supplementary figure. S4, available online only).
Furthermore, on in-vitro stimulation, LP CD4 T cells from
IL-7*/* MSC-transplanted mice produced significantly higher
amounts of IFN-y, TNFo and IL-17 than those from IL-77"
MSC-transplanted mice (figure SF). More importantly, IL-7
mRNA and protein were detected in the BM, but not the colon,
of IL-7** MSC-transplanted mice, and not in either the BM or
colon of IL-777 MSC-transplanted mice (figure 5G, H). We
further compared the number of MSC transplanted into this
colitis model, and found that transplantation of 1x10° MSC,
but not 1x10° or 1x10* MSC, induced colitis in terms of the
clinical score, histology, absolute number of recovered LP CD4
T cells, and cytokine expression (see supplementary figure SSA—
H, available online only). This result suggested that insufficient
numbers of MSC appropriately migrated to induce colitis
because of the loss of their homing receptors during culture.

In addition to the above results, BM MSC have been identi-
fied as progenitors of mesenchymal tissues because they can
migrate to injured tissues to repair them.?! Therefore, trans-
plantation of BM MSC for tissue repair has been proposed
based on their stem cell qualities observed in animal models of
IBD. In fact, Duijvestein et al*® recently reported the feasibility
of autologous BM MSC for the treatment of patients with
refractory Crohn’s disease. Moreover, recent studies suggest that
MSC play a second role in inducing peripheral tolerance by

Figure 3 IL-7"*, but not IL-77", mesenchymal stem cells (MSC)
induce extensive proliferation of colitogenic CD4 T cells in vitro. (A)
Experimental design. Colitogenic memory CD4 T cells were isolated
from colonic lamina propria (LP) of colitic RAG-2~"~ mice re-injected
with CD4*CD45RB™" T cells, and labelled with CFSE. CFSE-labelled
colitogenic memory CD4 T cells (1 x108) were then co-cultured with
IL-7*"* or IL-77~ MSC. CFSE-labelled memory CD4 T cells were
incubated in conditioned medium as a negative control. (B) Cell counts
of recovered CD3*CD4* cells were performed by flow cytometry. Data
are shown as the mean+SEM of six samples in each group, *p<0.05.
(C) After 4 weeks of co-culture, CFSE in memory CD4 T cells was
evaluated by flow cytometry. Representative data of six samples are
shown. (D) Intracellular staining of Bcl-2 in colitogenic CD4 Ty cells in
each group. Colitogenic CD4 Tgy cells were co-cultured with IL-7+* or
IL-77~ MSC, or incubated in conditioned medium alone. (E) Mean
fluorescence intensity of Bcl-2 in CD3*CD4* cells in each group. Data
are shown as the mean+SEM. (F) Experimental design. Colitogenic
memory CD4 T cells were isolated from colonic LP of colitic RAG-27~
mice pre-injected with CD4*CD45RB"" T cells, and labelled with CFSE.
CFSE-labelled colitogenic memory CD4 T cells (1x1 0%) were co-cultured
with IL-7*"* MSC in medium containing a polyclonal anti-IL-7 antibody
or isotype control 1gG. CFSE-labelled memory CD4 T cells were
co-cultured with IL-77~ MSC as a negative control. (G) Cell counts of
recovered CD3*CD4™ cells were performed by flow cytometry. Data are
shown as the mean+SEM of three samples in each group, *p<0.05. (H)
After 4 weeks of co-culture, CFSE in memory CD4 T cells was detected
by flow cytometry. Representative data for six samples are shown.
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Figure 4 Time course analysis of IL-7 A
expression in the bone marrow (BM),

spleen and colon of IL-77""xRAG-17""

mice pre-injected with IL-7+/*

mesenchymal stem cells (MSC). (A)

Experimental design. IL-77"xRAG-17"~ MSC
mice were injected intravenously with

IL-7*"* MSC. At 1, 2 and 4 weeks after

the transfer, the BM, spleen (SP) and

colon of the mice were collected and

checked for the expression of IL-7.

(B) IL-7 mRNA expression in the BM, B

spleen and colon at each time point as
assessed by quantitative reverse
transcription PCR. (C) IL-7 protein
expression in the BM, spleen and
colon at each time point as assessed
by immunohistochemistry. IL-7 (green)
and DAPI (blue).
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inhibiting the release of proinflammatory cytokines and interact-
ing with various kinds of immune cells."” Therefore, we
checked whether our cultured MSC could suppress colitis when
they were transferred together with CD4*CD45RB"" T cells to
RAG-27" mice as a preventive protocol. Mice were divided into
four groups as follows: RAG-17" mice injected with
CD4"CD45RB"®" T cells and IL-7*/* MSC (IL-7"* MSC);
RAG-17" mice injected with CD4"CD45RB"®" T cells and
IL-77~ MSC (IL-77~ MSC); RAG-17" mice injected with
CD4*"CD45RB"#" T cells (RB"&") as a positive control; and
RAG-17" mice injected with CD4*CD45RB"&" T cells and
CD47CD25" T cells (RBhigh+Treg) as a negative control (figure
6A). Both IL-7"* MSC and IL-77~ MSC groups developed a
wasting disease and colitis with a thickened colon and spleno-
megaly to the same extent as that in the RB"®" group, while the
RBhigh+Treg-negative control group gained weight and did not
develop colitis (figure 6B-F). A large number of LP CD4 T cells
was recovered from IL-7** MSC, IL-77~ MSC, and RB"s?
groups, while only a small number of LP CD4 T cells was recov-
ered from the RBhigh+Treg group (figure 6G). As shown in
figure 6H, on in-vitro stimulation, LP CD4 T cells from IL-7+/*

12D

IL-7+/+

IL-74/+

Analysis
IL-7" X RAG-1"

s LT
Transfer

L | | 1 >
day0 1wk 2wk 4wk
BM SP Colon

MSC 1wk 2wk 4wk 1wk 2wk 4wk 1wk 2wk 4wk

SP Colon

MSC, IL-77~ MSC and RB"" groups produced equal and sig-
nificantly higher amounts of IFN-y, TNFo and IL-17 than those
by the RBhigh+Treg group. These data indicated that, at least in
our present in-vivo model, neither IL-77/* MSC nor IL-77~
MSC could suppress the development of colitis, even when they
were transferred in combination with CD4*CD45RB"&" T cells.
Although we performed multiple injections of IL-7*/* and
IL-77~ MSC to suppress colitis and evaluate a therapeutic
effect, colitis could not be suppressed in terms of clinical and
histological scores, the number of infiltrated LP CD4 T cells and
cytokine production (see supplementary figure S6A-G, available
online only).

DISCUSSION

BM MSC have previously been identified as progenitors of mes-
enchymal tissues by migrating to injured tissues to repair
them,®2! and transplantation of BM MSC for tissue repair has
been proposed based on their stem cell qualities. Moreover,
recent studies suggest that cultured MSC play a second role in
the induction of peripheral tolerance by inhibiting the release of
proinflammatory cytokines and interacting with various kinds of
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Figure 5 CD4*CD45RB"" T-cell-injected IL-7"xRAG-1~"" mice pretransplanted with IL-7**, but not IL-7"~, mesenchymal stem cells (MSC)
develop colitis. (A) Experimental design. Mice were divided into two groups (n=>5). Each group was |njected mtrapentoneally with CD4‘”CD45RB"'gh
T cells at 4 weeks after MSC transfer. (B) Clinical scores. Data are shown as the mean+SEM for five mice in each group, *p<0.05. (C) Histological
results for the colons of each group. Original magnification x200. (D) Histological scores. Data are shown as the mean+SEM for five mice in each
group, *p<0.05. (E) Absolute number of lamina propria (LP) CD3*CD4* T cells from the colon at 10 weeks after transfer. Data are shown as the
mean+SEM. N.S. not significant, *p<0.01. (F) Cytokine production by LP CD4 T cells stimulated in vitro. IFN-y, TNFo. and IL-17 concentrations in
culture supernatants were measured by ELISA. Data are shown as the mean=SEM for five mice in each group, *p<0.05. (G) Expression of IL-7
mRNA in the bone marrow (BM) and LP of IL-7* MSC- or IL-77~ MSC- -transplanted mice as measured by reverse transcription PCR. (H) Expression
of IL-7 protein in the BM and LP of each group of mice as detected by immunohistochemistry.

immune cells. However, the present study clearly shows that:
(1) BM MSC produce IL-7; (2) MSC have the potential to
support the proliferation and survival of colitogenic CD4 Tgy
cells; and notably (3) transplantation of BM MSC into IL-77
“XRAG-17" mice induces colitis when the mice are later
injected with CD4"CD45RB"&" T cells; and (4) IL-7 expression
is maintained in the BM of IL-77""xRAG-17" mice transplanted
with BM MSC. The present study thus suggests the possible par-
ticipation of IL-7-producing BM MSC as niche cells to maintain
colitogenic CD4 memory T cells. Although it is possible that
IL-7 produced in BM leads to levels of circulating IL-7 that
support local (intracolonic) expansion of T-cell populations,
rather than facilitating the formation of a niche in BM for these
cells, we previously demonstrated that intrarectally administered
colitogenic CD4 T cells surprisingly egress to the colon, migrate
to BM.'® In addition, we have reported that IL-77~xRAG-17~
host mice combined with colitic RAG-27"~ donor mice as a
parabiosis develop colitis without IL-7 expression in any
organ.'? Therefore, we concluded that colitogenic memory
CD4 T cells as ‘memory stem cells’ may be supported in some
specific niche, such as BM, in which IL-7 is abundant even
when in the acute phase of colitis.

Because we used IL-7 as a marker of MSC in this setting, it is
possible that transferred MSC can spread to many tissues includ-
ing inflamed colonic mucosa to become differentiated cells but
lose expression of IL-7. However, it remains unknown why IL-7

was not detected in the inflamed colon of IL-77/~xRAG-17~
mice after transfer of IL-77/" MSC with CD4*CD45RB"sh
T cells, although MSC-derived adipocytes that expressed IL-7
could not be detected (figure 2C,D). Nevertheless, it is note-
worthy that IL-7 production by the transferred MSC was main-
tained only in the BM regardless of their differentiation status.
Therefore, we propose that, in addition to the two major roles
previously reported, namely tissue repair'®=! and immune sup-
pression,'® 20 BM MSC-derived IL-7 is positively involved in the
perpetuation of chronic inflammatory diseases by forming the
niche for pathogenic CD4 memory T cells in BM (figure 7).
Although many differences exist between our colitis model
induced by a lymphopenic driver, other murine models, such as
dextran sodium sulfate-induced acute colitis model, and human
IBD, we propose a pathological role of IL-7-producing MSC at
least in our model. Furthermore, the present study supports a
conceptual change of IBD from an intestinal to a systemic
disease, and suggests therapeutic approaches that target BM
MSC-derived IL-7 for the treatment of IBD.

From a clinical viewpoint, we have previously demonstrated
that IL-7 protein in the serum of patients with ulcerative colitis
(UC) is higher than that in healthy controls.>* Furthermore,
IL7R has previously been identified as one of the disease suscep-
tibility genes of UC.?> Therefore, it may be interesting to
compare the IL-7 levels in BM, especially in BM MSC, between
IBD patients and healthy controls to determine whether BM
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Figure 6 CD4*CD45RB"I" T-cell-injected RAG-17"" recipients pre-injected with either IL-7** or IL-77~ mesenchymal stem cells (MSC) develop
colitis. (A) Experimental desilgn. Mice were divided into four groups as follows: RAG-17~ mice that were pre-injected with CD4*CD45RB"9" T cells
and IL-7*"* MSC (n=3, IL-7*"* MSC); RAG-17" mice that were pre-injected with CD4*CD45RB"9" T cells and IL-77~ MSC (n=3, IL-7""~ MSC);
RAG-17" mice that were pre-injected with CD4*CD45RB"9" T cells (n=3, RB"9" cells); and RAG-1"" mice that were pre-injected with
CD4*CD45RB"" T cells and CD4*CD25* T cells (n=3, RB"9" + T cells). (B) Percentage of the initial body weight (BW) of each group. Data are
shown as the mean=SEM for three mice in each group, *p<0.05. (C) Representative gross appearance of the spleen, mesenteric lymph nodes and
colon of each group. (D) Clinical scores. Data are shown as the mean+SEM for three mice in each group, *p<0.05. (E) Histological scores. Data are
shown as the mean+SEM for three mice in each group, *p<0.05. (F) Histopathology of the distal colon of the indicated mice at 6 weeks after
transfer. Original magnification, x40 upper panel and x200 lower panel. (G) Absolute number of lamina propria (LP) CD3*CD4™ T cells from the
colon at 6 weeks after transfer. Data are shown as the mean+SEM. N.S. not significant, *p<0.01. (H) Cytokine production by LP CD4 T cells. LP CD4
T cells were isolated at 6 weeks after transfer and stimulated with anti-CD3 and anti-CD28 antibodies for 48 h. IFN-y, TNFo and IL-17
concentrations in culture supernatants were measured by ELISA. Data are shown as the mean+SEM for three mice in each group, *p<0.05.
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Figure 7 Model for the maintenance
of colitogenic CD4 Tgy cells by bone
marrow (BM) mesenchymal stem cell
(MSC)-derived IL-7. BM MSC-derived
IL-7 plays a role in the maintenance of
colitogenic CD4 Tgy, cells, and may be
a clinical target for the treatment of
inflammatory bowel diseases.

Constant IL-7
expression

Memory CD4*
Retention

MSC are responsible for IL-7 production in the pathogenesis of
human UC, and a strategy targeting IL-7 might be a feasible
clinical approach for the treatment of UC. Furthermore, the
current approach for the induction of remission (the acute stage
of the disease) using autologous or allogeneic MSC in patients
with intractable UC would be considered based on the present
finding that MSC may play a pathological role in the mainten-
ance of colitogenic memory T cells (remission stage). However,
we would like to emphasise that the present results are consist-
ent with the current concept of using MSC to treat human IBD
in ongoing clinical trials, because we also confirmed that our
cultured MSC suppressed the proliferation of CD4 T cells in the
short-term culture system. Finally, it should be emphasised that
the strategy of IL-7 blockade is at an immature stage at this
time, because IL-7 is essential not only for colitogenic CD4 T
cells but also protective memory CD4 T cells such as regulatory
T cells. Therefore, further investigation in this field is
warranted.

Overall, in support of previous evidence that BM is a reser-
voir organ for CD4 memory T cells, we demonstrated for the
first time that BM MSC express IL-7 and comprise the key
population that forms the niche for colitogenic memory CD4 T
cells and causes the persistence of chronic colitis.
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