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Abstract

Bone marrow mesenchymal stem cells (MSCs) have been shown to have immune modulatory effects.
Despite efforts to identify these cells in vivo, to date, MSCs have been defined mainly by their in
vitro cell characteristics. Here, we show that Lin"CD44NScal cKit*CD34~ cells make up ~0.5%—
1% of murine whole bone marrow cells and yield nearly an equal amount of fibroblastic colony-
forming units (CFU-F) as whole bone marrow. After transplantation into lethally irradiated
recipients, Lin"CD44hiScalcKit*CD34 cells engrafted in the bone marrow long-term and
demonstrated characteristics of MSCs, including capacity to differentiate into osteoblasts and
adipocytes. To examine whether Lin"CD44hiScalcKit*CD34 cells have immune modulatory
effects, in vitro coculture with activated CD4+ T-cells resulted in decreased Th17 cell differentiation
by Lin*CD44h'Sca1*cKit+CD34* cells. Furthermore, serial infusions with

Lin~CD44hiscal cKit*CD34™ cells reduced the progression to low-grade gastric dysplasia in mice
infected with chronic Helicobacter felis (p = .038). This correlated with reduced gastric interleukin
(IL)-17F, IL-22, and ROR-yt gene expression in responding mice (p < .05). These data suggest that
bone marrow derived Lin~ CD44NScal cKit*CD34~ cells have characteristics of MSCs and reduce
progression of early gastric tumorigenesis induced by chronic H. felis infection. The prevention of
dysplastic changes may occur through inhibition of Th17-dependent pathways.

© AlphaMed Press

Correspondence: Timothy C. Wang, M.D., 1130 St. Nicholas Avenue, Room 925, New York, NY 10032, USA. Telephone: 212-851-4581,
Fax: 212-851-4590,; tew21@columbia.edu.

Author contributions: S.W., D.W., T.C.W.: designed the study; S.W., S.A., T.O., Sp.T., S.T., G.J., X.Y., K.B.: performed all the
experiments; S.M., A.B.R., J.G.F: performed histology scoring; S.W., S.A., D.W., T.C.W: wrote the manuscript.

DiscLosure oF PotenTiaL Conruicts oF InTeresT The authors indicate no potential conflicts of interest.
See www.StemCells.com for supporting information available online.


http://www.StemCells.com

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al. Page 2

Keywords

Bone marrow; Nonhematopoietic; Fibroblastic colony-forming units; Mesenchymal stem cells;
Cellular immunity; Th17; Inflammation-induced carcinogenesis; Immune modulation; Helicobacter
felis; Gastric dysplasia; Gastric tumorigenesis

Introduction

Bone marrow—derived mesenchymal stem cells (MSCs) have been shown to be effective in
the treatment of various conditions in both animal models and humans [1,2]. MSCs are defined
by several criteria, including plastic adherence when maintained in standard culture conditions;
expression of nonhematopoietic cell surface markers; and capacity to differentiate to
osteoblasts, adipocytes, and chondrocytes [3—7]. However, despite attempts to identify this cell
population in vivo, it has proven challenging to isolate MSCs due to the lack of identification
of distinguishing cell surface markers. Recent human studies have shown that CD146*
pericytes within the bone marrow and other organs such as skeletal muscle, white adipose
tissue, pancreas, and placenta may be the origin of some MSCs [8-11]. To date, this has not
been confirmed in the mouse, and the ability to define and enrich this small subset using cell
surface markers has not been demonstrated [12].

In addition to myocytes, osteocytes, and chondrocytes, under certain conditions, MSCs can
differentiate into endodermal or neuroectodermal cell lineages including gastric epithelial cells
(unpublished data), hepatocytes [13], pneumocytes [14], pigment epithelial cells [15] and
astrocytes [16]. As a result, MSCs can effectively contribute to tissue repair [17]. MSC tissue
repair may also occur independent of tissue engraftment or differentiation [17,18]. Moreover,
MSCs may modulate the immune response. In the field of organ transplantation, MSCs have
been shown to promote transplanted organ engraftment and reduce the cell immune-mediated
graft-versus-host disease (GVHD) [19,20]. MSCs inhibit T-cell proliferation [21,22], induce
T-cell apoptosis [23], and alter migratory property of T-cells [24]. The immune modulatory
effect of MSCs has also been implicated in other chronic inflammatory diseases including
autoimmune encephalomyelitis and hypoxic lung injury [25-29]. In the case of autoimmune
enteropathy, it has been shown that MSCs can ameliorate inflammation independent of
regulatory T cells [30].

Chronic inflammation is associated with increased risk of malignancy. In the gastrointestinal
tract, examples include esophageal adenocarcinoma and Barrett's esophagus, gastric
adenocarcinoma and Helicobacter infection, hepatocellular carcinoma and chronic viral
hepatitis, and colorectal cancer and inflammatory bowel disease. Prolonged exposure to
excessive proinflammatory activity has been regarded to foster tumorigenesis. In addition to
the well-recognized Th1 lineage of CD4+ T-helper cells, a growing body of literature has
shown that a distinctive lineage of CD4+ T cells, Th17 cells, may be important in inflammation
and autoimmunity [31]. Th17 cells secrete interleukin (IL)-17A, IL-17F, IL-17A-IL-17F
heterodimers, IL-21, and IL-22; these cells have been shown to be important for the clearance
of extracellular pathogens. These Th17 cell responses are likely an early response mechanism
for the clearance of such pathogens [32]. The mouse model of Helicobacter felis infection is
a well-established model of gastritis and gastric cancer [33]. Helicobacter colonization of the
murine stomach induces proinflammatory responses and promotes dysplastic changes and
tumorigenesis approximately 10-12 months after infection. Moreover, it has previously been
shown that IL-17 is overexpressed in H. pylori-infected gastric mucosa in both mice and
humans [34-36]. In addition, IL-17~/~ knockout mice have less severe inflammation when
compared to wild-type mice [36]. However, the role of IL-17 in Helicobacter-induced gastric
tumorigenesis is not well understood. Thus, the H. felis model of gastritis and gastric cancer

Stem Cells. Author manuscript; available in PMC 2010 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 3

provides an excellent model in which the effects of MSCs and Th17 responses on
inflammation-associated carcinogenesis can be studied.

In this study, we show that specific cell markers can be used to isolate bone marrow derived
nonhematopoietic cells having characteristics of MSCs. Furthermore, using the murine H.
felis model of gastritis and gastric dysplasia, we demonstrate that these freshly isolated cells
may affect tumorigenesis by altering Th17-mediated responses.

Materials and Methods

Mice

All mice studies and breeding were carried out under the approval of Institutional Animal Care
and Use Committee of Columbia University and Kaohsiung Medical University. Wild-type
C57BL/6 female and male mice (6—8 weeks old), chicken B-actin enhanced green florescent
protein (EGFP) transgenic male mice (6—8 weeks old), and UBC-GFP transgenic male mice
(6-8 weeks old) were purchased from Jackson Laboratory (Bar Harbor, ME,
http://www.jax.org) and National Laboratory Animal Center (Taipei, Taiwan). Mice were
maintained in specific pathogen-free husbandry.

Cell Isolation from the Bone Marrow, Peripheral Blood, and Spleen

Whole bone marrow cells were flushed from both femurs and tibias of mice with Hanks'
balanced salt solution (HBSS) containing 5% fetal bovine serum (FBS; Gibco, Grand Island,
NY, http://www.invitrogen.com). Cells from different donors were pooled together and filtered
through a 40-um cell strainer (BD Biosciences, San Diego, CA,
http://www.bdbiosciences.com). To obtain peripheral blood mononuclear cells, blood was
drawn by percutaneous intracardiac puncture and mixed in acid citrate dextrose tubes (BD
Biosciences) for anticoagulation. Red blood cells (RBC) were removed by RBC lysis buffer
(BD Biosciences). To obtain splenocytes, spleens were ground on a 40-um cell strainer (BD
Biosciences) and flushed with HBSS with 5% FBS (Gibco). Cell pellets were resuspended
with HBSS containing 5% FBS following centrifugation (Gibco).

Lineage Cell Depletion by Magnetic-Activated Cell Sorting

Whole bone marrow cells were resuspended with phosphate-buffered saline (PBS) containing
0.5% bovine serum albumin (BSA) and 2 mM EDTA (Miltenyi Biotec, Auburn, CA,
http://www.miltenyibiotec.com) at a concentration of 10,000,000 cells per 10 uL and incubated
with Lineage depletion kit (Miltenyi Biotec), including a panel of biotinylated for CD5, CD45R
(B220), CD11b, Anti-Gr-1 (Ly-6G/C), and Ter-119. Microbead-bound cells were further
depleted by AutoMACS (Miltenyi Biotec) and the negative cell fraction was used for the
majority of the experiments.

Fluorescence-Activated Cell Sorting Analysis

Cells were diluted to a concentration of 1,000,000 cells per 100 uL of HBSS with 5% FBS
(Gibco) in 5 ml fluorescence-activated cell sorting (FACS) tubes (BD Biosciences). Antibodies
used in this study were as follows: anti-mouse antibody of the Lineage cocktail-APC, CD45-
PerCp-Cy5.5, CD44-PE, Scal-PE-Cy7, Flk-1-PE, streptavidin-FITC, streptavidin-PE,
streptavidin-APC, CD4-PE-Cy5, IL-17A-PE, FOXP3-Alexa647 (BD Pharmingen, San Diego,
http://www.bdbiosciences.com/index_us.shtml), c-Kit-APC-Alexa 750, CD34-Alexa 700,
CD44-Alexa700, SSEA1-PE, CD34-Biotin, CD90-Biotin, CD73-Biotin, and CD105-Biotin
(eBioscience, San Diego, CA, http://www.ebioscience.com/). For intracellular cytokine
staining, GolgiPlug (BD Biosciences, San Diego, CA, http://www.ebiosciences.com) was
given for overnight incubation. Then 4',6-diamidino-2-phenylindole (DAKO, Glostrup,
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Denmark, http://www.dako.com) was added at a concentration of 1/1,000 to exclude dead cells.
FACS was performed on BD LSR and BD Aria cell sorters (BD Biosciences) and later analyzed
on FlowJo 7.2 (FlowJo, Ashland, OR, http://www.flowjo.com).

Wild-type whole bone marrow cells were plated at a density of 108 cells/cm? in murine
mesenchymal medium with murine mesenchymal supplements (MesenCult; Stem Cell
Technologies, Vancouver, BC, Canada, http://www.stemcell.com). FACS-sorted cells derived
from UBC-GFP transgenic mice were added to wells containing whole bone marrow cells as
described above. Nonadherent cells were removed after 24 hours, and culture media changed
every 5 days. Cells became confluent at approximately 3 weeks at 37°C in the humid air
containing 5% CO,. MSCs were detached by 0.25% trypsin and 0.02% EDTA at 37°C for 2
min and subsequently passaged in the ratio of 1:3 to achieve the desired number.

Colony-Forming Unit Assay

Bone marrow cells were plated at a density of 5 x 10° cells/cm? and maintained as described
above. At day 14, using fluorescent microscope, we counted the green florescent protein (GFP)
+ fibroblastic colony-forming units (CFU-F), which was defined as a colony consisting of more
than 100 cells.

Differentiation Assays

To induce adipocyte differentiation, the subconfluent cells were cultured with MesenCult stem
cell medium containing 5.0 pg/mL insulin, 50 uM indomethacin, 1 uM dexamethasone, and
0.5 uM 3-isobutyl-1-methylxanthine. After 14 days, these cells were fixed with 10% formalin
for 20 minutes and stained with Qil Red-O. To induce osteocyte differentiation, the
subconfluent cells were cultured with MesenCult stem cell medium containing 1 nM
Dexamethasone, 20 mM B-glycerolphosphate, 50 uM L-ascorbic acid 2-phosphate
sesquimagnesium salt, and 50 ng/mL L-thyroxine sodium pentahydrate. After 14 days, these
cells were fixed with 10% formalin for 20 minutes, and characterization was performed by
alizarin red staining, which detects calcium deposition.

CD41+ T-Cell Activation

Mouse CD4+ T cells were isolated and negatively selected by microbeads (BD Pharmingen)
from whole splenocytes. CD4+ T cells were activated by concanavalin A (conA) 5 pg/ml.
Activation of CD4+ T cells was examined by MTS reaction (Promega, Madison, WI,
http://www.promega.com). Bone marrow cells in study were cultured with CD4+ T cells in a
ratio of 5:1 and 10:1 of CD4+ T cells to bone marrow cells. After 48 hours, cells were collected
for FACS analysis (CD4, IL-17A, FOXP3), and culture supernatant collected for determination
of cytokine (IL-6, IL-17A, IL-17F, IL-17AF) levels by enzyme-linked immunosor-bent assay.

Lethal Irradiation and Bone Marrow Transplantation

Using a Cs137 source irradiator, a total dose of 950 cGy irradiation was delivered in two
sessions, 3 hours apart, to 8-week-old C57BL/6 wild-type female recipient mice. One hour
after the final session of irradiation, 500,000 whole bone marrow cells from 8-week-old wild-
type male mice plus 50,000 bone marrow—derived Lin—CD44"Scal—cKit+CD34— cells from
8-week-old chicken B-actin EGFP transgenic male mice (Jackson Laboratory) were infused by
tail vein injection into recipient mice. In controls, only 500,000 whole bone marrow cells from
either wild-type male donors or chicken B-actin EGFP transgenic male donors were transfused.
All the recipient mice were maintained on neomycin-treated water (1.1 g/L) for 14 days
immediately following irradiation.
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Inoculation of H. Felis and Infection COnfirmation

Results

A total of 15 study mice (age 3 months) were inoculated with H. felis by oral gavage, while 15
other mice remained uninfected. H. felis (ATCC 49179) was used for oral inoculation as
described previously [17]. The organism was grown for 48 hours at 37°C under microaerobic
conditions on 5% lysed horse blood agar. The bacteria were harvested and inoculated (at a titer
of 1,010 organisms per milliliter) into brain heart infusion broth with 30% glycerol added. The
bacterial suspension was frozen at —70°C. Prior to use, aliquots were thawed, analyzed for
motility, and cultured for evidence of aerobic or anaerobic bacterial contamination. Brain heart
infusion broth containing ~1,010 colony-forming units of H. felis per milliliter was used as
inoculum. The inocula (0.5 ml) were delivered by gastric intubation into each test mouse three
times at 2-day intervals by using a sterile oral catheter. After 1 year of infection, mice were
euthanized. Both bone marrow and peripheral blood were extracted and used for MSC culture
and mRNA detection.

Bone Marrow Lin"CD44hiScal™cKit*CD34™ Cells Are Effective in Producing CFU-F

To identify nonhematopoietic cells from murine bone marrow, we fractionated whole bone
marrow by the cell surface markers, Lin (Lineage cocktail, including CD3¢, CD11b, CD45R/
B220, Ly-76, Gr-1) and CD44" (supporting information Fig. 1). After removal of differentiated
hematopoietic cells, Lin™ typically denotes undifferentiated cells. CD44 is a cell surface marker
that has consistently been shown to be a marker of MSCs both in vitro and in vivo [9]. We
found that only Lin~ CD44Mi cells yield CFU-F, whereas Lin* and Lin~ CD44!° do not generate
any CFU-F (supporting information Fig. 2). To further exclude possible contamination by
hematopoietic stem cells (HSC), previously defined as Lin~Scal*cKit*[37], and common
myeloid progenitors, previously defined as Lin"CD44"Scal cKit*CD34" [38], we sorted cells
according to their expression of Scal, cKit, and CD34. We found that

Lin~CD44Mscal cKit*CD34™ cells were just as effective as whole bone marrow in generating
CFU-F (Fig. 1A). These results were confirmed in at least five separate experiments.
Interestingly, freshly isolated Lin"CD44NScal cKit*CD34 cells rarely survived when
cultured alone and required whole bone marrow cells to sustain in vitro cell proliferation. Using
FACS analysis, we found that Lin"CD44NScal cKit*CD34~ cells (Fig. 1B) made up only
~0.5%-1% of whole bone marrow cells and these cells were SSEA1™, FIk1™, CD90™,
CD737, and CD105* (27%) (Fig. 1C). The CFU-F efficiency of single

Lin~CD44MScal cKit"CD34 cells was 21.3% (average 12.5 colonies out of 58.6 eligible
wells; supporting information Fig. 3), whereas for single Lin"CD44MScal cKit~ cells the
CFU-F efficiency was only 7% (average 3.1 colonies out of 44.5 eligible wells, three separate
experiments). Previous studies have shown that MSCs express Scal, but not cKit [12].
Interestingly, in our study, we observed that Lin"CD44"Scal™ cKit*CD34~ cells gradually
change their cell surface marker expression following in vitro culture and showed increased
Scal* expression and decreased cKit" expression after 14 days of in vitro culture (Fig. 1D).
This cell population remained a constant proportion of murine bone marrow at 1 month and
28 months of life (supporting information Fig. 4). This suggests that these cells may be essential
for preservation of bone marrow function.

Bone Marrow Lin~"CD44"Scal™cKit*CD34~ Cells Engraft in the Bone Marrow and Give Rise
to MSCs Following Bone Marrow Transplantation in Lethally Irradiated Recipient Mice

We transplanted 50,000 freshly isolated bone marrow-derived

Lin~CD44hiScal cKit*CD34™ cells from syngeneic C57BL6 chicken p-actin EGFP male
donors into lethally irradiated female recipient mice by tail vein infusion. In our initial three
experiments, all recipient mice died within 4 weeks of transplantation, demonstrating the lack
of short-term HSC potential of these donor cells (Table 1). In subsequent experiments, all
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lethally irradiated recipient mice survived as we administered a radioprotective dose of wild-
type whole bone marrow cells (~500,000 cells) and 50,000 freshly isolated GFP-labeled
Lin"CD44"Scal cKit*CD34™ cells (GFP-labeled bone marrow transplant [GFPL-BMT]) by
tail vein injection. Although we did not detect any GFP-positive cells in the bone marrow using
FACS, GFP-positive MSCs were recovered from whole bone marrow culture in 35% of GFPL-
BMT recipients 4 and 8 months after transplantation (7 of 20 study mice; Fig. 2A, 2B). No
GFP-positive MSCs were detected in control mice infused with wild-type whole bone marrow
cells alone (Fig. 2C). After sorting by FACS, GFP-positive cells were passaged (Fig. 2D) and
differentiated into osteoblasts (Fig. 2E) and adipocytes (Fig. 2F). However, we have not
successfully differentiated our cells, or any other standard MSC, to chondrocytes due to
technical problems. Nevertheless, the ability to differentiate these cells into adipocytes and
osteocytes clearly demonstrates the multipotentiality of these bone marrow-derived cells.
Furthermore, in bone marrow transplant experiments, GFP-positive cells were detected by
immunohistochemistry in the tibia of GFPL-BMT mice (Fig. 2G), but not in mice transplanted
with wild-type whole bone marrow alone (Fig. 2H). These GFP+

Lin"CD44NScal cKit*CD34™ cells appeared spindle-shaped and were located near sinusoids
(Fig. 2G), whereas GFP+ hematopoietic cells were found throughout the bone marrow (Fig.
21).

Bone Marrow Lin"CD44hScal-cKit*CD34~ Cells Reduce Th17 Differentiation

To determine whether Lin"CD44MScal ¢cKit*CD34 cells (abbreviated as L-44+) affect Th17
cell differentiation, we cocultured bone marrow cells with activated CD4+ T cells. CD4+ T
cells were negatively selected from splenocytes of C57BI6 syngeneic wild-type mice using
microbeads and then activated by lectin protein ConA (5 ug/ml). Proliferation of CD4+ T cells
was confirmed by the nonradioactive cell proliferation assay using 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; MTS, data not shown).
Whole bone marrow cells and bone marrow-derived Lin-CD44!° cells (abbreviated as L-44-)
were used as additional controls. L-44— cells are undifferentiated cells that, unlike L-44+ cells,
do not possess the ability to generate CFU-F. When cocultured at a ratio of 10:1 (activated
CDA4+ T cells: bone marrow cells) for 48 hours, the percentage of CD4+IL-17+ cells was
significantly reduced in the L-44+ cocultured cells compared to whole bone marrow cocultured
cells (Fig. 3A); CD4+ T-cell control vs. whole bone marrow vs. L-44+, 0.4% vs. 1.3% vs. 0.1%
respectively; p <.05). A comparable result using L-44— cells was only attainable with a much
higher concentration of cells (5:1, Fig. 3A). Cytokine levels of IL-17A, IL-17F and IL-17A—-
F in culture supernatants were also lower in the L-44+ cell group than in activated CD4+ T-
cell controls (supporting information Fig. 5). Correspondingly, increased expression of the
transcription factor FOXP3, an inhibitor of Th17 differentiation, and decreased levels of IL-6,
a known inducer of Th17 differentiation [39], were found in the L-44+ cell treated cultures
(Fig. 3B, 3C; p < .05) [40].

Bone Marrow-Derived Lin"CD44hScal-cKit*CD34~ Cells Traffic to the Bone Marrow and Are
Detectable in the Circulation Following Infusion into Nonirradiated Mice

To further evaluate the function of freshly isolated bone marrow
Lin"CD44hiscal*cKit*CD34™ cells, we infused 50,000 cells into nonirradiated mice by tail
vein injection. Although some infused cells trafficked to the gastric mucosa and submucosa
(Fig. 4A—-4C), the vast majority of the infused cells tracked to the bone marrow (0.1% of
100,000 bone marrow cells), spleen (0.3% of 50,000 splenocytes), and peripheral blood (0.2%
of 10,000 peripheral blood mononuclear cells; Fig. 4D-4F). These cells were not trapped within
the lung, and the number of GFP-positive cells detectable in the various organs above gradually
declined within 2 weeks after infusion. However, few of the infused cells that lodged in the
bone marrow survived after three passages of MSC culture (Fig. 4G, 4H). Infused cells found
in the spleen, blood, and gastric tissue could not be propagated.
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Repeated Infusions of Bone Marrow-Derived Lin"CD44hiScal~cKit1CD34~ Cells Reduce
Progression to Low-Grade Gastric Dysplasia in Association with Decreased Th17 Cytokines

To confirm our in vitro findings of decreased Th17 cells by Lin"CD44hiScalcKit*CD34~
cells, we performed in vivo studies examining the effects of bone marrow cell infusion in mice
with chronic H. felis infection. In preliminary experiments, increased IL-17A, not interferon
(IFN)-y, was associated with progression from chronic gastritis to low-grade gastric dysplasia
4 months after a single infusion of 5,000,000 whole bone marrow cells into mice with chronic
H. felis infection (dysplasia score, H. felis infection control vs. single infusion, 0.1 vs. 1.5; n
=10 mice per group; p < .001; supporting information Fig. 6B, 6C). Significant infiltration of
both mononuclear and polymorphonuclear cells was observed in association with accelerated
low-grade gastric dysplasia (supporting information 6A). In addition, we observed increased
serum IL-17A levels (supporting information 6C, p <.05) and increased IL-17A and IL-17F
gastric tissue gene expression (supporting information 6D, p < .05) in association with
progression of chronic gastritis to low-grade gastric dysplasia. These data suggest that Th17
cytokines correlate with gastric tumorigenesis.

To investigate whether bone marrow-derived Lin—CD44MScal—cKit+CD34— cells (L-44+
cells) can affect development of low-grade dysplasia, we further infused 50,000 L-44+ cells
once per month for 4 consecutive months in mice with low-grade gastric dysplasia 10 months
following H. felis infection (average dysplasia score = 1.0 in five H. felis infection control
mice). H. felis-infected mice infused with 5,000,000 whole bone marrow cells served as
controls. Following four L-44+ cell infusions, no dysplasia was detectable in 60% (3 of 5) of
L-44+ cell treated mice (Fig. 5A, 5B), whereas 100% dysplasia was detected in H. felis-infected
control mice (5 of 5, average dysplasia score = 1.0), 100% dysplasia detected in whole bone
marrow-treated mice (5 of 5, average dysplasia score = 1.5), and no dysplasia present in H.
felis-uninfected control mice (4 of 4; chi-square test, p .038).

To rule out a bacterial load-related effect on dysplasia, we confirmed that an equivalent
bacterial load, as determined by quantitative polymerase chain reaction (Fig. 5C), was
administered to all groups. Notably, the gene expression of IL-17F, IL-22, and ROR-yt was
reduced in the gastric tissue of L-44+ cell-infused mice, compared to H. felis-infected control
mice (p <.05) (Fig. 6). Previous literature has suggested that IL-17A and IL-17F levels
generally parallel each other in vivo. In our study, although IL-17A levels were not significantly
reduced in the L-44+ cell-infused group, when we divided the L-44+-treated group among
those mice that responded to the cell infusion (i.e., had complete absence of dysplasia) versus
those that did not (i.e., progressed to dysplasia), IL-17A levels remained significantly elevated
in the two nonresponding mice, whereas a significant reduction in IL-17A levels was noted in
the three responding mice (data not shown). These results suggest that Th17-associated
cytokines and transcription factors may be important in the progression from chronic gastritis
to low-grade gastric dysplasia. Multiple infusions of bone marrow Lin™

CD44hiscal cKit*CD34™ cells may reduce Th17-associated responses and delay this
progression.

Discussion

Recent studies have suggested that human CD146* pericytes may be the origin of some MSCs
in peripheral tissues. These cells have been shown to play an important role in tissue
homeostasis [41]. However, it is not known whether bone marrow-derived MSCs may also
contribute to this process. In an attempt to identify and isolate MSCs in vivo, we have shown
that FACS-isolated bone marrow Lin"CD44NiScalcKit*CD34 cells (L-44+ cells) contribute
to a population of cells with CFU-F forming ability. These L-44+ cells have several
characteristics of MSCs, including CFU-F ability and long-term engraftment following bone
marrow transplantation. Recently, Wong et al. reported that a cellular subset of mouse bone
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marrow derived cells was capable of myo-remodeling, but this cell population was sorted based
on the cell surface marker Linand CD45 [42]. The most significant difference from our findings
was the further isolation of our bone marrow-derived cells using CD44. We chose CD44 as a
cell selection tool because this marker has consistently been shown to be expressed in human
MSCs in vivo and in vitro, and is also expressed in mouse MSCs (our unpublished data). More
importantly, we showed that high expression of CD44 is closely related to CFU-F forming
ability, a prerequisite for the isolation of MSCs. In addition to CFU-F, bone marrow-derived
L-44+ cells can differentiate into osteoblasts and adipocytes. Nevertheless, similar to
previously described MSCs, these L-44+ cells do engraft in the bone marrow as spindle-shaped
and perisinusoidal cells, resemble pericytes with respect to their native tissue location, and can
give rise to CFU-F. Based on the CFU-F efficiency of single L-44+ cells, we found that only
~21% of these L-44+ cells possess the ability to give rise to CFU-F cells. Thus, our data suggest
that these cells are still a heterogenous population in which only a select percentage of cells
are likely the bona fide MSCs.

Our findings demonstrate that there is a dynamic change in cell surface marker expression upon
culturing of these CFU-F cells. Bone marrow-derived Lin"CD44NScal cKit*CD34™ cells
(L-44+ cells) gradually increased Scal and decreased cKit expression after culture of these
cells in vitro. This process occurred as early as 14 days after plating, at a time when these cells
begin to form CFU-F. These findings may explain why several groups have previously reported
that bone marrow-derived MSCs are Scal* and cKit™ following their isolation and in vitro
culture. Notably, our results demonstrate the importance of the cell surface marker cKit, as this
marker is generally not expressed on MSCs in vitro. We demonstrate that the cKit* cell
population can further enrich CFU-F ability and that L-44+ cells change their cell surface
marker expression upon removal from their bone marrow niche, thus proving why it is difficult
to identify these cells after mobilization into the circulation.

We previously showed that increased numbers of MSCs are detectable in the peripheral blood
of mice following chronic H. felis infection (unpublished data). Given that MSCs have
immune-modulating effects, we hypothesized that these cells may affect inflammation-
associated tumorigenesis. To test this hypothesis, we infused Lin"CD44NScal cKit*CD34~
cells (L-44+ cells) into nonirradiated H. felis-infected mice. After infusing into nonirradiated
H. felis-infected mice, most of the L-44+ cells homed to the bone marrow, while small subsets
of cells were detectable in spleen, peripheral blood, and stomach, including both the gastric
mucosa and submucosa. The number of these GFP+ cells in the stomach was small, and long-
term engraftment (i.e., greater than 2 weeks) was not seen here or elsewhere. It is likely that
there was no bone marrow niche available for the infused cells in nonirradiated mice. Given
their short-term survival in nonirradiated animals, a minimum threshold number of cells may
be required for their anti-inflammatory or antitumorigenic effects to be detectable. Thus, to
magnify possible effects, we administered multiple infusions of L-44+ cells into nonirradiated
H. felis-infected mice. Indeed, the finding of delayed immune-mediated histopathologic
progression in the stomach, in the absence of long-term engraftment of EGFP+ cells, suggests
that the cellular infusions resulted in prolonged and systemic alterations in the Helicobacter-
dependent immune response. Systemic cytokine levels were significantly affected by repeated
(4 infusions over 4 months) L-44+ cell treatments. The development of gastric dysplasia in the
Helicobacter mouse model has been shown to be largely dependent on the polarization and
intensity of the immune response to the bacteria, and given the correlation between the reduced
Th17 responses and delayed progression to dysplasia, this suggests that the effects of L-44+
cells may be related to this reprogramming of the immune response. Moreover, we believe that
L-44+ cells may also be acting at peripheral sites such as the spleen, lymph nodes, or bone
marrow. It is clear from studies performed by our group and others that the immune response
to H. felis can be modulated by extragastric effects [43]. For example, infection of mice with
H. polygyrus, a Helminth that colonizes the intestinal mucosa for mice for only 4—6 weeks can
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inhibit proinflammatory responses to H. felis for many months. Thus, we propose that infusion
of L-44+ cells can modulate the systemic cytokine changes that occur in response to H. felis
infection.

Lin"CD44NScal cKit*CD34 cells (L-44+ cells) reduced progression of gastric dysplasia. In
nonirradiated mice, whole bone marrow cells comprised mainly of hematopoietic cells,
invoked robust inflammation, and even promoted dysplastic changes. In contrast, bone
marrow-derived L-44+ cells did not have this effect. In addition, whole bone marrow cells
induced Th17 proinflammatory cytokines (IL-17F, IL-22), whereas L-44+ cells suppressed
these cytokines. We observed a significant reduction in IL-17F levels, while there was a trend
toward reduced IL-17A levels that did not reach statistical significance. Interestingly, we
detected increased IL-17A in the serum of whole bone marrow cell infused mice, whereas this
was significantly reduced in L-44+ cell infused mice. Thus, another possibility is that the tissue
response lags behind the cytokine changes. Although it is conceivable that IL-17A and IL-17F
may have different functions in different organs and diseases, in general, IL-17A and IL-17F
appear to change in parallel in vivo [44,45]. This is supported by our study, in which we
observed greater reductions in IL-17F gene expression after L-44+ cell infusions, but also a
better correlation between levels of IL-17A and the degree of dysplasia in our mice. That is,
IL-17A levels remained significantly elevated in two mice that did not respond to L-44+ cell
infusion (i.e., progressed to dysplasia), whereas a significant reduction in IL-17A levels was
noted in the three mice that did respond (i.e., had absence of dysplasia). Therefore, L-44+ cells
identify a population of CFU-F cells with immune modulatory effects on regulation of Th17
cell differentiation.

In cellular immunity, IFN-y, a T-helper type 1 (Th1) cell cytokine, is recognized to be important
[46]. More recently, the traditional Th1 and Th2 dichotomy has been challenged by the finding
of Th17 cell involvement in autoimmunity and cell-mediated immunity [47]. Th17 cells are
characterized by the production of IL-17A, IL-17F, and IL-22, and are involved in the
elimination of extracellular pathogens not cleared by Thl or Th2 mediated pathways [32]. In
Helicobacter-associated conditions, most of the focus in the past has been on mainly on Thl
cytokines. Colonization of the mammalian stomach induces proinflammatory responses that
are largely responsible for the progression of tumorigenesis. We and others have previously
demonstrated that inhibition of histopathologic progression to dysplasia is governed
predominantly by this proinflammatory response [48,49]. Furthermore, Th17 cells have been
implicated in these conditions and IL-17 expression is increased in H. pylori-infected gastric
mucosa [50-53]. It has also been shown that IL-17A promoter polymorphism (rs2275913) is
significantly associated with intestinal type of gastric cancer [54], while IL-17F polymorphism
(rs763780) is associated with functional dyspepsia [55]. Nevertheless, the role of the Th17
immune response in Helicobacter-dependent gastric cancer has not yet been clearly addressed
[33].

Although our data are somewhat limited by the small numbers of mice, we found the results
extremely encouraging. In terms of the nonresponders, there was some degree of biological
variability in this murine model that cannot in each case be accounted for. Although the mice
are inbred and in theory genetically identical and received the same inoculum of H. felis, they
do not always respond and progress in identical fashion. However, the complete absence of
dysplasia in 60% of the mice is in our experience significant and without precedent. In the
current study, we clearly demonstrate the anti-inflammatory effects of the

Lin"CD44NScal cKit*CD34™ cells and show good correlation between downregulation of
Th17 responses and inhibition of progression to dysplasia. Although correlation may not
necessarily indicate causation, our data is consistent with previous literature implicating an
important role for Th17 cytokines in Helicobacter-induced immune responses [50-53].
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In correlation with the in vivo data, we showed that in vitro coculture of CD4+ T-cells with
Lin~CD44NScal cKit*CD34™ cells (L-44+ cells), in contrast to whole bone marrow, did not
increase the number of CD4+IL-17+ cells detectable by FACS. Furthermore, whole bone
marrow increased IL-17 cytokines in coculture supernatant, whereas L-44+ cells did not. Thus,
our in vitro and in vivo data suggests that the most significant effect of bone marrow-derived
L-44+ cells may be to reduce Th17 cell differentiation. To date, the association between MSCs
and Treg or Th17 cells is still not clearly understood and needs further investigation [20,56,
57].

In summary, our combination of cell surface markers, Lin"CD44"Scal cKit*CD34~, can be
used to identify a non-hematopoietic cell population with characteristics of MSCs. In
nonirradiated mice, whole bone marrow infusion accelerates dysplasia in a H. felis murine
model of gastric cancer, whereas Lin"CD44MScal cKit*CD34 cell infusion does not. The
inhibition of Th17 cells by Lin"CD44MiScal cKit*CD34" cells is associated with this reduced
dysplasia in chronic H. felis infection. Nevertheless, additional studies examining the
interaction between bone marrow-derived non-hematopoietic cells and Th17 cells are needed
to further characterize the role of the immune response in gastric tumorigenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Bone marrow-derived Lin"CD44MScal cKit* cells can yield as many fibroblastic colony-
forming units (CFU-F) as whole bone marrow cells. (A): We fractionated the whole bone
marrow according to their cell surface markers. Here we show five groups: (1) whole bone
marrow, (2) Lin~, (3) Lin"CD44hiscalcKit*, (4) Lin"CD44NiScal¢cKit™, and (5)
Lin"CD44!°. GFP-labeled CFU-F derived from Lin—CD44+Scal—cKit+ cells were
comparable to WBM (100x). (B): Gating strategy for fluorescence-activated cell sorting. We
started from lineage negative cells from whole bone marrow, and then sorted for CD44. In the
Lin-CD44" subset, 35%-40% of cells were Scal—cKit+ (left upper quadrant). In the Lin
—CDA44NiScal—cKit+ subset, 20% of cells were CD34+. (C): Lin"CD44NScal ¢cKit*CD34~
cells were SSEA1—, Flk—, CD90—, and CD73— and 27% of cells were CD105+ (average data
from 5 mice). (D): Expression of Scal and cKit in CFU-F derived from

Lin~CD44MiScal cKit"CD34™ cells culture. Scal* was highly expressed as early as 14 days
after plating and persisted, at least after two passages, while cKit was gradually reduced during

culture.
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Figure 2.

Bone marrow-derived Lin"CD44MScal cKit*CD34~ cells can engraft in the bone marrow of
lethally irradiated hosts in the long term. (A, B): Green florescent protein (GFP)-positive
fibroblastic colony-forming units (CFU-F) derived from the lethally irradiated recipient mice
transplanted with GFP+ Lin"CD44MScal cKit*CD34™ cells (L-BMT) 4 months (A) and 8
months (B) after transplantation (100x). (C): No GFP+ CFU-F was obtained from mice
transplanted with wild-type whole bone marrow cells transplantation (100x). (D): GFP+
mesenchymal stem cells (MSCs) derived from L-BMT CFU-F (passage 3 is shown, 100x).
(E): GFP+ MSCs derived L-BMT from were purified by fluorescence-activated cell sorting
(FACS) and differentiated to osteoblasts (stained by Alizarin Red, 100x). (F): GFP+ MSCs
derived from L-BMT were purified by FACS and differentiated to adipocytes (stained by Oil
Red O, 100x%). (G): Donor-derived GFP+ cells appeared spindle-shaped and were mostly
located in perisinusoidal areas within the marrow of recipient mice 8 months after bone marrow
transplantation (400x). (H): No GFP+ cells were found in the bone marrow of mice receiving
wild-type whole bone marrow cells (400x%). (1): Most of the GFP+ cells are hematopoietic cells
in the bone marrow of mice receiving GFP+ whole bone marrow cells 8 months after bone
marrow transplantation (400x%). (G-I): Formalin-fixed paraffin embedded sections of bone
marrow, 5 um, anti-GFP staining.
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Bone marrow-derived Lin"CD44MScal cKit*CD34 cells reduce Th17 cells differentiation
in activated CD4+ T cells. (A): The percentage of CD4+IL-17A+ cells as determined by
fluorescence-activated cell sorting (FACS) analysis when CD4+ T cells were cocultured with
whole bone marrow (WBM) cells, bone marrow-derived Lin"CD44NiScalcKit*CD34~ (L-44
+) cells (ratio of CD4+ to L-44+, 10:1; p < .05) or L-44— cells at two different concentrations
(ratio of CD4+ to L-44+, 10:1 and 5:1) are shown. (B): Percentage of CD4+FOXP3+ cells as
determined by FACS when cocultured in similar groups as described above (p <.05). (C): IL-6
levels from supernatants of CD4+ T cells cocultured in the experiments described above in
(A). Groups shown are: CD4+ Contrl (activated CD4+ T cells alone); CD4+:WBM (CD4+ T
cells co cultured with whole bone marrow cells at a ratio of 10:1); CD4+:L-44+ (CD4+ T cells
cocultured with L-44+ cells at a ratio of 10:1; CD4+:L-44— (CD4+ T cells cocultured with
L-44— cells at a ratio of either 10:1 or 5:1).
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Figure 4.

Green florescent protein (GFP)-labeled bone marrow-derived Lin—CD44"Scal—cKit+CD34
— cells traffic to the bone marrow, peripheral circulation, and the spleen 3 days after infusion
into nonirradiated mice. Very few GFP+ labeled bone marrow derived Lin—-CD44MScal—cKit
+CD34~ cells trafficked to gastric mucosa (A), lymphoid aggregate (B), and submucosa (C)
(400x). (A-C): Anti-GFP staining of 5 um of formalin-fixed paraffin-embedded gastric
sections are shown (low-power field photos are inserted within high-power pictures). (D-F):
The majority of the infused cells tracked to the bone marrow (D, 0.1% of 100,000 whole bone
marrow cells), blood (E, 0.2% of 10,000 blood mononuclear cells) and spleen (F, 0.3% of
50,000 splenocytes). (G): Infused GFP+ Lin—CD44NScal—cKit+CD34— cells were found in
the bone marrow 14 days after infusion (3 mice per experiment, 2 experiments, 200x). (H):
Mesenchymal stem cells (P3) from the infused GFP+ cells in bone marrow of recipient mice
(200x).
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Figure 5.

Repeated infusions of bone marrow derived Lin"CD44"Scal cKit*CD34™ cells reduce
progression to low-grade gastric dysplasia in Helicobacter felis infected mice. (A):
Representative sections of H&E histology and anti-BrdU staining are shown (n = 5 mice per
group). Formalin-fixed paraffin-embedded gastric sections, 5 um, anti-BrdU staining. (B):
Corresponding distribution of dysplasia scores from each study group are shown (Hf+ Ctrl vs.
Hf+ L-44+, chi-square test, p =.038). (C): Average cycle threshold number of H. felis bacterial
load as determined by quantitative polymerase chain reaction in Hf+ and Hf+ L-44+ groups is
shown (n =5 mice per group). Abbreviations: Hf-Ctrl, H. felis uninfected control; Hf+ Ctrl,
H. felis infected control; Hf+ WBM, H. felis-infected mice with 5,000,000 whole bone marrow
cells; Hf+ L-44+: H. felis-infected mice with 4x infusion of bone marrow-derived Lin
—CD44Mscal—cKit+CD34- cells.
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Figure 6.

Multiple infusions of bone marrow-derived Lin"CD44"Scal cKit*CD34 cells reduces Th17-
related proinflammatory gene expression of in the gastric tissue of responding mice.
Quantitative polymerase chain reaction analysis showed that gene expression levels of IL-17F,
IL-22, and ROR-yt were reduced in the gastric tissue of three responding study mice, which
were treated with Lin"CD44MScalcKit*CD34™ cells and did not progress to gastric dysplasia
(p < .05). Abbreviations: Hf+ Ctrl, H. felis-infected control; Hf+ L-44+, H. felis-infected mice
with bone marrow Lin—CD44"Scal—cKit+CD34— cells infusions; Hf+ WBM, H. felis infected
mice with whole bone marrow cells infusions; ddCt, gene expression level in each study group
relative to the uninfected control group.
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