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Table 3  Changes in Biological Function Associated with Changes in Gene Expression in GFP™ Fibroblasts at 14 Days after Bleomycin
Treatment

Function annotation P value Predicted activation state Activation Z-score
Proliferation of cells 1.19 x 10742 Increased 3.075
Necrosis 7.76 x 10736 —1.309
Cell death 2.45 x 107% —1.146
Apoptosis 2.86 x 1073 —1.598
Cell movement 1.74 x 1072 Increased 3.756
Migration of cells 2.78 x 10728 Increased 3.179
Metabolism of protein 4.61 x 10728 Increased 2.429
Proliferation of fibroblasts 6.11 x 10722 Increased 2.54
Invasion of cells 1.96 x 107%° Increased 2.798
Proliferation of fibroblast cell lines 4.35 x 1071° Increased 2.526
Proliferation of connective tissue cells 2.36 x 1078 Increased 3.652
Migration of connective tissue cells 1.32 x 107 Increased 2.843
Cell movement of connective tissue cells 2.77 x 107 Increased 3.032
Migration of fibroblasts 7.95 x 107 Increased 2.253
Cell movement of fibroblasts 5.39 x 107 Increased 2.57
Cell spreading 1.08 x 107* Increased 2.297
Adhesion of connective tissue cells 2.20 x 107 Increased 2.849
Attachment of cells 1.65 x 107 Increased 2.557
Chemotaxis 1.64 x 107 Increased 2.317

Interestingly, most OPN™ GFP™ fibroblasts had an activated
phenotype with high FSC and SSC (Figure 6B).

We also confirmed the expression of OPN in bleomycin-
treated GFP™ fibroblasts by immunofluorescence staining
in vitro (Figure 6D) and in vivo (Figure 6E). OPN was
detected in the cytoplasm around the nucleus, probably
associated with the endoplasmic reticulum and intracellular
vesicles (Figure 6D). In vivo, OPN" rounded leukocytes
were detected in the alveolar air spaces, possibly repre-
senting alveolar macrophages.”> OPN™ GFP" fibroblasts
existed at the boundaries between the alveolar air spaces and
the fibrotic region where GFP™ fibroblasts clustered
(Figure 6E). In addition, some OPN* GFP™ fibroblasts were
detected adjacent to epithelium-denuded alveoli (Figure 6E).
Some but not all OPN* GFP™ fibroblasts coexpressed o.-
SMA, whereas GFP' fibroblasts clustering in fibrotic
regions where the interstitium was thickened often
expressed a-SMA but not OPN (Figure 6F). OPN™ GFP™
fibroblasts localized to places where alveolar structures still
remained, but which appeared to be undergoing remodeling
to form fibrotic regions (Figure 6F). Taken together, these
results suggest that activated fibroblasts, especially those
located at the edges of fibrotic regions, secrete OPN into the
alveolar air spaces, resulting in an accumulation of OPN on
the luminal surfaces of alveolar walls.

Discussion
The development of novel therapeutic strategies against
pulmonary fibrosis requires a better understanding of

fibroblast activation in the context of disease. We investi-
gated the changes that occur in lung tissue cell populations,
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including fibroblast populations, after the induction of
fibrosis. Unexpectedly, the number of fibroblasts present in
the lungs did not increase, even at the peak of fibrosis,
probably because proliferation and apoptosis were promoted
concurrently in the fibrotic condition. Activated GFP*
fibroblasts possessed a characteristic phenotype consisting
of enlarged cell size, increased intracellular organelle
complexity, and up-regulation of genes involved in fibro-
genesis. Of these genes, the OPN-encoding gene was the
most highly up-regulated. OPN appeared to be secreted into
alveolar spaces by activated fibroblasts located at the edges
of fibrotic regions.

Fibrotic regions are considered to develop as a conse-
quence of fibroblast migration, proliferation, and subsequent
accumulation. Some in vitro studies suggest that activated
fibroblasts acquire increased proliferative capacity.25 2643 I
addition, fibrosis and wound healing models have shown
expansion of myofibroblasts in vivo.*** On the other hand,
fibroblast proliferation has been shown to be inhibited by
polymerized collagen,*® suggesting that proliferative regu-
lation of fibroblasts in vivo may depend on the microenvi-
ronment. In our model, we observed BrdU uptake and
clustering by GFP™ fibroblasts. Although there is a possi-
bility that repair of DNA damage could contribute in part to
BrdU uptake, the increase in proliferative cells observed in
Fucci mice is consistent with BrdU uptake by proliferating
fibroblasts.

Comprehensive gene expression analysis revealed an
up-regulation of proliferative genes but not apoptotic
genes, whereas an increase of apoptotic fibroblasts was
detected by flow cytometry. This difference may have
arisen because SAGE was performed at day 14, rather than
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Figure 6

OPN is an activation marker of fibroblasts. A: mRNA isolated from sorted Lin~ GFP™ lung fibroblasts at 14 days after saline or bleomycin was analyzed

by gPCR for Spp1. Template cDNA was pooled from the cells of three mice per group. B: Lung cells from Col1a2-GFP mice at 14 days after saline or bleomycin
administration were cultured with BFA for 6 hours before staining for lineage markers and OPN (left). OPN™ and OPN™ Lin™ GFP™ fibroblasts from bleomycin-treated
mice were plotted as FSCversus SSC (right). C: After 6 hour-culture of lung cells from saline or bleomycin-treated mice (day 14) with or without BFA, the proportion
of Lin™ GFP™ cells that were OPN™ was measured by flow cytometry. Data represent means 4 SEM (n = 4). **P < 0.01. D: Analysis by confocal microscopy of lung
cells from Col1a2-GFP mice at 14 days after bleomycin administration. Cells were cultured in vitro with BFA for 6 hours before staining for OPN (red). OPN™ GFP* cells
are indicated by an arrowhead. E: Whole lungs from Col1a2-GFP mice at 14 days after bleomycin administration were cultured for 6 hours with BFA before sections
were prepared and stained for OPN (red) and PI (blue). OPN* GFP™ cells are indicated by arrowheads (left). The boxed region is shown at higher magnification at
the right, highlighting an OPN* GFP™ fibroblast (arrow) in an epithelium-denuded alveolus. F: Representative lung section from a Colla2-GFP mouse at 14 days
after bleomycin treatment, stained for «-SMA (blue) and OPN (red). Scale bars: 25 um (D); 100 pm (E); 200 pm (F). F, fibrotic region; R, site of remodeling.

at day 7, when the peak of fibroblast apoptosis was
observed. Also, because the proportion of apoptotic
fibroblasts was very low (approximately 2%), the gene
expression of apoptotic fibroblasts might have been
negated by that of nonapoptotic fibroblasts. In such a case,
the expansion of the population of GFP™ fibroblasts
revealed by their BrdU uptake might not have been suffi-
cient to surpass the rate of cell death by apoptosis.
Furthermore, long-term BrdU-uptake experiments revealed
that fibroblasts can form fibrotic clusters without massive
proliferation. These findings suggest that an absolute
increase in fibroblast numbers is not necessarily critical to
the pathogenesis of pulmonary fibrosis. Rather, it is
fibroblast accumulation in clusters resulting from cell
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migration that is likely to be most important to the
progression of fibrogenesis.

Immunohistochemical examination of fibrotic lungs
revealed a massive increase in the number of GFP™ fibro-
blast clusters in fibrotic regions. However, we do not believe
that the increased density of GFP™ fibroblasts that was
observed with immunohistochemistry contradicts the flow-
cytometric data showing that GFP™ fibroblast numbers did
not increase after bleomycin treatment. First, determining
the proliferation of lung fibroblasts by histology is difficult,
because fibrotic lung sections are filled with stroma (unlike
normal lung sections, in which most of the area is made
up of alveolar air spaces). Quantification of changes in
tissue cell populations by flow cytometry after complete
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digestion of whole lungs avoids such limitations. Second, in
epithelium-denuded alveoli, fibroblasts encroach on the
alveolar air space and there they secrete ECM components,
resulting in coalescence of the alveolar walls.*”*3 Thus, the
GFP™ clusters observed in fibrotic regions are likely to be
the result of fibroblast migration from surrounding alveolar
walls into the alveolar air spaces. The up-regulation of genes
associated with cell migration in GFP™ fibroblasts supports
this theory.

With the present study, we have identified OPN as an
activation marker of lung fibroblasts during fibrosis. OPN is
a matricellular protein that is implicated in various diseases,
but that plays a different functional role from classical ECM
proteins such as collagen or fibronectin.** Mori et al>® found
that knockdown of OPN decreased granulation tissue
formation and scarring after skin injuries. Macrophage or
mast cell-derived platelet-derived growth factor (PDGF) at
the site of inflammation induced OPN expression in skin
fibroblasts. Lenga et al’' demonstrated that OPN is required
for myofibroblast differentiation and activity in cardiac and
skin fibroblasts. Macrophages, T cells, and epithelial cells
are known sources of OPN in lung fibrosis. Although it has
been reported previously that IL-1P induces OPN expres-
sion in lung fibroblasts in vitro,>* the present study provides
clear in vivo confirmation of OPN expression in lung
fibroblasts during bleomycin-induced fibrosis. Other studies
have suggested that epithelial cells, rather than fibroblasts,
are the tissue cell source of OPN in pulmonary fibrosis.>>*?
A possible explanation for this discrepancy is that we
treated the cells with BFA, and detection of the OPN protein
in GFP™ fibroblasts was greatly enhanced after BFA treat-
ment (Figure 6C). Nevertheless, the relative contribution of
various tissue cell populations, including fibroblasts, as
sources of OPN in pulmonary fibrosis remains to be
determined.

The finding that the OPN gene Spp/ was highly up-
regulated in GFP* fibroblasts after bleomycin treatment
strongly suggests that OPN is involved in the pathogenesis
of bleomycin-induced fibrosis. Previous studies have
demonstrated that OPN enhances migration, invasion, and
proliferation of lung fibroblasts.*>>® Because OPN was
abundant in alveolar air spaces, especially those near fibrotic
regions, we suspect the involvement of OPN in the process
of fibroblast migration to alveolar air spaces and in the
formation of fibrotic foci through the coalescence of alve-
olar walls with ECM. In OPN-null mice, altered formation
of fibrotic regions is observed, characterized by dilated
distal air spaces.*” Because the OPN gene SPP] is also one
of the most highly up-regulated genes in human idiopathic
pulmonary fibrosis,* understanding the role and mechanism
action of OPN in the pathogenesis of fibrosis is likely to
contribute to the development of novel therapies for this
disease.

The comprehensive gene expression profile of freshly
isolated fibroblasts suggested that activated fibroblasts
became proliferative, resistant to cell death, mobile, and
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invasive. GO term enrichment demonstrated a role for these
cells in ECM depositions, and flow cytometry and immu-
nohistochemistry revealed expression of #-SMA in some
GFP™ fibroblasts. These findings suggest that, after bleo-
mycin treatment, some GFP™ resident fibroblasts differen-
tiate into myofibroblasts and play a critical role in
fibrogenesis. However, because the possibility cannot be
excluded that other cell types such as epithelial cells acquire
GFP expression and a fibroblast phenotype after bleomycin
treatment, the findings in the present study should be
confirmed by strict lineage tracing of fibroblasts. We
demonstrated that GFP™ fibroblasts in the lungs were not
supplied from the circulation. In a study using the same
Coll1a2-GFP reporter mice, Higashiyama et al>* found that
limited but significant number of CD45" collagen type
I—positive cells were recruited to skin in bleomycin-induced
skin fibrosis. A possible explanation for the discrepancy
between the present study and previous studies of fibrocytes
is that we used parabiosis instead of bone marrow trans-
plantation. Our present results clearly showed that circu-
lating mesenchymal cells do not contribute significantly to
fibroblast population in the lungs, and most of the fibro-
blasts in fibrotic regions are residential.

Interestingly, the localization of o-SMA-—expressing
fibroblasts and OPN-expressing fibroblasts differed. a-
SMA-—expressing fibroblasts were prominent within
fibroblast clusters, whereas OPN-expressing fibroblasts
were commonly located at the boundary of fibrotic regions
and alveolar spaces. Thus, OPN expression and o-SMA
expression may represent different stages of fibrogenesis.
Currently, most fibrosis studies rely on «o-SMA as
a unique marker for myofibroblasts, based on the premise
that myofibroblasts are the most important cell population
in fibrogenesis. Given the various biological functions that
OPN contributes to fibrogenesis, our findings suggest that
OPN™ collagen type I-producing fibroblasts represent
anovel population of fibroblasts that play an important role
in fibrogenesis, a role distinct from that of myofibroblasts.

In conclusion, we have revealed in vivo properties of
fibroblasts during bleomycin-induced pulmonary fibrosis,
showing their profibrotic signatures without changes in
number. From the gene expression profile, the gene
encoding OPN was identified as the most highly expressed
gene in fibroblasts, with distinct localizations that are
different from those of myofibroblasts, suggesting potential
use of OPN as a novel activation marker of fibroblasts.
Taken together, these findings provide useful insights
toward further elucidation of the cellular and molecular
mechanisms of pulmonary fibrosis.
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Adipose tissue derived stromal stem cell therapy
in murine ConA-derived hepatitis is dependent
on myeloid-lineage and CD4™" T-cell suppression
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Mesenchymal stromal stem cells (MSCs) are an attractive therapeutic model for regen-
erative medicine due to their pluripotency. MSCs are used as a treatment for several
inflammatory diseases, including hepatitis. However, the detailed immunopathological
impact of MSC treatment on liver disease, particularly for adipose tissue derived stromal
stem cells (ADSCs), has not been described. Here, we investigated the immuno-
modulatory effect of ADSCs on hepatitis using an acute ConA C57BL/6 murine hepati-
tis model. i.v. administration of ADSCs simultaneously or 3 h post injection prevented
and treated ConA-induced hepatitis. Immunohistochemical analysis revealed higher
numbers of CD11b*, Gr-1*, and F4/80" cells in the liver of ConA-induced hepatitis mice
was ameliorated after the administration of ADSCs. Hepatic expression of genes affected
by ADSC administration indicated tissue regeneration-related biological processes, affect-
ing myeloid-lineage immune-mediating Gr-1* and CD11b* cells. Pathway analysis of
the genes expressed in ADSC-treated hepatic inflammatory cells revealed the possible
involvement of T cells and macrophages. TNF-o and IFN-y expression was downregu-
lated in hepatic CD4* T cells isolated from hepatitis livers co-cultured with ADSCs. Thus,
the immunosuppressive effect of ADSCs in a C57BL/6 murine ConA hepatitis model was
dependent primarily on the suppression of myeloid-lineage cells and, in part, of CD4*
T cells.

Keywords: Adipose tissue derived stromal stem cells - Anti-inflammatory effects - CD4* T cells
- ConA hepatitis - Myeloid-lineage cells
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Introduction

Mesenchymal stromal stem cells (MSCs) are somatic cells that
reside in the mesenchymal tissues, such as the BM, umbilical cord,
and adipose tissue [1,2]. MSCs are able to differentiate into several
types of cells (pluripotent) in the same lineage, such as chondro-
cytes, osteocytes, adipocytes, and cardiomyocytes, as well as those
of different lineages, such as hepatocytes. Because of this differen-
tiation capability, they have been studied as a possible application
in regenerative therapy of miscellaneous impaired organs, such as
breast reconstruction [3] and repair of ischemic heart tissue [4].
Another intriguing characteristic of MSCs is their immunomod-
ulatory potency [5]. Because most liver diseases, including viral
hepatitis [6,7], primary biliary cirrhosis [8], autoimmune hepatitis
[91, and steatohepatitis [10], are associated with hepatic inflam-
matory cells [11], elucidation of the effect of MSCs on hepatic
inflammation is important when considering the use of MSCs for
treating liver diseases. Although the efficacy of MSC treatment of
liver diseases has been reported [12], the detailed immunopatho-
logical impact of MSC treatment on liver diseases, particularly for
adipose tissue derived stromal stem cells (ADSCs), has not been
investigated.

ConA, a plant lectin [13], is frequently used to induce acute
hepatitis in rodents [14] to model the pathological features of
autoimmune hepatitis. Although this model is mediated mainly
by lymphocyte-lineage cells such as T cells and NKT cells, Kupffer
cells/macrophages also participate in hepatitis. Therefore, eval-
uating the therapeutic efficacy of ADSCs in this murine hepati-
tis model is important. Although the potential efficacy of ADSCs
in a BALB/c ConA hepatitis model has been reported [15], the
immunopathology has not been investigated.

We confirmed that immediate i.v. administration of ADSCs
after ConA injection prevented hepatitis. We also observed that
administering ADSCs 3 h after the ConA injection resulted in suc-
cessful treatment of hepatitis, as the liver was already infiltrated by
CD11b* and Gr-1* inflammatory cells. Gene expression analysis
of the liver showed that ADSC treatment affected myeloid-lineage
cells, providing repair and regenerative effects in ConA-induced
hepatitis mice. Moreover, gene expression analysis of hepatic
inflammatory cells indicated pathways related to T cells and
monocyte-lineage cells. Pathologically important cytokines such as
TNF-o and IFN-y were upregulated in CD4+ T cells isolated from
ConA-induced hepatitis mice but were significantly suppressed
by co-culture with ADSCs. Thus, the anti-inflammatory effects
of ADSCs in the C57BL/6 murine ConA hepatitis model were
mediated by the suppression of myeloid-lineage and CD4+ T cells.

Results

Characteristics of the immune response in
ConA-induced hepatitis mice

To examine the characteristics of ConA-induced acute hepatitis,
we injected 300 png ConA into C57BL/6 female mice (n = 4) and

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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determined serum alanine transferase (ALT) and lactate dehy-
drogenase (LDH) activities. Serum ALT and LDH activities were
elevated through 24 h (Fig. 1A). The macroscopic appearance
and histology of the liver obtained 24 h after ConA injection
revealed intense necrosis (Fig. 1B). The immunohistochemical
analysis showed that the number of CD4% T cells in the liver
peaked at 6 h after the ConA injection, and remained high for
24 h (Fig. 1C and D). The numbers of CD11b* cells and Gr-17
cells accumulated in the liver increased at 3 h and reached a max-
imum at 12 h after ConA injection (Fig. 1C and D). The numbers of
F4/80" monocyte/macrophage lineage cells increased at 6 h after
the ConA injection, but returned to basal levels after 24 h (Fig. 1C
and D). We also assessed the frequency of CD11b*/Gr-1* cells,
as a phenotype of myeloid-derived suppressor cells (MDSCs), in
ConA hepatitis mice at 6 h (n = 3). The frequency of CD11b*/Gr-
1% cells was higher than that in WT mice (Fig. 1E). Scavenger
receptor CD204 expression was higher in CD11b*/Gr-1* cells
than CD11b*/Gr-1" cells (Fig. 1F), and the population gated for
CD11b" cells contained granulocytic Ly-6C*/Ly-6G™ cells as well
as monocytic Ly-6C*/Ly-6G™~ cells (Fig. 1G).

To determine the type of immune-mediating cells involved
in ConA-induced acute hepatitis, we depleted mice of various
immune cell subpopulations (n = 4 per group). Mice that were
pretreated with clodronate, a reagent that depletes monocyte-
macrophage lineage cells [16], followed by injection of ConA, did
not show a significant elevation in serum ALT or LDH activity
(Fig. 1H). Mild elevation of serum activity for these enzymes in
mice depleted of CD4* T cells was observed, whereas depletion
of CD8" T cells had no significant effect. These results suggest
the importance of monocyte-macrophage myeloid-lineage cells,
as well as the contribution of CD4" T cells, in ConA-induced
hepatitis.

ConA-induced acute hepatitis is ameliorated by i.v.
administration of ADSCs in vivo

Next, we determined the therapeutic efficacy of ADSCs in the
ConA-induced hepatitis model. We obtained and expanded stro-
mal cells from adipose tissue by passaging them eight to ten times
(Fig. 2A). Almost all cells expressed the mesenchymal lineage
markers, CD29 and CD44 (Fig. 2B). With regard to stem cell mark-
ers [17], approximately 40% and 73% of cells expressed CD105
and CD90, respectively (Fig. 2B). Moreover, the cells were pluripo-
tent and were able to differentiate into osteocytes, chondrocytes,
and adipocytes (Fig. 2C-F). When 1 x 10° ADSCs were admin-
istered via the tail vein immediately after ConA injection in mice
(n = 3), the elevation of serum ALT and LDH activity was substan-
tially ameliorated, compared with mice without ADSC treatment
(n = 4) 24 h after injection (Fig. 3A). In terms of therapeutic effi-
cacy, 1 x 105 ADSCs were administered to mice 3 h after ConA
injection (n = 3), serum ALT and LDH activities were significantly
reduced in acute hepatitis mice treated with ADSCs, compared
with ConA-induced hepatitis mice without treatment (n = 4),
24 h after ConA administration (Fig. 3B). The macroscopic
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appearance of the liver obtained from mice injected with 300 j.g of
ConA followed by ADSC administration showed a mild and spotty
white area with an almost normal color (Fig. 3C). Liver histology
showed an almost normal appearance, with no necrosis (Fig. 3C),
indicating that ConA-induced hepatitis was markedly ameliorated
by ADSC treatment. No preventive or therapeutic effect on ConA-
induced hepatitis resulted from administration of primary cultured
murine hepatocytes (n = 3); there was no significant reduction in
serum ALT or LDH (Fig. 3A and B), macroscopic necrosis appear-
ance, or histological necrosis, compared with ConA-induced
hepatitis (Fig. 3C).

ADSC treatment reduces elevated cytokine/chemokine
concentrations in ConA-induced hepatitis mice

Marked protective and therapeutic effects of ADSCs on ConA-
induced hepatitis were observed. To determine the effect of ADSC
treatment on systemic inflammation in ConA-induced hepatitis,
we measured serum cytokine and chemokine concentrations in
ConA-induced hepatitis mice treated with ADSCs. Mice injected
with ConA were immediately treated with ADSCs and serum was
collected 6 h after ConA injection (n = 3). The elevated serum
IFN-y, IL-2, IL-6, IL-4, IP-10, MIG, KC, and MCP-1 levels in ConA-
injected mice (n = 3) were significantly reduced by ADSC treat-
ment (Supporting Information Fig. 1A). Injection of mice with
ADSCs 3 h after ConA administration (n = 4) resulted in signifi-
cantly reduced serum IFN-y, IL-2, IL-6, and MIG levels, compared
to ConA-injected mice not treated with ADSCs (n = 6) (Support-
ing Information Fig. 1B). Thus, the levels of the array of cytokines
and chemokines that are elevated in the sera of ConA-induced
hepatitis mice were significantly decreased by ADSC treatment.

Distribution of i.v. administered ADSCs in
ConA-induced hepatitis murine models

The distribution of administered ADSCs in ConA-induced hepati-
tis mice was determined by immunohistochemistry. Administered
GFP-expressing ADSCs were observed in the lung, but not the
liver, of mice injected with ConA followed by immediate ADSC

Eur. J. Immunol. 2013. 00: 1-13

administration (n = 6), through 24 h (Supporting Information
Fig. 2A). When administered to mice 3 h after ConA injection
(n = 6), GFP-expressing ADSCs were observed primarily in the
lung, and a few in the liver (Supporting Information Fig. 2B),
suggesting that some fraction of ADSCs reached the liver upon
occurrence of hepatitis.

Hepatic gene expression changes by ADSCs treatment
are associated with Gr-1* and CD11b* cells

To investigate the detailed biological features of the liver in
ConA-induced hepatitis mice that were treated with ADSCs, we
examined the gene expression profiles of liver tissue of ConA-
injected mice obtained 2 h after treatment with ADSCs using a
DNA microarray. In the liver tissues of mice treated with ADSCs
immediately after ConA injection (n = 3), 589 gene probes were
differentially expressed compared with that in mice with ConA-
induced hepatitis that had not been treated with ADSCs (n = 3).
Expression of the majority of genes was downregulated by ADSCs,
as shown by green color (p < 0.05; Fig. 4A). Principal component
analysis using these genes showed a discernible distribution differ-
ence between the ADSC-treated and -untreated groups (Fig. 4B).
When mice received ADSC treatment 3 h after ConA injection,
hepatic expression of 309 gene probes was altered significantly
compared with those in mice with ConA-induced hepatitis that had
not been treated with ADSCs (n = 3). Expression of the majority
of genes was downregulated by ADSCs, as shown by green color
(p < 0.01; Fig. 4C). Principal component analysis of these genes
also showed a discernible distribution difference between the
ADSC-treated and untreated groups (Fig. 4D). In the context of
biological maps of the genes affected by immediate ADSC treat-
ment, cell differentiation, the inflammatory response, the DNA
damage response, and apoptosis predominated (Supporting Infor-
mation Table 1). In addition to these maps, tissue remodeling
and wound repair, mitogenic signaling, and vascular development
(angiogenesis) predominated in mice that had received ADSC
treatment 3 h after ConA injection (Table 1), indicating that ADSCs
provided not only anti-inflammatory effects, but also remodeling
effects, in the ConA-damaged liver.

Figure 1. Characteristics of ConA-induced hepatitis in C57BL/6 mice. (A-D) C57BL/6 female mice were injected i.v. with 300 pg of ConA. Sera and
liver tissues were obtained 3, 6, 12, and 24 h after ConA injection. The data are representative of three individual experiments. (A) ALT and LDH
activity in sera. Results are expressed as means + SE (n = 4). *p < 0.05, **p < 0.01, ***p < 0.005 versus O h (Student’s t-test). (B) Representative liver
tissues obtained 12 h after ConA injection were assessed macroscopically and microscopically. Magnification: x100. Bar: 200 jum. (C) Immunohisto-
chemical staining for CD4, CD11b, Gr-1, and F4/80 in the livers of mice for each time point (0, 3, 6, 12, and 24 h; n = 4 per time point). Representative
images of mice for each time point are shown. Magnification: x100. Bar: 200 pm. (D) Quantification of the number of CD4+, CD11b*, Gr-1*, and
F4/807 cells in four visual fields per x100 low-power field in the livers of representative mice in each group. Magnification: x100. *p < 0.05,
**p < 0.001 versus untreated mice (Student’s t-test). (E-G) Hepatic inflammatory cells were isolated from mice 6 h after ConA injection, incu-
bated with fluorescence-conjugated antibodies, and assessed by FACS. Three mice per group per experiment. Experiments were performed twice.
(E) Frequency of CD11b*Gr-1* cells in WT C57BL/6 mice and ConA hepatitis mice. (F) Analysis of CD204 expression in CD11b*Gr-1* cells (R1-gated
region in (E)) and CD11b*Gr-1- cells (R2-gated region in (E)) among hepatic inflammatory cells from ConA hepatitis mice. MFI: mean fluorescence
intensity. (G) CD11b* cells among hepatic inflammatory cells from ConA hepatitis mouse were gated, and Ly-6C and Ly-6G expression levels in
the gated cells were determined. (H) C57BL/6 female mice were injected i.v. with clodronate (n = 4), i.p. with anti-CD4 antibody (GK1.5) (n = 4), or
anti-CD8 antibody (2.43) (n = 4) every 24 h for 2 days. The mice were then injected i.v. with 300 ug of ConA. Sera were obtained 24 h after ConA
injection, and ALT and LDH activities were then measured. Results are expressed as means +SE (n = 4 per group) and are representative of one
experiment performed. *p < 0.05, **™*p < 0.001 versus ConA-injected WT mice (n = 4) (Student’s t-test).
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Figure 2. Characteristics and pluripotency of cultured ADSCs. Cells in the stromal fraction of adipose tissues from mice were cultured, main-
tained, and expanded for eight to ten passages. (A) Spindle shaped cells were observed after eight passages. Magnification: x100. Bar: 200 um.
(B) Flow cytometric analysis of CD29, CD44, CD90, and CD105 surface marker expression. The data shown are representative of three independent
experiments. (C-F) ADSCs were cultured with specific growth factors for induction of osteocytes, chondrocytes, and adipocytes using a mouse
mesenchymal stem cell functional kit. Immunohistochemical staining was performed with (C) anti-osteopontin antibody for osteocytes, (D) anti-
collagen II antibody for chondrocytes, and (E) anti-FABP antibody as well as (F) Oil-Red O staining for adipocytes. Magnification: x200. Bars: 50 pm.
All data shown are from one experiment representative of two independent experiments performed.

Next, we investigated the relevance of these altered genes in
the context of inflammatory cells using the public gene expres-
sion database of hematopoietic cells and stem cells (GSE27787).
The annotated genes among the 589 gene probes detected by
microarray analysis probes in the livers of mice that received
ADSC treatment immediately after ConA injection were not rele-
vant to any hematopoietic cell type (Fig. 4E). By contrast, among
the 309 gene probes, the majority of the annotated genes whose
hepatic expression in mice that received ADSC treatment 3 h
after ConA injection was affected significantly were found to be
highly expressed in Gr-1* cells and Macl* (CD11b*) cells — as
indicated by the red color (Fig. 4F). Since majority of the 309
gene probes in the liver of ConA hepatitis were downregulated
by ADSC treatment, as indicated by green color (Fig. 4C), these
results suggested that effects on Gr-17 and CD11b* cells were
associated with the therapeutic effect of ADSCs 3 h after ConA
injection.

ADSC treatment represses inflammatory cell
accumulation in ConA-induced hepatitis

To determine the influence of ADSC treatment on the infiltra-
tion/accumulation of immune-mediating cells in the liver of ConA-
induced hepatitis mice, we assessed by immunohistochemistry
the inflammatory cells in the liver tissues of mice injected with
ConA followed by ADSC administration at 3 h. Liver tissues
obtained at 6, 12, and 24 h (n = 4 each time point) after ConA
injection showed reduced accumulation of CD11b* cells, Gr-1*
cells, and F4/807 cells after ADSC treatment (Fig. 5). In con-
trast, the increased number of infiltrated CD4* T cells in ConA-

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

induced hepatitis mice was not significantly affected by the ADSCs
(Fig. 5). Thus, the predominant change in ConA-induced hepatitis
mice treated with ADSCs was in the number of myeloid-lineage
inflammatory cells, consistent with the hepatic gene expression
data.

T-cell involvement in the altered gene expression
of hepatic inflammatory cells by ADSCs treatment

To further assess the anti-inflammatory effects of ADSCs in mice
with ConA-induced hepatitis, we isolated hepatic inflammatory
cells from mice 2 h after ADSC treatment, which was administered
3 h after ConA injection (n = 2) and from mice not treated with
ADSCs (n = 2). A total of 939 genes were differentially expressed
in hepatic inflammatory cells from ConA-induced hepatitis mice
treated with ADSCs. The gene expression profiles associated
with ADSC treatment and ConA-induced hepatitis without ADSC
treatment were readily distinguishable (Supporting Information
Fig. 3A). Pathway map analysis showed that these genes were rel-
evant to biological pathways of oncostatin M signaling via JAK-Stat
or MAPK signaling and CCRS5 signaling in macrophages and T lym-
phocytes in the immune response pathway (Supporting Informa-
tion Table 2). Network analysis of these genes featured a network
consisting of AcRIIA, STAT3, Activin A, FTSJD1, and STAT1 at the
top (Supporting Information Table 3), which indicated that path-
ways involving 1L-2 and TNF-o, and the STAT1/STAT3 pathway
were also involved (Supporting Information Fig. 3B). These results
suggest that T cells, as well as antigen presenting/phagocytosis
lineages, were the immune-mediating cell populations affected by
ADSC treatment.
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Figure 3. Therapeutic effects of ADSCs in ConA-induced hepatitis. C57BL/6 female mice were injected i.v. with 300 pg of ConA. Immediately or 3h
later, 1 x 10° ADSCs or hepatocytes were injected via the tail vein. Liver tissues and blood samples were obtained 24 h after ConA injection. Liver
tissues were examined histologically and serum ALT and LDH activities were measured. (A, B) Serum ALT and LDH activities of mice injected with
ConA followed by ADSC injection {A) immediately or (B) 3 h later. ConA: ConA-injected mice without treatment (n = 4), ConA + ADSC: ConA-injected
mice followed by ADSC treatment (n = 3), ConA + hepatocyte: ConA-injected mice followed by primary cultured hepatocyte treatment (n = 3).
Data are shown as mean =+ SE and are from one experiment representative of two independent experiments. *p < 0.05 (Wilcoxon signed-rank test),
compared with ConA-injected mice. (C) Macroscopic appearance of the liver (left) and histology of the liver tissues as assessed by H&E staining
(right). Magnification of histology: x100. Bars: 200 um. Images shown are from one mouse representative of three to four mice from each group

studied.

ConA-activated CD4*T cells and CD11b* cells in the
liver are important targets of ADSC treatment

The above data indicated that ADSCs administered in ConA-
induced hepatitis had therapeutic immunological effects in terms
of repairing the damaged liver and affected CD11b* and
Gr-1" myeloid-lineage cells and T cells. To further explore how
ADSCs affected the subpopulations of inflammatory cells involved
in ConA-induced hepatitis, we investigated the expression of
cytokine/chemokine-related genes in CD4" T cells and CD11b*
cells obtained from livers with ConA-induced hepatitis (n = 4) that
had been treated in vitro with ADSCs (1 = 3). Expression of TNF-a,
IL-10, and CXCL10 was significantly downregulated by ADSC
treatment in both CD4™ T cells (Supporting Information Fig. 4A)
and CD11b* cells (Supporting Information Fig. 4B). IFN-y, IL-4,
and CXCL9 expression by CD4* T cells were significantly affected
by ADSCs. Although CCL3, which was upregulated by ConA injec-
tion, was not significantly affected by ADSCs, the expression of its
cognate receptor, CCR5, was decreased in CD4™ T cells (Support-
ing Information Fig. 4A), suggesting an effect on the CCL3-CCR5
axis. These results suggest that CD4™ T cells and myeloid-lineage

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CD11b* cells were the susceptible hepatic inflammatory subpop-
ulations of cells in the ConA-induced hepatitis liver.

Anti-inflammatory effect of ADSCs on ConA hepatitis
do not rely on MDSCs

We further assessed whether the anti-inflammatory effect of
ADSCs in ConA hepatitis relied on MDSCs. Neither the frequency
of nor the NO production by CD11b*Gr-17 cells were increased by
ADSC treatment (Supporting Information Fig. 5A). CD11b*Gr-1+
cells from ConA-injected mice treated with ADSCs showed
arginase activity similar to that in CD11b*Gr-17 cells from ConA-
injected mice (Supporting Information Fig. 5B). CD11b*Gr-1+
cells from ConA-injected mice treated with ADSCs suppressed
the ConA-stimulated proliferation of T cells in vitro, although the
effect was slightly attenuated compared to that of cells from mice
with ConA-induced hepatitis (Supporting Information Fig. 5C).
Thus, ADSC treatment was not dependent on MDSCs induced by
ConA hepatitis.
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Discussion

MSCs are effective for immune-mediated disease treatment includ-
ing the ConA-induced BALB/c murine hepatitis model [15], but
the detailed mechanisms have not been fully elucidated. Here, we
confirmed that ADSCs have preventive and therapeutic effects in a
ConA-induced C57BL/6 hepatitis murine model and assessed the
immunopathological mechanisms by determining the participat-
ing hepatic immunomodulatory cells. ADSCs injected via the tail
vein were found in the lung; some were observed in the liver but
only when ADSCs were administered 3 h after ConA injection, a
time at which infiltration of CD11b* and Gr-1* inflammatory cells
into the liver had already begun. Gene expression analysis of liver
tissue from ConA-induced hepatitis mice showed that the ADSC
treatment induced biological pathways indicative of liver repair
and regeneration. Myeloid-lineage cells were the predominant
population in terms of affected genes, consistent with immuno-
histochemical staining of the liver for immune-mediating cells.
Furthermore, the gene expression profiles of hepatic inflamma-
tory cells from ConA-induced hepatitis mice treated with ADSCs
suggested T-cell and macrophage involvement. Moreover, the
expression patterns of cytokine/chemokine-related genes in hep-
atic inflammatory cells co-cultured with ADSCs suggested that
CD4™* T cells were important in ConA-induced hepatitis and were
affected by ADSC treatment.

The immunopathological features of ConA-induced hepatitis
have been characterized as being primarily lymphocyte-lineage
cell-mediated hepatitis [18-20], leading to massive hepatocellu-
lar degeneration, necrosis, and apoptosis [21]; thus, this model is
relevant to clinical autoimmune hepatitis. Additionally, Kupffer
cells play an important role in induction of hepatitis [22].
Unexpectedly, we observed prominent increases in CD11b*,
Gr-1%, and F4/80" cells in liver tissues of the ConA-induced hep-
atitis mice. Additionally, we found that the monocyte-macrophage
lineage cells contributed most significantly to hepatitis, as con-
firmed by depletion treatment, such that hepatitis was almost
completely abolished when those cell types were abrogated by clo-
dronate. This is further evidenced by the fact that ADSC treatment
reduced the number of CD11b*, Gr-17%, and F4/80" cells in the
liver of ConA-induced hepatitis mice (Fig. 5). The importance of
Gr-1* and CD11b™ cells was also suggested by changes in the gene
expression profile of the liver of ConA-induced hepatitis treated
with ADSCs (Fig. 4C and F). Thus, monocyte-macrophage lineage
cells are important in the pathogenesis of ConA-induced hepatitis
in mice and are important targets of ADSCs. CD4" T cells were
also involved since their depletion partially ameliorated ConA-
induced hepatitis. The number of infiltrating CD4* T cells in the
liver of ConA-induced hepatitis mice was not markedly reduced

Eur. J. Immunol. 2013. 00: 1-13

by ADSC treatment. However, gene expression analysis of hepatic
inflammatory cells in ConA-induced hepatitis mice treated with
ADSCs showed that signaling of oncostatin M, a type I cytokine
associated with developing T cells [23], and CCR5 signaling in
macrophages and T lymphocytes were affected. Therefore, CD4*
T cells participate as an immune mediator and therapeutic target
of ADSCs in the pathology of ConA-induced hepatitis mice.

With regard to cytokine/chemokine-related gene expression in
hepatic inflammatory cells of ConA-induced hepatitis mice, expres-
sion of TNF-q, IL-10, and CXCL10 in CD4* T cells and CD11b*
cells was downregulated by ADSC treatment (Supporting Infor-
mation Fig. 4). Additionally, IFN-y, IL-4, and CXCL9 were also
significantly downregulated in CD4* T cells, but not in CD11b*
cells (Supporting Information Fig. 4). Changes in the expression
of the Th2 cytokines, IL-10 and IL-4, were considered to be the
secondary consequence of ConA-induced hepatitis, mediated by
TNF-o. and/or IFN-y, which are characterized as Thl-associated
cytokines [24]. CCRS5 expression by CD4* T cells was down-
regulated by ADSCs, which may be relevant to the biological
processes indicated by the downregulated genes in hepatic inflam-
matory cells. Because CCR5 is a CD4" T-cell receptor that inter-
acts with APCs, such as macrophages [25], suppression of CCR5
expression on CD4% T cells by ADSC might explain the amelio-
ration of ConA-mediated hepatitis. Overall, the therapeutic effi-
cacy of ADSCs impacted both CD4" and CD11b™ cells in terms
of alteration of levels of inflammatory humoral mediators and
cytokine/chemokine profiles, thus contributing to amelioration of
ConA-induced hepatitis.

A proportion of i.v. administered ADSCs were present in the liv-
ers of ConA mice injected with ADSCs at a time point at which the
liver had already been infiltrated with Gr-1* and CD11b* cells,
whereas no ADSCs were present in the livers of mice injected
with ConA following immediate treatment with ADSCs. This indi-
cates that a liver undergoing inflammation attracts administered
ADSCs. The extent of inflammation required to recruit ADSCs
should be clarified, as it has previously been reported that hepati-
tis occurring just 30 min after ConA injection results in recruitment
of a substantial number of stem cells to the liver in the BALB/c
ConA hepatitis model [15]. Given that the migratory capabilities
of MSCs are well known although not yet fully investigated [26],
how ADSCs are recruited to an already inflamed liver as a result of
ConA administration should be examined. In addition, the ADSCs
administered to C57BL/6 mice immediately after ConA injection
resided in the lung. In spite of the fact that they were not detected
in the liver, these ADSCs prevented ConA hepatitis, indicating the
remote effect of ADSCs. Thus, indirect mediators produced by
ADSCs associated with their anti-inflammatory effects should be
investigated intensively.

Figure 4. Gene expression analysis in the liver of ConA-induced hepatitis mice treated with ADSCs. C57BL/6 female mice were injected i.v. with
300 g of ConA. (A, B, and E) Immediately or (C, D, and F) 3 h after ConA injection, mice were treated with 1 x 105 ADSCs via the tail vein (n = 3
each). Liver tissues were analyzed 2 h after ADSC administration and RNA was isolated for gene expression analysis using a DNA microarray. Data
shown are from one experiment performed. (A, B) One-way clustering analysis (A) and principal component analysis (B) of the 589 differentially
expressed genes in treated and untreated ConA-injected mice. (C, D) One-way clustering analysis (C) and principal component analysis (D) of
the 309 differentially expressed genes in treated (after 3 h) and untreated ConA-injected mice followed. Colors indicate the intensity of gene
upregulation (red), downregulation (green), and no change (black). (E, F) One-way clustering analysis of gene expression in hematopoietic and
stem cells (GSE27787) for annotated genes among the 589 (E) and 309 (F) genes.
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