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Lung fibrosis is a life-threatening disease caused by overt
or insidious inflammatory responses. However, the mecha-
nism of tissue injury-induced inflammation and sub-
sequent fibrogenesis remains unclear. Recently, we and
other groups reported that Th17 responses play a role in
amplification of the inflammatory phase in a murine model
induced by bleomycin (BLM). Osteopontin (OPN) is a cy-
tokine and extracellular-matrix-associated signaling molecule.
However, whether tissue injury causes inflammation and
consequent fibrosis through OPN should be determined. In
this study, we observed that BLM-induced lung inflam-
mation and subsequent fibrosis was ameliorated in OPN-
deficient mice. OPN was expressed ubiquitously in the
lung parenchymal and bone-marrow-derived components
and OPN from both components contributed to patho-
genesis following BLM intratracheal instillation. Th17 dif-
ferentiation of CD4" @/ T cells and IL-17-producing 70
T cells was significantly reduced in OPN-deficient mice
compared to WT mice. In addition, Thl differentiation of
CD4" af T cells and the percentage of IFN- 7-producing
70 T cells increased. T helper cell differentiation in vitro
revealed that OPN was preferentially upregulated in CD4"
T cells under Th17 differentiation conditions. OPN ex-
pressed in both parenchymal and bone marrow cell compo-
nents and contributed to BLM-induced lung inflammation
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and fibrosis by affecting the ratio of pathogenic
IL-17/protective IFN- 7 T cells.
[Immune Network 2015;15(3):142-149]
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INTRODUCTION

Fibrosis is the result of inappropriate wound-healing proc-
esses, characterized as an excessive deposition of extra-
cellular matrix proteins in place of parenchymal cells (1,2).
Fibrotic tissue remodeling causes the destruction of normal
architecture, leading to organ malfunction. The persistent
activation of inflammatory pathways following tissue in-
jury is associated with the development of fibrotic diseases.
The mechanism involved in triggering the transition from
acute to chronic inflammation is under investigation (3).
Recently, several groups have shown that Th17 differ-
entiation in the lung connects the initial innate responses
to the adaptive arms of immune responses in bleomy-
cin-treated pulmonary fibrosis murine models (4-7).
Osteopontin (OPN) is a glycosylated protein expressed
in various tissues, and is implicated in many biological
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processes including bone remodeling, stress response, in-
flammation, and cancer progression (8-11). The OPN in-
teraction with extracellular adhesion molecules has been
well-characterized. Integrins including av B85, avBs, a9 B,
and CD44 variants (CD44v) are receptors for OPN (12-15),
and interactions between these receptors and OPN mediate
the survival, migration, and adhesion of many cell types
(16). In addition to its role in adhesion, OPN functions as
a cytokine or intracellular signaling molecule during the
development of various innate and adaptive immune cells
(17-19).

Numerous studies have shown the important role of
OPN in wound healing and fibrosis (20). OPN is strongly
expressed during fibrosis of the heart, lung, liver, and kid-
ney (21,22). In animal experiments, blockage of OPN ex-
pression during wound healing decreases the formation of
granulation tissue and scarring (23). OPN is known to reg-
ulate cell-extracellular matrix interactions and modulate
TGF- A1 and matrix metalloproteinase expression (24). For
pulmonary fibrosis, OPN was found to distinguish idio-
pathic pulmonary fibrosis (IPF) from normal lungs in hu-
mans based on oligonucleotide arrays (25,26). OPN pro-
duced by alveolar macrophages functions as a fibrogenic
cytokine that promotes migration, adhesion, and pro-
liferation of fibroblasts during the development of BLM-
induced lung fibrosis (27). OPN expression is associated
with important fibrogenic signals in the lung and a sig-
nificant decrease in levels of active TGF- 81 and MMP2
in OPN-deficient mice. The epithelium may be an im-
portant source of osteopontin during lung fibrosis (28).

Since OPN is implicated in type I IFN production and
Th17 differentiation (29,30), we evaluated its role in a
BLM-induced pulmonary fibrosis model focusing on fibro-
genic T-helper cell differentiation following BLM adminis-
tration. We also evaluated the effect of OPN expression
in parenchymal cells (including lung epithelial cells) on
pathogenesis using bone marrow chimeras (7). BLM-in-
duced pulmonary inflammation and subsequent fibrosis
was ameliorated in OPN '~ mice, and OPN was expressed
in both lung parenchymal and bone-marrow-derived com-
ponents, which contributed to pathogenesis following BLM
intratracheal instillation. Reduced Th17 differentiation of
CD4" af T cells and IL-17-producing 76 T cells increased
Thl differentiation of CD4" @B T cells and increased the
percentage of IFN- 7-producing T cells; thus, the IFN- 7
/IL-17 ratio was increased in OPN '~ mice compared with
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wild-type (WT) mice. Moreover, OPN was preferentially
upregulated in CD4 T cells under Thl17 differentiation
conditions in vitro. Thus, OPN is expressed in both paren-
chymal and bone marrow cell components, and contributed
to BLM-induced lung inflammation and fibrosis by affect-
ing the pathogenic IL-17/protective IFN-7 T cell ratios.

MATERIALS AND METHODS

Mice

C57BL/6 (B6) and OPN '~ mice were obtained from the
Jackson Laboratory (Bar Harbor, ME). Male, 8-12-week-old
mice were used for experiments, and all mice, including
wild-type B6, were bred and maintained at the animal fa-
cility of Seoul National University College of Medicine.
All animal experiments were performed with the approval
of the Institutional Animal Care and Use Committee at
Seoul National University (authorization no. SNU05050203).

Induction of pulmonary fibrosis

Pulmonary fibrosis was induced by intratracheal instilla-
tion with bleomycin (BLM, 1.5 mg/kg, Nippon Kayaku,
Japan) in 50 1 phosphate-buffered saline (PBS).

Bone marrow chimera

Recipient mice were lethally irradiated 950 rad whole
body irradiation in two split doses) and injected intra-
venously with T cell-depleted bone marrow cells (3x10%
mouse). Reconstituted mice were used in the experiments
8 weeks after bone marrow cell transfer.

Histopathology of lung tissue

Lung tissues were fixed in 4% paraformaldehyde, proc-
essed, and embedded in paraffin. Sections were stained with
H&E for histopathological analysis.

Collection of broncheoalveolar lavage fluid (BALF)

Broncheoalveolar lavage was performed with five 1.0-ml
aliquots of PBS through a tracheal cannula. To evaluate
cytokine production, BALF cells were harvested and re-
stimulated with 50 ng/ml PMA and 1 #g/ml ionomycin
(Sigma-Aldrich) for 4 h. For intracellular staining, bre-
feldin A (BD-Pharmingen, San Diego, CA) was added dur-
ing the final 2 h of stimulation. Cells were fixed with 4%
paraformaldehyde, permeabilized with 0.5% Triton X-100,
and incubated with anti-CD4, anti- y0TCR, anti-IL-17,
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and anti-IFN- 7 antibodies (eBioscience). Intracellular cy-
tokine levels were assayed by flow cytometry.

Flow cytometry

BALF cells were incubated with mAbs to mouse CD4,
CDS8 @, B220, CD11c, 70TCR, and STCR that were con-
jugated to fluorescein, phycoerythrin, PerCP-Cy5.5, or al-
lophycocyanin (eBioscience). Cells were analyzed using a
FACSCalibur (BD Biosciences, San Jose, CA) and FlowJo
software (Tree Star, Ashland, OR).

In vitro differentiation of effector T cells
Lymphocytes were isolated from lymph nodes and labeled
with anti-CD4 or anti-CDS8 antibodies. CD4" or CD8" T
cells were purified using a FACS Aria cell sorter (BD).
Purified T cells were stimulated with plate bound anti-CD3
and anti-CD28 (1 xg/ml each, BD-Pharmingen). For Thl
cell differentiation, recombinant IL-12 (10 ng/ml) and an-
ti-IL-4 (10 wg/ml) were added during the stimulation. For
Th2 cell differentiation, recombinant IL-4 (10 ng/ml), an-
ti-IL-12 (10 zg/ml), and anti-IFN- 7 (10 sg/ml) were add-
ed during the stimulation. For Th17 cell differentiation, re-
combinant IL-6 (10 ng/ml), TGF- 41 (5 ng/ml), anti-IL-4
(10 g/ml), and anti-IFN-7 (10 1g/ml) were added dur-
ing the stimulation.

RNA analysis

Total RNA was isolated from lung tissues using Trizol
(Invitrogen). cDNA was generated from 1 g of total RNA
by Superscript II (Invitrogen). The following primer pairs
were used for semi-quantitative PCR: OPN, 5'-
TCTGATGAG ACCGTCACTGC-3"/5-TCTCCTGGCTCT
CTTTGGAA-3'; GAPDH, 5-CCCACTA ACATCAAATG
GGG-3'/5'-ATCCACAGTCTTCTGGGTGG-3'. PCR prod-
ucts were analyzed by resolution on a 2% agarose gel fol-
lowed by densitometric analysis (Labworks 4.6, UVP Bio-
Imaging Systems, Cambridge, UK).

Statistical analysis

Statistical significance was analyzed using the Student’s
t-test. A p-value of <0.05 was taken to indicate statistical
significance.

RESULTS

Osteopontin deficiency reduced BLM-induced pul-
monary inflammation and fibrosis

To evaluate the effect of OPN on the pathogenesis of pul-
monary fibrosis, a bleomycin (BLM)-induced lung fibrosis
model was induced in WT B6 and B6.OPN '~ (OPN /")
mice. At day 21 of intratracheal BLM instillation, OPN '~
mice showed significantly reduced lung pathology in terms
of cellular infiltration and collagen deposition compared to
WT mice (Fig. 1A). Since OPN is expressed ubiquitously
and its expression levels increased following BLM admin-
istration (28), we evaluated OPN expression in various tis-
sues of normal adult untreated mice using semi-quantita-
tive RT-PCR. High OPN expression was observed in pa-
renchymal organs such as the brain, lung, and liver, but
expression was lower in primary and secondary lymphoid
organs such as the thymus, spleen, and lymph nodes (Fig.
1B). To evaluate the effect of OPN expressed in parenchy-
mal or bone marrow-derived cells on BLM-induced lung
fibrosis, we generated bone marrow chimeras with WT and
OPN "~ bone marrow cells transferred into WT and OPN '~
recipients, and used the chimeras for the experiments after
8 weeks. At day 21 of BLM instillation, severe fibrogenic
disease was induced in WT chimeras (WT—WT) and little

A wWT OPN-- B
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Lung
Liver
Thymus
Spleen

PN > =

BMOPN-~ > WT ~ BMOPN-~ - OPN--

C BWT > WT BMWT > OPN-"-

Figure 1. OPN deficiency reduces BLM-induced pulmonary
inflammation and fibrosis. (A) Representative photographs of
lungs from WT and OPN " mice 21 days after intratracheal
instillation of BLM (1.5 mg/kg). Sections were stained with
H&E. (B) OPN expression levels in diverse tissues from WT B6
mice were analyzed using RT-PCR. (C) BM chimeras were
prepared by irradiation of WT or OPN ™'~ mice, followed by
T-cell-depleted BM cell reconstitution @MWTHWT, BM"'—
OPN ', BM™ " SWT, and BM®™ /" —>0OPN ""). Two
months after BM cell reconstitution, pulmonary fibrosis was
induced with BLM. Representative photographs of lungs 21 days
after intratracheal instillation with BLM (1.5 mg/kg).
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Figure 2. Lymphocytes of spleens, lymph nodes, and liver from WT and OPN '~ mice were harvested and stained with antibodies for @3TCR,
y0TCR, CD4, CD8, CDI1c, and B220 molecules. Cell populations were detected using flow cytometric analysis.

evidence of lung pathology was observed in knockout chi-
meras (OPN'~—OPN 7). The lung pathology of both
mixed chimeras, WT—OPN '~ and OPN ' —WT, was
intermediate between WT chimeras and knockout chimeras
(Fig. 1C). These results indicated that OPN was expressed
in both the parenchymal components (including lung epi-
thelial cells and fibroblasts) and in the bone marrow-de-
rived components (including T cells and dendritic cells),
and contributed to the pathogenesis of BLM-induced lung
fibrosis.

Reduced @3 TCR" T cells and CD4" T cells in OPN '
mice

Immunological characteristics of OPN '~ mice were eval-
uated using flow cytometric analysis. Compared to WT
mice, OPN '~ mice showed a decrease in @8 TCR" T
cells in secondary lymphoid organs such as peripheral
lymph nodes, spleen, and liver (Fig. 2A). The percentage
of 78 TCR' T cells also decreased in OPN '~ mice com-
pared to WT mice, but this reduction was not statistically
significant (Fig. 2A). Among @B TCR' T cells, the per-
centage of CD4" T cells was selectively reduced while that
of CD8" T cells was similar to WT mice (Fig. 2B).
Dendritic cells, both conventional and B220" cells, in the
lymph nodes, spleen, and liver were similar between WT
and OPN '~ mice (Fig. 2C).
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Figure 3. WT and OPN '~ mice that received an intratracheal
instillation of BLM (1.5 mg/kg) were sacrificed to harvest BALF
on 10 days. Cells from BALF were stimulated with PMA, and
ionomycin, surface markers and intracellular cytokines were
detected using flow cytometric analysis. (A) The percentages of
CD4" or 78TCR" cells in BALF were detected using flow cyto-
metric analysis. (B) The percentage of CD4" or ¥STCR" cells
producing IL-17 or IFN- 7 in BALF of BLM-exposed WT and
OPN " mice. (C) The number of CD4" T cells in BALF. (D) The
number of 79 T cells in BALF.

Increased IFN- 7/IL-17 ratio of pulmonary T cells in
OPN '™ mice following BLM intratracheal instillation
To evaluate the immunological parameters during the path-
ogenesis of BLM-induced lung fibrosis, we analyzed bron-
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Figure 4. (A) Naive CD4" T cells, CD8" T cells, CD11c" dendritic
cells, and B220" B cells from lymph nodes and spleens were purified.
OPN mRNA expression was determined using RT-PCR. (B)
Purified CD4" or CD8" T cells were stimulated with anti-CD3
and anti-CD28 antibodies for 24 and 48 h. (C) Purified CD4" T
cells were stimulated with anti-CD3 and anti-CD28 antibodies
under the ThO (no additive), Thl (10 ng/ml IL-12, 10 xg/ml
anti-IL-4), Th2 (10 ng/ml IL-4, 10 xg/ml anti-IL-12, 10 zg/ml
anti-IFN- 7), and Th17 (10 ng/ml IL-6, 5 ng/ml TGF- /3, 10 1g/ml
anti-IL-4, 10 xg/ml anti-IFN- 7) cell generation conditions. Rep-
resentative data from three independent determinations are shown.
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choalveolar lavage (BAL) fluid at day 10 of BLM in-
stillation, which corresponded to the peak inflammatory
response. The number of infiltrated 76 TCR™ T cells in
BAL fluid was significantly reduced in OPN '~ mice
compared to WT mice, and that of CD4" @8 TCR' T cells
was similar between WT and OPN '~ mice (Fig. 3A, C,
D). Intracellular cytokine analysis revealed a significant re-
duction in IL-17-producing T cells (both @8 TCR" CD4"
and 76 TCR' T cells) (Fig. 3B). However, the percentage
of IFN- 7-producing T cells (both @8 CD4 T cells and
70 T cells) increased (Fig. 3B). Because CD4" @/ T cell
numbers were not significantly decreased in OPN '~ mice,
there was a net increase in Thl differentiation and a de-
crease in Th17 differentiation in OPN '~ mice. Thus, the
increased protective IFN- 7/pathogenic IL-17 ratio of pul-
monary T cells in OPN ™'~ mice following BLM intra-
tracheal instillation explained the reduced disease patho-
genesis.

Preferential upregulation of OPN during in vitro Th17
differentiation of CD4" T cells

In this study, we found that OPN ' mice showed strongly
reduced Th17 differentiation of CD4" T cells and IL-17-
producing 76 T cells. In addition, the percentage of IFN-
v-secreting 76 T cells and Thl differentiation increased
in OPN '~ mice. Since Th17 differentiation of @£ CD4"

T cells plays an important role in the pathogenesis of
BLM-induced pulmonary fibrosis, especially during the in-
flammatory amplification phase (7), we explored whether
OPN was specific to the Th17 response. We first measured
the expression levels of OPN in purified cell populations
and found that OPN expression levels were similar in un-
activated naive CD4" T cells, CD8" T cells, CD11¢" den-
dritic cells, and B cells (Fig. 4A). When we activated
CD4" T and CD8" T cells with anti-CD3 and anti-CD28
antibodies without additional cytokines, OPN expression
levels were similar in these two populations and did not
increase following in vitro activation during the initial 48
h (Fig. 4B). When we induced differentiation of CD4" T
cells under defined cytokine conditions, OPN expression
specifically increased under Thl7 differentiation condi-
tions, but not under ThO, Thl, and Th2 differentiation con-
ditions, during the initial 48 h (Fig. 4C).

DISCUSSION

In this study, we observed that BLM-induced lung inflam-
mation and subsequent fibrosis were ameliorated in OPN-
deficient mice; moreover, OPN was expressed in both the
lung parenchymal and bone-marrow-derived components
and contributed to pathogenesis following intratracheal
BLM instillation. Th17 differentiation of CD4"~ @/ T cells
and IL-17-producing 76 T cells was significantly reduced
in OPN-deficient mice compared to WT mice. In addition,
Thl differentiation of CD4" @B T cells and the percentage
of IFN- 7-producing 76 T cells increased. T helper cell
differentiation in vitro revealed that OPN was preferen-
tially upregulated in CD4" T cells under Th17 differ-
entiation conditions.

The critical role of IL-17A in the pathogenesis of
BLM-induced lung fibrosis has been reported previously
(4-7). The pathogenic role of IL-17A was more pro-
nounced during the initial inflammatory amplification
phase. Blocking IL-17A through IL-17RA-Fc revealed that
the greatest reduction in fibrosis occurred when we treated
with IL-17RA-Fc during the initial inflammatory phase,
and minimal effects were observed when we treated with
IL-17RA-Fc during the later fibrosis phase (7). Protective
anti-fibrotic activity of IFN- 7 in various organs, including
BLM-induced lung fibrosis, has been reported previously
(31-33). Thus, the IL-17/IFN- 7 ratio in the pulmonary mi-
croenvironment affects the pathogenesis of lung fibrosis.
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An immunomodulatory effect of OPN on T helper cell
differentiation has been reported. OPN induces Thl re-
sponses by upregulating IL-12 and downregulating IL-10
through av (3 integrin and CD44, respectively, expressed
on antigen-presenting cells (34). OPN induces IL-17 pro-
duction through CD4" T cells via the A3 integrin receptor
expressed on T cells, which aggravates the pathogenesis
of autoimmune encephalomyelitis (35). In addition, intra-
cellular OPN expressed by conventional dendritic cells en-
hanced Th17 responses by suppressing IL-27 expression
(36). Thus, OPN induces both Thl and Th17 differentia-
tion. In this respect, preferential Th17 differentiation by
OPN in the BLM-induced lung fibrosis model in this study
enhanced Thl differentiation in OPN-deficient mice, which
was unexpected. This may reflect that following BLM in-
tratracheal instillation, the local cytokine microenviron-
ment in the lung rapidly changes to favor Th17 differen-
tiation (6,7), and OPN plays a key role in pathogenic Th17
differentiation. The preferential and critical role of OPN in
Th17 differentiation is explained by the rapid kinetics of
OPN expression in CD4" T cells under in vitro Th17 dif-
ferentiation conditions compared to ThO, Thl, or Th2 dif-
ferentiation conditions. Meanwhile, in vitro differentiation
of Thl or Th17 cells from OPN-deficient CD4" T cells
was comparable to that of WT CD4 T cells (data not
shown), which indicates that T-cell-intrinsic OPN is not al-
ways required for Thl or Th17 differentiation and that the
cytokine microenvironment provided by non-T-cell OPN is
important for T-helper cell differentiation. In addition, the
Th17 differentiating cytokine microenvironment following
BLM intratracheal instillation, which contains TGF- 5, in-
hibits Th1 differentiation (37). Thus, increased Thl differ-
entiation in the absence of OPN suggests that OPN is in-
dispensable for providing a Thl7 differentiating micro-
environment but is dispensable for Thl differentiation in
a BLM-induced lung fibrosis model.

In this study we detected decreased numbers of 76 T
cells and an increased IFN-y/IL-17 ratio in 70 T cells.
Pulmonary 79 T cells have been implicated in protecting
against several pulmonary pathologies, including BLM-in-
duced lung fibrosis, silicosis, hypersensitivity pneumonitis
(4,38,39), and IL-22 produced by 7d T cells (40). Since
we did not evaluate IL-22 expression in WT and OPN-de-
ficient mice, we cannot accurately determine the effect of
70 T cell changes in OPN-deficient mice. Even with de-
creased 70 T cell numbers, the increased IFN- 7/IL-17 ra-
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tio of these cells may provide protective effects in OPN-
deficient mice.

Because it acts as an intracellular signaling molecule, a
cytokine, a chemokine, and an adhesion molecule, and is
expressed ubiquitously, OPN affects or orchestrates di-
verse aspects of both the innate and adaptive immune re-
sponses, which explains the complete protection against
BLM-induced fibrosis in OPN-deficient mice. In this
study, OPN expression in both lung parenchymal cells and
bone-marrow-derived cells contributed to the lung pathology.
In this respect, localized expression of OPN in alveolar ep-
ithelial cells of IPF patients and the significantly increased
level of OPN in bronchoalveolar lavage fluid implies that
critical changes in IPF epithelial cells induce OPN as a
mediator of pathogenesis (25,26). Although the BLM-in-
duced fibrosis model is an inflammation-induced lung fib-
rosis model, epithelial cells play critical roles in initiating
inflammatory responses (7). Epithelial-to-mesenchymal
transition (EMT) following pulmonary epithelial cell acti-
vation and recruitment and stimulation of local and sys-
temic fibroblasts, which are more relevant to IPF patient
pathogenesis (1,2), may be involved in the pathogenesis,
especially during the later fibrosis phase. Mixed bone mar-
row chimeras (both WT—OPN '~ and OPN '~ —>WT) re-
vealed substantial levels of pulmonary pathology, although
the maximal disease score was observed in WT mice, in-
dicating that OPN in the lung parenchymal cells or bone-
marrow-derived cells was sufficient to induce lung in-
flammation and fibrosis. Unlike the BLM-induced lung
fibrosis model, IPF patients showed less evidence of in-
flammation; thus, OPN in the IPF lung is likely involved
in pathogenic fibrogenesis such as EMT and increased my-
ofibroblast differentiation and proliferation.
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