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Abstract

Circulating fibrocytes have been reported to migrate into the injured
lungs, and contribute to fibrogenesis via CXCL12-CXCR4 axis. In
contrast, we report that imatinib mesylate prevented bleomycin
(BLM)-induced pulmonary fibrosis in mice by inhibiting platelet-
derived growth factor receptor (PDGFR), even when it was
administered only in the early phase. The goal of this study was to test
the hypothesis that platelet-derived growth factor (PDGF) might
directly contribute to the migration of fibrocytes to the injured lungs.
PDGEFR expression in fibrocytes was examined by flow cytometry
and RT-PCR. The migration of fibrocytes was evaluated by using

a chemotaxis assay for human fibrocytes isolated from peripheral
blood. The numbers of fibrocytes triple-stained for CD45, collagen-1,
and CXCR4 were also examined in lung digests of BLM-treated mice.
PDGFR mRNA levels in fibrocytes isolated from patients with
idiopathic pulmonary fibrosis were investigated by real-time PCR.
Fibrocytes expressed both PDGFR-o and -(, and migrated in
response to PDGFs. PDGEFR inhibitors (imatinib, PDGFR-blocking
antibodies) suppressed fibrocyte migration in vitro, and reduced the
number of fibrocytes in the lungs of BLM-treated mice. PDGF-BB
was a stronger chemoattractant than the other PDGFs in vitro, and
anti-PDGFR-B-blocking antibody decreased the numbers of

Idiopathic pulmonary fibrosis (IPF) is

a progressive and lethal disease of the lungs,
characterized by the proliferation of
fibroblasts and deposition of extracellular

fibrocytes in the lungs compared with anti-PDGFR-a antibody

in vivo. Marked expression of PDGFR- was observed in fibrocytes
from patients with idiopathic pulmonary fibrosis compared with
healthy subjects. These results suggest that PDGF directly functions
as a strong chemoattractant for fibrocytes. In particular, the PDGEF-
BB-PDGFR-B biological axis might play a critical role in
fibrocyte migration into the fibrotic lungs.
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Clinical Relevance

This research shows that platelet-derived growth factor
(PDGF) directly functions as a strong chemoattractant for
fibrocytes, and that PDGF inhibitors, including imatinib,
reduce fibrocyte pool size in the lungs. In addition, the phase II
study with nintedanib (BIBF1120), which is an inhibitor

for multikinases (three kinases), including PDGF receptor
(PDGFR), clearly shows the efficacy for idiopathic pulmonary
fibrosis (IPF). These results suggest the clinical efficacy of
PDGER inhibitors for treatment of patients with IPF.

matrix (1, 2). IPF is a consequence of loss
of alveolar—capillary barrier function,
disruption of basement membrane integrity
by epithelial injury/inflammation,

subsequent failure of re-epithelialization,
and dysregulation of tissue repair driven
by profibrotic mediators, including
growth factors (2, 3). Moreover,

(Received in original form October 26, 2013; accepted in final form May 23, 2014)

This work was supported by KAKENHI grants 20390231, 23659434, and 24591167, a Grant-in-Aid for Scientific Research (B), and Challenging Exploratory
Research from the Ministry of Education, Culture, Sports, Science, and Technology, Japan (Y.N.), a Grant-in-Aid for Scientific Research (C), Japan (Y.A.), and
a grant to the Diffuse Lung Diseases Research Group from the Ministry of Health, Labor, and Welfare, Japan (Y.N.).

Correspondence and requests for reprints should be addressed to Yasuhiko Nishioka, M.D., Ph.D., Department of Respiratory Medicine and
Rheumatology, Institute of Health Biosciences, University of Tokushima Graduate School, 3-18-15 Kuramoto-cho, Tokushima 770-8503, Japan.

E-mail: yasuhiko@tokushima-u.ac.jp

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org

Am J Respir Cell Mol Biol Vol 51, Iss 6, pp 793-801, Dec 2014

Copyright © 2014 by the American Thoracic Society

Originally Published in Press as DOI: 10.1165/rcmb.2013-04550C on June 2, 2014
Internet address: www.atsjournals.org

Aono, Kishi, Yokota, et al.: PDGF/PDGFR Axis in the Trafficking of Fibrocytes

793



ORIGINAL RESEARCH

epithelial-mesenchymal transition and

a bone marrow-derived progenitor cell
(the fibrocyte) are cellular modulators of
fibrosis, as is the resident tissue fibroblast
(4-7). A number of studies have
demonstrated the potential for bone
marrow-derived circulating fibrocytes

to enter tissues after injury and contribute
to wound healing and fibrosis (8-11).
Fibrocytes appear to be derived from the
differentiation of CD14" peripheral blood
mononuclear cells. They express markers
of hematopoietic cells (CD34), leukocytes
(CD11b, CD13, and CD45), as well as
fibroblast products (collagens I and III
and fibronectin) (12). Tanjore and
colleagues (7) reported that bone
marrow-derived cells migrate to the lungs
and contribute to the fibroblast pool,
accounting for roughly 1/5 of $100A4™
lung fibroblasts at 2 weeks after bleomycin
(BLM) in mice. The marked expansion of
circulating fibrocyte pool in patients with
interstitial pneumonia, and the positive
correlation between the abundance of
fibroblastic foci and the amount of lung
fibrocytes in patients with IPF, have been
reported (13, 14), suggesting that fibrocytes
are involved in the pathogenesis of human
pulmonary fibrosis. Moeller and colleagues
(15) also found that the percentages of
CD45/collagen-1-positive fibrocytes were
increased in peripheral blood of patients
with IPF, and especially high circulating
fibrocyte percentages were predictive of
their poor clinical outcome.

Imatinib mesylate (gleevec in the
United States and glivec in Europe) has
been demonstrated to be highly active
against chronic myeloid leukemia and
gastrointestinal stromal tumors (16-19),
which is a potent and specific tyrosine
kinase inhibitor acting against bcr-abl,
c-kit, and platelet-derived growth factor
receptor (PDGFR) (20). Platelet-derived
growth factor (PDGF), which plays roles
in fibroblast growth and migration, is
an important growth factor in the
development of pulmonary fibrosis (21, 22).
We and others have demonstrated that
imatinib treatment attenuated the
development of pulmonary fibrosis using
a BLM or radiation model in mice via
inhibiting fibroblast growth (23-25).
However, we found that the early treatment
of imatinib (Days 0-14) significantly
prevented the development of pulmonary
fibrosis in the BLM model in mice (24).
Neef and colleagues (26) also reported that
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early (Days 0-21) imatinib treatment was
effective in inhibiting liver fibrosis using
a bile duct ligation model. These results
raise the critical question of how imatinib
plays a role during the early phase
(inflammatory phase).

Therefore, we focused on fibrocytes and
examined the expression of PDGFRs in
fibrocytes, the migration of fibocytes in
response to PDGF, and fibrocyte pool size in
the lungs of BLM-treated mice with or
without PDGFR inhibitors (imatinib,
PDGFR-blocking antibodies) to test the
hypothesis that PDGF might directly
contribute to the migration of fibrocytes into
the injured lungs.

Materials and Methods

Detailed methods are described in the online
supplement.

Mice and Materials

C57BL/6 female mice (7 wk old) were
purchased from Charles River Japan, Inc.
(Yokohama, Japan). Mice were maintained
in the animal facility of the University of
Tokushima under specific pathogen-free
conditions according to the guidelines of our
university (24). Imatinib mesylate was
kindly provided by Novartis Pharma AG
(Basel, Switzerland). The anti-mouse
PDGFR-blocking antibodies, termed APAS5
(PDGFR-a) and APB5 (PDGFR-8), were
kindly provided by S. I. Nishikawa (Kyoto
University) (27). BLM was purchased from
Nippon Kayaku Co. (Tokyo, Japan). PDGF-
AA, -BB, -AB, -CC, and CXCLI12 were
obtained from Sigma-Aldrich (St. Louis, MO).

BLM Treatment

Osmotic minipumps (model 2001; Alza
Pharmaceuticals, Palo Alto, CA), containing
200 pl of saline with or without BLM (125
mg/kg), were implanted subcutaneously
(28). Each experiment was performed in
at least three mice per group.

Administration of Imatinib and
Anti-PDGFR Antibodies

Imatinib powder was dissolved in distilled
water (Otsuka Pharmaceutical Co.,
Tokushima, Japan) at concentrations of

5 mg/ml. Imatinib (50 mg/kg/d) or distilled
water was injected intraperitoneally

from Days 0 to 21. The anti-mouse
PDGEFR-blocking antibodies (APA5 and
APB5) and control rat IgG were dissolved

in PBS at a concentration of 2.5 mg/ml.
APAS, APBS, or control rat IgG (0.5 mg/
mouse/every other day) was injected
intraperitoneally from Days 0 to 10.

Bronchoalveolar Lavage
Bronchoalveolar lavage (BAL) was
performed five times with saline (1 ml) using
a soft cannula (24). After counting cell
number in the BAL fluid, cells were
cytospun onto glass slides and stained with
Diff-Quick (Baxter, Miami, FL) for cell
classification.

Chemotaxis

Migration of fibrocytes was assayed as
previously described (29). Recombinant
human PDGF-AA, -AB, -BB, -CC, or
CXCL12 (100 ng/ml) was used as
chemoattractant in Boyden chambers
coated with collagen-1. The migration
induced by PDGF-AA or -BB was
examined in the presence of imatinib (0.1-3
M), anti-PDGFR-a antibody (Ab; 1-10
pg/ml), or anti-PDGFR- Ab (0.3-3 pg/
ml). All assays were performed in triplicate.
Migration was assessed by counting the
number of cells in four high-power fields
with a light microscope.

FACS Analysis

The minced lungs were digested, and

the harvested cells were stained with
phycoerythrin-cyanine 5-labeled
anti-mouse CD45 Ab, phycoerythrin-
labeled anti-mouse CXCR4 Ab, and biotin-
conjugated anti-mouse collagen-1 Ab,
followed by streptavidin-FITC. The stained
cells were analyzed by a FACScan flow
cytometer (BD Biosciences-Pharmingen,
San Diego, CA) (29).

Immunohistochemical Staining
Paraffin-embedded lung sections were
stained with primary antibodies at 4°C
overnight and subsequently stained

with fluorescence-conjugated secondary
antibodies and 4’,6-diamidino-2-
phenylindole at room temperature for

1 hour. Fluorescence images were captured
with a confocal laser scanning microscope
at X20 magnification (Leica TCS NT; Leica,
Heidelberg, Germany) (30).

Statistical Analysis

Comparisons among multiple groups

were made using one-way ANOVA with
Newman-Keuls post hoc correction (Prism,
version 5.0; GraphPad Software Inc.,
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San Diego, CA). Differences were
considered statistically significant if
P values were less than 0.05.

Results

Anti-Inflammatory Effect of Imatinib

Is Limited in BLM-Induced

Pulmonary Fibrosis

To test whether imatinib has anti-
inflammatory effect in BLM-induced
pulmonary fibrosis, we measured
proinflammatory cytokines in lung
homogenates of BLM-treated mice by
ELISA. The levels of inflammatory cytokines
had peaks on Day 7 after BLM treatment.
Imatinib treatment did not affect IL-1 and
IL-6 levels in lung homogenates on Days 3,
7, and 14 (Figures 1A and 1B), whereas
TNF-a level was attenuated by imatinib
treatment on Day 7 (Figure 1C). Next,

we examined BAL fluid to test whether
imatinib is involved in inflammatory cell
migration to the lungs in BLM-treated
mice. BLM treatment resulted in increased
numbers of total BAL cell, macrophage,
lymphocyte, and neutrophil in BAL fluid on
Days 7 and 14. Differential cell counts
revealed that imatinib treatment did not

affect the number of inflammatory cells in
BAL fluid of BLM-treated mice on Days 7
and 14 (Figure 1D).

Elevated PDGF Levels in BLM-
Treated Mice at Early Phase

The levels of PDGE-AA, -AB, and -BB

in BAL fluid of BLM-treated mice were
measured by ELISA (Figures 2A and 2B).
There were elevated levels of PDGF-AB and
-BB in BAL fluid, which seems to have had
two peaks—at the early phase (Day 7) and
the late phase (Days 21 and 28)—whereas
PDGF-AA was not detected.

Isolation of Human and Murine
Fibrocytes and the Expression

of PDGFRs

Next, we examined whether fibrocytes
express PDGFRs using both human and
murine fibrocytes. Immunochemical
double-staining for collagen-1 (green) and
CD45 or CXCR4 (red) confirmed that
cells isolated from human peripheral
blood or murine lungs were fibrocytes
(Figure E1 in the online supplement). All
of the cells had fibroblast-like spindle-
shape morphology, and were stained
positively for collagen-1 intracellularly,

and CD45 or CXCR4 on the cell
membrane. Flow cytometric analysis also
confirmed that fibrocytes used in the
present study were negative for CD3,
CD19, CD14, and positive for CD45,
CXCR4, CCR7, and collagen-1, which

is consistent with the phenotype of
fibrocytes (Figure 3A). When we
examined the expression of PDGFR-a
and -B in human and murine fibrocytes,
flow cytometric analysis clearly
demonstrated the positive expressions

of PDGFR-« and -B in both human

and murine fibrocytes (Figure 3B), which
were also confirmed by RT-PCR

(Figure 3C).

PDGF Is a Strong Chemoattractant
for Fibrocytes

We performed migration assay for
fibrocytes to test whether PDGF functions as
a chemoattractant for fibrocytes. Human
fibrocytes migrated in response to PDGF-
AA, -BB, -AB, or -CC (100 ng/ml)
compared with negative control (medium
alone). Interestingly, the numbers of
migrating cells in response to PDGF-BB
were higher than those in response to
CXCL12 (100 ng/ml), which is one of the
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Figure 1. Anti-inflammatory effects of imatinib in bleomycin (BLM)-induced pulmonary fibrosis. The levels of (A) IL-18, (B) IL-6, and (C) TNF-a in lung
homogenates from BLM-treated mice with or without imatinib (50 mg/kg/d) on Days 0, 3, 7, and 14 were measured by ELISA. (D) Bronchoalveolar lavage
(BAL) fluid was collected from BLM-treated mice with or without imatinib on Days O, 7, and 14, and differential cell counts were performed. Data are
presented as mean = SD (n = 4 in each group). *P < 0.05 versus the value in the group treated with BLM aione.
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Figure 2. Elevation of platelet-derived growth factor (PDGF)-AB and -BB in BLM-treated mice. BAL
fluid was collected from BLM-treated mice on Days 0, 3, 7, 14, 21, and 28. The levels of (A) PDGF-AB
and (B) PDGF-BB in BAL fluid were measured by ELISA. Data are presented as mean = SD (n=4in
each group). *P < 0.05 versus the value on Day O.

most important chemoattractants in
fibrocyte migration into the lung
(Figure 4A). Human fibrocytes migrated
in response to PDGF-BB in a dose-
dependent manner (Figure 4B). Imatinib
(1 pM) significantly inhibited the
migration of human fibrocytes in

response to both PDGF-AA and -BB
(Figures 4C and 4D). In addition,
anti-PDGFR-a- and -B-blocking Abs
dose-dependently inhibited the migration
of fibrocytes in response to PDGF-AA
and PDGF-BB, respectively (Figures 4E
and 4F).

ORIGINAL RESEARCH

PDGF Inhibitors Reduce Fibrocyte
Pool Size in the Lungs of
BLM-Treated Mice

We examined the number of fibrocytes in
the Jungs of BLM-treated mice with or
without imatinib treatment by using
three-color FACS analysis (CXCR4,
collagen-1, CD45) for lung digests of

the lungs. The percentage of fibrocytes
(CXCR4*Coll *CD45™ cells) in whole-lung
cells of BLM-treated mice was elevated to
a peak on Day 10 after BLM treatment.
Imatinib administration significantly
reduced the number of fibrocytes in the
lungs on Day 10 (Figures 5A and 5C).
APAS5 (anti-PDGFR-a Ab) and APB5
(anti-PDGFR-B Ab) also significantly
reduced the number of fibrocytes in the
lungs on Day 10 after BLM treatment
(Figure 5B). The inhibitory effect by APB5
was stronger than that of APA5 (Figure 5D).
These results suggest that the inhibition of
PDGF signaling by imatinib, APAS5, or
APB5 suppresses fibrocyte migration into
the lung after BLM-induced injury.
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Figure 3. Expressions of PDGF receptor (PDGFR) -o and -B in human and murine fibrocytes. (A) The expressions of CD3, CD19, CD14, CD45, CXCR4,
CCR?7, and collagen-1 in human fibrocytes from peripheral blood were examined by flow cytometry. (B) The expression of PDGFR-a and -8 in human
fibrocytes from peripheral blood and murine fibrocytes from the lungs were examined by FACS. (C) The expression of PDGFR-«, -, CXCR4, and CCR7 in
human fibrocytes from peripheral blood and murine fibrocytes from the lungs were examined by RT-PCR.
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Figure 4. PDGF is a strong chemoattractant for fiorocytes. Human fibrocytes (1 X 10*/well) from peripheral blood were added to the upper chambers, and
medium containing PDGF-AA, -AB, -BB, -CC, or CXCL12 was added to the lower chambers. Fibrocytes were tested for chemotaxis to (A) PDGF-AA,
-AB, -BB, -CC (100 ng/mi), and CXCL12 (100 ng/mli), or (B) PDGF-BB at various concentrations (1-100 ng/ml). *P < 0.05 versus the value in the group
treated with medium alone. (C) Human fibrocytes treated with PDGF-AA (20 ng/ml) or PDGF-BB (20 ng/ml) in the presence or absence of imatinib (1 wM) were
examined for chemotaxis. Fibrocytes were also treated with (£) PDGF-AA (20 ng/ml) or (D and F) PDGF-BB (20 ng/ml) in the presence of various concentrations
of (O) imatinib (0.1-3 uM), () anti-PDGFR-a antibody (Ab; 1-10 pg/ml), or (F) anti-PDGFR-B Ab (0.3-3 pg/mi) were tested for chemotaxis to PDGF-AA

or -BB. Data are presented as mean * SD (n = 4 in each group). "P < 0.05 versus the value in the group treated with PDGF alone. HPF, high-power fields.

Detection of Fibrocytes in the cells for SI00A4/FSP-1 and CD45
Lungs of BLM-Treated Mice observed in the lung sections are defined
Using Immunohistochemistry as fibrocytes, and single-positive cells for
Paraffin-embedded lung sections of BLM-  S100A4/FSP-1 are fibroblasts (Figure 6A).
treated mice with or without imatinib Imatinib treatment significantly

on Day 10 were stained for S100A4/ reduced the number of fibrocytes per
fibroblast-specific antigen-1 (FSP-1; high-power field in the lungs of BLM-

green) and CD45 (red). Double-positive treated mice (Figure 6B).
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Marked Expression of PDGFR-§ in
Fibrocytes from Patients with IPF

To test which receptor is important in
fibrocyte recruitment into the lungs in
patients with IPF, we examined the
expression levels of PDGFR-a, -B, and
CXCR4 mRNAs in fibrocytes from healthy
volunteers and patients with IPF by
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real-time PCR. There were no significant
differences in either CXCR4 or PDGFR-a
mRNA levels between healthy volunteers
and patients with IPF. On the other hand,
PDGFR-B mRNA level was significantly
higher in fibrocytes from patients with IPF
than healthy volunteers (Figure 7).

Discussion

In the present study, we demonstrate the
role of PDGF in fibrocyte migration into the
injured lung in pulmonary fibrosis. PDGF
significantly enhanced the migration of
human fibrocytes. PDGFR inhibitors and
anti-PDGFR-a- and -B-blocking Abs
attenuated fibrocyte migration in response
to PDGF in vitro, and reduced fibrocyte
pool size in the lungs in BLM-treated mice.
In our previous study, we reported
that imatinib treatment attenuated the
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Figure 5. PDGFR inhibitors regulate fibrocyte pool size in the lungs in BLM-treated mice. Imatinib (50 mg/kg/d), APAS (anti-PDGFR-o Ab), or APBS
(anti~PDGFR-B Ab} (0.5 mg/mouse/each other day) was intraperitoneally injected into BLM-treated mice. Lung digests stained for collagen-1, CD45, and
CXCR4 were examined by flow cytometry. Lung digests were also stained for isotype control IgG labeled with FITC, phycoerythrin, or phycoerythrin-
cyanine. Collagen-17 fibrocytes were examined for dual expression of CD45 and CXCR4 using the logical gates depicted. Collagen-1*CD45"CXCR4™*
fibrocytes in lung digests from (4) the mice with or without imatinib treatment on Days O, 3, 7, 10, 14, and 21, or (B) the mice with or without
PDGFR-blocking antibodies (APA5 or APB5) treatment on Day 10 were examined. The percent fibrocytes relative to total cells of lung digests + SEM
in (C) the mice with or without imatinib treatment, or (D) the mice with or without PDGFR-blocking antibodies (APAS or APBS) treatment (0 = 4 in each
group). *P < 0.05 versus the value in the group treated with BLM alone. :

development of pulmonary fibrosis using
a BLM model in mice via inhibiting PDGF-
induced fibroblast growth. Although
imatinib had been expected to be an
antifibrotic drug for IPF, Daniels and
colleagues (31) reported that, in

a randomized, placebo-controlled trial

of patients with mild to moderate IPF,
imatinib did not affect survival or lung
function. On the other hand, we have
already demonstrated that imatinib’s failure
to prevent pulmonary fibrosis in the BLM
model in mice was caused by elevated al-
acid glycoprotein (AGP), which can bind
imatinib with high affinity and blocks its
biological activity, in serum and lung tissue,
and that half of patients with IPF had levels
of AGP high enough to prevent the effects
of imatinib in vitro (32). Daniels and
colleagues also described that the failure of
the clinical trial with imatinib might have
been due to AGP in addition to the lower

number of patients enrolled, making it
difficult to detect differences, as well as
the doses of imatinib used. Imatinib
might still be useful in combination with
erythromycin or clarithromycin, which
displace imatinib from AGP via the
competition with imatinib, as we reported
previously in the mouse model (32).
Furthermore, in a double-blind, placebo-
controlled, randomized, phase II trial,
the tyrosine kinase inhibitor, BIBF1120,
targeting PDGFR, vascular endothelial
growth factor receptors, and fibroblast
growth factor receptors, was associated with
a trend toward a reduction in the decline in
lung function in patients with IPF (33).
Therefore, the inhibition of PDGF signaling
still remains a target of antifibrotic therapy
for IPF.

A study by Chaudhary and colleagues
(34) demonstrated that imatinib inhibited
the levels of inflammatory cytokines
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(50 mg/kg/d) were killed on Day 10, and paraffin-embedded lung sections were stained with rabbit
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are shown. Arrows indicate fibrocytes double stained for S100A4/FSP-1 and CD45. Scale bar,

10 pm. (B) S100A4/FSP-1 and CD45 double-positive cells were counted from 20 random fields per
section at 40X magnification. Data are presented as mean = SD (n = 4-5 in each group). *P < 0.05
versus the value in the group treated with BLM alone.

(IL-1a, -1B, and -6) in lung homogenates
in BLM-treated rats. In contrast, in this
study, imatinib treatment reduced the TNF-
« level, but did not affect IL-1B and -6
levels, and did not change the number of
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inflammatory cells in BAL fluid in BLM-
treated mice during early phase. The reason
for the discrepancy is not clear, but might
be due to the different species and delivery
systems of BLM used in both studies.
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Chaudhary and colleagues performed
intratracheal injection in rats, but we used
systemic infusion with a minipump in mice,
which induces more chronic and mild
model of pulmonary fibrosis in mice. We
believe that the anti-inflammatory effects
of imatinib were limited in our model,
although imatinib partly had anti-
inflammatory function.

PDGF-AB and -BB levels in BAL fluid
were elevated not only at late phase, but
also at early phase. These results suggest
that PDGF may also play roles in the
development of pulmonary fibrosis during
both early and late phase, during which
PDGF might function to induce fibroblast
growth and migration, in BLM-induced
pulmonary fibrosis in mice. Because PDGF
could be a strong chemoattractant for cells
of mesenchymal origin, we hypothesized
that PDGF is also a chemoattractant for
fibrocytes, and plays an important role in
fibrocyte recruitment into injured lungs
during the early phase of pulmonary fibrosis.
In fact, fibrocytes were increased in the lungs of
BLM-treated mice at the peak on Day 10,
around which time PDGFs were elevated
in BAL fluid, supporting our hypothesis.

Some chemokines (CXCL12, CCL12,
CCL21) and chemokine receptors (CXCR4,
CCR2, CCR7) have been identified as being
correlated with fibrocyte recruitement
into the tissues and the development of
pulmonary fibrosis in BLM-treated mice
in recent papers (6, 35-39). In particular,
the CXCL12-CXCR4 biological axis plays
an important role in the migration of
fibrocytes in BLM-induced lung fibrosis
(6). The marked expression of CXCL12 in
both the lungs and plasma of patients with
interstitial pneumonia, and the negative
correlation between plasma levels of

o

Healthy IPF

Volunteer

CXCR4

Figure 7. Marked expression of PDGFR-B in fibrocytes from patients with idiopathic pulmonary fibrosis (IPF). The expression of PDGFR-«, -8, and
CXCR4 in fibrocytes from peripheral blood of healthy volunteers and patients with IPF were examined by real-time PCR. Data are presented as
mean = SEM (n = 4-5 in each group). “P < 0.05 versus the value in healthy volunteers.
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CXCL12 and oxygen saturation on
exercise in patients with IPF have been
reported previously (13, 14). On the other
hand, we demonstrated that fibrocytes
expressed PDGFR-a and -3, and migrated
in response to PDGF-AA, -AB, -BB,

and -CC in vitro. Interestingly, the
number of migrating fibrocytes in
response to PDGF-BB was roughly 1.6-
fold higher than that in response to
CXCL12, suggesting that PDGF-BB is an
important chemoattractant for fibrocytes,
as is CXCL12. Imatinib and anti-
PDGFR-blocking Abs decreased fibrocyte
migration in vitro and reduced fibrocyte
pool size in the lungs in vivo. The
decrease associated with APB5
(anti-PDGFR-B Ab) was higher than that
associated with APAS5 (anti-PDGFR-«
Ab) in vivo, which is consistent with the
finding that PDGF-BB was the strongest
chemoattractant among PDGFs used

in vitro. In addition, a marked expression
of PDGFR-B was observed in fibrocytes
from patients with IPF compared with
healthy volunteers, although there were
no significant differences in PDGFR-«
and CXCR4 expression levels between
these groups. This suggests that the
elevated expression of PDGFR-B in
fibrocytes may induce the increased
numbers of fibrocytes in lungs of patients
with IPF, which may be involved in the
development of the disease.

Our results extend those of a previous
study by Garcia-de-Alba and colleagues
(40), who reported that human fibrocytes
migrated in response to PDGF-BB in vitro.
In this study, we have revealed the role of
PDGF in fibrocyte migration into the lungs,
not only in vitro, but also i1 vivo, and the
importance of the PDGF-BB-PDGFR-3
biological axis in many combinations of
PDGFs and PDGFRs in fibrocyte
migration.

Our findings also suggest that the
antifibrotic effect of the early treatment
with imatinib in BLM-induced pulmonary
fibrosis may depend, at least in part, on
the inhibition of fibrocyte recruitment
by inhibiting PDGF signaling. When we
measured CXCL12 in the BLM-treated
lungs, treatment with imatinib did not affect
the level of CXCL12 (Figure E2). However,
Mehrad and colleagues (41) reported that
PDGF up-regulated CXCR4 expression
in fibrocytes, and PDGF-induced CXCR4
expression was attenuated by specific
inhibition of phosphatidyl inositol 3-kinase,
which is a major signal transduction
pathway downstream of the PDGF
receptor. Therefore, decreased numbers of
fibrocytes in the lungs associated with the
treatment with PDGF inhibitors may depend
on both the direct inhibition of PDGF-
induced migration of fibrocytes and the
indirect inhibition of CXCL12-induced
migration of fibrocytes through attenuation

of CXCR4 expression. In addition, not
only migration, but also proliferation

of fibrocytes should be examined for a
complete assessment of the effects of PDGF
on fibrocytes. Our preliminary study
showed poor growth ability of fibrocytes,
especially in patients with IPF, compared
with lung fibroblasts (Figure E3), suggesting
that PDGF could play a role as

a chemoattractant for fibrocytes.

In summary, fibrocytes expressed
PDGFR and migrated in response to PDGF.
PDGF inhibitors (imatinib and anti-PDGFR
Abs) reduced the number of fibrocytes
in the lungs in BLM-treated mice. PDGF
is a strong chemoattractant for fibrocytes,
as is CXCL12. PDGF may also contribute
to the development of pulmonary fibrosis
by inducing fibrocyte migration into the
lung. In particular, the PDGF-BB-PDGFR-3
biological axis may be more important
in fibrocyte migration into the lungs in
pulmonary fibrosis compared with the
other PDGFs and PDGFR. We speculate
that the inhibition of PDGF signaling will
continue to be a target of antifibrotic therapy
for IPF. &
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