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Abstract

Idiopathic pulmonary fibrosis (IPF) is a devastating disease
characterized as progressive and irreversible fibrosis in the
interstitium of lung tissues. There is still an unmet need to develop a
novel therapeutic drug for IPF. We have previously demonstrated
that periostin, a matricellular protein, plays an important role in the
pathogenesis of pulmonary fibrosis. However, the underlying
mechanism of how periostin causes pulmonary fibrosis remains
unclear. In this study, we sought to learn whether the cross-talk
between TGF-b (transforming growth factor-b), a central mediator
in pulmonary fibrosis, and periostin in lung fibroblasts leads to
generation of pulmonary fibrosis and whether inhibitors for integrin
aVb3, a periostin receptor, can block pulmonary fibrosis in model
mice and the TGF-b signals in fibroblasts from patients with IPF.We

found that cross-talk exists between TGF-b and periostin signals
via aVb3/b5 converging into Smad3. This cross-talk is necessary for
the expression of TGF-b downstream effector molecules important
for pulmonary fibrosis. Moreover, we identified several potent
integrin low-molecular-weight inhibitors capable of blocking
cross-talk with TGF-b signaling. One of the compounds,
CP4715, attenuated bleomycin-induced pulmonary fibrosis
in vivo in mice and the TGF-b signals in vitro in fibroblasts from
patients with IPF. These results suggest that the cross-talk between
TGF-b and periostin can be targeted for pulmonary fibrosis and
that CP4715 can be a potential therapeutic agent to block this
cross-talk.
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Idiopathic pulmonary fibrosis (IPF) is a
disease of unknown etiology characterized
as progressive and irreversible fibrosis in the
interstitium of lung tissue (1). IPF is a
devastating disease; the median survival of
patients with IPF is 3–5 years. Only two
drugs, pirfenidone and nintedanib, have
thus far been approved by the U.S. Food
and Drug Administration for the treatment

of IPF. However, the efficacy of these drugs
is limited. Therefore, there is still an unmet
need to develop an effective therapeutic
drug for treating IPF.

TGF-b (transforming growth factor-b)
is a central mediator in the pathogenesis
of pulmonary fibrosis (2–4). It enhances
the differentiation of fibroblasts into
myofibroblasts, the synthesis of

extracellular matrix (ECM) proteins, the
inhibition of matrix degradation by matrix
metalloproteinases, and the epithelial-to-
mesenchymal transition. In contrast, it is
known that TGF-b is a pleiotropic cytokine
that has various physiological roles,
including immunosuppressive effects (5).
TGF-b1–deficient mice die soon after birth
with autoimmune disorder–like lesions (6).

(Received in original form July 7, 2019; accepted in final form September 6, 2019 )

Supported in part by the Japan Society for the Promotion of Science grant-in-aid for scientific research (KAKENHI) JP16H05343 (K.I.) and National Institutes of
Health grant HL135657 (S.J.C.).

Author Contributions: Y.N., S.N., T.Y., and Y.H. performed the experiments and evaluated the data together with K.I. Y. Yokozaki prepared the transfectants
for the SW480 cells. Y.T., Y. Yamaguchi, and C.F.-B. obtained lung tissues of patients with idiopathic pulmonary fibrosis and normal donor lung tissues
and cultured primary lung fibroblasts. K.A. and S.M. prepared the integrin inhibitors. S.J.C. prepared the periostin-deficient mice. Y.N., S.J.C., and K.I. wrote
the manuscript. All authors edited the manuscript.

Correspondence and requests for reprints should be addressed to Kenji Izuhara, M.D., Ph.D., Division of Medical Biochemistry, Department of Biomolecular
Sciences, Saga Medical School, 5-1-1 Nabeshima, Saga 849-8501, Japan. E-mail: kizuhara@cc.saga-u.ac.jp.

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

Am J Respir Cell Mol Biol Vol 62, Iss 2, pp 204–216, Feb 2020

Copyright © 2020 by the American Thoracic Society

Originally Published in Press as DOI: 10.1165/rcmb.2019-0245OC on September 10, 2019

Internet address: www.atsjournals.org

204 American Journal of Respiratory Cell and Molecular Biology Volume 62 Number 2 | February 2020

 

http://crossmark.crossref.org/dialog/?doi=10.1165/rcmb.2019-0245OC&domain=pdf
mailto:kizuhara@cc.saga-u.ac.jp
http://www.atsjournals.org
http://dx.doi.org/10.1165/rcmb.2019-0245OC
http://www.atsjournals.org


Although a phase 1 study of administration
of anti–TGF-b antibody (Ab; fresolimumab,
GC1008) to patients with IPF was
initiated (NCT00125385), its development
was halted without explanation.
Therefore, identifying an approach to
blocking the TGF-b signals important
for pulmonary fibrosis without interfering
with the physiological functions of
TGF-b would be promising for
developing therapeutic drugs for pulmonary
fibrosis.

Periostin (encoded by the POSTN
gene) is a matricellular protein belonging to
the fasciclin family (7). Periostin exerts its
actions by binding with several integrin
molecules on the surface of target cells. It is
expressed and accumulates in the lesions of
many inflammatory and fibrotic diseases
(7). In patients with IPF, periostin is highly
expressed in lung tissues, particularly in
fibroblastic foci, probably via localized
TGF-b induction (8, 9). Elevated serum
periostin in patients with IPF is well
correlated with decline of lung function,
suggesting that serum periostin is a
biomarker for IPF, predicting a poor
prognosis (8, 10). Moreover, we found that
periostin-deficient mice were protected
from bleomycin (BLM)-induced pulmonary
fibrosis (11). These results suggest that
periostin is a key effector molecule in the
pathogenesis of pulmonary fibrosis.
However, the underlying mechanism by
which periostin triggers lung fibrosis
remains unclear.

In this study, we sought to determine
whether the cross-talk between TGF-b and
periostin specifically results in the
generation of pulmonary fibrosis. Taking
advantage of this known aspect of cross-
talk between TGF-b and periostin, we
searched for inhibitors of integrin aVb3, a
periostin receptor, to potentially block
TGF-b and periostin cross-talk and then
examined whether such an integrin aVb3

inhibitor would also block the TGF-b
signals followed by impairment of
pulmonary fibrosis.

Methods

Cell Culture
The details of the purchased cells are
described in the data supplement. Four
strains of fibroblasts were cultured from the
explanted lungs of patients with IPF
undergoing lung transplant as we previously

described (12, 13). IPF lung tissues were
obtained under a protocol approved by the
University of Pittsburgh Institutional
Review Board.

RNAi-mediated Knockdown
The details of the RNAi-mediated
knockdown method are described in the
data supplement.

DNA Microarray Analysis
The details of the DNA microarray analysis
method are described in the data
supplement.

qRT-PCR
The details of the qRT-PCR method are
described in the data supplement. Primers
for qRT-PCR are described in Table E1 in
the data supplement.

ELISA
The details of the ELISA method are
described in the data supplement.

Transient Transfection
The details of the transient transfection
method are described in the data
supplement. All gene modification
experiments were performed after obtaining
approval of the safety committee of Saga
University (30-05-1).

Western Blotting
The details of the western blotting method
are described in the data supplement.

Generation of Stable TGF-b Reporter
Cell Lines and Luciferase Assay
The details of this method are described in
the data supplement.

Flow Cytometry
The details of the flow cytometrymethod are
described in the data supplement.

Integrin aVb3 Inhibitors
Integrin inhibitors and their derivatives
were prepared as previously described
(14–17).

Cell Adhesion Assay
Cell adhesion assay was performed as
previously described (18, 19). The details of
the cell adhesion assay method are
described in the data supplement.

Immunohistochemistry
The details of the immunohistochemistry
method are described in the data
supplement.

Confocal Microscopy
The details of the confocal microscopy
method are described in the data
supplement.

Mice
All experiments were performed following
the guidelines for care and use of
experimental animals required by the
Japanese Association for Laboratory Animal
Science (1987) and were approved by the
Saga University Animal Care and Use
Committee (Saga, Japan; 27-040-0). The
details of the used mice and the method for
generation of lung fibrosis are described in
the data supplement.

Hydroxyproline Measurement
The details of the hydroxyproline
measurement method are described in the
data supplement.

Lung Tissues
The lung tissues used for
immunohistochemistry were prepared from
four patients with usual interstitial
pneumonia (UIP) and two healthy subjects.
Four patients were histologically diagnosed
with UIP at Nippon Medical School. Three
were male, and one was female. Their ages
ranged from 48 to 73 years. The lung tissues
were obtained from two healthy subjects
undergoing surgery for pneumothorax. Both
were male, ages 50 and 83 years,
respectively.

Statistical Analysis
Results are presented as mean6 SD.
Statistical analyses were performed using
the unpaired Student’s t test or log-rank
test. P, 0.05 was considered statistically
significant.

Results

Identification of Signature Molecules
of Pulmonary Fibrosis Induced by the
Cross-Talk between TGF-b and
Periostin in Lung Fibroblasts
To explore the possibility that cross-talk
exists between TGF-b and periostin in lung
fibroblasts leading to pulmonary fibrosis,
we first compared the gene expression
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profiles of normal human lung fibroblasts
with or without TGF-b stimulation and
with or without periostin knockdown using
DNA microarray analysis (Figure 1A). On
the basis of upregulation by stimulation of
TGF-b and downregulation by POSTN
knockdown, we divided the genes into four
groups (Figure 1A): 1) TGF-b inducible
and periostin dependent, 2) TGF-b
inducible and periostin independent, 3)
TGF-b noninducible and periostin
dependent, and 4) TGF-b noninducible and
periostin independent. From the upper left
panel in Figure 1A, we selected 258 genes
upregulated by more than twofold with
TGF-b stimulation and downregulated by
less than half with periostin knockdown as
the definite cross-talk genes between TGF-b
and periostin (red box in Figure 1A).

We then applied the DAVID tool to the
definite cross-talk genes between TGF-b
and periostin to enrich biological functions
in this group. In Gene Ontology terms
highly correlated with TGF-b–inducible
and periostin-dependent genes, we focused
on “extracellular space” (a Gene Ontology
term) because genes related to fibrosis were
involved in this group (Figure 1B). The
extracellular space group contained
SERPINE1 (serpin family E member
1)/PAI-1, CCN2/CTGF (CCN family
member 2/connective tissue growth factor),
IGFBP-3 (insulin-like growth factor
binding protein 3), and IL-11 (Figure 1C),
all of which have already been shown to be
highly expressed in patients with IPF (13,
20–23) and to individually play important
roles in the pathogenesis of pulmonary
fibrosis (24–29). In contrast, some
TGF-b–inducible molecules, such as
Col1a1 (collagen, type I, a1) and FN1
(fibronectin), known to be correlated with
pulmonary fibrosis (30), were not
downregulated by periostin knockdown
and were classified as TGF-b–inducible and
periostin-independent genes. In the
following experiments, we denoted
SERPINE1, CTGF, IGFBP-3, and IL-11 as
signature molecules of pulmonary fibrosis
induced by the cross-talk between TGF-b
and periostin.

We investigated the requirement of
periostin for expression of the signature
molecules of pulmonary fibrosis induced by
the cross-talk between TGF-b and periostin.
TGF-b upregulated expression of all
investigated molecules at the mRNA
level―SERPINE1, CTGF, IGFBP3, IL11
(IL-11), FN1, and COL1A1 (collagen, type I,

a1)―in both normal human lung fibroblasts
and MRC-5 cells (Figures 1D and E1),
whereas periostin knockdown
downregulated expression of SERPINE1,
CTGF, IGFBP3, and IL11, but not
expression of FN1 and COL1A1, at mRNA
levels and expression of IGFBP3 and IL-11
at protein levels.

We next examined the reciprocal
effects of periostin on expression of the
signature molecules of pulmonary fibrosis in
lung fibroblasts by forced expression of
periostin. We transfected the plasmid-
encoding human periostin or control
plasmid into MRC-5 cells followed by
stimulation with TGF-b. Exogenous
overexpression of periostin enhanced
expression of SERPINE1, CTGF, IGFBP3,
and IL11, but not of FN1 or COL1A1,
compared with control-transfected cells
stimulated by TGF-b at mRNA levels and
expression of IGFBP3 and IL-11 at protein
levels (Figures 1E and E1). These results
confirm that periostin is required for the
expression of the signature molecules of
pulmonary fibrosis induced by the cross-
talk between TGF-b and periostin in lung
fibroblasts.

Activation of Smad3 by the Cross-
Talk between TGF-b and Periostin
We explored how the signal pathways of
periostin and TGF-b interact with each
other. To do so, we examined whether
activation of Smads, transcription factors
critical for TGF-b signaling, was affected by
the periostin signals. Knockdown of
periostin slightly decreased TGF-
b–induced phosphorylation of Smad2 and
significantly decreased phosphorylation of
Smad3 (Figure 2A), whereas overexpression
of periostin upregulated phosphorylation of
Smad3 (Figure E2), suggesting that the
cross-talk between TGF-b and periostin
signals merges upstream of Smad2/3 and
that activation of Smad2/3 is affected by
periostin signaling.

We next evaluated which Smad, Smad2
or 3, was more important for the expression
of the signature molecules of pulmonary
fibrosis induced by the cross-talk between
TGF-b and periostin using knockdown of
either Smad2 or 3. Knockdown of Smad3,
but not of Smad2, downregulated
expression of SERPINE1, CTGF, IGFBP3,
and IL11 (Figure 2B), suggesting that
activation of Smad3 rather than Smad2 is
more important for expression of the

signature molecules of pulmonary fibrosis
induced by this cross-talk.

To evaluate the effects of the cross-talk
on Smad3 activation, we stably transfected a
luciferase gene under the control of Smad3-
binding element into WI-26 VA4 cells.
Consistent with the data on Smad3
phosphorylation, the luciferase activity
induced by TGF-b was downregulated by
periostin knockdown (Figure 2C).
Conversely, plasmid-mediated expression
of periostin enhanced the luciferase activity
(Figure 2D). These results demonstrate that
the reporter cells detect Smad3 activation
by the cross-talk between TGF-b and
periostin.

We then examined the level of activity
of periostin on target cells with a coculture
system (Figure 2E). In this system, we
cocultured the reporter cells with periostin-
producing cells and measured the luciferase
activity. We evaluated the effects of
periostin produced in a paracrine or
autocrine manner by knockdown of
periostin in the periostin-producing cells or
the reporter cells, respectively. Knockdown
of periostin in both types of cells decreased
luciferase activity (Figure 2F). These results
demonstrate that periostin secreted from
the producing cells or the reporter cells acts
on target cells in both a paracrine and an
autocrine manner.

Downregulation of the TGF-b Signals
in BLM-challenged Postn2/2 Mice
Although we previously demonstrated that a
genetic deficiency of periostin impaired
BLM-induced pulmonary fibrosis and
improved survival in mice (11), it was
unclear whether the TGF-b signal was
downregulated in these mice. Therefore,
we examined expression of the signature
molecules of pulmonary fibrosis—
SERPINE1, CTGF, IGFBP-3, and IL-11—
and activation of Smad3 using
BLM-challenged, periostin-deficient mice
(Figures 3A and 3B). In BLM-treated
Postn1/2 mice, increased expression of
SERPINE1, CTGF, IGFBP-3, and IL-11 was
seen in reactive bronchial/pulmonary
epithelial cells and, in the case of CTGF,
also in the fibrotic regions. Moreover,
phosphorylation and nuclear localization
of Smad3 were upregulated in BLM-
administered Postn1/2 mice. In contrast,
all of these changes were decreased in
periostin-deficient mice in accordance with
decreased fibrosis. These results are
consistent with the in vitro finding that the
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Figure 1. Identification of signature molecules of pulmonary fibrosis induced by the cross-talk between TGF-b (transforming growth factor-b) and
periostin in lung fibroblasts. (A) A dot plot of the genes showing dependency of either TGF-b or periostin analyzed by DNA microarray. We incubated
normal human lung fibroblasts (NHLFs) with or without 1 ng/ml of TGF-b for 24 hours in the presence of 5 nM of either control siRNA or periostin siRNA,
then subjected them to DNA microarray. The longitudinal axis represents the induction of the genes upregulated or downregulated by TGF-b. The
horizontal axis represents the induction of the genes upregulated or downregulated by siRNA for periostin. The red square represents the genes
upregulated by TGF-b by more than twofold and downregulated by periostin knockdown by less than half (258 genes). (B) Highly ranked Gene Ontology
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cross-talk between TGF-b and periostin
leads to expression of the signature
molecules of pulmonary fibrosis via Smad3.

Expression of Signature Molecules of
Pulmonary Fibrosis and Periostin and
Activation of Smad3 in the Lung
Tissues of Patients with IPF
We next confirmed the enhanced expression
of pulmonary fibrosis―SERPINE1, CTGF,
IGFBP-3, and IL-11―in the lung tissues of
patients with IPF (Figure 3C). SERPINE1,
IGFBP-3, and IL-11 were all clearly
expressed in reactive bronchial/pulmonary
epithelial cells, as well as in fibroblasts in
the case of CTGF and IGFBP-3, in patients
with UIP. CTGF was expressed in the
interstitium, particularly in fibroblastic foci,
in patients with UIP. Periostin was strongly
expressed in the interstitium of the lung
tissues, particularly in fibroblastic foci, of
patients with UIP as previously described
(8). Moreover, significant phosphorylation
and nuclear localization of Smad3 was
observed in patients with UIP. Periostin
was well colocalized with the cells that
had phosphorylated Smad3 (Figure 3C).
All of these molecules and activation of
Smad3 were not or were only minimally
observed in the lung tissues of healthy
subjects. These results are consistent with
the in vitro and model mouse data.

Requirement of Integrin avb3/b5 for
Cross-Talk between TGF-b and
Periostin
It is still controversial which integrin is
being used for the periostin receptor (31).
We previously found that aVb3 integrin is
the main receptor for periostin and that
aVb5 integrin acts as a complementary
receptor in keratinocytes (32). Therefore,
we examined the requirement for aVb3/b5

integrin in the cross-talk between TGF-b
and periostin in lung fibroblasts by
knockdown of integrin aV and aV-coupled
b3 and b5 integrins. We confirmed
expression of aVb3/b5 integrin on MRC-5
and WI-26 VA4 cells (Figure E3).

Knockdown of integrin aV significantly,
and knockdown of integrin b3 or b5
partially and almost equally, downregulated
expression of SERPINE1, CTGF, IGFBP3,
and IL11, but not of FN1 or COL1A1
(Figures 4A and 4B). These results suggest
that periostin uses mainly aV and almost
equally b3 and b5 as its partners for the
cross-talk with TGF-b in lung fibroblasts.

Search for Integrin aVb3 Inhibitors
That Block the Cross-Talk between
TGF-b and Periostin
Given that the cross-talk between TGF-b
and periostin in lung fibroblasts is
important for expression of the signature
molecules of pulmonary fibrosis, we
searched for integrin aVb3 inhibitors to
downregulate the TGF-b signals cross-
talking with periostin. We evaluated the
inhibitory effects of 10 compounds that had
previously shown inhibitory activities
against integrin and their derivatives on the
adhesion of periostin to integrin aVb3 and
on the luciferase activity in the reporter
cells harboring the Smad3-binding
element–conjugated luciferase gene
(References 14–17 and Figure 5A). We
confirmed expression of aVb3/b5 integrin
on SW480 cells or SW480 cells transfected
with integrin b3 used for an adhesion
assay (Figure E4). Inhibition of the
adhesion activity showed almost the same
trend as that of the luciferase activity,
suggesting that inhibiting the binding of
periostin to integrin aVb3 leads to
blockade of the TGF-b signals (Figures 5B
and 5C). It is of note that the half-
maximal inhibitory concentration values
for the luciferase activity were almost 10-
fold higher than those of the adhesion
activity.

The inhibitory effect on the adhesion of
periostin to integrin aVb3 was compound
2 =CP4715 = 6 = 7= 9. 5. 8..
1 = 3 = 4, whereas the inhibitory effect on
the luciferase activity was CP4715 =
6. 7 = 9. 2. 8. 5..1 = 3 = 4
(Figures 5B and 5C). These data suggest

that a tetrahydropyrimidin-2-yl-amino
moiety at the N-terminus and a benzoyl
moiety at the center of a molecule are
required to block cross-talk. Taken
together, those integrin antagonistic
derivatives show blockade of cross-talk
between TGF-b and periostin in proportion
to the antagonistic activities against integrin
aVb3.

In Vivo Attenuation of BLM-induced
Pulmonary Fibrosis by Integrin aVb3

Inhibitor CP4715
Given that several integrin inhibitors
downregulate the TGF-b signals, we
explored the possibility that blocking the
periostin/integrin pathway would lead to
impairment of pulmonary fibrosis in vivo.
We chose CP4715, one of the integrin
inhibitors showing strong inhibitory effects
on the TGF-b signals in vitro. We
administered CP4715 continuously into the
mice using osmotic pumps implanted in
their backs (Figure E5), and we confirmed
that CP4715 was administered from the
pumps up to Day 10. When we followed the
mice 3 weeks after BLM administration,
half of the control mice had died,
whereas CP4715-treated mice showed a
better survival rate (50% vs. 80%; P, 0.05)
(Figure 6A). Accordingly, treatment with
CP4715 reduced BLM-induced
weight loss up to 14 days after BLM
administration (85.6% vs. 89.9%,
90.1% vs. 84.7%, and 90.8% vs. 84.2% at
Days 10, 12, and 14, respectively;
P, 0.05) (Figure 6B). Moreover, when
we examined hydroxyproline content
on Day 10, treatment with CP4715
significantly reduced the BLM-induced
increase of hydroxyproline (82.06 10.8
mg vs. 66.56 11.0 mg; P, 0.001)
(Figure 6C). Histological and gross
examinations showed that CP4715
attenuated pulmonary fibrosis and
activation of Smad3 (Figures 6D,
6E, and E6). These results demonstrate
the beneficial effects of CP4715
on BLM-induced pulmonary fibrosis
in vivo.

Figure 1. (Continued). terms in the definite cross-talk genes between TGF-b and periostin in lung fibroblasts are depicted. “Extracellular space” is boxed.
(C) Heat maps of the genes in the Gene Ontology term “extracellular space” are depicted. The ratios of control siRNA/TGF-b2 to control siRNA/TGF-b1

(left) and control siRNA/TGF-b1 to periostin siRNA/TGF-b1 (right) are shown. (D) Effects of periostin knockdown on expression at mRNA levels of
SERPINE1, CTGF, IGFBP3, IL11, POSTN, FN1, and COL1A1. NHLFs were stimulated with or without 1 ng/ml of TGF-b for 24 hours in the presence of
control or periostin siRNA (n=3). The values were adjusted by GAPDH expression. (E) MRC-5 cells were transiently transfected with the expression
plasmid encoding periostin and then treated with or without 3 ng/ml of TGF-b for 24 hours. The mRNA expression of SERPINE1, CTGF, IGFBP3, IL11,
POSTN, FN1, and COL1A1 is depicted. The values were adjusted by GAPDH expression. The same experiments were performed three times. **P,0.01.
NS=not significant.
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Figure 2. Activation of Smad3 by the cross-talk between TGF-b and periostin in lung fibroblasts. (A) Effects of periostin knockdown on Smad2 and
Smad3 phosphorylation. MRC-5 cells were stimulated with 3 ng/ml of TGF-b for the indicated times in the presence of control siRNA or periostin siRNA.
Densitometric quantification of Smad2 and Smad3 phosphorylation. The data were normalized to total Smad2 or Smad3 and expressed as the fold
change compared with the first group at time 0. The same experiments were performed three times. (B) Effects of knockdown of either Smad2 or Smad3
on expression of SERPINE1, CTGF, IGFBP3, IL11, POSTN, FN1, and COL1A1 mRNA. MRC-5 cells were stimulated with or without 3 ng/ml of TGF-b for
24 hours in the presence of control siRNA or siRNA for Smad2 or Smad3 (n=3). The values were adjusted by GAPDH expression. (C and D) Effect of
knockdown (C) or overexpression (D) of periostin on the luciferase (Luc) activity in the reporter cells and periostin concentrations in the cell supernatants.
The reporter cells were stimulated with 3 ng/ml of TGF-b in the presence of control siRNA or siRNA for periostin (C) or in the presence of control plasmid or
the expression plasmid encoding periostin (D). All experiments were performed three times. (E) A scheme of the coculture system using the reporter cells.
(F) Either periostin-producing cells (MRC-5 cells) or Smad3-binding element (SBE)-luciferase reporter cells were transfected with siRNA for control (C) or
periostin (KD) and then cocultured at the ratio of 3:1. Cocultured cells were stimulated with or without 3 ng/ml of TGF-b for 24 hours, and luciferase assay
was performed. All experiments were performed three times. *P,0.05 and **P,0.01. RLU= relative luminescence units.
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In Vitro Attenuation of the TGF-b
Signals in Lung Fibroblasts Derived
from Patients with IPF
We then examined whether CP4715
downregulates the TGF-b signals in lung
fibroblasts derived from patients with IPF.
We confirmed that even in lung fibroblasts
derived from patients with IPF, expression
of SERPINE1, CTGF, IGFBP3, and IL11, but
not of FN1 and COL1A1, is dependent
on periostin by periostin knockdown
(Figure 7A). CP4715 significantly decreased
expression of SERPINE1, CTGF, IGFBP3,
and IL11, but not of FN1 and COL1A1, in
lung fibroblasts derived from all four
patients with IPF (Figure 7B). Moreover,
CP4715 also decreased phosphorylation of

both Smad2 and Smad3 induced by TGF-b
in these cells (Figures 7C and E7). These
results support the potentially beneficial
effects of CP4715 in patients with IPF.

Discussion

In this study, we demonstrated that the
cross-talk between TGF-b and periostin in
lung fibroblasts causes expression of several
signature molecules of pulmonary fibrosis,
such as SERPINE1, CTGF, IGFBP-3, and
IL-11 (Figure E8). Smad3 and integrins
aVb3/b5 are involved in the cross-talk
between the TGF-b and periostin signals.
SERPINE1-deficient mice are protected

from BLM-induced pulmonary fibrosis
with less fibrin deposition (24). Deficiency
of CTGF or administration of anti-CTGF
Abs impairs BLM-induced skin or
pulmonary fibrosis in mice (25, 26).
IGFBP-3 exerts profibrotic effects
independently of insulin-like growth factor,
inducing expression of ECM proteins such
as collagen type I, fibronectin, tenascin C,
and syndecan 2 (13, 27, 29). Moreover,
expression of IL-11 in fibroblasts alone is
enough to induce the phenotypes of
pulmonary fibrosis in mice (22). Thus, the
cross-talk between TGF-b and periostin in
lung fibroblasts would be critical for the
onset of pulmonary fibrosis regulating
expression of these signature molecules.

0

500

1000

1500

2000

2500

3000
R

LU

MRC-5 KDC KDCKDCKDC

Reporter cells KDC KDCC KD KDC

**

*

TGF- − +

FE
Reporter cells
(+ Control or Periostin siRNA)

Co-culture
+TGF-

Luciferase assay

Paracrine
Autocrine

Periostin

Luc

Luc

Luc

Luc

Periostin doner cells
(+ Control or Periostin siRNA)

0

5

10

15

20

25

Control Periostin

TGF- (ng/ml) 0 30 131

Expression plasmid

**
**

**

Periostin protein

C
on

ce
nt

ra
tio

n 
(n

g/
m

L)

0

20000

40000

60000

80000

Mock Periostin

Expression plasmid

TGF- (ng/ml) 0 30 131

R
LU

**
*

D

0

0.5

1.0

1.5

2.0

2.5

C
on

ce
nt

ra
tio

n 
(n

g/
m

L)

Periostin protein

**
**

*

siRNA

TGF- (ng/ml) 0 30 131

PeriostinControl

C

0

5000

10000

15000

20000

25000

30000

R
LU

siRNA

TGF- (ng/ml) 0 30 131

**
**

PeriostinControl

Figure 2. (Continued).

ORIGINAL RESEARCH

210 American Journal of Respiratory Cell and Molecular Biology Volume 62 Number 2 | February 2020

 



A C

B

p-SMAD3 / DAPI

Periostin / p-SMAD3 / DAPI

Postn+/– BLM Postn–/– BLM

50 m50 m

50 m 50 m

Periostin

IL-11

Periostin / p-SMAD3 / DAPI

20 m

20 m

50 m

H&E

0.1 mm

CTGF

SERPINE1

IGFBP3

20 m

20 m

20 m

CTGF

IGFBP3

SERPINE1

IL-11

Postn+/– BLM Postn–/– BLM

20 m 20 m

20 m20 m

20 m 20 m

20 m20 m

Figure 3. Downregulation of the TGF-b signals in bleomycin (BLM)-challenged Postn2/2 mice, expression of signature molecules of pulmonary fibrosis
and periostin, and activation of Smad3 in the lung tissues of patients with idiopathic pulmonary fibrosis (IPF). (A and B) BLM was administered
intratracheally into periostin-deficient (Postn2/2) mice or their heterozygous littermates (Postn1/2) on Day 0. Lung tissue was prepared on Day 21.
Expression of signature molecules of pulmonary fibrosis―SERPINE1, CTGF, IGFBP-3, and IL-11 (A)―and phosphorylated Smad3 (B) in the lung tissues of
BLM-administered mice are depicted. The photographs of phosphorylated Smad3 (green) and DAPI (blue) with or without periostin (red) have been
merged. Scale bars: 20 mm and 50 mm. (C) Hematoxylin and eosin (H&E) staining and immunostaining of SERPINE1, CTGF, IGFBP-3, IL-11, periostin,
and phosphorylated Smad3 of the lung tissues of patients with usual interstitial pneumonia (UIP). Four patients with UIP were investigated; representative
data are shown. The immunostains are high-magnitude images of the boxed region in the H&E staining. The photographs of phosphorylated Smad3
(green), DAPI (blue), and periostin (red) have been merged. Scale bars: 0.1 mm, 20 mm and 50 mm.
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Interaction of the periostin signals
with TGF-b signals has been reported in
a fibrosis mechanism associated
with scleroderma (33, 34), carcinogenesis
(35), muscular dystrophy (36),
bronchopulmonary dysplasia (37), and

asthma (38). In this study, we elucidated
that the periostin/integrin aVb3/b5

pathway enhances the TGF-b/Smad2/3
pathway in lung fibroblasts, which leads
to pulmonary fibrosis. Because periostin
is a downstream effector molecule of

TGF-b in lung fibroblasts, the cross-talk
between TGF-b and periostin could be
seen as an amplifying system of TGF-b
via periostin. It was of great interest that
there exist both periostin-dependent
and periostin-independent genes in
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Figure 4. Requirement of integrin avb3/b5 for the cross-talk between TGF-b and periostin in lung fibroblasts. (A and B) Effects of knockdown of integrin aV

(A) and integrin b3 or b5 (B) on expression of SERPINE1, CTGF, IGFBP3, IL11, POSTN, FN1, and COL1A1. MRC-5 cells were stimulated with or without
3 ng/ml of TGF-b for 24 hours in the presence of control siRNA or integrin aV (ITGAV) or integrin b3 (ITGB3) or b5 (ITGB5) siRNA (n=3). The values were
adjusted by GAPDH expression. The same experiments were performed three times. **P,0.01.
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TGF-b–inducible group genes (Figure 1A).
It is widely known that the TGF-b signals
are balanced by canonical (Smad-based)
and noncanonical (non–Smad-based)
pathways (2, 3). There may be a gradation
in the contribution of these pathways to
the expression of TGF-b–inducible genes,
and the expression of periostin-
dependent genes may be more
dependent on activation of Smad3 that
is critical for pulmonary fibrosis
(39). Alternatively, because it is known
that Smad3 uses different cofactors for
the targeted genes, periostin may

differentially activate cofactors of Smad3
(40, 41).

Integrin aVb6 binds to a latency-
associated peptide of TGF-b, followed by
its activation (42). Accordingly,
anti–integrin aVb6 Ab improved BLM-
induced pulmonary fibrosis in mice (43). A
phase 2 study of anti–integrin aVb6 Ab
(STX-100) for patients with IPF is now
underway (NCT01371305). Our present
study shows that integrin aVb3 shows
promise for developing therapeutic agents
against pulmonary fibrosis. CP4715 or its
related molecules have the potential to be

such agents. Targeting integrin aVb3 for
pulmonary fibrosis would have the
following advantages. First, the cross-talk
between TGF-b and periostin widely
controls the TGF-b signals, including
expression of the signature molecules of
pulmonary fibrosis depicted in the present
study. Actually, anti-CTGF Ab (FG-3019)
showed good efficacy in an open-label
phase 2 trial in patients with IPF (44), and a
double-blind phase 2 trial is now underway
(NCT01890265). Targeting integrin aVb3

would involve the blockade of CTGF.
Second, Postn2/2 mice manifested no
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Figure 5. Search of integrin inhibitors to inhibit the cross-talk between TGF-b and periostin. (A) Structures of integrin inhibitor–related molecules. The
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heterozygous littermates (Postn1/2) weighing less than 28.5 g were used. Postn2/2 mice were prepared as previously described (11). Murine lung fibrosis
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CP4715 was released at 0.5 ml/h. (A–E) The mortality (A) and weight loss (B) of the mice were evaluated 3 weeks or 2 weeks after BLM administration,
respectively, and hydroxyproline measurement (C), Masson trichrome staining (D), and immunostaining with indicated antibodies (E) were performed on
Day 10. In D, the upper and lower lines represent low and high magnifications, respectively. The boxes represent the portions shown in the high
magnifications. Scale bars: 1,000 mm and 100 mm. In E, the photographs of phosphorylated Smad3 (green) and DAPI (blue) with or without periostin (red)
have been merged. *P, 0.05 and ***P,0.001. Scale bars: 50 mm.
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immunological reactions (11, 32), and in
this study, CP4715-treated mice showed no
inflammatory reactions. These results
suggest that targeting integrin aVb3 is
unlikely to seriously affect immunological
reactions impacted by targeting TGF-b
signals. In contrast, integrin aVb3 has an
ability to bind to several ligands other than

periostin, such as vitronectin, fibrinogen,
laminin, and collagen (45). In future
studies, we will examine whether adverse
effects could be caused by blocking the
binding of other ligands to integrin aVb3

and whether it will be advantageous to
develop additional derivatives with
increased selectivity for lung periostin. n
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