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Idiopathicpulmonaryfibrosis (IPF) is a chronic, progressive, andusually
fatal form of interstitial lung disease (ILD). The precise molecular
mechanisms of IPF remain poorly understood. However, analyses of
mice receiving bleomycin (BLM) as a model of IPF established the
importance of preceding inflammation for the formation of fibrosis.
Periostin is a recently characterized matricellular protein involved in
modulating cell functions. We recently found that periostin is highly
expressed in the lung tissue of patients with IPF, suggesting that it
may play a role in the process of pulmonary fibrosis. To explore this
possibility, we administered BLM to periostin-deficient mice, and they
subsequently showed a reduction of pulmonary fibrosis. We next
determined whether this result was caused by a decrease in the
preceding recruitment of neutrophils and macrophages in the lungs
because of the lower production of chemokines and proinflammatory
cytokines.Weperformedan invitroanalysisof chemokineproduction in
lung fibroblasts, which indicated that periostin-deficient fibroblasts
produced few or no chemokines in response to TNF-a compared with
control samples, at least partly explaining the lack of inflammatory
response and, therefore, fibrosis after BLM administration to
periostin-deficient mice. In addition, we confirmed that periostin is
highlyexpressedinthelungtissueofchemotherapeutic-agent–induced
ILD as well as of patients with IPF. Taking these results together, we
conclude that periostin plays a unique role as an inducer of chemokines
to recruit neutrophils and macrophages important in the process of
pulmonary fibrosis in BLM-administered model mice. Our results sug-
gest a therapeutic potential for periostin in IPF and drug-induced ILD.
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Idiopathic pulmonary fibrosis (IPF), histologically characterized as
usual interstitial pneumonia (UIP), is a chronic, progressive, and

generally fatal form of interstitial lung disease (ILD) (1, 2). It is
triggered by epithelial injury followed by abnormal tissue repair,
an abnormal accumulation of fibroblasts and myofibroblasts with
an excessive deposition of extracellular matrix (ECM) proteins,
and the distortion of lung architecture, ultimately resulting in the
replacement of normal functional tissue, which leads to respira-
tory failure. Although diagnostic approaches have been improved
and numerous studies to understand the pathogenesis of IPF have
been performed, its precise molecular mechanisms remain poorly
understood.

Bleomycin (BLM)-administeredmicearewidelyusedasamodel
of IPF (3). The administration of BLM causes epithelial injury,
followed by neutrophil-dominant and lymphocyte-dominant in-
flammation that leads to fibrosis. In the inflammatory phase, the
expression of various chemokines, cytokines (Th1, Th2, Th17,
and proinflammatory types), and growth factors is elevated (4–
8), and these mediators exert their profibrotic activities through
the recruitment, activation, and proliferation of fibroblasts, macro-
phages, neutrophils, and myofibroblasts. Thus, the importance of
preceding inflammation for the formation of fibrosis has been well
established in this murine model, although its role remains contro-
versial in patients with IPF (1, 2).

The maintenance of tissue structure is the main function of
ECMproteins. However, someECMproteins, such as osteopontin,
secreted protein acidic and rich in cysteine, and thrombospondin,
termed “matricellular proteins,” influence cell function by modu-
lating cell–matrix interactions and do not play a direct structural
role (9–11). Periostin is a recently characterized matricellular
protein belonging to the fasciclin family. Periostin interacts with
several integrin molecules (i.e., avb1/b3/b5) on cell surfaces,
providing signals for tissue development and remodeling. Analy-
ses of periostin-deficient mice showed that periostin is important in
the development of bone, tooth, and heart valves by potentiating
mesenchymal maturation (12–15). Periostin is involved in the heal-
ing processes after myocardial infarction by inducing the prolifera-
tion of cardiomyocytes, or after wounds by activating keratinocytes
and fibroblasts (16–18; Ontsuka, unpublished data). Furthermore,
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CLINICAL RELEVANCE

We demonstrate that periostin, a recently characterized matri-
cellular protein involved in modulating cell functions, plays
a unique role as an inducer of chemokines to recruit neutrophils
and macrophages important for the process of pulmonary fi-
brosis in bleomycin-administered model mice. This suggests
a therapeutic potential for periostin in idiopathic pulmonary
fibrosis and drug-induced interstitial lung disease.
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periostin promotes cancer-cell survival, the epithelial–mesenchymal
transition (EMT), invasion, and metastasis via the integrin/
phosphatidylinositol 3–kinase/Akt pathway, leading to the de-
velopment of various tumors (10).

We recently found that periostin is highly expressed in the lung
tissues of patients with IPF/UIP in areas of ongoing fibroprolifera-
tion (19). The serum periostin concentration is correspondingly
up-regulated in these patients, and is inversely correlated with 6-
month changes from the detection times in vital capacity and
diffusing capacity of the lung for carbon monoxide. These results
suggest that the serum concentration of periostin is a relevant
biomarker to diagnose IPF and to predict changes of lung function
in patients with IPF. Furthermore, these results raise the possibil-
ity that periostin contributes to the process of pulmonary fibrosis.

To explore this possibility, we used periostin-deficient mice
in a BLM-administered murine model of pulmonary fibrosis.
A deficiency of periostin impaired BLM-induced inflamma-
tion, resulting in less pulmonary fibrosis. The impaired induc-
tion of chemokines and the recruitment of neutrophils and
macrophages by TNF-a in periostin-deficient fibroblasts is
one mechanism at least partly underlying the reduced inflam-
mation observed in periostin-deficient mice. In addition, the
robust expression of periostin in the lung tissue of patients
with IPF and with chemotherapeutic-agent–induced ILD
strongly suggests the involvement of periostin in the patho-
genesis of these clinically relevant lung diseases. These re-
sults demonstrate that periostin is important in the process
of pulmonary fibrosis by inducing chemokines that recruit
neutrophils and macrophages. Furthermore, these insights
suggest a therapeutic potential for periostin in IPF and drug-
induced ILD.

MATERIALS AND METHODS

Mice

Seven- to 8-week-old BALB/c or C57BL/6 mice (Japan SLC, Hama-
matsu, Japan) and periostin-deficient (Postn2/2) mice or their het-
erozygous littermates (Postn1/2) were used. Postn2/2 mice were
generated as previously described (12). The BLM challenge was per-
formed as previously described, with modifications (20, 21). BALB/c
mice were instilled intratracheally with 10 mg/kg of BLM (Nihon

Kayaku, Tokyo, Japan) dissolved in saline on Day 0. C57BL/6 mice
were instilled intraperitoneally with 0.1 g/kg of BLM dissolved in saline
three times on Days 0, 7, and 14. Murine lungs were subjected to
bronchoalveolar lavage (BAL) or harvested for RT-PCR or ELISA
on Day 7, and harvested for histological examination or measurement
of hydroxyproline on Day 28. Experiments were undertaken according
to the guidelines for the care and use of experimental animals by the
Japanese Association for Laboratory Animals Science.

Histology

Lung tissue was subjected to conventional histological staining or to im-
munostaining using rat anti-periostin monoclonal antibodies (mAbs;
clone number SS5D) and rabbit anti-human periostin polyclonal anti-
body (Ab) (19, 22). The Ashcroft score was estimated (23). Quantifi-
cation of the area of immunostaining for periostin was performed using
photographic analysis in Image J software (http://rsb.info.nih.gov/ij;
National Institutes of Health, Bethesda, MD).

Confocal Microscopy

Lung sections were incubatedwith rabbit anti-periostin polyclonalAband
anti-actin (smooth muscle; a-SMA) Ab (DAKO, Glostrup, Denmark),
followed by incubation with anti-rabbit IgG-Alexa 488 (Invitrogen,
Carlsbad, CA), anti-mouse IgG-Alexa 546, and TO-PRO-3 iodide.

Measurement of Hydroxyproline

Hydroxyproline was measured using standard hydroxyproline (Sigma-
Aldrich, St. Louis, MO) (21).

Analysis of BAL

BAL fluid (BALF) was collected by lavaging lungs with 500 ml of BAL
liquid (0.1% BSA/50 mM EDTA/PBS) three times. BALF cell counts
were determined with a hemocytometer. BAL cytospins were prepared,
slides were stained with Diff-Quik (Sysmex, Kobe, Japan), and the num-
bers of eosinophils, neutrophils, and mononuclear cells were counted.

Real-Time PCR

Primer sequences and PCR conditions are available upon request. Real-
Time PCR for the screening of chemokine production was performed us-
ing an RT2 Profiler PCR Array system (SABiosciences, Frederick, MD).

TABLE 1. CHARACTERISTICS OF PATIENTS WITH CHEMOTHERAPEUTIC AGENT–INDUCED ILD

Patient

Number Age (Years) Gender Sample

Histology
Thoracic

Irradiation

Total

Dose

Length of

Administration

Smoking

StatusCarcinoma ILD

Bleomycin-induced

1 56 Male Autopsy Squamous (lung) DAD (organizing/fibrotic) Unknown Unknown Unknown Unknown

2 66 Male Autopsy Squamous (mandible) DAD (organizing/fibrotic) 12,000 rad 190 mg 28 days Unknown

3 67 Female Autopsy Squamous (genitalia) DAD (organizing/fibrotic 1

squamous metaplasia)

4,000 rad 300 mg 70 days Unknown

4 56 Male Autopsy Squamous (hypopharynx) DAD (organizing/fibrotic 1

squamous metaplasia)

3,600 rad 195 mg 91 days Unknown

5 69 Male Autopsy Squamous (skin) DAD (exudative/organizing 1

acute pulmonary edema)

6,000 rad 300 mg 140 days Unknown

Gefitinib-induced

1 69 Female Biopsy Adeno DAD (fibrotic 1 microscopic

honeycombing)

3.75 g 15 days Nonsmoker

2 66 Female Biopsy Adeno Chronic interstitial fibrosis 7 g 28 days Nonsmoker

3 62 Female Biopsy Adeno DAD (fibrotic 1 microscopic

honeycombing 1 squamous

metaplasia)

13 g 52 days Nonsmoker

4 62 Male Biopsy Adeno DAD (fibrotic 1 microscopic

honeycombing)

9.25 g 37 days Nonsmoker

5 73 Male Autopsy Adeno DAD (fibrotic 1 microscopic

honeycombing 1 squamous

metaplasia)

1.75 g 7 days Smoker

Definition of abbreviations: DAD, diffuse alveolar damage; ILD, interstitial lung disease.
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ELISA

ELISA for IL-1b and TNF-a was performed using Mouse IL-1b
ELISA Ready-SET-Go! and Mouse TNF-a ELISA Ready-SET-Go!,
respectively (eBioscience, San Diego, CA).

Murine Embryonic Fibroblasts

Postn1/1 and Postn2/2 murine embryonic fibroblasts (MEFs) were
immortalized by the SV40 large T-antigen. MEFs were seeded and
stimulated with TNF-a (PeproTech, Rocky Hill, NJ), or left unstimu-
lated for 3 days. Cells were then disrupted, and total RNA was purified
with RNAisoPLUS (Takara, Otsu, Japan).

Specimens of Human Lung Tissue

Five patients with BLM-induced ILD, 5 patients with gefitinib-induced
ILD, and 25 patients with UIP were diagnosed at Kurume University Hos-
pital and Dokkyo Medical University, Koshigaya Hospital (Table 1) (19).
The details of these patients are described in the online supplement. All
protocols were approved by the Ethics Committees of Kurume University
or of the Dokkyo Medical University School of Medicine.

Statistical Analyses

The results are presented as means 6 SD. Analyses were performed
using the two-sided, unpaired Student t test.

RESULTS

Induction of Periostin Expression in BLM-Administered

Model Mice

To gain insights into the effects of periostin on pulmonary fibro-
sis, we used BLM-administered model mice. As shown in Figure
1A, inflammation first occurred in peribronchial regions, fol-
lowed by fibrosis (z 2 weeks), and then the main inflammatory
and fibrotic areas moved to subpleural regions (z 3 weeks).
Fibrosis in subpleural regions was expanded, and had disrupted
the normal alveolar structure by 4 weeks. The expression of
periostin coincided with the appearance of fibrosis, was scarce
at 1 week, and increased thereafter. Periostin was expressed in
the peribronchial regions at early time points and in subpleural
regions later, as inflammation and fibrosis occurred (Figure 1B).

Figure 1. Expression of periostin in lung tissue of bleomycin (BLM)–challenged mice. (A) Kinetic analysis of periostin expression in lung tissue of

BLM-administered BALB/c mice. Staining with hematoxylin-and-eosin (H&E) and Masson trichrome, and immunostaining with anti-periostin

antibody (Ab), are shown. (B) Quantification of periostin-positive areas at 4 weeks. (C) Localization of periostin and a–smooth muscle actin

(a-SMA) in lungs of pulmonary fibrosis model mice. Lung sections of BALB/c mice at 4 weeks in A were stained with anti-periostin Ab and anti–
a-SMA Ab. An immunofluorescence image (green, periostin; red, a-SMA) is shown. AU, arbitrary units; V, vessel; wk, weeks.
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Periostin was frequently observed adjacent to a-SMA–positive
myofibroblasts (Figure 1C). These results demonstrate that
periostin is a novel component deposited in the lung tissue of
BLM-administered mice, and is expressed in areas where ongo-
ing fibroproliferation occurs.

Periostin Is Important for the Progression of Pulmonary

Fibrosis in BLM-Challenged Mice

To address whether the deposition of periostin in lung tissue
contributes to the progression of pulmonary fibrosis or is merely
a secondary consequence of pulmonary fibrosis, we assessed
fibrosis in BLM-administered, periostin-deficient mice. BLM-
challengedwild-typemice began to die 1 week after BLMadmin-
istration, with greater than 80% mortality at 4 weeks (BALB/c
background; Figure 2A). In contrast, almost 90% of BLM-
challenged Postn2/2 mice survived 4 weeks after the adminis-
tration of BLM, whereas the survival rate of Postn1/2 mice was
intermediate between that of wild-type mice and of Postn2/2

mice. Histochemical analysis of the lung tissue of surviving
Postn2/2 mice showed reduced fibrosis and the preservation
of normal alveolar structure, compared with Postn1/2 mice
(Figure 2B). Ashcroft scores were correspondingly lower in
Postn2/2 mice than in Postn1/2 mice (Figure 2C). The main
fibrotic areas in Postn2/2 mice were located in subpleural
regions, as was also the case with Postn1/2 and wild-type
mice. The amounts of hydroxyproline in the lungs, which reflect
collagen content, also profoundly decreased in Postn2/2 mice

(Figure 2D). Even with model mice showing milder pulmonary
fibrosis in the C57BL/6 strain, Postn2/2 mice exhibited less fi-
brosis than wild-type mice (Figures 2B and 2C). These results
demonstrate that periostin influences the progression of pulmo-
nary fibrosis in BLM-administered mice.

Periostin Is Important for the Induction of

Neutrophil-Dominant and Macrophage-Dominant

Inflammation in BLM-Challenged Mice

BLM-challenged mice (BALB/c background) began to die 1
week after BLM administration, before the extensive generation
of fibrosis and loss of normal alveolar structure were evident,
whereas periostin-deficient mice had improved survival rates
early in the course of BLM administration (Figure 2A). Because
preceding inflammation is important for the formation of BLM-
induced pulmonary fibrosis (4–8), we hypothesized that perios-
tin deficiency led to less pulmonary fibrosis by attenuating
BLM-induced acute inflammatory responses. To explore this
possibility, we quantified leukocytes in BALF and related them
to evolving epithelial injury in mice 7 days after BLM adminis-
tration. After the administration of BLM, total cell counts in
BALF were increased in wild-type mice (P , 0.01). However,
the infiltration of inflammatory cells in BALF was significantly
decreased in periostin-deficient mice (P , 0.01; Figure 3). Neu-
trophils and macrophages constituted most of the infiltrated
cells, and their numbers decreased in periostin-deficient mice
(neutrophils, P ¼ 0.02; macrophages, P ¼ 0.047). In contrast,

Figure 2. Periostin is important for the progression of pulmonary fibrosis in BLM-challenged mice. BLM was administered intratracheally into wild-

type periostin-deficient (Postn2/2) or heterozygous (Postn1/2) mice (BALB/c background) on Day 0, or BLM was administered intraperitoneally into

wild-type or Postn2/2 mice (C57BL/6 background) three times on Days 0, 7, and 14. Lung tissue was prepared on Day 28. The survival rates (BALB/
c; A), lung histology (BALB/c and C57BL/6; B), Ashcroft scores of pulmonary fibrosis (BALB/c and C57BL/6; C), and amounts of hydroxyproline in

a lung (BALB/c; D) are shown. Lung histology was analyzed by hematoxylin-and-eosin and Masson trichrome staining, and immunostaining

involved anti-periostin Ab.
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the numbers of lymphocytes were up-regulated by the adminis-
tration of BLM in both wild-type and periostin-deficient mice.
The numbers of eosinophils tended to decrease in periostin-
deficient mice compared with wild-type mice, although the
down-regulation was not statistically significant. Similar numbers
of TUNEL-positive cells were observed in the lung tissue of
BLM-challenged wild-type and periostin-deficient mice, suggesting
that epithelial injury by the administration of BLM was not influ-
enced by periostin (data not shown). These results show that peri-
ostin is critical for the induction of neutrophil-dominant and
macrophage-dominant inflammation in BLM-challenged mice, and
that impaired inflammation could lead to less pulmonary fibrosis in
BLM-administered, periostin-deficient mice.

Periostin Is Important for the Expression of Chemokines

to Recruit Neutrophils and Macrophages in

BLM-Challenged Mice

We then addressed whether the impairment of neutrophil-
dominant and macrophage-dominant inflammation in BLM-
administered, periostin-deficient mice may be attributable to

the down-regulation of chemokine production. For that purpose,
we first comprehensively screened the expression of chemokines
and inflammatory cytokines in lung tissue of BLM-challenged
wild-type and periostin-deficient mice, using an RT2 Profiler
PCR Array system (SABiosciences). The chemokines or cytokines
whose expression folds in BLM-challenged, wild-type mice com-
pared with BLM-challenged, periostin-deficient mice were greater
than two included the CC family (Ccl1, Ccl2, Ccl4, Ccl7, Ccl9, and
Ccl12), the CXC family (Cxcl1, Cxcl2, Cxcl4, Cxcl10, Cxcl11, and
Cxcl13), and the cytokine family (TNF-a Table E1 in the online
supplement).

We next focused on several chemokines and cytokines
(Ccl2/MCP1, Ccl4/MIP-1B, Ccl7/MCP3, Cxcl1/KC, Cxcl2/
MIP-2a, TNF-a, and IL-1b), and analyzed the expression of
these factors using real-time PCR. These chemokines and
cytokines showed high fold expression. The expression of
Ccl2/MCP1, Ccl4/MIP-1B, Ccl7/MCP3, Cxcl1/KC, and Cxcl2/
MIP-2a, or their human orthologues, is known to be elevated
in lung tissue of BLM-challenged mice or patients with IPF,
and this expression plays a significant role in the recruitment
of macrophages or neutrophils (4–6, 24, 25). Although the

Figure 3. Periostin is important for the induction of inflammation in BLM-challenged mice. BLM or saline was administered intratracheally into wild-

type or periostin-deficient mice (BALB/c background) on Day 0. Bronchoalveolar lavage fluid (BALF) and the lung tissue were prepared on Day 7.

The numbers of total cells, neutrophils, macrophages, lymphocytes, and eosinophils in BALF from saline-administered (n ¼ 8) or BLM-administered
wild-type mice (n ¼ 16) or BLM-administered periostin-deficient mice (n ¼ 8) are shown.
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array system did not include IL-1b, IL-1b is known to be
tightly correlated with the pathogenesis of pulmonary fibrosis
(26). The expressions of these chemokines and cytokines were
all up-regulated by the administration of BLM in wild-type
mice. However, in periostin-deficient mice, these expressions
were markedly down-regulated (Ccl2, P, 0.05; Ccl4, P, 0.01;
Ccl7, P , 0.05; and IL-1b, P , 0.05), or showed a tendency to
decrease (Cxcl1, Cxcl2, and TNF-a) (Figure 4A). Further-
more, protein concentrations of TNF-a were down-regulated,
with a statistical significance in periostin-deficient mice,
whereas protein concentrations of IL-1b did not significantly
change, probably because the basal protein concentration of
IL-1b is relatively high, and the increased amount of IL-1b
protein induced by bleomycin is not as high (Figure 4B). In
contrast, the expression of other chemokines, such as Ccl5/
RANTES, Ccl11/eotaxin, and Ccl17/TARC, was not down-
regulated or elevated by the administration of BLM in
periostin-deficient mice compared with wild-type mice (data
not shown). These results clearly demonstrate that periostin

plays an important role in the induction of various chemokines
and cytokines to recruit neutrophils and macrophages in BLM-
administered mice.

Impairment of Chemokine Production

in Periostin-Deficient Fibroblasts

Fibroblasts are known to be one of the main sources of chemo-
kines in pulmonary fibrosis (27). To elucidate the underlying
mechanism of how the induction of various chemokines that
recruit neutrophils and macrophages is down-regulated in
periostin-deficient mice, we investigated chemokine expression
by periostin-deficient fibroblasts in response to TNF-a, a potent
inducer of chemokine production (28). Upon stimulation with
TNF-a, the expression of all these chemokines was significantly
up-regulated in wild-type fibroblasts, whereas the expression of
Ccl2 (P , 0.01), Ccl7 (P , 0.01), Cxcl1 (P , 0.01), and Cxcl2
(P , 0.01) was markedly down-regulated in periostin-deficient
fibroblasts (Figure 5). Notably, TNF-a failed to stimulate the

Figure 4. Periostin is important for the induction of chemokines and proinflammatory cytokines in BLM-challenged mice. RNA (A) or proteins (B)
were extracted from lung tissue 7 days after BLM treatment, and prepared as shown in Figure 3. RNA was applied to real-time PCR for Ccl2/MCP1,

Ccl4/MIP-1B, Ccl7/MCP3, Cxcl1/KC, Cxcl2/MIP-2a, TNF-a, and IL-1b. The relative mRNA concentrations of each chemokine or cytokine in saline-

administered (n ¼ 8) or BLM-administered (n ¼ 16) wild-type mice or BLM-administered, periostin-deficient mice (n ¼ 8) are shown. Protein

concentrations of TNF-a and IL-1b from saline-administered (n ¼ 8) or BLM-administered (n ¼ 15) wild-type mice or BLM-administered periostin-
deficient mice (n ¼ 6) are shown.
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production of Ccl4 and IL-1b by periostin-deficient fibroblasts.
These results suggest that an impaired production of chemo-
kines by fibroblasts in response to TNF-a could at least partly
explain the underlying mechanism of reduced lung injury and
fibrosis observed in BLM-administered, periostin-deficient
mice.

Expression of Periostin in Lung Tissue of Patients with

BLM-Induced or Gefitinib-Induced ILD

Most chemotherapeutic agents, such as BLM and gefitinib, can
cause ILD, characterized by acute lung injury with the typical
histopathological features of diffuse alveolar damage (DAD)
(29). To examine whether the expression of periostin is a histo-
logical feature not only of patients with UIP but also of patients
with chemotherapeutic-agent–induced ILD, we subjected lung
tissue from five patients with BLM-induced ILD and five
patients with gefitinib-induced ILD to immunohistochemical
analysis (Table 1). Representative histological features and
expressions of periostin are shown in Figure 6A.

Periostin was rarely observed in pulmonary epithelial cells,
alveolar macrophages, and most bronchiolar basement mem-
branes of normal lung tissue, but was very weakly deposited
in some areas around bronchiolar basement membranes. Con-
versely, the lung tissue of a patient with UIP showed a strong
expression of periostin in the interstitia, especially in the fibrotic
foci, as previously described (19). The lung tissue of patients
with both BLM-induced and gefitinib-induced ILD showed
characteristics of the reparatory phase of DAD, with hyaline
membranes, regenerating Type II pneumocytes, and interstitial
fibrosis. However, fibrosing alveolitis and progressive interstitial
fibrosis with microscopic honeycombing were more widely

seen in patients with gefitinib-induced ILD, compared with
BLM-administered cases. The staining of periostin in BLM-
administered patients was evident in thickened alveolar walls
and interstitia underneath regenerating epithelial cells. Perios-
tin was frequently expressed adjacent to a-SMA–positive cells
in the lung tissue of gefitinib-administered patients as well as in
BLM-administered mice (Figure 6B), suggesting that periostin
is expressed in ongoing fibrotic areas. These results demonstrate
that periostin is involved in the pathogenesis not only of
patients with IPF, but also of patients with chemotherapeutic-
agent–induced ILD.

DISCUSSION

In this study, using BLM-administered model mice, we demon-
strated that periostin, a newly emerged matricellular protein,
plays an important role in the process of fibrosis by inducing che-
mokines to recruit neutrophils and macrophages. Numerous
studies using BLM-administered mice were performed to iden-
tify key mediators involved in the process of pulmonary fibrosis
(3). However, thus far, the involvement of ECM proteins in the
process has been poorly understood, except in a few studies
involving fibronectin and syndecan-4 (30, 31).

The pathologic roles of periostin in the formation of fibrosis
were first suggested based on the characteristics of periostin as
a usual ECM protein. Periostin enhances fibrosis by binding to
other ECM proteins (collagen I, fibronectin, and tenascin-C)
and by inducing collagen fibrillogenesis via activating lysyl oxi-
dase, a catalytic enzyme in the intramolecular and intermolecular
cross-linking of collagen (22, 32, 33). This notion is supported by
our finding that the colocalization of periostin with tenascin-C
was frequently observed in the lung tissues of BLM-administered

Figure 5. Periostin is important for the induction of chemokines and proinflammatory cytokines in fibroblasts. Wild-type (WT) or periostin-deficient

(KO) fibroblasts were stimulated without (UT) or with (TNF) 20 ng/ml of TNF-a for 72 hours. RNA extracted from fibroblasts was applied to real-time
PCR for Ccl2/MCP1, Ccl4/MIP-1B, Ccl7/MCP3, Cxcl1/KC, Cxcl2/MIP-2a, and IL-1b.
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mice (data not shown). However, periostin is now recognized as
important in the development of bone, tooth, and heart valves
(12–15), the healing process after myocardial infarction (16, 17),
and the development of various tumors (10). In this study, we
revealed a novel role of periostin in the process of pulmonary
fibrosis as an inducer of chemokines to recruit neutrophils and
macrophages.

The important roles of neutrophils and macrophages in the
process of pulmonary fibrosis have been well characterized in
murine models, although the importance of preceding inflamma-
tion for the formation of fibrosis remains controversial in
patients with IPF (1, 2). The enforced influx of neutrophils
increases the lethality of BLM-treated mice (34), whereas the
blockage of neutrophil recruitment protects BLM-induced pul-
monary fibrosis (5). Furthermore, neutrophil elastase was re-
ported to be important for TGF-b release from lung tissue
(35), and the blockage of macrophage recruitment causes less
fibrosis in BLM-induced mice (4, 36, 37). Moreover, the pro-
duction of matrix metalloproteinase–2, metalloproteinase-9,
and connective tissue growth factor from macrophages is as-
sumed to contribute to the generation of pulmonary fibrosis.
Based on these reports, we reasoned that the impairment of
neutrophil and macrophage recruitment via periostin deficiency
would lead to less pulmonary fibrosis. Interestingly, the
periostin-dependent infiltration of neutrophils and macrophages
was observed at 1 week after the administration of BLM, when
the accumulation of periostin was not obvious (Figure 1A),
indicating that the basal concentration of periostin is enough

for acute responses. Because recurrent tissue injuries are be-
lieved to occur during the pathogenesis of IPF (1, 7), accumu-
lated periostin may enhance or sustain the inflammation of IPF.

As yet, no comprehensive view of the target cells of periostin
exists. Because fibroblasts are known to be one of the main sour-
ces of chemokines in pulmonary fibrosis (27), we examined their
capability to produce chemokines in response to TNF-a in the
presence or absence of periostin, and we found that fibroblasts
are one of the target cells of periostin in the production of
chemokines (Figure 5). Furthermore, based on a previous re-
port that periostin modulates the EMT of cancer cells (38) and
the present finding that periostin localizes adjacent to a-SMA–
positive myofibroblasts in BLM-induced fibrosis (Figure 1C),
we suggest that periostin contributes to fibrosis by enhancing
the EMT to myofibroblasts. However, we cannot exclude the
possibility that periostin acts on immune cells and other paren-
chymal/stromal cells, thereby contributing to pulmonary fibro-
sis. Periostin was reported to act on eosinophils, enhancing their
recruitment to lesions, or to act on airway epithelial cells, in-
ducing TGF-b activation in the pathogenesis of bronchial
asthma (39, 40). Periostin could activate various immune cells
and parenchymal/stromal cells, leading to amplified inflamma-
tion in the process of pulmonary fibrosis.

In this study, we demonstrated that periostin synergistically
induces the production of several chemokines and cytokines (in-
cluding Ccl2, Ccl4, Ccl7, Cxcl1, Cxcl2, and IL-1b in response to
TNF-a and IL-1b Figure 5, and data not shown). In particular,
no induction of Ccl4 and IL-1b by TNF-a was observed in the

Figure 6. Expression of periostin in lung tissue of patients with BLM-induced or gefitinib-induced ILD. (A) Expression of periostin in control subjects,

patients with UIP, BLM-administered patients, and gefitinib-administered patients. Hematoxylin-and-eosin (H&E) staining and immunostaining with
anti-periostin Ab in lung tissue obtained from a representative control subject (64-year-old male), a patient with UIP (64-year-old male), BLM-

administered patients (56-year-old male and 67-year-old female), and gefitinib-administered patients (66-year-old female and 73-year-old male) are

shown. Arrow indicates expressed periostin. (B) Localization of periostin and a-SMA in the lungs of a gefitinib-administered patient (69-year-old

female). Lung sections were stained with anti-periostin Ab and anti–a-SMA Ab. An immunofluorescence image (green, periostin; red, a-SMA) is
shown. V, vessel.
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absence of periostin. IL-1b signaling is required, and is sufficient
on its own, for BLM-induced pulmonary inflammation and fi-
brosis (26). TNF-a and IL-1b induce chemokine production
through the NF-kB pathway, cooperating with other transcrip-
tion factors (28). The present findings suggest that the cooper-
ation of TNF-a and periostin is required for the maximum
production of chemokines. Periostin was shown to activate ex-
tracellular signal–regulated kinases (ERKs) 1 and 2 and phos-
phatidylinositol 3–kinase (PI3-K) (10). The activation of ERKs
and PI3-K is important for TNF-a–activated NF-kB and activa-
tor protein–1 (41–43). Periostin may enhance the signal path-
way of TNF-a via ERKs and PI3-K. Furthermore, periostin was
recently reported to be physically associated with the Notch1
precursor inside cells (44). Further studies are awaited that
would clarify how periostin signals cross-talk with TNF-a sig-
nals, and whether periostin acts as a secreted protein or an
intracellular protein.

BLM-administered mice are used to model drug-induced
ILD and IPF (3). This is because DAD (i.e., the typical his-
topathological features of drug-induced ILD), consisting of
the acute/exudative phase (interstitial edema and hyaline
membrane formation) and the organizing phase (interstitial
fibrosis, Type 2 pneumonia hyperplasia, and squamous meta-
plasia), is similar to the features of BLM-administered mice
(29). We showed that periostin was strongly expressed in the
lung tissue of patients receiving BLM or gefitinib in areas of
ongoing fibroproliferation, as well as in patients with UIP
(Figure 6). Taken together, the importance of periostin in
the process of pulmonary fibrosis can be applied to both IPF
and drug-induced ILD.

IPF is usually resistant to treatment, including immunosup-
pressive agents, and carries a poor prognosis, with 5-year mor-
tality rates of approximately 60–80% (7). Although many
clinical trials of novel therapies for IPF have been performed,
the results have mostly been disappointing. Furthermore,
gefitinib-induced ILD is a life-threatening disease, and it was
reported that 31 of 70 patients with gefitinib-induced ILD died
(45). Our present findings suggest that the interaction between
periostin and integrin molecules can be a therapeutic target for
IPF and chemotherapy-induced ILD. In fact, the treatment of
neutralizing Ab against av integrin was shown to protect model
mice from pulmonary fibrosis (46). Antagonists against avb3

integrin have been tested in clinical use for tumors, rheumatoid
arthritis, and osteoporosis (47–49). The application of these
antagonists can also be expected to prove beneficial for patients
with IPF and chemotherapy-induced ILD. Furthermore, target-
ing periostin, and not aVb3 integrin, may lead to more specific
treatments, although we need to be cautious regarding the ad-
verse effects of inhibiting the physiological roles of periostin,
including tissue development, remodeling, and wound healing
(12–15, 18).

In conclusion, we show that periostin, a matricellular protein,
influences the progression of pulmonary fibrosis by inducing che-
mokines and proinflammatory cytokines in BLM-administered
mice. This suggests a therapeutic potential for targeting periostin
in pulmonary fibrosis.

Author disclosures are available with the text of this article at www.atsjournals.org.
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