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Summary

Interstitial lung disease (ILD) is an intractable disease induced by various
factors in humans. However, there is no universally effective treatment for
ILD. In this study, we investigated the role of transforming growth factor
(TGF)-b signalling in the pathogenesis of ILD by using model mice. Injection
of interleukin (IL)-18 plus IL-2 in C57BL6 (B6) mice resulted in acute ILD by
infiltration of natural killer (NK) cells and a significant increase of TGF-b
mRNA in the lung. To examine the pathogenetic role of TGF-b in ILD
mice, we used SB-431542 (4-[4-(1,3-benzodioxol-5-yl)-5-(2-pyridinyl)-1H-
imidazol-2-yl]-benzamide), which is a potent and selective inhibitor of TGF-b
receptor I (TbRI), also known as activin receptor-like kinase 5 (ALK5). Treat-
ment of B6-ILD mice with SB-431542 resulted in improvement of ILD, delay
in mortality, reduction of the expression of interferon (IFN)-g and IL-6 in the
lungs. The same treatment also decreased significantly the percentage of
natural killer (NK) cells in the lungs (P < 0·05) and mRNA expression levels of
certain chemokines such as CCL2, CCL3, CCL4, CCL5 and CXCL10 in
B6-ILD. These findings were confirmed by IL-18 plus IL-2 treatment of
Smad3-deficient (Smad3–/–) mice (P < 0·05). Our results showed that inhibi-
tion of TGF-b signalling reduced the percentage of NK cells and the expres-
sion of certain chemokines in the lungs, resulting in improvement of ILD. The
findings suggest that TGF-b signalling may play an important role in the
pathogenesis of IL-18 plus IL-2-induced ILD in mice.
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Interstitial lung disease (ILD) is an intractable disease
induced by various factors such as autoimmune diseases,
drugs, occupational and environmental exposure [1].
However, there is no universally effective treatment for ILD.
On the other hand, chemotherapy with bleomycin (BLM)
and busulphan is reported to cause lung fibrosis in
some patients [2]. Histopathologically, diffuse infiltration
of mononuclear and polymorphonuclear leucocytes is
observed in the lung in the early stages of human ILD. Fol-
lowing the interstitial inflammation, florid fibroblast prolif-
eration within both the interstitium and alveolar space is
often detected. The same pathology is observed in BLM-
induced ILD in mice [1]. Previous studies suggested that
various mediators, such as cytokines and chemokines,
including tumour necrosis factor (TNF)-a, transforming

growth factor (TGF)-b, interleukin (IL)-1b, macrophage
inflammatory factor (MIP)-1a/CCL3, monocyte chemoat-
tractant protein (MCP)-1/CCL2, reactive oxygen species
(ROS) and Fas/Fas ligand interactions, are associated with
BLM-induced ILD and fibrosis in mice [3–9].

IL-18, a member of the IL-1 family, is a proinflammatory
cytokine [10,11] known to induce interferon (IFN)-g pro-
duction synergistically by stimulation with IL-12, IL-2,
antigens and IFN-a. Previous studies reported that IL-18
can potentially induce Th2 cytokines from T cells, natural
killer (NK) cells, NK T cells, basophils and mast cells
[11–16]. Thus, IL-18 can act as co-factor for both T helper
type 1 (Th1) and Th2 cell development. In BLM-induced
ILD mice models, there were two conflicting reports on the
effect of IL-18. Nakatani-Okuda et al. [17] reported that
IL-18 played a protective role in BLM-induced ILD in mice.
In contrast, Hoshino et al. [18] reported that IL-18 played a
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pathologenetic role in the ILD. Therefore, the intimate role
of IL-18 in ILD was controversial. Recently, Okamoto et al.
[19] reported a new mouse model of ILD induced by IL-18
plus IL-2 (IL-18/IL-2). Daily administration of IL-18 with
IL-2, but not IL-18 or IL-2 alone, produced a synergistic
effect and induced ILD in mice. Unlike BLM-induced ILD,
lung fibrosis was not caused in IL-18/IL-2-induced ILD.
The pathological condition of BLM-induced ILD was
mainly fibroblastic proliferation [20]. However, little fibro-
blastic proliferation was found in IL-18/IL-2-induced ILD.
This model of ILD is characterized by severe infiltration of
NK cells, mononuclear cells and polymorphonuclear leuco-
cytes in the lung. Furthermore, the mortality in this two
ILD mice models was different. Whereas 60% of mice died
at 30 days after BLM treatment [21], 100% of mice died at
7 days after IL-18/IL-2 injection. Based on rapid and severe
cell infiltration in IL-18/IL-2-induced ILD, the mouse
model is considered suitable for early-phase human ILD.

Various chemokines, such as CCL2, CCL3, CCL4, CCL5,
CXCL1 and CXCL8, are induced by activated fibroblasts in
the lung tissue [22]. Mice with BLM-induced pulmonary
fibrosis exhibit up-regulation of CCL2, CCL5, CCL3 and
CXCL1 in the lung and such overexpression is associated
with enhanced fibroblast proliferation and collagen produc-
tion [23]. Thus, these chemokines are thought to be involved
in the pathogenesis of ILD and subsequent fibrotic process.
In contrast, the functional roles of chemokines in IL-18/IL-
2-induced ILD in mice remain elusive, although lymphotac-
tin (Ltn), CCL2, CCL3, CCL4, CCL5, CCL11, CXCL1 and
CXCL10 are increased in the lung [19].

TGF-b is thought to be one of the pathogenic factors in
ILD. Previous reports suggested that TGF-b acts as a regula-

tory molecule with pleiotropic effects on cell proliferation,
differentiation, migration and survival [24]. TGF-b mediates
its biological functions via binding to TGF-b receptor II
(TbRII) and phosphorylation of TGF-b receptor I (TbRI),
also known as activin receptor-like kinase 5 (ALK5). After
forming the TGF-b-TbRII-ALK5 complex, ALK5 phospho-
rylates intracellular signal mediators Smad2/3. The impor-
tance of ALK5-mediated Smad2/3 activation in TGF-b
signalling has been confirmed both in vitro and in vivo
[24–29].

SB-431542 (4-[4-(1,3-benzodioxol-5-yl)-5-(2-pyridinyl)-
1H-imidazol-2-yl]-benzamide) is a potent and selective
inhibitor of ALK-5 [30–32]. Inhibition of ALK-5 suppressed
BLM-induced pulmonary fibrosis [33]. However, the thera-
peutic potential of ALK-5 inhibitor in IL-18/IL-2-induced
ILD has not yet been clarified.

In the present study, we examined the role of TGF-b sig-
nalling in early-stage ILD. For this purpose, we used
SB-431542 and Smad3-deficient (Smad3–/–) mice for IL-18/
IL-2-induced ILD. The results demonstrated that inhibition
of TGF-b signalling suppressed accumulation of NK cells and
reduced mRNA expression of CCL2, CCL3, CCL4, CCL5 and
CXCL10 in the lung. The main message of this study is that
Smad-mediated TGF-b signalling seems to play an important
role in the pathogenesis of IL-18/IL-2-induced ILD.

Materials and methods

Mice

C57BL/6 (B6) mice were purchased from Charles River
Japan Inc. (Tokyo, Japan). Smad3-deficient (Smad3–/–) mice
were kindly provided by Dr Chuxia Deng (National Institute
of Diabetes and Digestive and Kidney Diseases, Bethesda,
MD, USA) [34]. The genotypes of both B6 and Smad3–/–

mice were determined by polymerase chain reaction (PCR)
analysis on tail DNA obtained from 4-week-old animals.
Female mice were used in this study. The animals were kept
under specific pathogen-free conditions and studied at 4–5
weeks of age. The Institutional Animal Care and Use Com-
mittee at Tsukuba University approved the experimental
protocol.

Cell isolation and purification

Pulmonary lymphocytes were isolated as described previ-
ously [35], with the following modifications. The lung was
perfused thoroughly with phosphate-buffered saline (PBS)
to remove circulating blood cells. The dissected lung was
minced in PBS containing 1 mM ethylenediamine tetraace-
tic acid (EDTA). The minced lung tissue was suspended in
RPMI-1640 medium (Sigma-Aldrich, St Louis, MO, USA)
containing 10% fetal bovine serum (FBS) (BioWest, FL,
USA), 1 mM EDTA and 1 mM dithiothreitol (DTT). The
suspension was incubated at 37°C for 45 min with gentle
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Fig. 1. Expression of transforming growth factor (TGF)-b mRNA

after injection of interleukin (IL)-18 plus IL-2. Expression of TGF-b
mRNA was analysed by real-time–polymerase chain reaction

(RT-PCR). C57BL/6 (B6) mice were injected intraperitoneally with a

single dose of IL-18/IL-2. At 3, 6, 12 and 24 h after injection, mice

were killed and lung mRNA was extracted. Data are mean � standard

error of the mean; n = 3 mice per group. *P < 0·05; one-way analysis

of variance.
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shaking. The resultant suspension was passed through
nylon mesh to remove debris. The washed and recovered
cells were subjected to Lympholyte (Cedarlane, Ontario,
Canada) at 1100 g at room temperature for 20 min. The
resultant interface containing pulmonary lymphocytes was
recovered and washed with RPMI-1640 medium contain-
ing 10% FBS, 100 units/ml penicillin, 100 mg/ml streptomy-
cin and 50 mM 2-mercaptoethanol. Spleens were harvested
and haemolyzed with PBS. Single-cell suspensions were
prepared in RPMI-1640 medium containing 10% FBS,
100 units/ml of penicillin, 100 mg/ml streptomycin and
50 mM 2-mercaptoethanol.

Antibodies and flow cytometry

All antibodies were used according to the recommendations
of the respective manufacturers. For flow cytometric analysis,
cells were preincubated with anti-CD16/32 (eBioscience, San
Diego, CA, USA) to block Fc receptors. The following

antibodies were used in this study: phycoerythrin (PE)-
conjugated anti-natural killer (NK)1·1 (PK136) (Biolegend,
San Diego, CA, USA) and PE/cyanine 7 (Cy7)-conjugated
anti-CD3e (145-2C11) (Biolegend). The stained cells were
analysed on CyAn advanced digital processing (ADP) (Dako,
Glostrup, Denmark) and data were processed using Sum-
mit4·3 (Dako).

Induction of lung fibrosis with IL-18 and IL-2

Recombinant human IL-2 (rhIL-2) and recombinant mouse
IL-18 (rmIL-18) were obtained from MBL (Nagoya, Japan).
Mice were treated once a day with an intraperitoneal (i.p.)
injection of rhIL-2 (100 000 U) and/or rmIL-18 (1 mg).
These cytokines were suspended in sterile 200 ml PBS. Mice
treated with 200 ml PBS served as the control group. Follow-
ing treatment for 3 days, mice were bled and killed. Pulmo-
nary lymphocytes and splenocytes were analysed by flow
cytometry.
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Fig. 2. Effects of SB-431542 in interleukin

(IL)-18 plus IL-2-induced interstitial lung

disease (ILD) mice. (a) B6 mice were injected

with IL-18/IL-2 with or without SB-431542 for

10 days, as described in Materials and methods.

�, phosphate = interstitial lung disease (ILD)

–buffered saline (PBS) + vehicle; �,

PBS + SB-431542; �, IL-18/IL-2 + vehicle; ,

IL-18/IL-2 + SB-431542; n = 5 mice per group.

Data are representative of three independent

experiments and graph shows pooled data of

three experiments. *P < 0·05; Kaplan–Meier

method. (b) Lungs were harvested from B6

mice at 24 h after injected with IL-18/IL-2 with

or without SB-431542 for 3 days. Lung tissues

were stained with haematoxylin and eosin.

Original magnification: ¥100. (c) Lungs were

harvested from B6 mice at 6 h after injection

with IL-18/IL-2 with or without SB-431542 for

3 days. (d) The sera were harvested from B6

mice at 6 h after injection with IL-18/IL-2 with

or without SB-431542 for 3 days. Serum

cytokine levels were measured by

enzyme-linked immunosorbent assay (ELISA).

ELISA assayed the lung tissue supernatant as

described in Materials and methods. Date are

mean � standard error of the mean; n = 3 mice

per group. *P < 0·05; Student’s t-test.
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Treatment of mice with SB-431542

ALK-5 inhibitor, SB-431542 (4-[4-(1,3-benzodioxol-5-yl)-
5-(2-pyridinyl)-1H-imidazol-2-yl]-benzamide) (SB-
431542) was obtained from Tocris Bioscience (Park Ellisville,
MO, USA). It was suspended in sterile dimethyl sulphoxide
(DMSO) at 20 mg/ml. Mice were treated twice a day (0 h and
12 h after IL-18/IL-2 treated) by i.p. injection of 50 ml
(0·2 mg) SB-431542 or vehicle for 3 days.

Reverse transcription polymerase chain reaction
(RT-PCR) analysis

Total RNA was extracted from the lung, and was reverse
transcribed into cDNA using RevertAidTM first-strand cDNA
synthesis kit (Fermentas, Burlington, Ontario, Canada),
according to the manufacturer’s protocol. For amplification
of chemokine cDNA, after an initial denaturation step at
94°C for 4 min, 35 cycles were conducted each at 94°C
for 30 s followed by 60°C for 30 s and 72°C for 30 s, and
further extension at 72°C for 7 min. For amplification
of glyceraldehyde-2-phosphate dehydrogenase (GAPDH)
cDNA, PCR assays were performed for 30 cycles (94°C for
30 s followed by 60°C for 30 s and 72°C for 30 s). At the end
of cycles, samples were stored at 4°C until analysed. After
amplification, the PCR products were separated by electro-
phoresis in 2·0% agarose gels. The primer sequences were as
follows and the PCR product sizes [base pairs (bp)] were
indicated: CCL2, 5′-AGGTCCCTGTCATGCTTCTG, 3′-TC
TGGACCCATTCCTTCTTG (249 bp); CCL3, 5′-AGATTC

CACGCCAATTCATC, 3′-CTCAAGCCCCTGCTCTACAC
(223 bp); CCL4, 5′-CCCACTTCCTGCTGTTTCTC, 3′-GA
GGAGGCCTCTCCCTGAAGT (238 bp); CCL5, 5′-CCCTC
ACCATCATCCTCACT, 3′-CCTTCGAGTGACAAACACGA
(185 bp); CCL11, 5′-TCCACAGCGCTTCTATTCCT, 3′-CTA
TGGCTTTCAGGGTGCAT (178 bp); CXCL1, 5′-GCTGGG
ATTCACCTCAAGAA, 3′-TCTCCGTTACTTGGGGACAC
(180 bp); CXCL10, 5′-GGATGGCTGTCCTAGCTCTG,
3′-ATAACCCCTTGGGAAGATGG (211 bp); and GAPDH,
5′-CGTCCCGTAGACAAAATGGGT, 3′-GAATTTGCCGT
GAGTGGAGT (177 bp).

Quantification of gene expression by RT-PCR

The cDNA samples were amplified with specific primers
and fluorescence-labelled probes for the target genes. Spe-
cific primers and probes for TGF-b and GAPDH were pur-
chased from Applied Biosystems Japan (Tokyo, Japan). The
amplified product genes were monitored on an ABI 7700
sequence detector (Applied Biosystems Japan). The quanti-
tative PCR master mix was purchased from Applied Bio-
systems Japan. The final concentrations of the primers were
200 nM for each of the 5′ and 3′ primers, and the final
probe concentration was 100 nM. The thermal cycler con-
ditions used were 50°C for 2 min, 95°C for 10 min, then 50
cycles of 95°C for 15 s and 60°C for 1 min. Serial dilutions
of a standard sample were included in every assay, and
standard curves for the genes of interest and GAPDH genes
were generated. All measurements were performed in trip-
licate. The level of gene expression was calculated from the
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standard curve, and expressed relative to GAPDH gene
expression.

Histological examination

For histological analysis, mice were euthanized by isopro-
panol and lung was fixed with 4% paraformaldehyde. Lung
tissues were stained with haematoxylin and eosin (H&E).

Immunohistochemistry

In the present study, anti-phosphorylated Smad3 were
used (Rockland, Gilbertsville, PA, USA). For detection of
immunocomplexes, Histofine (Nichirei Corporation, Tokyo,
Japan) for phosphorylated Smad3 was used using the manu-
facturer’s instructions. Substitution of the primary antibody
with irrelevant immunoglobulin G (IgG) served as negative

controls. Staining was repeated for each sample at least three
times. After counterstaining with haematoxylin, sections
were mounted with mounting agent, PARAmount-D
(Falma, Tokyo, Japan).

Measurement of cytokines in the lung and serum

For enzyme-linked immunosorbent assay (ELISA), the lung
tissue was suspended and homogenized in sterile PBS and
centrifuged at 10 000 g for 10 min. The cytokine levels in the
lung tissue supernatants and the serum were evaluated by
ELISA (R&D Systems, Minneapolis, MN, USA).

Statistical analysis

Data are expressed as median or mean � standard error of
the mean (s.e.m.). Data were analysed using a statistical soft-
ware package (StatView 5·0; SAS Institute Inc, Cary, NC,
USA). The survival rates were analysed by Kaplan–Meier
method. Differences between groups were examined for sta-
tistical significance using Student’s t-test. For multiple group
comparisons, one-way analysis of variance (anova) was per-
formed followed by a post-hoc Dunnett’s test. A P-value less
than 0·05 denoted a statistically significant difference.

Results

Overexpression of TGF-b mRNA in
IL-18/IL-2-induced ILD

Figure 1 shows significant up-regulation of TGF-b mRNA
in the whole lung tissues from mice at 3, 6 and 12 h after
injection of IL-18/IL-2 compared with 0 h (P < 0·05,
P < 0·01 and P < 0·05, respectively). However, at 24 h after
injection of IL-18/IL-2, the expression of TGF-b mRNA
returned to the level at 0 h.

SB-431542 ameliorated ILD and reduced the expression
of IFN-g and IL-6 in the lung

Treatment with SB-431542 was employed to examine the
effect of TGF-b inhibition on IL-18/IL-2-induced ILD. As
shown in Fig. 2a, treatment with SB-431542 delayed mortal-
ity significantly compared with control on the 11th day
(P < 0·05). Histological examination showed inhibition of
cell infiltration in the lungs of SB-431542-treated ILD mice
compared with the control (Fig. 2b). Furthermore, we analy-
sed the expression of cytokines in sera and the lung tissues
from SB-431542 and vehicle-treated ILD-induced mice. In
the lung of SB-431542-treated mice, the expression of IFN-g
and IL-6 was significantly lower than control mice (P < 0·05,
P < 0·01, Fig. 2c). However, in sera, the expression of IFN-g
and TNF-a was not different in each group (Fig. 2d). The
lung wet–dry ratio was not significantly different between
SB-431542-treated ILD mice and vehicle-treated ILD mice
(data not shown).
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Fig. 3. Immunohistochemical findings of phosphorylated Smad3

(p-Smad3) in lungs of B6 mice treated with SB-431542. (a) Lungs

were harvested from B6 mice at 6 h after treatment with interleukin

(IL)-18/IL-2 with or without SB-431542 for 3 days. The tissues were

stained immunohistochemically with anti-pSmad3 antibody. Arrow:

pSmad3-positive cells. Original magnification: ¥200. (b) In lungs of

mice treated with IL-18/IL-2 with or without SB-431542, the

percentage of p-Smad3-positive cells per total cells was calculated in

five fields under ¥200 magnification. Data are mean � standard error

of the mean of three mice per group. *P < 0·05; Student’s t-test.
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SB-431542 ameliorates lowers percentage of
phosphorylated Smad3-positive cells

Furthermore, the number of phosphorylated Smad3-
positive cells was lower in the lung of B6 mice treated with
SB-431542 compared with the control (Fig. 3a). To confirm
this result, we counted the percentage of p-Smad3-positive
cells relative to the total number of cells. The percentage of
p-Smad3-positive cells was significantly lower in SB-431542-
treated ILD mice (24·98 � 6·11%) compared with the
control (41·12 � 4·92%, P < 0·05, Fig. 3b).

SB-431542 significantly reduces NK cells in the lung

The results showed significantly fewer NK cells
(22·53 � 5·90%) in the lungs of SB-431542-treated B6 mice
compared with the control (34·84 � 4·43%, P < 0·05, Fig. 4a
and b). In contrast, the percentage of NK cells in splenocytes
of SB-431542-treated B6 mice (11·50 � 2·13%) tended to be
higher than the control (8·99 � 0·82%, Fig. 4b).

Improvement of ILD and reduced cell infiltration in
lungs of Smad3–/– mice

We also conducted experiment in Smad3–/– mice for further
assessment of the role of TGF-b signalling on IL-18/IL-2-
induced ILD [31]. Histological examination showed milder
cell infiltration in the lungs of Smad3–/– mice compared with
the control (Fig. 5a). Furthermore, flow cytometry showed a
significantly small proportion of NK cells in the lung of
Smad3–/– mice treated with IL-18/IL-2 (22·77 � 3·27%) com-
pared with B6 mice (33·89 � 5·06%, P < 0·05, Fig. 5b and c).

Underexpression of chemokine mRNAs in lung of
SB-431542-treated and Smad3–/– mice

RT-PCR showed that the expression levels of CCL2, CCL3,
CCL4, CCL5 and CXCL10 mRNAs were lower in the lungs of
B6 mice treated with SB-431542 than the control (Fig. 6a).
Furthermore, the expression levels of CCL2, CCL3, CCL4,
CCL5, CCL11, CXCL1 and CXCL10 were lower in the lungs
of Smad3–/– mice than the control (Fig. 6b).

Fig. 4. Flow cytometric analysis of pulmonary

lymphocytes in B6 mice treated with

SB-431542. (a) Pulmonary lymphocytes were

harvested from B6 mice at 24 h after treatment

with interleukin (IL)-18/IL-2 with or without

SB-431542 for 3 days, as described in Materials

and methods. Pulmonary lymphocytes were

stained with phycoerythrin (PE)-conjugated

anti-natural killer (NK)1·1 and PE/cyanine 7

(Cy7)-conjugated anti-CD3e monoclonal

antibodies. (b) Left: proportion of NK cells

relative to pulmonary lymphocytes in mice

treated with IL-18/IL-2 and with or without

SB-431542. Right: proportion of NK cells

relative to splenocytes in B6 mice treated with

IL-18/IL-2 with or without SB-431542. Data are

mean � standard error of the mean of three

mice per group. *P < 0·05; Student’s t-test.
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lymphocytes in Smad3–/– mice. (a) Lungs were harvested from B6 and

Smad3–/– mice at 24 h after treated with interleukin (IL)-18/IL-2 for 3

days. Lung tissues were stained with haematoxylin and eosin. Original

magnification: ¥100. (b) Pulmonary lymphocytes were harvested from

B6 and Smad3–/– mice at 24 h after treatment with IL-18/IL-2 for 3

days, as described in Materials and methods. Pulmonary lymphocytes

were stained with phycoerythin (PE)-conjugated anti-natural killer

(NK)1·1 and PE/cyanine 7 (Cy7)-conjugated anti-CD3e monoclonal

antibodies. (c) Proportion of NK cells relative to pulmonary

lymphocytes in B6 and Smad3–/– mice treated with IL-18/IL-2. Data

are mean � standard error of the mean of three mice per group.

*P < 0·05; Student’s t-test.
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Fig. 6. Expression of chemokine mRNAs in lungs of mice deficient in

transforming growth factor (TGF)-b. (a) mRNA expression of various

chemokines in the lungs of B6 mice treated with SB-431542 and

control mice. Lungs were removed at 24 h after the final dose of

SB-431542 or vehicle and total RNA was extracted. Chemokine

expression (CCL2, CCL3, CCL4, CCL5, CCL11, CXCL1 and CXCL10)

was detected by reverse transcription polymerase chain reaction

(RT-PCR). (b) mRNA expression of various chemokines in the lungs

of Smad3–/– mice and control mice. Lungs were removed at 24 h after

the third injection of interleukin (IL)-18/IL-2 and total RNA was

extracted. Chemokine expression (CCL2, CCL3, CCL4, CCL5, CCL11,

CXCL1 and CXCL10) was detected by RT-PCR. Representative results

are shown of three experiments with similar findings.
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Discussion

IL-18 and IL-2 are important cytokines that can induce
IFN-g production by NK cells [11]. IL-18 and IL-2 adminis-
tered daily acted synergistically to induce ILD. ILD mice
show severe infiltration of NK cells in the lungs and have
high levels of IFN-g in both serum and lung [19]. Depletion
of NK cells by anti-NK1·1 monoclonal antibody or anti-
asialo GM1 antibody treatment prevented this effect. Fur-
thermore, the morbid effects of IL-18 and IL-2 were reduced
in IFN-g-deficient mice. These findings suggest that the
increase of NK cells and elevation of IFN-g seem to play a
role in the pathogenesis of IL-18/IL-2-induced ILD in mice.

In other mouse models of ILD, BLM induces pulmonary
fibrosis and the TGF-b pathway plays an important role in
the pathogenesis of ILD [24,27–29,36]. The present study
also showed increased expression of TGF-b mRNA in the
lung in the early stage of ILD after injection of IL-18/IL-2.
Thus, TGF-b seems to be involved in the pathogenesis of
IL-18/IL-2-induced ILD and BLM-induced pulmonary
fibrosis. Surprisingly, mice treated with SB-431542 delayed
mortality in IL-18/IL-2-induced ILD. In addition, IL-18/IL-
2-induced NK cell infiltration in the lung was decreased
significantly following treatment with SB-431542 and also in
Smad3–/– mice. Histological analysis demonstrated that
SB-431542 reduced cell infiltration significantly in ILD mice.
It was reported that injection of IL-18/IL-2 induced the
expression of IFN-g and TNF-a in sera, and IFN-g and IL-6
in the lung [19]. In the lung, treatment with SB-431542
reduced the expression of IFN-g and IL-6 from IL-18/IL-2-
induced ILD mice, but in sera the expression of IFN-g and
TNF-a was not changed. Furthermore, IL-18/IL-2-induced
ILD was improved in Smad3–/– mice. These findings indicate
the involvement of Smad-mediated TGF-b signalling in the
pathogenesis of murine ILD.

Bellone et al. [37] reported that TGF-b inhibited activated
NK cells in vitro. Our preliminary study confirmed that
exogenously added TGF-b suppressed NK cells in vitro (data
not shown). However, in the present study, we demonstrated
that shutdown of TGF-b signalling by SB-431542 or Smad3
knock-out down-regulated NK cells migration into the lung
in vivo, indicating that TGF-b enhanced the infiltration of
NK cells into the lung. The discrepancy might be due to the
difference between the effects of TGF-b on NK cells in vitro
and those in vivo. We proposed that TGF-b could enhance
the migration of NK cells into the lung in vivo, whereas
TGF-b suppressed the proliferation of NK cells in vitro.

Okamoto et al. [19] showed that certain chemokines, such
as CCL2, CCL3, CCL4, CCL5, CCL11, CXCL1 and CXCL10,
were up-regulated in the lungs of IL-18/IL-2-induced ILD
mice. In contrast, in the lungs of B6 mice treated with
SB-431542 and in Smad3–/– mice, chemokine mRNAs were
down-regulated. Interestingly, larger proportions of NK cells
were noted in the spleens of SB-431542-treated mice with
ILD, although their proportion in the lungs was reduced. The

latter finding may be due to redistribution and accumulation
of NK cells in the spleen. Thus, inhibition of TGF-b signalling
could, potentially, be a useful therapeutic strategy in ILD
through regulation of NK cells infiltration in the lung.

In conclusion, the present study showed that inhibition of
TGF-b signalling regulated IL-18/IL-2-induced ILD through
inhibition of NK cells and down-regulation of certain
chemokines in the lung. These findings support the notion
that TGF-b signalling plays an important role in the patho-
genesis of ILD.
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