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ORGAN TOXICITY AND MECHANISMS

Neutralization of interleukin-1 beta attenuates silica-induced lung
inflammation and fibrosis in C57BL/6 mice
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Abstract The inflammation and fibrosis induced by silica
dust are considered to be substantial responses in silicosis
progression. Interleukin-1 beta (IL-1f) plays an important
role in silica-induced lung inflammation, but the mecha-
nisms that underlie the influence of IL-1f on the progres-
sion of silicosis remain unclear. In this study, the role of
IL-1p in silica-induced inflammation and fibrosis was eval-
uated by administering a suspension of 2.5-mg silica dust,
either with or without 40 pwg anti-mouse IL-18 monoclo-
nal antibody (mAb), to the lungs of male C57BL/6 mice.
Silica + anti-IL-18 mAb-treated mice showed the deple-
tion of IL-1P as well as the attenuation of inflammation,
as evaluated in the bronchoalveolar lavage fluid (BALF)
and histological sections from 1 to 84 days after silica
exposure. Further study of the BALF indicated that inhi-
bition of IL-18 could reduce the contents of tumor necro-
sis factor-alpha and monocyte chemoattractant protein-1.
The real-time PCR and pathology results showed that the
neutralization of IL-1f attenuated silica-induced fibrosis
by inhibiting the gene expression of transforming growth
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factor-beta 1, collagen I and fibronectin. The examination
of Thl-cytokine and Th2-cytokine suggested that deple-
tion of IL-1p decelerated the Th1/Th2 balance toward a
Th2-dominant response. In conclusion, the present study
suggests that the neutralization of IL-1p attenuates silica-
induced inflammation and fibrosis by inhibiting other
inflammatory and fibrogenic mediators and modulating the
Th1/Th2 balance.

Keywords Silica - IL-1p - Lung inflammation -
Lung fibrosis

Introduction

Silicosis and increased mortality have been associated
with exposure to crystalline silica, making silica exposure
a high-priority public health concern (Barrett et al. 1999;
Pernis 2005; Rimal et al. 2005). Silica exposure primar-
ily occurs in workplaces, including metal or coal mining,
construction, and glass and clay manufacturing industries
(Wilson and Wynn 2009). In addition to occupational expo-
sures, environmental exposure occurs as a result of indus-
trial contaminations, volcanic explosions and sandstorms
(Chen et al. 2012). A previous study conducted by Wang
et al. (2008) showed that the SiO, percentage of sandstorm
dust fall in northwest area of China was between 17.36 and
40.09 %.

Silicosis has been studied extensively, yet little is known
about the crucial cellular and molecular mechanisms that
initiate and propagate the process of inflammation and
scarring (Rimal et al. 2005). The pathogenesis of silicosis
involves uncontrolled responses of the innate and adap-
tive immune systems. Cells of the innate immune system,
particularly alveolar macrophages, play a fundamental role
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in the pathogenesis of silicosis, a condition characterized
by lung inflammation and fibrosis (Huaux 2007; Liu et al.
2010). Inhaled silica can be targeted and endocytosed by
alveolar macrophages, leading to the release of inflamma-
tory cytokines such as interleukin-1 beta (IL-1p) and tumor
necrosis factor-alpha (TNF-a), as well as chemokines like
monocyte chemoattractant protein-1 (MCP-1) (Kuroda
et al. 2011; Krause et al. 2012; Cho et al. 2007). The silica-
induced inflammatory response is initiated and amplified
by the burst of inflammatory mediators and the subse-
quent influx of inflammatory cells. The inflammatory phase
is followed by a fibrotic phase in which the extracellular
matrix (ECM) is deposited and the tissue is remodeled. It
is also known that the activated lung macrophages release
fibrogenic cytokines such as transforming growth factor-
beta 1 (TGF-B). In addition, other inflammatory cells,
such as lymphocytes and neutrophils, amplify the fibrotic
responses by producing ECM proteins (Huaux 2007).
Finally, adaptive immune polarization (Th1/Th2 response)
is thought to be involved in silica-induced fibrosis (Huaux
2007; Pernis 2005).

Many molecular mediators, such as IL-18, TNF-q,
MCP-1 and TGF-, have been demonstrated to be involved
in the development of silicosis (Bai et al. 2010; Mossman
and Churg 1998; Hornung et al. 2008). However, the cur-
rent literature provides little evidence to identify which
mediator plays the pivotal role during the silicosis progres-
sion. Pathological changes observed in an in vivo study
indicated that IL-1p-deficient mice are more resistant to
silica-induced inflammation than wild-type mice (Srivas-
tava et al. 2002). Although Piguet’s study found that IL-1
receptor antagonist (IL-1Ra) had little or no influence on
the silica-induced pulmonary inflammation, this antago-
nist could suppress and reverse silica-induced pulmonary
fibrosis (Piguet et al. 1993). These data suggest that IL-18
exerts a positive function in the silicosis development, but
different methods for IL-1p blockade may induce differ-
ent phenomena. The exact roles of IL-1p in silica-induced
pulmonary inflammation and fibrosis therefore need to be
clarified (Leung et al. 2012).

In order to address the role of IL-1P in silicosis, we
employed an anti-mouse IL-1f monoclonal antibody
(mAb) to block the biological function of IL-1p. We did
not use gene knockout techniques such as IL-1p knockout
or IL-1 receptor (IL-1R) knockout, which is also a good
choice to block the biological function of IL-1p, because
gene knockout techniques could not be used for clinical
treatment at the current stage. Instead, the anti-IL-18 mAb
or recombinant IL-1Ra such as anakinra has been proved
effective in controlling chronic inflammation in clinical tri-
als (Larsen et al. 2007; Dinarello 2010). At last, the anti-
mouse IL-1p mAb was selected for its plasma half-life of
one month. This is longer than 4-h half-life of anakinra
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(Dinarello 2010), which could not meet the requirement
for long-term observation from 1 to 84 days after silica
exposure.

The purposes of this study were as follows: (1) to
investigate the role of IL-1f in the inflammation and
fibrosis phases of the pathogenesis of silicosis and (2) to
determine the mechanisms by which IL-1f affects silica-
induced inflammation and fibrosis in a mouse model. We
used the anti-IL-18 mAb to directly neutralize the silica-
induced IL-1P in pulmonary alveoli. We then evaluated the
pathologic changes; the gene expression levels of TGF-
B, collagen I and fibronectin in the lungs; the cytological
alterations; and the concentrations of TNF-o, MCP-1, inter-
feron-gamma (IFN-y) and interleukin-4 (IL-4) in the bron-
choalveolar lavage fluid (BALF). We demonstrated that
the neutralization of IL-1f attenuated silica-induced lung
inflammation and fibrosis by inhibiting the expression and
release of other inflammatory and fibrogenic mediators and
by modulating the Th1/Th2 balance.

Methods
Animals

Male C57BL/6 mice (weighing 16-18 g) were purchased
from the Center for Animal Experiments, Wuhan Univer-
sity (Wuhan, China). The mice were housed in a specific
pathogen-free environment in the Hubei Research Center
of Laboratory Animals (Wuhan, China), which is registered
with the Provincial Department of Science and Technology,
license number of SYXK(E) 2008-0014-00022114. All of
the experimental protocols were reviewed and approved
by the Animal Care and Use Committee of Tongji Medical
College, Huazhong University of Science and Technology,
under permit number S301. The animals were acclimated
to the environment for 1 week prior to treatment.

Silica preparation

Silica dust (standard a-quartz) (Jia et al. 2011; Shen et al.
2006) was provided by the National Institute of Occupa-
tional Health and Poisons Control, Chinese Centers for
Disease Control and Prevention (Beijing, China). The per-
centage of free SiO, was greater than 97 %, and the parti-
cle diameter was less than 5 pwm (diameter <1 wm: 57 %,
1-2 pm: 34 %, 2-3 pm: 4.5 %, 34 pm: 3.0 %, 4-5 pm:
1.5 %). After being weighed, the silica dust was steri-
lized at 121 °C for 20 min and dried. For the intratracheal
administration of the silica, the dried silica was suspended
in phosphate-buffered saline (PBS) and then sonicated for
10 min (220 V, 50 HZ, SK8200H; Ultrasonic Instrument
Co Ltd, Shanghai, China).
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Experimental groups and exposure protocol

A total of 128 mice were randomly divided into four groups
(n = 32 in each group). The groups were as follows: (1) the
silica 4 anti-IL-1 mAb group, in which mice received 2.5-mg
silica dust, 10 pl1 PBS and 40 pl (1 pg/pl) anti-IL-18 mAb
(B122) (BioLegend, 11080 Roselle Street, San Diego, CA
92121); (2) the silica + IgG group, in which mice received
2.5-mg silica dust, 10 pl PBS and 40 pl (1 pg/nl) IgG
(HTKS888) (BioLegend, 11080 Roselle Street, San Diego,
CA 92121); (3) the PBS + IgG group, in which mice
received 10 wl PBS and 40 nl (1 pg/pl) IgG; and (4) the
blank control group, in which mice were untreated.

The silica suspension was administered to mice as
described previously (Wang et al. 2010). Briefly, the mice
were anesthetized by intraperitoneal injection of 1 %
pentobarbital sodium at 45 mg/kg body weight. The trachea
was then exposed by an incision of the neck skin and blunt
dissection. The suspension was delivered in a final volume
of 50 ul by intratracheal administration using a blunted
7-gauge needle. After the treatment was administered, the
neck skin was sutured and cleaned with ethanol.

BALF collection and cell counts

At 1, 7, 28 and 84 days after treatment, 8 mice in each
group were killed and the lungs were gently lavaged by
infusing them with 1 ml cold PBS 3 times. The BALF
aliquots were transferred into three sterilized tubes, fol-
lowed by centrifugation at 1,000 rpm for 10 min at 4 °C.
The supernatant of the first tube was separated and stored
at —80 °C for later analysis. The pellets of all tubes were
washed with PBS and then resuspended in 500 w1 PBS for
total cell and differential cell counting. A hemocytometer
was used to quantify the total cells. For the differential
cell counts, smears of each suspension were stained with
Wright-Giemsa kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China), and 300 cells were categorized
as macrophages, neutrophils or lymphocytes using standard
morphologic criteria.

Analysis of IL-18, TNF-a, MCP-1, IFN-y
and IL-4 in BALF

The levels of IL-1B, TNF-a, MCP-1, IFN-y and IL-4 in
BALF were measured using enzyme-linked immunosorb-
ent assay (ELISA) kits (Dakewe Biotech Company Lim-
ited, Shenzhen, China) according to the manufacturer’s
instructions. Briefly, a total volume of 150 nl of fluid,
which contained 50 wl BALF, 50 pl diluent buffer and
50 w1 diluted biotinylated antibody, were added to the wells
of the assay plate. The plate was incubated for 90 min at
37 °C, followed by four washes with diluted wash buffer.

Streptavidin-HRP (100 pl/well) was added, and the plate
was incubated for another 30 min at 37 °C. After wash-
ing the plate again, 100 pul of TMB solution was added to
each well, and the plate was incubated in dark for 15 min
at 37 °C. Finally, 100 w1 of the stop solution was added to
each well to stop the reaction. The absorbance values of the
wells at 450 nm and 620 nm were obtained. The ELISA
was performed in duplicate for every sample.

Analysis of TGF-f, collagen I and fibronectin gene
expression in the lung tissues

Quantitative real-time PCR was performed to measure
the levels of TGF-B, collagen I and fibronectin mRNA in
the right lungs. Total RNA was extracted with Trizol rea-
gent (Invitrogen, Carlsbad, CA, USA) as recommended
by the supplier. The RNA concentration was estimated
by ultraviolet absorbance at 260 nm, and the RNA purity
was tested with an ND1000 spectrophotometer (Thermo
Fisher NanoDrop, USA), which showed an optical den-
sity ratio (OD260/0D280) of 1.8-2.0. First-strand com-
plementary DNA was synthesized from 2 g of total RNA
by the ReverTra Ace® qPCR RT Kit (FSQ-101, TOYOBO,
Japan) according to the manufacturer’s recommendations.
Quantitative PCR was run on an ABI PRISM® 7900HT
Sequence Detection System (Applied Biosystems, USA)
using the SYBR® Green Realtime PCR Master Mix (QPK-
201, TOYOBO, Japan) according to the manufacturer’s
instructions. GAPDH was used as an internal control for
each run. The primer sequences were as follows: TGF-8,
sense 5'-GTGTGGAGCAACATGTGGAACTCTA-3/, anti-
sense 5'-CGCTGAATCGAAAGCCCTGTA-3'; collagen I,
sense 5-CTGGCGGTTCAGGTCCAAT-3/,anti-sense 5’-TT
CCAGGCAATCCACGAGC-3/; fibronectin, sense 5’-CTA
TCTATGCTGTGGAGGAG-3/, anti-sense 5-GAGTTTGG
TGGTCTGTTGTG-3’; and GAPDH, sense 5-AAATGGT-
GAAGGTCGGTGTGAAC-3, anti-sense 5-CAACAATCTC
CACTTTGCCACTG-3'. The PCR amplifications were
conducted with the following cycling program: 95 °C for
1 min; 40 cycles at 95 °C for 15 s, and 60 °C for 1 min.
Real-time PCR reactions were performed in triplicate for
each sample. The relative expression of the target genes
was calculated using the 2722 method.

Pathological examination

After fixation in paraformaldehyde, the left lungs were
embedded in paraffin and sectioned at 5 wm thickness. The
sections were stained with hematoxylin and eosin (H&E)
and Masson for the pathological evaluation of inflamma-
tion and fibrosis, respectively. The micrographs that shown
represent the average level of inflammation or fibrosis for
each group at each time point.
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The lung inflammation was graded into 4 stages and
scored as follows (Szapiel et al. 1979): normal lung,
scored O point; light inflammation, minimal inflammatory
thickening of alveolar walls, limited in local area, <20 %
of lung area involved, the alveolar structure was normal,
scored 1 point; medium inflammation, the inflammation
area reached 20-50 % of the whole lung area, scored 2
points; heavy inflammation, lesion involving >50 % of the
lung, severe distortion of structure, monocytes infiltration
into the alveolar space, consolidation was placed, scored
3 points. The lung fibrosis was graded and scored by Ash-
croft’s method (Ashcroft et al. 1988): normal lung, scored 0
point; light fibrosis, minimal fibrous thickening of alveolar
or bronchiolar walls without obvious damage to lung archi-
tecture, scored 1 point; medium fibrosis, moderate thick-
ening of alveolar or bronchiolar walls, damage to alveolar
structure and fibrous bands or small fibrous masses, scored
2 points; heavy fibrosis, increased fibrosis with obvious
damage to lung structure, consolidation or large fibrous
masses, scored 3 points.

Statistical analysis

The results were expressed as the mean + SEM. Sig-
nificant differences among the groups were evaluated
using one-way analysis of variance (ANOVA) followed
by the Dunnett t test. For all comparisons, statistical sig-
nificance was accepted when P < 0.05. All analyses were
performed using SAS version 9.1 (SAS Institute, Cary,
NC, USA).

Results

The time course of changes in IL-1p in BALF
and the neutralization efficacy of anti-IL-1B mAb

The time course of changes of IL-1p in BALF are presented
in Fig. 1. The BALF concentrations of IL-1p for the sil-
ica 4+ IgG group were significantly higher than those in the
PBS + IgG or blank control group at all post-exposure time
points. Furthermore, the BALF concentrations of IL-18 on
days 7, 28 and 84 were significantly higher than that on day
1, but there were no significant differences between day 28
and day 84.

The level of IL-18 in the silica 4+ anti-IL-1p mAb group
was 10.5 pg/ml on day 1, similar to the levels in the control
mice. The IL-1p levels in the BALF of the silica + anti-
IL-1f mAb group gradually increased at the later time
points. However, the level of this cytokine remained sig-
nificantly lower than that in the silica 4 IgG group through
day 84 (Fig. 1). These results indicated that the IL-18 was
blocked.
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Fig.1 The time course of changes of IL-1f in BALF and the neu-
tralization efficacy of anti-IL-1f mAb. The concentrations of IL-18
in BALF were assayed by ELISA. Determinations were performed in
duplicate and expressed as the mean + SEM (n = 6). Significant dif-
ferences among the groups were evaluated using a one-way analysis
of variance followed by the Dunnett t test. **P < 0.01 compared with
the blank control group at the same time point. “P < 0.05 compared
with the value at day 1 in the same group. “*P < 0.01 compared with
the value at day 1 in the same group. *P < 0.01 compared with the
silica + IgG group at the same time point

Neutralization of IL-1p attenuated silica-induced
pulmonary inflammation

Neutralization of IL-1B attenuated silica-induced
inflammatory histopathology changes

There were no indications of inflammation in the lung tis-
sues of the PBS + IgG or blank control group at any of the
post-exposure time points (Fig. 2a, b). In the silica + IgG
group, a large inflammatory cell infiltration and alveolar
septal thickening were observed on day 1 (Fig. 2c1). Lower
levels of inflammatory cells and alveolar septal thicken-
ing were observed in the silica + anti-IL-1f mAb group
on day 1 (Fig. 2d1). Similarly, on day 7, a larger inflam-
matory cell infiltrate and a more substantial disruption of
the alveolar structure were observed in the silica + IgG
group compared with the pathology of the silica + anti-IL-
18 mAb group (Fig. 2c¢7, d7). On day 28, the inflammation
in the silica 4+ IgG group was further increased relative to
the level on day 7 (Fig. 2c28). However, at this time, the
inflammation in the silica 4 anti-IL-18 mAb group was
attenuated, and the number of inflammatory cells was
reduced relative to those observed on day 7 (Fig. 2d28).
Exudates in the alveolar cavity of the silica + IgG group
were more abundant than that in the silica + anti-IL-1p
mAb group on day 28. On day 84 after silica exposure, the
inflammatory responses in the lung tissues had decreased
(Fig. 2c84, d84). In brief, as shown in Fig. 2e, the sil-
ica-induced inflammatory response in lung tissues was
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Fig. 2 Neutralization of IL-1f attenuated silica-induced pathologic
changes of inflammation (H&E staining, x200). a; ; 5 g4: Blank
control groups; by 7 55 g4: PBS + IgG groups; ¢, 7 5 g4: Silica + IgG
groups; d; 7 ,g g4 Silica + anti-IL-18 mAb groups. al-dl: day I;
a7-d7: day 7; a28-d28: day 28; a84—d84: day 84. e: Inflammation
scores of the silica 4+ IgG and silica + anti-IL-1f mAb groups. Val-

significantly decreased by the usage of anti-IL-1f mAb on
days 1, 7 and 28. The neutralization of IL-1f could restrain
pulmonary inflammation induced by silica exposure.

Neutralization of IL-18 decreased the total cells and
inflammatory cells in BALF

The number of total cells, macrophages, neutrophils and lym-
phocytes in BALF are shown in Fig. 3. In comparison with
the blank control or PBS + IgG group, the number of total
cells, macrophages, neutrophils and lymphocytes in both
the silica + IgG and silica + anti-IL-18 mAb groups were
significantly increased on days 1, 7, 28 and 84 (Fig. 3a—d).
However, the number of macrophages and lymphocytes in
the silica + anti-IL-18 mAb group was significantly lower
compared with the number of these cells in the silica + IgG
group at all post-exposure time points (Fig. 3b, d). Further-
more, the number of neutrophils in the silica + anti-IL-
18 mAb group was lower when compared with that in the
silica + IgG group at days 7 and 28 (Fig. 3c).

Neutralization of IL-1B reduced the silica-induced release
of TNF-o and MCP-1 in BALF

Our data showed that the concentrations of TNF-a in the
silica + IgG and silica 4 anti-IL-1p mAb groups were
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ues are shown as the mean &= SEM (n = 6). Significant differences
among the groups were evaluated using a one-way analysis of vari-
ance followed by the Dunnett t test. **P < 0.01 compared with the
blank control group at the same time point. #P < 0.01 compared with
the silica 4 IgG group at the same time point

greater than those of the controls (Fig. 4a). The TNF-a
levels in the silica 4+ IgG and silica + anti-IL-18 mAb
groups increased gradually from day 1, peaking on day 28
after silica exposure. IL-1f antibody treatment significantly
reduced the TNF-a levels on days 7, 28 and 84 compared
with these levels in silica + IgG-treated mice.

The levels of MCP-1 were significantly increased in the
silica + IgG and silica + anti-IL-1f mAb groups relative
to the blank control or PBS + IgG group (Fig. 4b). We also
observed a similar time course for changes in MCP-1 con-
centration in the silica + IgG and silica + anti-IL-18 mAb
groups. Specifically, the MCP-1 concentrations in these
two groups at day 7 were much higher than those at the
other post-exposure time points. However, the IL-1f anti-
body treatment significantly decreased the MCP-1 levels on
days 1 and 7.

Neutralization of IL-1f attenuated pulmonary fibrosis after
silica exposure

Neutralization of IL-1B attenuated the silica-induced
fibrosis in the lung tissue sections

No indications of fibrosis were observed in any group 1 day

after treatment (not shown). In addition, no fibrosis was
observed in the blank control or PBS + IgG group (Fig. 5a,
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Fig. 4 Neutralization of IL-1f reduced the silica-induced release of
TNF-a and MCP-1 in BALF. The concentrations of TNF-a (a) and
MCP-1 (b) were measured by ELISA. Determinations were per-
formed in duplicate and represented as the mean += SEM (n = 6).
Significant differences among the groups were evaluated using a one-

b). In the silica 4+ IgG group, minimal fibrotic thickening
of the bronchiolar walls was occasionally observed on day
7 (Fig. 5¢7). In the silica + anti-IL-1 mAb group, rare
fibrotic changes were observed on day 7 (Fig. 5d7). On day
28, after silica + IgG exposure, collagen deposition and
fibrous bands or small fibrous masses were observed, the
alveolar structures were damaged and small areas of con-
solidation had formed (Fig. 5¢28). Collagen deposition in
the silica + anti-IL-1p mAb group was less than that in
the silica 4+ IgG group (Fig. 5d28). Larger areas of fibrous
bands or fibrous masses were observed in the silica + IgG
group (Fig. 5c84) than those in the silica + anti-IL-1p mAb
group (Fig. 5d84) through day 84. When using fibrosis
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way analysis of variance followed by the Dunnett t test. **P < 0.01
compared with the blank control group at the same time point.
#P < 0.05 compared with the silica + IgG group at the same time
point. P < 0.01 compared with the silica 4 IgG group at the same
time point

score to quantify the fibrotic changes, the results suggested
that blocking IL-1B at the beginning of silica exposure
could significantly attenuate the silica-induced fibrosis on
days 7, 28 and 84 (Fig. Se).

Neutralization of IL-1B inhibited the expression of TGF-p,
collagen I and fibronectin in the lung tissue

As shown in Fig. 6a and c, the mRNA levels of TGF-f and
fibronectin in the silica + IgG and silica + anti-IL-1f mAb
groups were obviously higher than those in the PBS + IgG
group on days 28 and 84. IL-1p antibody treatment caused
a statistically significant decrease in the TGF-f and
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Fig. 5 Neutralization of IL-1p attenuated the silica-induced fibrosis
in the lung tissue sections (Masson staining, x200). a; ,g g4: Blank
control groups; b; 55 540 PBS + IgG groups; ¢; 5 g4: Silica + IgG
groups; d; 55 g4: Silica + anti-IL-18 mAb groups. a7-d7: day 7; a28-
d28: day 28; a84—d84: day 84. e: Fibrosis scores of the silica 4+ IgG
and silica + anti-IL-18 mAb groups. The arrows denoted the collagen

fibronectin mRNA levels on days 28 and 84. The level of
collagen I mRNA in the silica 4+ IgG and silica + anti-IL-
18 mAb groups was significantly higher than that in the
PBS + IgG group on day 7. In comparison with those in
the silica + IgG group, the level of collagen I mRNA was
significantly decreased in the silica + anti-IL-18 mAb
group at 7, 28 and 84 days after treatment (Fig. 6b).

Neutralization of IL-18 changed the Thi/Th2 balance in
the lung

The concentrations of IFN-y and IL-4 in the silica 4+ IgG
and silica 4+ anti-IL-18 mAb groups were significantly
increased at 7, 28 and 84 days after silica exposure. How-
ever, the IL-1f antibody treatment increased the levels
of IFN-y and decreased the levels of IL-4 at all the three
post-exposure time points relative to the silica 4 IgG treat-
ment (Fig. 7a, b). To further clarify the Th1/Th2 balance,
we used the ratio of IFN-y/IL-4 to represent the Th1/Th2
balance (Fig. 7c, d). The results showed that the ratios of

4 Bsilica+anti-IL-1pmAb e

Fibrosis score
=
w o

B
o

7 day 28 day

deposition. Values are shown as the mean = SEM (n = 6). Signifi-
cant differences among the groups were evaluated using a one-way
analysis of variance followed by the Dunnett t test. **P < 0.01 com-
pared with the blank control group at the same time point. *P < 0.01
compared with the silica + IgG group at the same time point

IFN-y/IL-4 in the silica + IgG and silica + anti-IL-18 mAb
groups were significantly decreased relative to those in the
control mice, but the ratio in the silica + anti-IL-18 mAb
group was significantly higher than that in the silica + IgG
group on days 7, 28 and 84 after treatment.

Discussion

In this study, we provided insight into the role of IL-1 in
the progression of silicosis in a mouse model by neutral-
izing silica-induced IL-1B with an anti-mouse IL-18 mAb.
Although silica-induced IL-18 could not be completely
neutralized by the intratracheal administration of anti-
IL-18 mAb, the effect of neutralization was maintained
through day 84 after silica exposure. Our results suggest
that IL-1f plays a key role in elevating TNF-a and MCP-1
levels; increasing TGF-p, collagen I and fibronectin gene
expression; and modulating the Th1/Th2 balance after the
exposure of the lungs to silica.
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Fig. 6 Neutralization of IL-1 reduced the expression of TGF-
B, collagen I, and fibronectin genes in the lung tissue. The relative
mRNA expressions of TGF-f (a), collagen I (b) and fibronectin (c)
were determined by RT-PCR. The housekeeping gene GAPDH was
used as an internal control. The relative expression of target genes
were calculated using 2724, Values are shown as the mean + SEM
(n = 6). Significant differences among the groups were evaluated
using a one-way analysis of variance followed by the Dunnett t test.
**P < 0.01 compared with the PBS + IgG group at the same time
point. *P < 0.05 compared with the silica + IgG group at the same
time point. P < 0.01 compared with the silica + IgG group at the
same time point

The IL-1p level of the silica + IgG group remained
elevated in the BALF compared with those in the blank or
PBS + IgG control groups at all post-exposure time points
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(days 1, 7, 28 and 84) in this study (Fig. 1). Similar phe-
nomenon was also reported by Song’ study. They observed
persistently high gene expression of IL-18 after silica expo-
sure (Song et al. 2012). Inhaled silica particles are first
engulfed by the alveolar macrophages. Recent evidences
suggest that silica particles are capable of activating the
Nalp3 inflammasome, which could cleave the inactive pro-
IL-1B precursor to the mature IL-1f in the macrophages.
On this basis, more mature IL-1p was released directly by
the macrophages (Dostert et al. 2008; Cassel et al. 2008).
Meanwhile, the toxicity of the silica then causes either
macrophage membrane damage or macrophage death.
Then some inflammatory mediators, including enzymes
and cytokines together with intracellular silica, are released
into the alveolar space. The released intracellular silica
particles are then taken up by other macrophages (Rimal
et al. 2005). This recurring cycle of alveolar macrophage
phagocytosis and cell rupture perpetuates and expands
the chronic inflammation induced by silica and may be an
important mechanism for the persistently high expression
of the IL-18 in the BALF after silica exposure. Our results
support that IL-1f exerts a persistent function in the micro-
environment of chronic inflammation in the progression of
silicosis.

According to our results of differential cell count, the
decreased lymphocytes count of the silica 4 anti-IL-18
mAb group suggests that anti-IL-18 mAb may inhibit the
silica-induced influx of lymphocytes (Fig. 3d), cells of the
adaptive immune system. The role of lymphocytes in silica-
induced inflammation is still in debate at present. Previous
studies in vitro have reported that silica exposure had no
effects on T lymphocytes (Hubbard 1989). However, some
studies of mouse silicosis model showed that silica signifi-
cantly elevated the number of lymphocytes in the BALF
(Song et al. 2012; Liu et al. 2010), which are consistent
with our results. Beamer and his colleagues further indi-
cated that lymphocytes could participate in the regulation
of silica-induced inflammation through modulation of the
Nalp3 inflammasome (Beamer et al. 2010). The activation
of the adaptive immune system is a consequence of the
activation of the cells of the innate immune system, such
as macrophages, and the stimulation of some cells in the
adaptive immune system, which could connect the innate
and adaptive immune systems (Pernis 2005; Eisenbarth
and Flavell 2009; Peng et al. 2007; Beamer et al. 2010).
Our results suggest that IL-18 and lymphocytes might be
important mediators connecting the innate and adaptive
immune systems during silicosis development.

Our study showed that the elevated levels of TNF-a after
silica exposure were significantly inhibited by anti-IL-18
mAb, especially on days 7, 28 and 84 (Fig. 4a). A previ-
ous study in a mouse silicosis model demonstrated that
both IL-18 and TNF-a were associated with silica-induced
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inflammation (Davis et al. 1998). Cardell and his col-
leagues observed that the co-culture of whole murine tra-
cheas and recombinant murine IL-1f resulted in enhanced
pulmonary inflammation through the induction of TNF-a
(Cardell et al. 2008). The study conducted by Cassel and
his colleagues showed that the silica-induced IL-1p secre-
tion was earlier than that of TNF-a (Cassel et al. 2008). We
found that neutralization of IL-1p directly suppressed the
expression of TNF-a in this silicosis model. All of these
results are consistent with the hypothesis that IL-18 and
TNF-a are important cytokines in silicosis development
and that TNF-a might be modulated by IL-1p.
Interestingly, the TNF-a levels of the silica + anti-IL-
1f mAb-treated mice were higher than those of the mice
in the silica + IgG group on day 1 (Fig. 4a). It indicated
that TNF-a could not be significantly suppressed by anti-
IL-18 mAb right after silica exposure. There are two pos-
sible reasons for this phenomenon. Firstly, in our animal
model, anti-IL-1p could induce a transient but substantial
deficiency of IL-18, which was necessary for the mainte-
nance of inflammation. Both IL-1p and TNF-a have been
identified as pro-inflammatory cytokines (Rimal et al.
2005). We conjecture that the higher TNF-a could be attrib-
uted to a compensatory response to the loss of IL-1f to
maintain the silica-induced acute inflammatory response.

Secondly, TNF-a might also be induced through other
routes, and the inhibitive effect of anti-IL-1p on TNF-a was
not exerted within a very short period of time after silica
exposure. Moreover, we noted that the increased TNF-a in
silica 4+ anti-IL-18 mAb group on day 1 did not appear to
disturb the effects of anti-IL-1f on attenuating the silica-
induced chronic inflammation and fibrosis in our study.

The time course of the changes in MCP-1 were not con-
sistent with those of IL-1f and TNF-«a in the BALF of the
silica-exposed groups (Figs. 1, 4). The levels of MCP-1
decreased on day 28 after silica exposure, whereas the lev-
els of IL-18 and TNF-a continued to increase until day 28
after silica exposure. The decreased levels of MCP-1 may
suggest that MCP-1 functions primarily in acute inflam-
mation after silica exposure, whereas the persistent inflam-
mation might be regulated by the IL-18 and TNF-a levels.
Otherwise, our study found that anti-IL-1f mAb could
inhibit the production of MCP-1 at days 1 and 7 after silica
exposure (Fig. 4b). Previous research found that MCP-1
played a role in the activation and migration of leukocytes
during the inflammatory response (Jiang et al. 1992; Cho
et al. 2007; Tanaka et al. 2000; Rao et al. 2004). These
results indicated that IL-1B might induce infiltration of
the inflammatory cells by stimulating the expression of
MCP-1.
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Our study also investigated the role of IL-1f in silica-
induced fibrosis. The pathology results indicated that anti-
IL-18 mAb could attenuate the silica-induced collagen
deposition (Fig. 5), consistent with the previous study of
Cassel in which Nalp3-deficient mice showed less collagen
deposition compared with normal mice after silica exposure
(Cassel et al. 2008). Furthermore, Piguet et al. found that
IL-1Ra could reduce and reverse silica-induced fibrosis,
which was also supported our results (Piguet et al. 1993).
We then measured the gene expression levels of TGF-f,
collagen I and fibronectin and found that the expression
of the TGF-B, collagen I and fibronectin gene was sup-
pressed by the anti-IL-1f mAb, particularly on days 28
and 84 after silica exposure (Fig. 6). TGF-B is an important
cytokine involved in the differentiation of fibroblasts into
myofibroblasts, which produce components essential to
the ECM, such as collagen I and fibronectin (Wynn 2008).
Arribillaga et al. reported that an inhibitor of TGF-$ could
downregulate the expression of collagen I and fibronectin
(Arribillaga et al. 2011). These results suggest that IL-18
contributes to the promotion of silica-induced fibrosis by
increasing the expression of TGF-f.

In addition to the modulation of TGF-8, we found that
an IL-1B-induced alteration in the Th1/Th2 balance may
be a contributing mechanism to silica-induced fibrosis.
Although the Th1/Th2 balance during the development of
silica-induced lung fibrosis is still a matter of debate, it
is accepted that both the Thl and Th2 immune responses
are necessary for silicosis (Huaux 2007). Previous stud-
ies indicated that the Th2 immune responses are primarily
involved in the fibrotic stage after silica exposure (Barba-
rin et al. 2005; Chen et al. 2005). In our study, we assayed
representative Thl (IFN-y) and Th2 (IL-4) cytokines in
the BALF by ELISA (Fig. 7). We found that silica expo-
sure induced a switch from the Thl to the Th2 immune
response, consistent with the results of a previous study
(Liu et al. 2010). The neutralization of IL-1f partially sup-
pressed the Thl to Th2 switch, suggesting that IL-18 may
play a positive role in the modulation of the Th1/Th2 bal-
ance toward a Th2-dominant response during the develop-
ment of silicosis.

In conclusion, our findings demonstrate that the neutrali-
zation of IL-1f attenuates silica-induced lung inflammation
and fibrosis. Specifically, the neutralization of IL-1§ may
limit silica-induced inflammation by suppressing other
inflammatory mediators and may attenuate silica-induced
fibrosis by modulating the TGF-B levels and the Th1/Th2
balance. It is suggested that IL-1p is an attractive target for
potential therapeutic intervention of silicosis, and anti-IL-
1P antibody has the potential in the prevention of silicosis.
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