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ABSTRACT
Background S100A9 is a damage- associated molecular 
pattern protein that may play an important role in the 
inflammatory response and fibrotic processes. Paquinimod 
is an immunomodulatory compound that prevents S100A9 
activity. Its safety and pharmacokinetics have been confirmed 
in human clinical trials. In this study, we investigated the 
effects of paquinimod in preventing the development of 
lung fibrosis in vivo and examined the prognostic values of 
circulatory and lung S100A9 levels in patients with idiopathic 
pulmonary fibrosis (IPF).
Methods The expression and localisation of S100A9 
and the preventive effect of S100A9 inhibition on fibrosis 
development were investigated in a mouse model of 
bleomycin- induced pulmonary fibrosis. In this retrospective 
cohort study, the S100A9 levels in the serum and 
bronchoalveolar lavage fluid (BALF) samples from 76 
and 55 patients with IPF, respectively, were examined for 
associations with patient survival.
Results S100A9 expression was increased in the mouse 
lungs, especially in the inflammatory cells and fibrotic 
interstitium, after bleomycin administration. Treatment with 
paquinimod ameliorated fibrotic pathological changes and 
significantly reduced hydroxyproline content in the lung 
tissues of mice with bleomycin- induced pulmonary fibrosis. 
Additionally, we found that paquinimod reduced the number 
of lymphocytes and neutrophils in BALF and suppressed 
endothelial–mesenchymal transition in vivo. Kaplan- Meier 
curve analysis and univariate and multivariate Cox hazard 
proportion analyses revealed that high levels of S100A9 in 
the serum and BALF were significantly associated with poor 
prognoses in patients with IPF (Kaplan- Meier curve analysis: 
p=0.037 (serum) and 0.019 (BALF); multivariate Cox hazard 
proportion analysis: HR=3.88, 95% CI=1.06 to 14.21, p=0.041 
(serum); HR=2.73, 95% CI=1.05 to 7.10, p=0.039 (BALF)).
Conclusions The present results indicate that increased 
S100A9 expression is associated with IPF progression and 
that the S100A9 inhibitor paquinimod is a potential treatment 
for IPF.

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a 
progressive fibrotic lung disease with an 

unknown aetiology and a poor prognosis; it 
is characterised by irreversible destruction of 
the lung architecture.1 2 The clinical course 
of IPF varies widely, from relatively stable 
to extremely rapidly progressive.3 Recently, 
pirfenidone and nintedanib have been used 
for treating IPF, but their clinical effects are 
not entirely satisfactory owing to their limited 
efficacy and numerous side effects.4–6 There-
fore, there is a vital need for both effective 
biomarkers to predict the prognosis of 
patients and for a novel therapeutic option to 
halt disease progression and improve survival.

S100A9 (also known as myeloid- related 
protein 14 and calgranulin B) is an endoge-
nous damage- associated molecular pattern 
protein that is mainly present in the cytoplasm 
of myeloid- derived cells, such as monocytes, 

WHAT IS ALREADY KNOWN ON THIS TOPIC

 ⇒ S100A9 is a damage- associated molecular pattern 
protein that may play an important role in the inflam-
matory response and fibrotic processes.

 ⇒ Paquinimod is an immunomodulatory compound 
that prevents S100A9 activity, and it was well toler-
ated in human clinical trials.

WHAT THIS STUDY ADDS

 ⇒ Treatment with paquinimod prevented the develop-
ment of lung fibrosis in a mouse model of bleomycin- 
induced pulmonary fibrosis.

 ⇒ Elevated S100A9 levels in the serum and bronchoal-
veolar lavage fluid were independent risk factors for 
poor prognosis in patients with idiopathic pulmonary 
fibrosis (IPF).

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Circulatory and lung S100A9 are potential prog-
nostic biomarkers in IPF, and the S100A9 inhibitor 
paquinimod is a potential new treatment for IPF.
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neutrophils and macrophages.7 8 S100A9 is secreted in 
response to inflammatory conditions; it stimulates leuco-
cyte recruitment and promotes secretion of inflammatory 
cytokines (such as interleukin (IL)- 6, IL- 1β and tumour 
necrosis factor- alpha (TNF-α)).9–12 S100A9 is also asso-
ciated with endothelial injury.13 14 Increased expression 
of S100A9 has been confirmed in inflammatory diseases, 
such as systemic lupus erythematosus and systemic vascu-
litis.12 15 16 Moreover, previous in vitro studies have shown 
that S100A9 promotes the proliferation of fibroblasts 
and increases the expression of collagen and α- smooth 
muscle actin (SMA)17–19 and that inhibition of S100A9 
activity ameliorates fibrosis in the liver and kidney in 
vivo.20 21 In patients with IPF, S100A9 is highly expressed 
in the vascular endothelial cells and in areas of fibrotic 
remodelling in the lungs.22 Additionally, S100A9 levels 
in the bronchoalveolar lavage fluid (BALF) are higher 
in patients with IPF than in healthy individuals and in 
patients with other interstitial lung diseases.23 24 These 
reports suggest that S100A9 may be associated with the 
pathophysiology of IPF. However, the protective effects of 
S100A9 activity inhibition against lung fibrosis have not 
been clarified in vivo, and the prognostic values of circu-
latory and lung S100A9 levels in patients with IPF have 
not been elucidated.

In this study, we confirmed that S100A9 inhibition 
using the S100A9 inhibitor paquinimod prevented lung 
fibrosis development in a mouse model of bleomycin 
(BLM)- induced pulmonary fibrosis; the safety and phar-
macokinetics of paquinimod have been confirmed in 
human clinical trials.25 26 Additionally, we observed that 
paquinimod could reduce lung inflammation and endo-
thelial–mesenchymal transition (EndMT) in vivo. Finally, 
we also found that elevated serum and BALF S100A9 
levels were independent risk factors for poor prognosis 
in patients with IPF.

METHODS

Animals

Male C57BL/6 mice (6–8 weeks old) were purchased 
from Charles River Laboratories Japan (Yokohama, 
Japan). The mice were housed in pathogen- free rooms 
in a controlled environment under a 12- hour light–dark 
cycle. They were provided with free access to water and 
laboratory chow.

Development of mouse models of lung fibrosis and 

administration of the S100A9 inhibitor

The mice were randomly allocated into three groups: 
without BLM group (mice implanted with osmotic 
minipumps containing saline and intraperitoneally 
administered saline), BLM+saline group (mice implanted 
with osmotic minipumps containing BLM and intraperi-
toneally administered saline) and BLM+PQ group (mice 
implanted with osmotic minipumps containing BLM and 
intraperitoneally administered saline containing paquin-
imod).

On day 0, the mice were first anaesthetised with mixed 
anaesthetic agents, including medetomidine (0.3 mg/kg 
body weight; Kyoritsu Seiyaku, Tokyo, Japan), midazolam 
(4 mg/kg body weight; Sandoz K.K., Tokyo, Japan) and 
butorphanol (5 mg/kg body weight; Meiji Seika Pharma, 
Tokyo, Japan). The mice were then subcutaneously 
implanted with osmotic minipumps (Alzet Model 2001; 
Muromachi Kikai Co., Tokyo, Japan) containing saline or 
BLM (100 mg/kg body weight; Nippon Kayaku, Tokyo, 
Japan), as previously described.27 They were then intra-
peritoneally administered saline or saline containing 
paquinimod (1.0 mg/kg body weight; Merck, Germany) 
daily until the end of the experiment. The osmotic 
minipumps were removed 10 days after implantation, 
as recommended by the manufacturer. The researchers 
were aware of the group allocation throughout the 
experiment. To minimise potential confounders arising 
from the animal or cage location, ventilated cages of 
each group were placed in the same room.

The mice were euthanized via exsanguination under 
anaesthesia. Briefly, the mice were first anaesthetised with 
mixed anaesthetic agents, namely medetomidine, midaz-
olam and butorphanol. Thereafter, their aortas were cut 
for euthanasia via exsanguination.

Analysis of the BALF in mice

On days 14 and 28 after pump implantation, the BALF 
was obtained as previously described.28 The total cell 
numbers were determined using an automated cell 
counter. Differential cell counts were obtained using the 
Diff- Quik stain (Kokusai Shiyaku, Kobe, Japan) and Cyto-
spin (Thermo Fisher Scientific, Waltham, MA, USA).

Assessment of pulmonary fibrosis in mice

On day 28, after pump implantation, the lungs were 
harvested for a hydroxyproline assay and histological 
examination. The degree of pulmonary fibrosis was 
determined on the basis of the hydroxyproline content in 
the lung tissue, as previously described.29 After perfusion 
with phosphate- buffered saline, the right lung was fixed 
with 4% paraformaldehyde and embedded in paraffin 
for histological examination. The sections were stained 
with H&E or azan.

Real-time qRT-PCR

Total cellular RNA was extracted from the lung tissues of 
mice using the RNeasy Mini Kit (Qiagen, Valencia, CA, 
USA) in accordance with the manufacturer’s protocol. 
After extraction, the total RNA was converted into 
cDNA via reverse transcription, and real- time qRT- PCR 
was performed using an ABI 7500 Fast Real- Time PCR 
system (Applied Biosystems, Foster City, CA, USA). The 
mRNA expression levels were evaluated and normalised 
to those of β-actin as an endogenous reference. The 
following primers from Applied Biosystems were used: 
S100 calcium- binding protein A9 (S100A9), TaqMan 
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Gene Expression Assay ID Mm00656925_m1; E- cadherin, 
Mm01247357_m1; platelet and endothelial cell adhesion 
molecule 1 (PECAM1), Mm01242576_m1; cadherin 5, 
Mm00486938_m1; type I collagen α1 chain (COL1A1), 
Mm00801666_ g1; fibronectin, Mm01256744_m1 and 
β-actin, Mm02619580_g1.

Flow cytometry (FCM) analysis

Sample collection and FCM analyses were performed 
as previously described.28 Briefly, single- cell suspensions 
were obtained as follows: the mice were euthanized (as 
described above), and their right lungs were excised, 
minced and digested in a Roswell Park Memorial Insti-
tute 1640 medium containing 1.0 mg/mL collagenase A 
(Roche Diagnostics, Basel, Switzerland) and 20 U/mL 
DNase I (Takara Bio, Shiga, Japan) at 37°C for 30 min. 
Red blood cells were lysed using the ammonium–chlo-
ride–potassium lysis buffer (Thermo Fisher Scientific). 
After blocking with antimouse CD16/32 Abs (FcγR, 
clone 93, BioLegend, San Diego, CA, USA), the cell 
suspensions were incubated with appropriate dilutions 
of antibodies or their isotype- matched controls. The rat 
monoclonal antibodies against mouse CD31 (MEC13.3), 
CD45 (30- F11) and CD326 (G8.8) were purchased from 
BioLegend. For intracellular staining, the cells were 
fixed and permeabilised using a Cytofix/Cytoperm Kit 
(BD Biosciences, San Jose, CA, USA); thereafter, they 
were stained with anti-α-SMA (mouse IgG2a, clone 1A4; 
Abcam). An isotype control antibody (mouse IgG2a, 
clone MOPC- 173; BioLegend) was used to establish an 
α-SMA- positive gating region. CD31+/CD45− cells and 
CD31−/CD45−/CD326+ cells were defined as pulmo-
nary vascular endothelial cells and epithelial cells, 
respectively.30 α-SMA- positive vascular endothelial cells 
were defined as cells that underwent EndMT, whereas 
α-SMA- positive epithelial cells were defined as epithe-
lial cells that underwent epithelial–mesenchymal transi-
tion (EMT).31–33 The cells were analysed using BD FACS 
Aria II (BD Biosciences) or BD LSR Fortessa X- 20 (BD 
Biosciences). The collected data were analysed using the 
FlowJo software (Tree Star, Ashland, OR, USA).

The methods of western blot analysis and immuno-
histochemical staining are described in online supple-
mental text file.

Patients with IPF

This was a retrospective cohort study on 86 patients 
who were newly diagnosed with IPF at the Hiroshima 
University Hospital between 2003 and 2015; their serum 
and BALF samples were obtained. The diagnosis of IPF 
was confirmed through a retrospective review based on 
international diagnostic criteria published in 2018.34 Ten 
patients were excluded; these included those who experi-
enced acute exacerbations of IPF within 1 month of diag-
nosis, those who were later diagnosed with fibrotic lung 
diseases other than IPF and those who underwent lung 
transplantation later.

Serum and BALF analyses and pulmonary function tests in 

patients with IPF

The serum and BALF samples were collected at diagnosis 
and stored at −80°C until the time of analysis. Broncho-
alveolar lavage was performed as described previously.35 
Briefly, 50 mL of saline was promptly introduced into 
the lungs and subsequently suctioned and collected for 
further analyses; this procedure was repeated thrice. 
The BALF thus obtained was centrifuged promptly, and 
the supernatant was cryopreserved at −80°C until anal-
ysis. Serum samples were available for 76 patients with 
IPF (serum analysis group), whereas BALF samples were 
available for 55 patients with IPF (BALF analysis group). 
The S100A9 levels were measured using a commercially 
available ELISA kit in accordance with the manufacturer’s 
instructions (CircuLex S100A9/MRP14 ELISA Kit; MBL 
International Corporation, Woburn, MA, USA). Pulmo-
nary function variables were measured using spirometry 
(Chestac- 55 V and Chestac- 8800; CHEST, Tokyo, Japan) 
in accordance with the American Thoracic Society and 
European Respiratory Society recommendations.36

Statistical analyses

Data are expressed as mean±SEM unless indicated other-
wise. Comparisons among groups were performed using 
the χ2, Fisher’s exact test and Mann–Whitney U test. 
The Spearman’s rank correlation coefficient was used 
to determine the magnitude of the correlation between 
the percentage of α-SMA- positive endothelial cells meas-
ured from the right lung and the hydroxyproline content 
measured from the left lung of the same mouse. The 
Spearman’s rank correlation coefficient was also calcu-
lated to reveal the association of the serum and BALF 
S100A9 levels with pulmonary function parameters and 
cell differentiation in the BALF of patients with IPF. We 
used receiver operating characteristic (ROC) curve anal-
ysis to determine the optimal serum and BALF S100A9 
levels for predicting the 5- year survival rates in patients 
with IPF. The survival rate was calculated using the 
Kaplan- Meier approach and log- rank test. A Cox propor-
tional hazards analysis was performed to identify the 
significant predictors of IPF prognosis. Age, sex, smoking 
status, forced vital capacity (FVC; % predicted), diffusing 
capacity for carbon monoxide (DLco; % predicted) and 
use of antifibrotic agents were included as independent 
variables in the multivariate analyses. Patients who were 
lost to follow- up were censored at the time of the last 
known contact. No criteria were set for animal exclusion 
a priori, and no experimental data points or animals 
were excluded from the analyses. Statistical significance 
was set at p<0.05. All data analyses were performed using 
JMP Pro V.15 (SAS Institute, Cary, NC, USA).

Patient and public involvement

The public and the patients were not involved in the 
designing, conducting, reporting and dissemination of 
this research.
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Ethics approval and consent to participate

All experimental procedures of the experiments involving 
animals were approved by the Committee on Animal 
Research at Hiroshima University (approval no.: A18- 28) 
and were conducted in accordance with the Guide for 
the Care and Use of Laboratory Animals (8th edition, 
2010; National Institutes of Health, Bethesda, MD, 
USA). All procedures of experiments involving patients 
with IPF were approved by the Ethics Committee of the 
Hiroshima University Hospital (approval no.: M326) and 
were conducted in accordance with the ethical stand-
ards established in the Helsinki Declaration of 1975. All 
patients provided written informed consent.

RESULTS

Expression and localisation of S100A9 in the BLM-induced 

pulmonary fibrosis model

First, we investigated the expression and localisation of 
S100A9 in the lungs of mice subcutaneously treated with 
BLM. The S100A9 mRNA levels in the lung were upreg-
ulated, peaking on day 3 after implantation with osmotic 
minipumps containing BLM (online supplemental 
figure S1A). The S100A9 protein- expression levels were 
also increased, peaking on days 3–7 after BLM treatment; 

this increased expression continued until day 21 (online 
supplemental figure S1B). Immunohistochemical 
staining revealed a high expression of S100A9 in the 
inflammatory cells in both the central and subpleural 
regions of the lung as well as in the fibrotic interstitium, 
especially on day 14 (online supplemental figure S1C).

S100A9 inhibitor paquinimod ameliorates BLM-induced 

pulmonary fibrosis

We then investigated whether paquinimod prevented 
lung fibrosis development in a mouse model of BLM- 
induced pulmonary fibrosis. The experimental scheme 
is illustrated in figure 1A. Paquinimod administration 
significantly suppressed the number of lymphocytes in 
the BALF at 14 and 28 days after BLM treatment and 
suppressed the number of neutrophils at 28 days after 
BLM treatment (figure 1B). As shown in figure 1C, the 
increase in the hydroxyproline content in the lungs in 
response to BLM was significantly reduced by paquin-
imod administration. Histological analyses revealed that 
paquinimod administration reduced the extent of fibrotic 
changes and the degree of collagen deposition in BLM- 
injured mice (figure 1D). The increased S100A9 expres-
sion in the lungs in response to BLM was not altered by 

Figure 1 Effect of PQ on BLM- induced pulmonary fibrosis in mice. (A) Experimental scheme. The mice were allocated 
into three groups: without BLM group (mice implanted with osmotic minipumps containing saline and intraperitoneally 
administered saline), BLM+saline group (mice implanted with osmotic minipumps containing BLM and intraperitoneally 
administered saline) and BLM+PQ group (mice implanted with osmotic minipumps containing BLM and intraperitoneally 
administered saline containing the S100A9 inhibitor paquinimod). (B) Inflammatory cells in the bronchoalveolar lavage fluid 
at 14 or 28 days after BLM administration (n=4–5 per group). (C) The hydroxyproline content in the whole lungs at 28 days 
after BLM administration (n=4–8 per group). (D) Histological analysis of the lung at 28 days after BLM administration. Scale 
bar=200 μm. Data are presented as box- and- whisker plots; boxes represent the 25th to 75th percentiles, solid lines within 
the boxes show the median values, and whiskers represent the 10th and 90th percentiles. *p<0.05. BLM, bleomycin; PQ, 
paquinimod.
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paquinimod administration (online supplemental figure 
S2).

EndMT is involved in the fibrotic process in a mouse model of 

subcutaneous BLM-induced pulmonary fibrosis

Previous in vitro studies have demonstrated that S100A9 
decreases the expression of endothelial cell junction 
proteins and induces endothelial monolayer hyperper-
meability.13 14 Based on these observations, we hypothe-
sised that S100A9 may be involved in the pathogenesis 
of IPF by altering the characteristics of endothelial cells 
and inducing EndMT (a process wherein the endothelial 
cells lose their endothelial cell phenotype and acquire a 
mesenchymal cell phenotype).37

Before testing the above- mentioned hypothesis, we 
first assessed the gene expression of endothelial, epithe-
lial and mesenchymal markers and evaluated cell popu-
lations, especially focusing on EndMT and EMT in the 
subcutaneous BLM- induced mouse model of pulmonary 
fibrosis. Decreased gene expression of epithelial markers 
(E- cadherin) and endothelial markers (Pecam1 and 
Cadherin5) and increased gene expression of mesen-
chymal markers (Col1a1 and Fibronectin) were observed 
in mouse lungs at 14–28 days after BLM administration 

(online supplemental figure S3A). The experimental 
scheme of the FCM analysis is shown in online supple-
mental figure S3B. FCM analyses demonstrated that 
compared with non- treated mouse lungs, the percentage 
of α-SMA- positive cells was significantly increased in the 
endothelial cells, and the percentage of endothelial cells 
in the lung constituent cells (CD45− cells) was signifi-
cantly decreased at 28 days in BLM- treated mouse lungs 
(online supplemental figure S3C). These results indi-
cated that EndMT is involved in the fibrotic process in 
mice with pulmonary fibrosis induced by subcutaneously 
administered BLM. The percentages of total epithelial 
cells and of α-SMA- positive epithelial cells did not change 
significantly after BLM administration.

Paquinimod suppressed EndMT in the mouse model with 

BLM-induced pulmonary fibrosis

Paquinimod administration attenuated BLM- induced 
changes in the gene expression of endothelial and 
mesenchymal markers in the lungs at 14 days after BLM 
administration (figure 2A). Thus, we hypothesised that 
paquinimod may reduce EndMT, and the FCM analysis 
was performed to test this hypothesis. The percentage of 
α-SMA- positive endothelial cells decreased and that of 

Figure 2 Association between the preventive effects of PQ against fibrosis development and EndMT inhibition in BLM- 
induced pulmonary fibrosis in mice. The expression of markers associated with EndMT was evaluated in the lungs of 
mice without BLM, BLM+saline and BLM+PQ groups. (A) Gene expression of endothelial- specific markers (Pecam1 and 
Cadherin5) and mesenchymal- specific markers (COL1A1 and Fibronectin) was evaluated using real- time quantitative reverse- 
transcription PCR 14 days after BLM administration (n=4 per group). (B) The percentage of α-SMA- positive endothelial cells 
in the total endothelial cells and lung constituent cells (CD45− cells) and the percentage of total endothelial cells in the CD45− 
cells were evaluated using flow cytometry analyses at 28 days after BLM administration (n=2–7 per group). (C) Representative 
flow cytometry panels showing α-SMA expression in endothelial cells. (D) The correlation between the percentages of 
α-SMA- positive endothelial cells and the hydroxyproline content in the BLM+saline and BLM+PQ groups at 28 days after BLM 
administration (n=7 per group). Data are presented as box- and- whisker plots; boxes represent the 25th to 75th percentiles, 
solid lines within the boxes show the median values, and whiskers represent the 10th and 90th percentiles. *p<0.05. BLM, 
bleomycin; EndMT, endothelial–mesenchymal transition; PQ, paquinimod.
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total endothelial cells in the lungs increased following 
paquinimod treatment at 28 days after BLM adminis-
tration (figure 2B,C). Moreover, we observed positive 
correlations between the percentage of α-SMA- positive 
endothelial cells and hydroxyproline content in the 
BLM+saline and BLM+PQ groups (figure 2D).

Baseline characteristics and the serum and BALF S100A9 

levels in patients with IPF

The baseline characteristics of the patients with IPF are 
presented in table 1. The mean age was approximately 65 

years, and more than 80% of the patients were men and 
smokers in both the serum and BALF analysis groups. The 
mean FVC and DLco (% predicted) were approximately 
75% and 50%, respectively, in both the serum and BALF 
analysis groups. The mean serum and BALF S100A9 
concentrations were 12.3±12.5 ng/mL and 7.6±10.5 ng/
mL, respectively. The BALF S100A9 levels were positively 
correlated with the neutrophil number and percentage 
in the BALF (online supplemental table S1).

Prognostic value of S100A9 levels in patients with IPF

The median observation period was 52.5 months. ROC 
curve analysis revealed that the optimal cut- off levels of 
S100A9 for predicting the 5- year survival rates were 7.30 
ng/mL in the serum analysis group and 6.44 ng/mL in 
the BALF analysis group, as determined by the area under 
the curve values of 0.59 and 0.61, respectively (online 
supplemental figure S4). The Kaplan- Meier method 
and the log- rank test showed that the survival rates were 
significantly lower in patients with higher S100A9 levels 
in both the serum and BALF analysis groups (p=0.037 and 
p=0.019, respectively; figure 3). Univariate and multivar-
iate Cox proportional hazard analyses showed that higher 
S100A9 levels in both the serum and BALF were inde-
pendently associated with poorer prognoses in patients 
with IPF (table 2).

DISCUSSION

Using a mouse model of BLM- induced pulmonary 
fibrosis, we showed that the S100A9 expression increased 
in mouse lungs after BLM administration and that treat-
ment with the S100A9 inhibitor paquinimod prevented 
lung fibrosis development in this model. This study also 
demonstrated that higher serum and BALF S100A9 levels 
were risk factors for poorer prognoses in patients with IPF. 
These results indicate that an increased S100A9 expres-
sion may play an important role in the pathophysiology 
of IPF and could be a treatment target. Additionally, we 
showed that paquinimod could reduce lung inflam-
mation and EndMT in this model, again supporting a 

Table 1 Baseline characteristics of patients with IPF

Variables

Patients with IPF

Serum BALF

Patients, n 76 55

Age, years 67.9±8.7 66.7±8.6

Sex, male/female 67/9 51/4

Body mass index, kg/m² 24.4±3.2 24.5±3.2

Smoking status, n (%)

  Never smoker 11 (14.5) 6 (10.9)

  Ever smoker with <10 pack- years 6 (7.9) 4 (7.3)

  Ever smoker with ≥10 pack- years 59 (77.6) 45 (81.8)

Pulmonary function parameters

  Forced vital capacity, % predicted 76.9±18.5 77.5±19.3

  Diffusing capacity for carbon 
monoxide, % predicted

50.1±14.9 51.1±15.2

BALF analysis

  Total cell count, ×104/mL – 21.1±15.3

  Macrophage, % – 83.5±9.9

  Lymphocyte, % – 11.4±9.9

  Neutrophil, % – 3.4±3.3

  Eosinophil, % – 1.6±1.6

S100A9 concentration, ng/mL 12.3±12.5 7.6±10.5

Variables are presented as mean±SD unless stated otherwise.
BALF, bronchoalveolar lavage fluid; IPF, idiopathic pulmonary 
fibrosis.

Figure 3 Five- year survival in patients with IPF based on the S100A9 levels in the serum and BALF. High S100A9 levels in 
both the (A) serum and (B) BALF were significantly associated with poor survival in patients with IPF. BALF, bronchoalveolar 
lavage fluid; IPF, idiopathic pulmonary fibrosis.
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possible mechanism of S100A9 in the pathophysiology of 
lung fibrosis.

The present study showed that higher serum and 
BALF S100A9 levels were independently associated with 
poorer prognoses in patients with IPF. Previous studies 
have shown that an elevated BALF S100A9 level is a char-
acteristic feature of IPF and is associated with reduced 
lung function in patients with IPF.23 24 38 39 Additionally, 
a recent study showed that increased serum S100A9 
levels were associated with poorer short- term survival (3 
months) after acute exacerbation of IPF.38 Our clinical 
data further support that an increased S100A9 expres-
sion is associated with IPF progression. Moreover, we 
demonstrated that S100A9 inhibition using paquinimod 
prevented lung fibrosis development in a preclinical 
model of IPF. Paquinimod is a small- molecule inhibitor 
that blocks the binding of S100A9 to toll- like receptor 4 
and the receptor for advanced glycation end products.40 
Importantly, paquinimod was reported to have fewer side 
effects and encouraging pharmacokinetics in early phase 
trials on patients with systemic lupus erythematosus and 
systemic sclerosis.25 26 Taken together, our results indicate 
that circulatory and lung S100A9 are potential prognostic 
biomarkers and that the S100A9 inhibitor paquinimod is 
a potential new treatment for IPF.

The present study showed that administering an 
S100A9 inhibitor reduced the BALF neutrophil count in 
a BLM- induced pulmonary fibrosis model. Additionally, 

a significant positive correlation was observed between 
the BALF S100A9 levels and the number of BALF neutro-
phils in patients with IPF; this is in agreement with 
previous reports.22 23 Previous studies have shown that 
S100A9 induces neutrophil infiltration into tissues41 42; 
furthermore, Kinder et al reported that BALF neutro-
philia predicts early mortality in IPF.43 Neutrophils 
secrete various mediators, such as neutrophil elastase, 
TNF-α, matrix metalloproteinases, reactive oxygen and 
neutrophil extracellular traps, which are involved in 
epithelial cell damage, extracellular matrix degrada-
tion and synthesis, fibroblast activation and induction 
of EndMT.44–46 These reports suggest that neutrophil- 
mediated injury facilitated by S100A9 plays an important 
role in epithelial damage and fibrosis. Moreover, the 
results of the present study also indicated that paqui-
nimod could reduce EndMT in the mouse model of 
BLM- induced pulmonary fibrosis. A reduced expression 
of endothelial markers and an increased expression of 
mesenchymal markers were observed in this model, and 
administration of paquinimod attenuated the altered 
gene expression of these markers. Additionally, paquin-
imod reduced the number of α-SMA- positive endothe-
lial cells, which was in parallel with the reduction of the 
hydroxyproline content in the BLM- induced lung fibrosis 
mouse model. Taken together, these results suggest that 
S100A9 inhibition protects against lung fibrosis via the 
inhibition of lung inflammation and EndMT; however, 

Table 2 Predictive value for the 5- year mortality in patients with IPF, as assessed using a Cox proportional hazard model

Variables

Univariate analysis Multivariate analysis

HR 95% CI P value HR 95% CI P value

Serum (n=76)

  Age, years 0.99 0.96 to 1.04 0.985 – – –

  Male (vs female) 2.97 0.40 to 21.94 0.285 – – –

  Ever smoking with ≥10 pack- years (vs 
never or smoking with <10 pack- years)

1.33 0.40 to 4.42 0.646 – – –

  FVC, % predicted 0.95 0.92 to 0.98 <0.001* 0.95 0.92 to 0.98 0.005*

  DLco, % predicted 0.96 0.93 to 0.99 0.021* 0.98 0.94 to 1.02 0.256

  Use of antifibrotic agent 1.49 0.69 to 3.22 0.307 – – –

  Serum S100A9, ≥7.30 ng/mL 2.71 1.02 to 7.17 0.045* 3.88 1.06 to 14.21 0.041*

BALF (n=55)

  Age, years 1.01 0.96 to 1.06 0.706 – – –

  Male (vs female) 1.00 0.13 to 7.51 0.996 – – –

  Ever smoking with 10 pack- years (vs never 
or smoking with <10 pack- years)

0.51 0.15 to 1.75 0.286 – – –

  FVC, % predicted 0.97 0.94 to 0.99 0.010* 0.97 0.95 to 1.00 0.095

  DLco, % predicted 0.95 0.92 to 0.99 0.011* 0.95 0.91 to 0.99 0.031*

  Use of antifibrotic agent 1.36 0.58 to 3.18 0.482 – – –

  BALF S100A9, ≥6.44 ng/mL 2.64 1.13 to 6.15 0.024* 2.73 1.05 to 7.10 0.039*

*p<0.05, Cox proportional hazards model.
BALF, bronchoalveolar lavage fluid; DLco, diffusing capacity for carbon monoxide; FVC, forced vital capacity; IPF, idiopathic pulmonary 
fibrosis.
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further in vitro studies are warranted to elucidate the 
underlying mechanisms.

In the present study, S100A9 expression in the lungs was 
not suppressed by paquinimod administration at either 
the gene or the protein level in vivo. Although several 
studies have revealed the therapeutic effects of paquin-
imod, such as suppression of neutrophil infiltration into 
tissues and suppression of inflammatory cytokine produc-
tion,20 47 48 it is unclear whether paquinimod alters the 
expression of S100A9. Generally, inhibitors do not neces-
sarily suppress the expression of their target molecules. 
TNF inhibitors, such as infliximab and etanercept, and 
IL- 6 inhibitors, such as tocilizumab, which inhibit the 
activity of secreted TNF-α and IL- 6 respectively, do not 
reduce the levels of these cytokines in the blood.49–51 The 
prolonged half- life or impeded clearance of the inhibited 
substances may explain this phenomenon. Paquinimod 
works by binding to secreted S100A9 and inhibiting its 
binding to receptors.40 52 Therefore, paquinimod may 
inhibit the effects of S100A9 without suppressing its 
expression. Further studies are necessary to validate this.

Myofibroblasts are the cells responsible for the estab-
lishment and progression of the fibrotic process.53–55 
They can originate from various sources, such as from 
quiescent tissue fibroblasts and from the phenotypic tran-
sition of various cell types into activated myofibroblasts (a 
process called EMT and EndMT for epithelial and endo-
thelial cells, respectively).37 56 57 Previous studies have 
shown that S100A9 promotes the proliferation and acti-
vation of fibroblasts17–19 and induces EMT.58 The present 
study has shown the possibility that S100A9 is associated 
with EndMT and neutrophil accumulation in the lungs. 
Taken together, S100A9 may be involved in the disease 
progression and pathogenesis of IPF through various 
mechanisms, such as by inducing fibroblast proliferation 
and activation, EMT, EndMT and neutrophil infiltration 
into the lungs; all of these result in the destruction of 
alveolar structures and abnormal tissue repair.

This study has several limitations. First, although this 
study demonstrated an association of S100A9 with EndMT 
in vivo, the detailed mechanisms underlying this associ-
ation were not elucidated and require further studies. 
Second, paquinimod administration was initiated imme-
diately after BLM injection, because the S100A9 protein- 
expression levels increased, peaking on days 3–7 after 
BLM injection. To assess the antifibrotic effect of paqui-
nimod, it may have been better to initiate paquinimod 
administration on day 14 after BLM injection instead, 
that is, when the fibrotic phase of subcutaneous BLM- 
induced pulmonary fibrosis is generally considered to 
begin.27 59 60 However, the limitations of an animal model 
made it difficult to determine the appropriate duration 
of drug administration for the accurate assessment of the 
antifibrotic effect. The BLM model is an approximation 
of the presentation of severe IPF and does not recapitu-
late the aetiology of clinical disease. Third, the clinical 
data of patients with IPF from only a single institution 
were examined; therefore, the sample size was relatively 

small. Additionally, a power analysis was not performed 
because of the study’s retrospective design. Fourth, the 
presence of a gender bias could not be ruled out in this 
study. A higher prevalence in men as compared with 
women has been reported as a clinical feature of IPF, 
especially in the Japanese population.61–64 Consistent 
with these previous reports, over 80% of the study partic-
ipants were men, and male animals were used in this 
study accordingly. Although the patients from both sexes 
did not differ significantly in terms of the S100A9 levels 
and the baseline characteristics (except for the smoking 
history; online supplemental table S2), the number of 
the included women was too small. Furthermore, the 
present study did not investigate the therapeutic effects 
of paquinimod in female mice. All of these factors could 
have led to a gender bias.

CONCLUSIONS

This study revealed that higher serum and BALF S100A9 
levels were independently associated with poorer prog-
noses in patients with IPF and that S100A9 inhibition 
prevented lung fibrosis development in a BLM- induced 
pulmonary fibrosis mouse model. The present results 
indicate that an increased expression of S100A9 is asso-
ciated with the progression of IPF and that the S100A9 
inhibitor paquinimod has the potential to treat IPF.
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