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Colony-stimulating factor 3 as a key mediator in the
progression of idiopathic pulmonary fibrosis: a novel

therapeutic target

Seungmo Kim', Yongjoong Kim', Tae-Sung Kim', Jae-Hyeok Kang?, In-Yeong Yun?, Eung-Suk Lee', Eun Ji Lee', Rae-kwon Kim?,
Joo Mi Yi@™*®, Hye Sook Choi®, Jin Woo Song’, Young Woo Jin'®, Min-Jung Kim'™ and Su-Jae Lee'™

Idiopathic pulmonary fibrosis (IPF) is a fatal lung disease characterized by excessive ECM deposition and myofibroblast
accumulation driven by cytokine dysregulation. This study identified granulocyte colony-stimulating factor 3 (CSF3) as a key
mediator of IPF progression. Elevated CSF3 expression was observed in the lung tissues of IPF patients. Recombinant CSF3
promoted myofibrogenesis in lung fibroblasts, whereas CSF3-deficient mice were protected from bleomycin-induced pulmonary
fibrosis. Treatment with novel CSF3-neutralizing antibodies significantly restored fibrosis in IPF mice by suppressing myofibroblast
differentiation and reducing ECM deposition. Here, we demonstrated a reciprocal regulatory relationship between CSF3 and TGF-3
that amplifies pro-fibrotic signaling. Our mechanistic studies revealed that CSF3 acts as an upstream regulator of TGF-f3, forming a
positive feedback loop that significantly accelerates the fibrotic process. Knockout or neutralization of CSF3 suppressed fibrosis by
reducing TGF-B levels, whereas treatment with recombinant CSF3 promoted fibrosis with increased TGF-8 expression. Notably,
while CSF3 inhibition reduced TGF-3 expression levels, it did not decrease them below normal levels. This finding suggests that
inhibiting CSF3 could simultaneously reduce fibrosis by suppressing excessive TGF-$ expression while also minimizing side effects
by maintaining TGF-8 homeostasis. Taken together, these results provide strong evidence that CSF3 is a critical driver of IPF
pathogenesis and that targeting CSF3 may provide a therapeutic strategy by modulating TGF-f signaling and restoring the ECM

and cellular homeostasis.
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INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, and
irreversible interstitial lung disease that results in the gradual
destruction of lung tissue.' This damage is primarily driven by the
accumulation of myofibroblasts and the excessive deposition of
extracellular matrix (ECM) components. Consequently, IPF causes a
progressive decline in lung function, which significantly con-
tributes to increased morbidity and mortality. Although Pirfeni-
done and Nintedanib have been approved by the U.S. Food and
Drug Administration as antifibrotic therapies, current treatment
options remain limited and largely palliative.>™ Pirfenidone is
thought to exert antifibrotic effects by inhibiting Transforming
Growth Factor-beta (TGF-B) signaling and reducing collagen
synthesis, though its precise mechanism is not fully understood.
Nintedanib, a multi-targeted tyrosine kinase inhibitor (TKI), blocks
receptors such as VEGFR, FGFR, and PDGFR, which are involved in
fibroblast proliferation and angiogenesis. While both drugs may
slow disease progression, they do not reverse or halt the
underlying pathological changes, underscoring the critical need
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for more effective therapeutic strategies.>® The poor prognosis
associated with IPF demonstrates the urgency of identifying key
molecular mechanisms that drive disease progression and
discovering novel targets for therapeutic intervention.

TGF-B plays a critical role in the initiation and progression of
pulmonary fibrosis, maintaining persistent activation in fibrotic
tissues. This activation leads to the differentiation of fibroblasts into
myofibroblasts, promotes ECM deposition, and contributes to
tissue remodeling and scar formation.””® These processes result in
impaired lung function and disease progression. Given its central
role, therapeutic strategies targeting TGF-f3 activation and signaling
pathways have been actively developed.'® However, owing to the
widespread involvement of TGF-B in essential physiological
processes, directly targeting TGF-§ in IPF presents significant
challenges.""'? Many clinical trials have been halted because of
severe side effects and insufficient inhibition of TGF- signal-
ing.”>'® Therefore, the most ideal therapeutic approach would
selectively inhibit excessive TGF-$ induced by pulmonary fibrosis,
while preserving the basal TGF-f levels crucial for homeostasis.
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Colony-stimulating factor 3 (CSF3), also known as granulocyte-
colony stimulating factor (G-CSF), is a hematopoietic cytokine
traditionally recognized for its role in promoting the production of
granulocytes and stem cells from the bone marrow. In addition to
its established role in hematopoiesis, CSF3 also regulates various
immune responses, particularly the proliferation, survival, and
activation of neutrophils.'® In addition to its production by
monocytes and macrophages, CSF3 can be induced in other cell
types, including fibroblasts, epithelial cells, and endothelial cells,
particularly in response to inflammatory stimuli.'” While CSF3's
role in the immune system is well-established, emerging evidence
suggests that it may also be implicated in the pathogenesis of
several fibrotic diseases, including IPF.'® Elevated levels of CSF3
have been associated with chronic inflammatory conditions,
autoimmune diseases, and certain cancers, indicating that its
influence extends beyond immune regulation to modulate
processes critical to tissue remodeling and fibrosis.'®'®

In IPF, fibrosis progresses with minimal active inflammation.°
Neutrophils, which are typically involved in acute inflammation,
persist in fibrotic tissue even in the absence of ongoing
inflammation, contributing to tissue remodeling and fibrosis.?'*
CSF3 is known to play a role in neutrophil recruitment and
survival; its elevated expression in IPF tissues may promote the
persistence of neutrophils in fibrotic areas, exacerbating disease
progression.'®'® However, the precise mechanisms by which
CSF3 contributes to IPF, particularly in the absence of a classical
inflammatory response, are not fully understood.

Recent studies have suggested that CSF3 may play a broader
role in the development of pulmonary fibrosis, independent of its
effects on neutrophils.'”® A number of clinical studies have
indicated a correlation between the administration of CSF3 and
the development of pulmonary toxicity in patients with neutro-
penia.>® Furthermore, some studies indicate that CSF3, found in
bronchoalveolar lavage fluid (BALF), may play a pivotal role in the
progression of IPF and could serve as a potential biomarker for
predicting disease prognosis.'®?*2° Nevertheless, at present,
there is no direct evidence to suggest that CSF3 is involved in
the onset or progression of pulmonary fibrosis. Further research is
required to elucidate the potential mechanistic role of CSF3 in the
development of IPF and to evaluate its utility as a prognostic tool.

The primary aim of this study is to investigate the functional
role of CSF3 in the pathogenesis of IPF, extending beyond its
established effects on neutrophils. Our data provide compelling
evidence that CSF3 is a crucial mediator of pulmonary fibrosis
progression. We demonstrate that CSF3 promotes myofibroblast
activation and ECM deposition in lung fibroblasts, while genetic
deletion of CSF3 confers protection against bleomycin-induced
fibrosis. Mechanistically, we show that CSF3 acts as an upstream
regulator of key fibrotic pathways, particularly through the
activation of TGF-B, a central mediator of fibrosis. Moreover, our
findings indicate that neutralizing CSF3 can reduce fibrosis by
inhibiting TGF-B signaling, deactivating myofibroblasts, and
restoring the ECM and cellular homeostasis. These findings
position CSF3 as a promising therapeutic target for IPF, with the
potential to improve patient outcomes by disrupting the
pathological processes that underlie disease progression.

RESULTS

CSF3 is elevated and correlated with fibrosis pathogenesis in
pulmonary fibrosis

To identify potential biomarkers for pulmonary fibrosis, we analyzed
microarray datasets (GSE71351 and GSE134692) from IPF patients.
Gene Ontology (GO) analysis revealed a significant increase in the
expression of cytokines, chemokines, and growth factors in these
datasets. In the GSE71351 dataset, 377 cytokines, chemokines, and
growth factors exhibited at least a 1.5-fold increase compared with
normal levels, and 140 such genes were identified in the
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GSE134692 dataset. Forty-nine genes were common to both
datasets (Fig. 1a). To investigate their role in pulmonary fibrosis,
network analysis was performed, identifying four genes, CSF3, FGF1,
IL1B, and CCL11, potentially relevant to the fibrosis process
(Supplementary Fig. 1a). Among these genes, CSF3 showed the
most significant increase in gene expression in both the GSE
dataset (GSE134692 and GSE71351) (Fig. 1b) and in the bleomycin
(BLM)-induced IPF mouse model (Supplementary Fig. 1b).

Further analysis of IPF patient-derived fibroblasts (IPDF)
demonstrated that knockdown of CSF3, along with FGF1, IL1pB,
and CCL11, resulted in changes in fibrosis marker expression. CSF3
had the most profound effect on the expression of fibrosis
markers (Supplementary Fig. 1c). In addition, CSF3 expression was
significantly higher in lung tissue from IPF patients compared to
control, as confirmed by immunohistochemical (IHC) staining of
pulmonary fibrosis tissue arrays (Fig. 1c). Compared with those of
healthy controls, quantitative assessment via immunohistochem-
istry (IHC) revealed a marked increase in CSF3 expression in IPF
lung tissue, which was also reflected in significantly elevated
serum levels of CSF3 in IPF patients (Fig. 1d-f).

In the BLM-induced mouse model of pulmonary fibrosis,
increased CSF3 expression was also demonstrated in lung tissues
via IHC staining (Fig. 1g). Both CSF3 and a-smooth muscle actin (a-
SMA) protein levels were significantly upregulated in IPF mouse
lungs (Fig. 1h, i), and CSF3 secretion was notably elevated in both
lung tissue and blood serum (Fig. 1j, k). Gene set enrichment
analysis (GSEA) showed that CSF3 expression was positively
correlated with gene signatures related to ECM remodeling and
epithelial-mesenchymal transition (EMT), processes known to play
crucial roles in fibrosis (Fig. 11).

Additionally, immunostaining for the CSF3 receptor (CSF3R)
revealed elevated expression of CSF3R in both IPF patient samples
and BLM-induced IPF mice, consistent with the increased
expression of CSF3 (Supplementary Fig. 2a—e). These findings
suggest that CSF3 plays a critical role in the fibrotic processes of
pulmonary fibrosis in both human and mouse models, making it a
promising therapeutic target.

CSF3 knockout attenuates pulmonary fibrosis progression

To investigate the role of CSF3 in pulmonary fibrosis, we used a
CSF3 knockout (KO) mouse model and administered BLM via
intratracheal injection (Fig. 2a). Fourteen days post-BLM treatment,
lung tissues were collected and analyzed by Masson'’s trichrome
staining and immunostaining for a-SMA and collagen. Wild-type
(WT) mice presented significant fibrotic changes after BLM
exposure, while CSF3 KO mice exhibited reduced fibrosis marker
expression and severity (Fig. 2b, c). Gene expression analysis
confirmed lower levels of a-SMA, COL1A1, and CSF3 in CSF3 KO
lungs, indicating reduced fibrosis compared to WT mice (Fig. 2d,
e). Further analysis of collagen deposition revealed no increase in
hydroxyproline content or hydroxylase activity in CSF3 KO mice, in
contrast to the significant increase observed in WT mice following
BLM injection (Fig. 2f, g and Supplementary Fig. 3c). Gene
expression analysis revealed the upregulation of hydroxylase
family members in the IPF patient datasets compared with the
control datasets (Supplementary Fig. 3a, b). Additionally, the
expression of matrix metalloproteinase 2 (MMP2) and tissue
inhibitor of metalloproteinases (TIMP1/2) was elevated in WT mice
after BLM treatment, but these genes were not induced in CSF3
KO mice (Fig. 2h, i). In IPDF and BLM-induced IPF mouse lung
fibroblasts (BLM-MLF), CSF3 knockdown reduced fibrosis marker
expression and phospho-STAT3 levels, similar to the effects
observed in CSF3 KO mice (Fig. 2j-1 and Supplementary Fig.
4a-c). Furthermore, CSF3 knockdown decreased the invasive
capacity of both human and mouse IPF fibroblasts (Fig. 2m and
Supplementary Fig. 4d). These findings suggest that CSF3 plays a
critical role in pulmonary fibrosis progression, and targeting CSF3
may provide a potential therapeutic approach for IPF.
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Fig. 1 CSF3 is elevated and correlated with fibrosis pathogenesis in pulmonary fibrosis. a Heatmap displays gene expression in IPF patient
tissues (GSE134692; n = 72) and patient-derived fibroblasts (GSE71351; n = 13) from each dataset. Cytokines, chemokines, and growth factors
were selected based on a 1.5-fold increase in expression observed in IPF patients compared to healthy controls. b Expression levels of CSF3 in
the Normal and IPF patient group (IPF) from GSE134692 and GSE71351. Each sample count is indicated in the graph. ¢ Immunohistochemical
staining of CSF3 in a human pulmonary fibrosis tissue array (LC561a). (Healthy control (HC) = 4, IPF = 52). Scale bar: 500 nm. d and e CSF3
immunohistochemical (IHC) scoring of a human pulmonary fibrosis tissue array, performed using two distinct IHC profiling methods. Scale bar:
200 pm. f Enzyme-linked immunosorbent assay (ELISA) measurement of CSF3 in human blood serum. g Immunostaining of CSF3 and Masson'’s
trichrome staining in mouse lung tissue from an intraperitoneal IPF mouse model. Scale bar =250 um. h Quantitative reverse transcription
polymerase chain reaction (qRT-PCR) analysis of CSF3 expression in mouse lung tissue (n =5 mice per group). i Western blot analysis of CSF3
and a-SMA in each group of mouse lung tissue. j and k ELISA measurements of CSF3 in mouse lung tissue (j) and mouse blood serum (k).
I Gene set enrichment analysis (GSEA) revealed a significant correlation between extracellular matrix and epithelial-to-mesenchymal
transition-related genes and IPF patients with high CSF3 expression (GSE10667). Statistical significance was determined using t-test

CSF3 induces pulmonary fibrosis through the CSF3R/STAT3

signaling axis

To investigate whether CSF3 contributes to the induction of
pulmonary fibrosis, recombinant CSF3 (rCSF3) was administered to
human and mouse lung fibroblasts (HLF and MLF). Treatment with

rCSF3

increased the expression of fibrosis markers

in a

concentration-dependent manner (Fig. 3a, b and Supplementary
Fig. 5a-d). Western blot analyses confirmed the dose-dependent
upregulation of fibrosis markers and phospho-STAT3 (Fig. 3¢ and
Supplementary Fig. 5e). Additionally, rCSF3 treatment resulted in
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increased hydroxyproline content in both HLF and MLF cells
(Fig. 3d and Supplementary Fig. 5f). To further validate the role of
CSF3 in pulmonary fibrosis, a C57BL/6 mouse model was utilized.
The mice were intraperitoneally injected with BLM and rCSF3
(Fig. 3e). The application of Masson’s trichrome staining and
subsequent image analysis indicated that each individual treat-
ment group exhibited slight induction of collagen deposition
across the lung tissue, accompanied by the presence of fibrotic
areas. In contrast, the combination treatment group demonstrated
significant induction of collagen deposition (Fig. 3f). Interestingly,
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Fig. 2 CSF3 knockout attenuates pulmonary fibrosis progression. a Schematic illustration of the bleomycin (BLM) intratracheal injection (IT)
animal model and the procedure used to induce lung fibrosis in C57BL/6 mice. b and ¢ Representative Masson’s trichrome staining (b, c) and
immunohistochemistry for a-SMA and COL1A1 (c) of lung tissue from CSF3™" and CSF3™/~ mice after BLM or PBS treatment (n=5 per
group). Scale bar: 25 um, Scale bar: 100 pm. d-i qRT-PCR analysis of a-SMA, COL1A1, and CSF3 expression (d, e), hydroxyproline content assay
(f), gRT-PCR analysis of prolyl hydroxylases (P4HA1, P4HA2, P4HA3) (g), matrix metalloproteinase 2 (MMP2) (h) and tissue inhibitors of
metalloproteinases (TIMP1/2) (i) expression in lung tissue from CSF3™'" and CSF3™/~ mice after BLM or PBS treatment. j gRT-PCR analysis of o-
SMA, COL1A1, and CSF3 expression in human lung fibroblasts isolated from idiopathic pulmonary fibrosis patients (IPDF) and transfected with
siRNA targeting CSF3 (si-CSF3). k Western blot analysis of CSF3, aSMA, COL1A1, and p-STAT3 in IPDF cells transfected with si-CSF3 in IPDF.
B-Actin was used as a loading control. | Representative immunofluorescence images of a-SMA and COL1AT1 in IPDF transfected with si-CSF3.
Scale bars: 200 pm. m The spontaneous Matrigel-invading capacity of IPDF transfected with si-CSF3 or si-Control. Scale bars: 200 pm. Statistical
significance was determined using ANOVA with multiple comparison or t-test

the hydroxyproline content was markedly elevated in both the
CSF3 and combination treatment groups (Fig. 3g). Furthermore, in

exhibited inhibited fibrosis marker expression in response to BLM,
but rCSF3 restored the expression of these markers (Fig. 3n, o).

CSF3™/~ primary MLFs, rCSF3 treatment restored the expression of
fibrosis markers and hydroxyproline content (Fig. 3h-k). In
addition, knockdown of CSF3R gene expression blocked the
induction of fibrosis markers by rCSF3 (Fig. 3l, m). CSF3~/~ MLFs
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Since STAT3 is the principal downstream mediator of CSF3R
signaling, treatment with a STAT3 inhibitor suppressed the rCSF3-
induced increase in fibrosis markers (Supplementary Fig. 5g, h).
These findings support that CSF3 plays a pivotal role in the

Signal Transduction and Targeted Therapy (2025)10:322



Colony-stimulating factor 3 as a key mediator in the progression of...

Kim et al.
HLF MLF
Size
A . HiFcontrol b c Cont rCSF3  Cont rCSF3 (kDa)
iy iasiviy + MLF-Control HLF-Cont HLF+rCSF MLF-Cont MLF+/CSF3 y
s ! G * MLF+CSF3 asma
L3 <0.0001 <3 00001 00004 < pp—
c
g |-oo00r 000012 | o000t | + 2 COL1A1
£2 3 il £2 T 0537 1462
22 - = 3 -
E 2 < Fibronectin El
E 1 é 1 sxe g 0754 1245
E £
% % 0.422 1578
30 T T T g 0 T T B-actin | se— —
€  aSVMA Coltal FN aSMA Collal FN
d e f
@ <0.0001 jg
§ £ P m-CSF3 100 pgrkg C57BL/6 mice
£
8 8 wowowowm g
2 2E =
= 5 7 I 1 s
s a3 D1 D30 &
z X BLM 20 mg/kg Sacrifice 8
kst bS] &
T T
&
0.0013 . .
I <0.0001 J k

<0.0001 <0.0001

«Q
j
3
>
Rr
N
o

3, <0.0001 0.1669 <0.0001 <0.0001 <0.0001

2.0

o

o
N
=]

e}
o

o

o u

Hydroxyproline Contents
(ng/mg wet tissue)
5
Relative a-SMA expression (
5
(4]

0.0

Relative Col1a1 expression (FC)
Hydroxyproline contents (ug/ml)
S

« si-Cont
= si-Cont+rCSF3
Si-CSF3R+CSF3 rCSF3
<0.0001 Control rCSF3 + si-CSF3R

<(oﬁo1 <fﬁm <?ﬁ01 W
Nnnoonni

T
a-SMA  Colta1 FN CSF3

n CSF3/- o
+rCSF3

BIM = + = % ooy

w

a-SMA hut

N

T 124 1

SRR 100
0261 003 1695 2014

50

37

COL1A1 a-SMA

COL1A1 a-SMA

B-actin

Relative mRNA expression (FC)  mmm

Fig. 3 CSF3 induces pulmonary fibrosis through the CSF3R/STAT3 signaling axis. a qRT-PCR analysis of fibrosis markers (a-SMA, COL1A1,
fibronectin) in human lung fibroblast cell line (HLF, left) and mouse primary lung fibroblast cells (MLF, right) treated with recombinant CSF3
(rCSF3) (200 ng/ml, 24 h). b and ¢ Representative immunofluorescence images of a-SMA and COL1A1 (b), and Western blot analysis of fibrosis
markers and STAT3 activation (p-STAT3) (c) in HLF and MLF cells treated with rCSF3. -Actin was used as a loading control. Scale bars: 200 pm.
d Hydroxyproline content assay in HLF and MLF cells treated with rCSF3. e Schematic illustration of the procedure used to induce lung fibrosis
in C57BL/6 mice with recombinant mouse CSF3. BLM was administered IP on day 1, followed by IP injections of rCSF3 three times per week.
f Quantification of the fibrosis area was performed using Orbit software based on Masson'’s trichrome staining images. The green area
represents the fibrotic region. Scale bar: 500 pm. g Hydroxyproline content in mouse lung tissues from groups treated with BLM and rmCSF3
as indicated. h-k gRT-PCR analysis of a-SMA (h), COL1A1 (i) and fibronectin (j) expression, and hydroxyproline content (k) assay in wild-type
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treated with rCSF3 (200 ng/ml, 24 h). Scale bars: 200 um. n and o Western blot analysis of a-SMA and COL1A1 (n), and representative
immunofluorescence images of a-SMA and COL1A1 (o) in CSF3™/~ MLF cells treated with BLM and rCSF3. p-Actin was used as a loading
control. Scale bars: 200 pm. Statistical significance was determined using ANOVA with multiple comparison or t-test

induction of pulmonary fibrosis through the activation of the
CSF3R/STAT3 signaling axis.

Evaluation of CSF3-neutralizing antibody FB-101 in pulmonary
fibrosis models

To evaluate the therapeutic potential of neutralizing CSF3 in
pulmonary fibrosis, we developed a CSF3-neutralizing antibody,
FB-101, and assessed its efficacy in two distinct BLM-induced
IPF mouse models. The reversal therapeutic effect was achieved
by IP injection of FB-101 starting 5 days after BLM injection

Signal Transduction and Targeted Therapy (2025)10:322

(Fig. 4a), and the preventive protection effect was achieved by
IP injection of FB-101 starting 1 day after BLM treatment
(Supplementary Fig. 6a). The antibody was administered post-
BLM treatment, and the histological outcomes were analyzed.
FB-101-treated mice showed significant reductions in BLM-
induced fibrotic changes, including alveolar wall destruction,
collagen deposition, and fibrosis area expansion (Fig. 4b-d and
Supplementary Fig. 6b, c). Sirius red staining of collagen fibers
under polarized light microscopy further confirmed the
reduced collagen deposition in FB-101-treated mice (Fig. 4e

SPRINGER NATURE
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and Supplementary Fig. 6d). FB-101 treatment significantly
suppressed the increase in BLM-induced fibrosis markers
(Fig. 4f-j), and the hydroxyproline content and hydroxylase
expression were notably reduced (Fig. 4k, | and Supplementary
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Fig. 6e). Furthermore, the levels of MMP2 and TIMP1/2 induced
by BLM were reduced in FB-101-treated mice (Fig. 4m, n).

In vitro experiments with IPDF and BLM-MLF confirmed that FB-
101 inhibited fibrosis marker expression and reduced CSF3 levels
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Fig. 4 Evaluation of CSF3-neutralizing antibody FB-101 in pulmonary fibrosis models. a Schematic representation of the BLM IT injection
animal model, the generation of lung fibrosis, and the overall therapeutic procedure in C57BL/6 mice. The mice CSF3 neutralizing antibody
(FB-101m) and IgG were administered I.P. b and c Representative H&E (b) and Masson'’s trichrome staining (c) images of lung tissue from each
mouse group (n = 5 per group). Scale bar: 2 mm and 250 pm. d Quantification of the fibrotic area from the Masson’s trichrome staining images
using Orbit software. Scale bar: 250 um. e Picrosirius red-stained therapeutic mouse model samples were analyzed by polarized microscopy.
Collagen fibers (left, polarized light) and their subsequent analysis using ImageJ (right, analysis) provide a quantitative assessment of the
fibers. Scale bar: 100 pm. f-j qRT-PCR analysis of a-SMA (f), COL1A1 (g), and CSF3 (h) expression, ELISA quantification of CSF3 levels (i), and
Western blot analysis of CSF3, a-SMA, COL1A1, and fibronectin (FN) (j) in lung tissue from each mouse group. p-Actin was used as a loading
control. k-n, Hydroxyproline content assay (k), gRT-PCR analysis of prolyl hydroxylase family (P4HA1, P4HA2, P4HA3) (I), matrix
metalloproteinase 2 (MMP2) (m), and tissue inhibitors of metalloproteinases (TIMP1/2) (n) expression in lung tissue from each mouse group.
o-q gRT-PCR analysis of a-SMA, COL1AT1, FN, and CSF3 expression (o), Western blot analysis of CSF3, a-SMA, COL1A1, and phospho-STAT3 (p-
STAT3) (p), and representative immunofluorescence images of a-SMA and COL1A1 (q) in IPDF treated with the human CSF3 neutralizing
antibody (FB-101). B-Actin was used as a loading control. Scale bar: 200 pm. r The spontaneous Matrigel-invading capacity of IPDF treated with

FB-101 or IgG. Scale bar: 200 pm. Statistical significance was determined using ANOVA with multiple comparisons or a t-test

«

(Fig. 40—q and Supplementary Fig. 7a—c). Additionally, FB-101
blocked the CSF3R/STAT3 signaling pathway (Fig. 4p), with the
inhibitory effect persisting for up to 72h post-treatment
(Supplementary Fig. 8a). Conversely, treatment with BLM and
CSF3R overexpression led to the induction of CSF3R/STAT3
binding in normal human bronchial epithelial cells (Supplemen-
tary Fig. 7d). Furthermore, treatment of FB-101 antibody in IPDF
decreased binding of phospho-STAT3 to the CSF3 and TGF-f1
promoters. (Supplementary Fig. 7e). The suppression of fibrosis
markers and CSF3 expression was observed, with maximal efficacy
at concentrations of 10 pg/ml or higher (Supplementary Fig. 8b).
FB-101 treatment also reduced cell invasion in both IPDF and BLM-
MLF (Fig. 4r and Supplementary Fig. 7f).

An additional intraperitoneal mouse model induced by BLM
confirmed that FB-101 treatment significantly suppressed fibrotic
changes in lung tissue, inhibited fibrosis marker expression, and
reduced the hydroxyproline content (Supplementary Fig. 9a-f).
Furthermore, FB-101 was observed to reduce the expression of
EMT markers, ECM proteins, and TIMP1/2 (Supplementary Fig.
9g-j). These findings indicate that FB-101 may have therapeutic
potential in mitigating pulmonary fibrosis through CSF3
neutralization.

CSF3 acts as an upstream regulator of TGF-f in pulmonary fibrosis
We demonstrated that the loss of CSF3 function, achieved
through neutralizing antibody treatment or gene expression
depletion, can prevent and restore the development of
pulmonary fibrosis in mouse models. Given the crucial role of
TGF-B1 in pulmonary fibrosis, including its involvement in EMT,
fibroblast-to-myofibroblast transition (FMT), ECM deposition, and
myofibroblast activation, we aimed to investigate the relation-
ship between CSF3 and TGF-f1 in IPF pathogenesis. GSEA of high
versus low CSF3 expression groups in the IPF cohort revealed a
positive correlation between TGF-f1 and CSF3 expression
(Supplementary Fig. 10a).

To assess the role of CSF3 in regulating TGF-1 expression in
IPF, we utilized both intraperitoneal and intratracheal BLM-
induced mouse models, treating the mice with FB-101 (Fig. 5a,
e). FB-101 treatment significantly reduced the expression of TGF-
31 mRNA (Fig. 5b, f), protein, and level of phospho-SMAD3 (Fig.
5d, h) in IPF mouse lung tissue compared to the control group. FB-
101 selectively targets excessive TGF-f induced by pulmonary
fibrosis, without altering the basal levels of TGF-31, which are
crucial for homeostasis. Furthermore, the treatment effectively
diminished the secretion of TGF-B1 (Fig. 5¢, g). Furthermore, the
treatment of rCSF3 in HLF resulted in a dose-dependent increase
in the expression of TGF-B1 (Supplementary Fig. 10b-d) and other
fibrosis-associated molecules, including IL-11 and CTGF, which are
downstream of TGF-B1 (Supplementary Fig. 10e). Notably, in IPDF,
FB-101 treatment resulted in a significant reduction in TGF-31
expression and inhibition of the downstream signaling mediator
SMAD?3 activation (Fig. 5i, j and Supplementary Fig. 10f).

Signal Transduction and Targeted Therapy (2025)10:322

To confirm these findings, we used a CSF3 KO model (Fig. 5k).
After 14 days of BLM administration, lung tissue from CSF3 KO
mice showed a significant reduction of TGF-31 expression (Fig. 5I)
and secretion (Fig. 5m) compared to WT controls. Moreover, rCSF3
administration restored TGF-B/SMAD3 signaling in CSF3™/~ MLFs
(Fig. 5n-p). Additionally, CSF3 neutralization in IPDF-mimicking
BLM-MLF cultures inhibited both TGF-B1 expression and TGF-3/
SMAD3 signaling (Supplementary Fig. 10g, h). Knockdown of CSF3
in BLM-MLF did not induce TGF-31 expression (Supplementary Fig.
10i), further supporting the critical role of CSF3 in TGF-f1
regulation. These findings indicate the essential role of CSF3 in
regulating TGF-B1 expression and TGF-B/SMAD3 signaling in
pulmonary fibrosis.

To further investigate the role of CSF3 in TGF-f1 signaling in
IPF pathogenesis, we silenced TGF-3 receptor Il (TGF-BRII) in HLF
treated with rCSF3. As expected, the induction of fibrosis marker
expression by CSF3 was significantly reduced when TGF-BRIl was
knocked down (Supplementary Fig. 11a-c). To explore the
involvement of CSF3 in TGF-B1-mediated fibrosis, we treated
HLF with recombinant TGF-B1 and observed an unexpected
increase in CSF3 expression (Supplementary Fig. 11d). The
increase in fibrosis markers induced by TGF-31 were attenuated
following CSF3 knockdown (Supplementary Fig. 11e), and the
downstream mediator IL-11 was diminished (Supplementary Fig.
11f). Additionally, treatment with FB-101, significantly reduced
TGF-B1-induced fibrosis markers (Supplementary Fig. 11g, h)
and prolyl-hydroxylases (Supplementary Fig. 111), and reversed
the expression of TIMP1/2 (Supplementary Fig. 11j). The
treatment of recombinant TGF-B1 resulted in an enhancement
of phospho-SMAD2/3 binding to the CSF3 and TGF-31 promo-
ters. Conversely, treatment with FB-101 led to a reduction in
phospho-SMAD2/3 binding to these promoters (Supplementary
Fig. 11k). These findings suggest a positive feedback loop
between CSF3 and TGF-B1, contributing to IPF progression.

CSF3 neutralization restores alveolar type 2 cells and modulates

immune cell recruitment in pulmonary fibrosis

In response to various lung injuries, alveolar type 2 (AT2) cells
undergo replication and expansion to facilitate tissue repair.
However, in the context of pulmonary fibrosis, a pathological
condition characterized by excessive scarring, the population of
AT2 cells, which are essential for repair, is depleted. In this study,
we observed that the depletion of AT2 cells in the lungs during
pulmonary fibrosis was restored upon treatment with FB-101 in
two distinct BLM-induced IPF mouse models (therapeutic and
inhibition) (Fig. 6a). This restoration of AT2 cell numbers
coincided with the resolution of pulmonary fibrosis, restoring
collagen, pro-surfactant protein C, and surfactant protein
A-positive cells (Fig. 6a), suggesting a potential therapeutic role
for CSF3 neutralization-based interventions in restoring cellular
homeostasis and promoting fibrosis resolution. To investigate
the morphology of blood vessels and the recruitment of
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Fig. 5 CSF3 acts as an upstream regulator of TGF-p in pulmonary fibrosis. a Schematic illustration of the BLM L.P injection mouse model, the
generation of lung fibrosis, and the overall therapeutic procedure in C57BL/6 mice. The anti-mouse CSF3 antibody (FB-101m) and IgG were
administered via intraperitoneal injection. b—d gRT-PCR (b), ELISA quantification (c), and Western blot (d) analysis of TGF-p1 level in lung tissue
from each BLM IP injection mouse group. p-Actin was used as a loading control. e Schematic illustration of the BLM IT injection mouse model,
the generation of lung fibrosis, and the overall therapeutic procedure in C57BL/6 mice. FB-101m and IgG were administered intraperitoneally.
f-h gqRT-PCR analysis of TGF-B1 expression (f), ELISA quantification of TGF-$1 levels (g), and Western blot of TGF-1 and phospho-SMAD3 levels
(h) in lung tissue from each BLM L.T. mouse group. p-Actin was used as a loading control. I and j gRT-PCR analysis of TGF-p1 expression (i) and
Western blot analysis of TGF-f1 and phospho-SMAD3 levels (j) in IPDF treated with the neutralizing antibody FB-101. -Actin was used as a
loading control. k Schematic illustration of the BLM IT animal model, the generation of lung fibrosis, and the overall therapeutic procedure in
C57BL/6 CSF3*/* and CSF3™/~ mice. | and m ELISA quantification of TGF-B1 levels (I) and qRT-PCR analysis of TGF-p1 expression (m) in lung
tissue from each C57BL/6 CSF3"™" and CSF3™/~ mouse group. n—p, ELISA quantification of TGF-p1 levels (n), gRT-PCR analysis of TGF-p1
expression (0), and Western blot analysis of TGF-p1 and phospho-SMAD3 levels (p) in CSF3 knock-out (CSF37/") MLF cells. The cells were
treated with BLM and CSF3 as indicated. p-Actin was used as a loading control. Statistical significance was determined using ANOVA with
multiple comparisons or t-test

neutrophils and macrophages in the lungs of mice with BLM-IPF, normal morphology, and the recruitment of neutrophils, macro-
we performed immunohistochemical staining for CD31 phages, and leukocytes was significantly reduced, and AT2 cell
(endothelial cell marker), MPO (myeloperoxidase, a neutrophil populations were restored. (Fig. 6b). In A549 (AT2; alveolar cell

marker), CD86 (macrophage marker), and CD45 (pan-leukocyte type Il phenotype lung cancer cell), TGF-1 treatment induced
marker). In the BLM-IPF mouse model, the morphology of blood myofibroblast marker and CSF3 expression, but surfactant
vessels appeared disorganized, and there was increased recruit- protein expression was reduced, which was restored by FB-101
ment of neutrophils and macrophages. However, following treatment (Supplementary Fig. 12a). Additionally, as anticipated,
treatment with FB-101, the blood vessels were restored to the elevated neutrophil recruitment observed in the BLM-IPF
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mice was notably attenuated in the CSF3 KO mice (Fig.

support of this result, GSEA data analysis also confirmed that
when CSF3 is high, a set of genes related to the recruitment of

neutrophils, macrophages, lymphocytes, and leukocytes s

Signal Transduction and Targeted Therapy (2025)10:322

6¢). In a positive correlation (Fig. 6d and Supplementary Fig. 12b) These
results indicate the potential for CSF3 neutralization-based
interventions to play a role in restoring cellular homeostasis

howed and promoting fibrosis resolution.
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Fig. 6 CSF3 neutralization restores alveolar type 2 cells and modulates immune cell recruitment in pulmonary fibrosis. a H&E, Masson'’s
trichrome staining, and immunostaining (pro-SP-C (pro-Surfactant protein C), and SP-A (Surfactant protein A), alveolar type 2 cell marker) of
lung tissue from IT therapeutic and inhibition BLM model. The mouse CSF3 neutralizing antibody (FB-101m) was administered IP x100; Scale
bar 100 pm. x400; Scale bar: 25um. b Masson’s trichrome staining and immunostaining (CD31; endothelial, MPO; neutrophil, CD86;
macrophage, and CD45; pan-leukocyte) of lung tissue from C57BL/6 N mice intubated with BLM or PBS. The mouse CSF3 neutralizing antibody
(FB-101m) was administered intraperitoneally. Masson’s trichrome Scale bar: 250 pm. Immunostaining Scale bar: 50 pm. ¢ Masson’s trichrome
staining and immunostaining (MPO; neutrophile) of lung tissue from CSF3*/* and CSF3~/~ mice intubated with BLM or PBS. Sacrifice was
performed on each date, 7 days and 14 days after BLM treatment. (CTR n = 3; BLM 7, 14 days n = 5). Scale bar: 250 pm. d GSEA FDR values for
features related to the recruitment of neutrophils, macrophages, lymphocytes, and leukocytes by high/low CSF3 expression. e Schematic
summary of the mechanism of CSF3-induced fibrosis and proposed therapeutic strategy

<

Collectively, these findings provide compelling evidence that
CSF3 plays a crucial role in the progression of pulmonary fibrosis.
Our data demonstrate that CSF3 promotes myofibroblast activa-
tion and ECM deposition in lung fibroblasts. Mechanistically, CSF3
functions as an upstream regulator of TGF-B, promoting its
expression and signaling. Furthermore, CSF3 acts as a key effector
in the progression of pulmonary fibrosis induced by TGF-B. The
positive feedback loop between CSF3 and TGF- appears to
constitute a central pathway that regulates both the initiation and
progression of pulmonary fibrosis. Furthermore, neutralizing CSF3
can reduce fibrosis by inhibiting TGF-$ signaling, deactivating
myofibroblasts, and restoring the ECM and cellular homeostasis.
These findings position CSF3 as a promising therapeutic target for
IPF, with the potential to improve patient outcomes by halting
disease progression (Fig. 6e).

DISCUSSION

IPF is a progressive and fatal lung disease with no definitive cure.
Currently, FDA-approved antifibrotic drugs primarily serve as
palliative treatments, slowing disease progression but failing to
halt or reverse the underlying pathological processes of IPF.>*7%®
The rising global incidence and mortality rate of IPF,***° which
surpasses that of many cancers, underscores the urgent need for
more effective therapeutic strategies. This critical treatment gap
highlights the importance of identifying novel molecular targets,
which could provide new avenues for intervention and lead to the
development of more effective therapies.

In the present study, we identify CSF3 as a key cytokine in the
progression of IPF. Our findings show that CSF3 expression is
significantly elevated in lung tissues from IPF patients compared
with healthy controls. This increase in CSF3 levels is associated
with fibrotic mediators and processes such as ECM remodeling,
EMT and FMT, which are central to the pathogenesis of
fibrosis.>' 3 Immunohistochemical analysis further confirmed
the marked elevation of CSF3 in the lung tissue of IPF patients.
Importantly, the expression of CSF3 was correlated with genes
involved in ECM remodeling and fibrogenesis, suggesting that
CSF3 plays a pivotal role in the development and progression of
pulmonary fibrosis.

One of the intriguing findings of this study is the elevation of
CSF3 in IPF tissues, despite the absence of significant inflamma-
tion after disease onset. Traditionally, CSF3 is known to regulate
neutrophil survival, proliferation, and recruitment, with neutro-
phils playing a central role in acute inflammation.>*** However, in
IPF, inflammation is minimal, yet neutrophils persist in fibrotic
tissue.® This paradox suggests that CSF3 might have a more
complex role in fibrosis than previously understood. By promoting
neutrophil recruitment, CSF3 may facilitate the sustained presence
of neutrophils in fibrotic tissue, where they contribute to tissue
remodeling and the perpetuation of fibrosis through mechanisms
such as fibroblast activation, differentiation, and ECM deposi-
tion.>>*”*® Additionally, neutrophils release proteases such as
neutrophil elastase and MMPs, which degrade ECM components
and activate latent TGF-B, further exacerbating fibrosis.>*™*' These
findings suggest that CSF3 plays a critical role in neutrophil
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dynamics within fibrotic tissue, and emphasize the need to
explore its direct effects on fibrosis independent of neutrophils.

However, our findings demonstrate that recombinant human
CSF3 administration significantly enhances fibrogenesis in human
lung fibroblasts, promoting their differentiation into myofibro-
blasts and driving increased expression of key ECM components.
In contrast, knockout of the CSF3 gene confers protection against
bleomycin-induced lung fibrosis, suggesting that CSF3 is integral
to the fibrotic response. Furthermore, the administration of CSF3-
neutralizing antibodies resulted in a notable reversal of pulmonary
fibrosis in IPF mouse models, supporting the hypothesis that CSF3
is a central mediator in the development and maintenance of
fibrosis. This therapeutic effect was associated with a reduction in
TGF-B expression and signaling, deactivation of myofibroblasts,
and restoration of collagen homeostasis. These findings provide
direct evidence linking CSF3 to the progression of pulmonary
fibrosis, thereby supplementing the currently limited under-
standing of CSF3’s effects on fibroblasts and the fibrotic process.
In addition to extending previous research that primarily focused
on the role of CSF3 in neutrophil biology, these results underscore
the potential of targeting CSF3 as a viable therapeutic strategy for
IPF.

Neutrophils play a multifaceted role in IPF. While they are
essential for the early inflammatory response to lung injury, their
continued presence in fibrotic tissue has been linked to disease
progression.*? CSF3, by modulating neutrophil recruitment and
survival, may facilitate the persistence of neutrophils in fibrotic
areas,>>3®*3 where they contribute to tissue damage and fibrosis
through the release of proteases and the activation of TGF-
B.'8244445 Our results suggest that CSF3 plays a critical role in the
recruitment of neutrophils to fibrotic sites and that its direct
effects on fibroblast differentiation into myofibroblasts further
implicate CSF3 as a central player in IPF pathogenesis. This
highlights the dual role of CSF3 in both neutrophil dynamics and
fibroblast activation, making it an important target for therapeutic
intervention.

The relationship between CSF3 and TGF-B is of particular
interest. TGF-B is a principal driver of fibrosis and is capable of
inducing fibroblast activation, myofibroblast differentiation, and
ECM production.*®™*® Nevertheless, direct targeting of TGF-B has
proven to be a significant challenge due to its pleiotropic effects
and its essential roles in various biological processes.***° For
example, patients treated with fresolimumab, a broad-spectrum
TGF-B inhibitor, experienced severe side effects, including
infections and autoimmune-like symptoms, due to interference
with TGF-f's role in maintaining immune balance and normal
physiological functions.>®>' Notably, our study suggests that
inhibition of CSF3 selectively targets the excessive TGF-f3 induced
by pulmonary fibrosis, without altering the basal levels of TGF-$
that are crucial for homeostasis. Furthermore, we demonstrate
that CSF3 functions as an upstream regulator of TGF-3, promoting
its expression and signaling through a positive feedback loop that
exacerbates fibrosis. By targeting CSF3, we may be able to
modulate TGF-f activity in a more specific and controlled manner,
potentially reducing the adverse effects associated with direct
TGF-B inhibition.

Signal Transduction and Targeted Therapy (2025)10:322



Additionally, our findings indicate that CSF3 influences the
expression of prolyl 4-hydroxylase alpha (P4HA), a pivotal enzyme
implicated in collagen synthesis and fibrosis.>> Both P4HA
expression and hydroxyproline levels were elevated in IPF patient
cohorts and bleomycin-induced mouse models of IPF.>3%*
Treatment with CSF3 further increased P4HA expression in human
lung fibroblasts, while CSF3 neutralization reduced P4HA levels,
indicating that CSF3 plays a crucial role in collagen deposition and
ECM remodeling. Moreover, we demonstrate that treatment with
FB-101 led to a significant restoration of alveolar type 2 (AT2) cell
populations, improved blood vessel morphology, and a reduction
in the recruitment of neutrophils and macrophages. Collectively,
these results suggest that CSF3 neutralization holds promise as an
intervention strategy for restoring cellular homeostasis, enhancing
tissue repair, and promoting the resolution of fibrosis. The
therapeutic potential of targeting CSF3 for modulating immune
cell recruitment and ECM remodeling indicates its relevance in
treating fibrotic diseases such as IPF.

Despite these promising results, several limitations should be
recognized. While the bleomycin-induced mouse model is widely
used, it may not fully capture the chronic progression and
complex etiology of human IPF. To complement this limitation,
recent clinical studies have implicated CSF3 in the pathogenesis of
IPF. Elevated CSF3 levels have been detected in the bronchoal-
veolar lavage fluid (BALF) of IPF patients, with significant
correlations to impaired lung function and poor prognosis.'®
Moreover, CSF3 has been associated with acute exacerbations of
IPF, where it increases alveolar epithelial barrier permeability and
promotes inflammatory cell infiltration, thereby exacerbating lung
injury. These observations suggest that CSF3 contributes not only
to chronic fibrosis but also to acute exacerbation events,
reinforcing its therapeutic potential in both aspects of IPF
pathology.

In conclusion, our study identifies CSF3 as a critical cytokine
involved in the initiation, progression, and maintenance of
pulmonary fibrosis. By acting as an upstream regulator of TGF-§,
CSF3 enhances key fibrotic pathways and promotes the patholo-
gical processes of IPF. Targeting CSF3 with neutralizing antibodies
represents a promising therapeutic strategy to restore fibrosis,
selectively suppress excessive TGF-B signaling while preserving
normal homeostatic functions. Given the limitations of current
therapies, CSF3-targeted treatments offer a novel approach to
address the unmet need for more effective therapies for IPF. Our
findings provide a strong rationale for further clinical investiga-
tions into CSF3 inhibition as a potential treatment for IPF and
other fibrotic diseases. However, although antibody-based thera-
pies such as CSF3-neutralizing antibodies exhibit high target
specificity, the possibility of off-target effects cannot be entirely
excluded. Therefore, comprehensive evaluation through toxicolo-
gical and safety studies will be essential to ensure clinical
applicability.

MATERIALS AND METHODS

Experimental animals and bleomycin (BLM)-induced pulmonary
fibrosis model

The Animal study was approved by the Hanyang University
Institutional Animal Care and Use Committee (IACUC) (IACUC No.
202270107 A). Seven-week-old C57BL/6N female mice (weighing
~20g) were purchased from Orient Bio, and pulmonary fibrosis
was induced via intraperitoneal or intratracheal (IT) bleomycin
(BLM) injection. Briefly, BLM was administered at 1 mg/kg once
and 100mg/kg four times, respectively, to establish IT and
intraperitoneal (IP) pulmonary fibrosis models. To determine the
effect of CSF3 inhibition on preventing pulmonary fibrosis,
randomly divided groups of mice received four IP injections of
PBS, control IgG, or anti-CSF3 antibody (250 pg/kg) at intervals of
2 days (IT model) or 3 days (IP model), the day after BLM
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administration. Mice were monitored daily and sacrificed 14 days
(IT model) or 21 days (IP model) after BLM administration to collect
fresh lungs. The left lung was used for histological analysis, and
the right lung was used for molecular biochemical analysis, such
as gRT-PCR, Western blotting, and hydroxyproline assays.

The therapeutic effect of neutralizing CSF3 antibodies (FB-101)
on pulmonary fibrosis was assessed by delayed administration of
antibodies to BLM-injected mice. Antibodies were administered
intraperitoneally at 500 pg/kg for the IT model and 250 pg/kg for
the IP model four times every other day.

The CSF3-deficient mice were generated at Macrogen Inc. using
the CRISPR/Cas9 system in a C57BL/6 background. In a compara-
tive study of BLM-induced pulmonary fibrosis in CSF3-deficient
and wild-type mice, BLM was administered at 1 mg/kg once for IT
injection and 100 mg/kg four times for IP injection.

For the CSF3-induced fibrosis model, low doses of BLM were
treated first to induce minimal inflammatory responses, and then
recombinant CSF3 was used. Female mice (7-week-old) were given
a BLM solution (20 mg/kg, administered intraperitoneally on day
1). Mice were sacrificed on day 30. The 8-week-old female mice
were injected intraperitoneally with recombinant mouse CSF3
protein at a concentration of 100 ug/kg every other day for
4 weeks (3 times per week) starting on day 1 to induce pulmonary
fibrosis in mice. Mice were then sacrificed on day 30.

Primary lung fibroblast isolation

Primary mouse lung fibroblasts (MLF) were isolated from whole
lungs of wild-type C57BL/6 treated with/without BLM and CSF3 KO
(CSF3™/7) mice as described previously.>®> Fresh lungs from
neonatal mouse pups or 10-week-old mice with and without
BLM administration were perfused and washed at least three
times with phosphate-buffered saline (PBS). Lung tissues were cut
into ~1 mm pieces using a sterile scalpel, and the tissue fragments
were transferred into a 60 mm culture dish. The lung tissue
fragments were cultured in DMEM supplemented with 10% FBS
and 1% antibiotic/antimycotic solution. Once the growing cells
became confluent, they were subcultured by trypsinization. In this
study, primary lung fibroblasts passaged 4-6 times were used for
experiments.

Measurement of hydroxyproline content and siRNA knockdown
Hydroxyproline content in mouse lung tissue or primary lung
fibroblasts was quantified using a hydroxyproline assay kit
(Chondrex, Inc,, #6017) using 10 mg of mouse tissues according
to the manufacturer’s instructions. Transfection was carried out
using Lipofectamine 2000 (Invitrogen) for small interfering RNA
(siRNA) according to the manufacturer’s instructions. The TGF{RII
or CSF3R siRNA was purchased from Santa Cruz (Cat. No. sc-36657
for TGFBRI) or Genolution, Inc. for CSF3R. The corresponding
target sequences are 5-GGUGUCGUACCGCGUUCUAUU-3" for
CSF3 (i), and 5-GUUUGACUCCCGAACAUCAUU-3' for CSF3 (i),
respectively.

Immunohistochemistry (IHC) and human tissue array (TMA)

In this study, immunohistochemical analysis was performed with
the left lung lobe of mice as previously described. In brief, 4 um-
thick sections from formalin-fixed paraffin-embedded lung tissue
blocks were deparaffinized with xylene, dipped in 100%, 95%, 80%
and 70% ethanol for hydration and washed with tap water for
10 min. Heat-induced epitope retrieval (HIER) was performed
using citrate buffer, pH 6.0 (Sigma, #C9999). After blocking with
PBS containing 1% bovine serum albumin (BSA), sections were
incubated with primary antibodies at 4 °C overnight. After washing
with PBST (10% Tween 20 in PBS), the sections were washed with
PBST (10% Tween 20 in PBS) and then treated with biotinylated
pan-specific secondary antibody (Vector Laboratories, 1:200)
for 1h. After incubation with ABC solution (Vector Laboratories,
#PK-6100), the signal visualization was performed with 3,3’-
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diaminobenzidine (Vector Laboratories, #SK-4100). Counterstain-
ing was performed with hematoxylin for 3 min. Sections were
mounted, and images were captured using an IX71 microscope
(Olympus). Human pulmonary interstitial fibrosis tissue array
samples were purchased from US Biomax Inc. (#LC561a), and
IHC was performed using anti-CSF3 or CSF3R antibody according
to the IHC analysis protocol. IHC scores were obtained using
Image J with the algorithm of the IHC profiler.>® Analysis of stained
slides was performed using two different methods: counting
target protein-positive cells and assessing the staining intensity of
target protein expression.

Gene Expression Omnibus (GEO) and Gene Set Enrichment
Analysis (GSEA)

Gene Set Enrichment Analysis (GSEA) was performed to identify
differentially expressed genes (DEGs) in patients with idiopathic
pulmonary fibrosis (IPF). For this purpose, publicly available RNA-
seq and microarray gene expression profiling datasets were
obtained from the Gene Expression Omnibus (GEO) and analyzed
using GSEA software (version 4.3.3). The datasets from both
healthy individuals and IPF patients are publicly accessible via GEO
(accession numbers: GSE134692, GSE71351, and GSE10667).
Among these, GSE134692, GSE71351, and GSE10667 were used
for IPF-specific target identification and gene expression analysis,
while GSE10667 was specifically used for GSEA.

Histological staining

Paraffin-embedded mouse lung samples were cut to obtain 4-um-
thick slices. Sections were deparaffinized and rehydrated for
histological staining. For Hematoxylin-Eosin (H&E) staining, lung
sections were sequentially subjected to hematoxylin (YD diag-
nostics, #52-5), differentiation in 70% ethanol containing 1% HCI,
and alcoholic Eosin (BBC Biochemical, # MA0101015). Masson’s
trichrome staining of lung sections was conducted according to
the manufacturer’s instruction kit (Bio Quochem, #KH07007).
Picrosirius red staining was carried out using the Picro Sirius Red
Stain Kit (Abcam, #ab150681) according to the manufacturer’s
instructions. Collagen fiber was evaluated using a BX50 micro-
scope (Olympus) with a polarizing filter as previously described.
Micrographs were digitized into 8-bit grayscale images using
Image) software. Collagen fiber areas were then quantified in
black and white by adjusting the threshold without damaging the
original image.

Generation of fully human or mouse monoclonal antibodies
against CSF3 (FB-101, FB-101m)

FB-101 is a fully human monoclonal antibody that specifically binds
to human CSF3, developed by Y-Biologics using a human antibody
library and phage display technology. The specific binding affinity to
human CSF3 was verified through ELISA and SPR, and the binding
site was identified through epitope mapping analysis. FB-101Tm is a
mouse monoclonal antibody that specifically binds to mouse CSF3,
developed by AbClon using hybridoma technology.

Fibroblast-to-myofibroblast transition (FMT) assay

Cells (MRC5, AHLF) are seeded in a 60 mm plate at a density of
around 3 x 10° (MRC5) or 2.5 x 10° (IPIF, AHLF) cells. Following a
16-h incubation period, the medium is replaced with FBS-free
medium and, two hours later, treated with the indicated
concentrations of antibodies. After one hour, cells are treated
with recombinant TGF-B1 protein (2ng/ml), and cells are
harvested for analysis 24 h later.

Statistical analysis

All statistical analyses are evaluated by an unpaired Student’s t-
test (two-tailed) for comparisons between two groups or using a
one-way ANOVA followed by Tukey's multiple comparison
procedure for comparisons between more than two groups.

SPRINGERNATURE

Statistical p-values for each comparison are specified above the
black lines in each figure.
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