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Semaphorin 3E–Plexin D1 Axis Drives Lung Fibrosis
through ErbB2-Mediated Fibroblast Activation

Zhesong Deng, Jinkun Chen, Ruonan Yang, Yuan Zhan, Shanshan Chen, Jiaheng Zhang,
Hao Fu, Yiya Gu, Qian Huang, Jixing Wu, Lianyu Shan, Abdelilah Soussi Gounni,*
and Jungang Xie*

Idiopathic pulmonary fibrosis (IPF) is characterized by excessive fibroblast
recruitment and persistent extracellular matrix deposition at sites of tissue
injury, leading to severe morbidity and mortality. However, the precise
mechanisms by which fibroblasts contribute to IPF pathogenesis remain
poorly understood. The study reveals that Sema3E and its receptor Plexin D1
are significantly overexpressed in the lungs of IPF patients and bleomycin
(BLM)-induced lung fibrotic mice. Elevated plasma levels of Sema3E in IPF
patients are negatively correlated with lung function. Importantly, Sema3E in
IPF lungs predominantly exists as the P61-Sema3E. The knockdown of
Sema3E or Plexin D1 effectively inhibits fibroblast activation, proliferation,
and migration. Mechanistically, Furin-mediated cleavage of P87-Sema3E into
P61-Sema3E drives these pro-fibrotic activities, with P61-Sema3E-PlexinD1
axis promoting fibroblast activation, proliferation, and migration by affecting
the phosphorylation of ErbB2, which subsequently activates the ErbB2
pathways. Additionally, Furin inhibition reduces fibroblast activity by
decreasing P61-Sema3E production. In vivo, both whole-lung Sema3E
knockdown and fibroblast-specific Sema3E knockout confer protection
against BLM-induced lung fibrosis. These findings underscore the crucial role
of the P61-Sema3E-Plexin D1 axis in IPF pathogenesis and suggest that
targeting this pathway may hold promise for the development of novel
therapeutic strategies for IPF treatment.
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1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a pro-
gressive and fatal interstitial lung disease
with a high risk of mortality.[1] However,
the treatment options for patients with
IPF are quite restricted. Pirfenidone and
nintedanib are the only antifibrotic drugs
available for clinical use in the treatment
of IPF, yet their therapeutic effectiveness
remains limited.[2] IPF is characterized
by epithelial cell injury and a significant
number of fibroblasts undergoing differ-
entiation into myofibroblasts.[3] Activated
fibroblasts, also referred to as myofibrob-
lasts, demonstrate excessive migratory and
proliferative capabilities, leading to their
accumulation at the sites of tissue injury.
Consequently, this triggers an exaggerated
deposition of extracellular matrix (ECM),
ultimately resulting in tissue structural de-
struction and fibrosis.[4] Despite significant
research efforts, the precise mechanisms
underlying pulmonary fibrosis remain
elusive.[5] Therefore, it is imperative to
investigate the various influencing factors
associated with fibroblast differentiation,
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proliferation, and migration in IPF, as they hold the key
to unraveling the intricate mechanisms underlying this fatal
disease.
Semaphorins constitute a family of proteins that encompass

both secreted and membrane-bound signals that were initially
linked to the regulation of neuronal development.[6] Recent stud-
ies have revealed the widespread expression and diverse func-
tions of the Semaphorin family, which exerts a broad spectrum
of effects on pathophysiological processes, including tissue fi-
brosis, angiogenesis, tumor progression, and inflammation.[7–12]

Semaphorin 4A and Semaphorin 7A are involved in the regu-
lation of pulmonary fibrosis progression. In this study, we fo-
cused on Semaphorin 3E (Sema3E), another member of the
Semaphorin family. Sema3E is a secreted protein that mediates
its effects by binding to its receptor Plexin D1. Tumor-related
studies reported that Sema3E and its receptor Plexin D1 are
significantly upregulated in various cancers such as colon can-
cer and metastatic breast cancer. They have been implicated
in promoting tumor migration, angiogenesis, and epithelial–
mesenchymal transition (EMT).[13–15] Serum levels of Sema3E
are markedly elevated in patients with Systemic Sclerosis (SSc)
compared with those in control subjects.[16] In studies pertaining
to tissue fibrosis, Yagai et al.[17] reported ameliorated liver fibro-
sis in Sema3E-knockout mice compared to that in wild-type mice
in a chronic liver injury model, suggesting a potential associa-
tion between Sema3E and tissue fibrosis. In contrast, in asthma,
Sema3E administration inhibited airway remodeling and reduce
collagen deposition.[18] Sema3E function has exhibited conflict-
ing results in studies of various fibrosis-related diseases. This
observation could be attributed to the presence of two distinct
forms of Sema3E, each with different functional roles. Sema3E
exists in its full-length form, p87-Sema3E, as well as a truncated
proteolytic fragment, p61-Sema3E, which is predominantly pro-
duced via Furin-mediated cleavage. These forms likely exhibit dif-
ferential biological activities, contributing to the diverse roles of
Sema3E in various cellular processes.[13,19,20] Both forms interact
with the Plexin D1.[13,21] Previous studies have not investigated
the function of different Sema3E forms in fibrosis-related dis-
eases, it is not clear which of these Sema3E forms is the main ac-
tive form of pro-fibrotic. The precise molecular mechanisms by
which Sema3E influences pulmonary fibrosis have not yet been
elucidated.
In this study, we investigated the differential expression of the

Sema3E-Plexin D1 axis in IPF and elucidated its role in promot-
ing fibroblast differentiation, proliferation, and migration. Our
preliminary findings from human lung tissue and plasma sam-
ples suggest that the elevated expression of Sema3E and its re-
ceptor Plexin D1 may be implicated in the pathogenesis of IPF,
with Sema3E, particularly in its P61 form, emerging as the pri-
mary active form in promoting fibrosis. To substantiate this hy-
pothesis, we established cell and mouse models, revealing that
TGF-𝛽1 stimulation induces a significant increase in Furin ex-
pression in fibroblasts. This, in turn, upregulates P61-Sema3E
expression in fibroblasts, thereby promoting fibroblast differen-
tiation, proliferation, and migration via autocrine signaling path-
ways, ultimately contributing to the pathogenesis of IPF. These
findings enhance our understanding of IPF pathogenesis and
present a potential target for therapeutic intervention in IPF
management.

2. Results

2.1. Elevated Expression of Sema3E in Plasma and Lung Tissue
from IPF Patients and Mice

To investigate the expression of Sema3E and the receptor Plexin
D1 in IPF patients, plasma samples were collected from 87 in-
dividuals, including 24 healthy controls and 63 IPF patients as
detailed in Table S1 (Supporting Information). Age and gender
were matched between the two groups, with IPF patients ex-
hibiting lower FVC% pred and FEV1% pred than healthy con-
trols. The lung tissue samples included 22 samples, with 10
from the control group and 12 from the IPF patients’ group as
shown in Table S2 (Supporting Information). Subsequently, the
expression of Sema3E in plasma and lung samples of IPF pa-
tients was examined using ELISA, immunofluorescent staining,
and western blot. Our analysis revealed a significant increase in
Sema3E expression in the plasma of IPF patients compared to
healthy controls (Figure 1A), with a negative correlation observed
between Sema3E expression and TLC% pred, DLCO% pred,
FEV1% pred, and FVC% pred in IPF patients (Figure 1D–G).
Interestingly, based on the western blot results, it was observed
that the predominant form of Sema3E in the plasma of IPF pa-
tients is P61-Sema3E (Figure 1B). Further analysis of Sema3E
and its receptor PlexinD1 in lung tissues of IPF patients re-
vealed higher expression levels of P61-Sema3E and Plexin-D1
compared to healthy controls, consistent with the plasma find-
ings (Figure 1C). The expression of the P87-Sema3E was signifi-
cantly lower in lung tissues of IPF patients compared to the P61-
Sema3E. These results indicate that the P61-Sema3E is the pre-
dominant form in both lung tissues and plasma of patients with
IPF. Furthermore, immunofluorescence co-staining of lung sec-
tions showed that patients with IPF had higher levels of Sema3E
and Plexin D1 compared to the control group, particularly in my-
ofibroblasts (Figure 1H,I). In addition, we used CD68 to identify
macrophages and E-cadherin to identify alveolar epithelial cells.
Immunofluorescence co-staining of Sema3E with these markers
revealed minimal Sema3E expression in macrophages and high
expression in alveolar epithelial cells. However, in the fibrotic
context, neither cell type exhibited significant changes in Sema3E
levels (Figure S1A,B, Supporting Information).
To further elucidate the expression patterns of Sema3E and

Plexin D1 in IPF, we conducted a comprehensive analysis us-
ing the BLM)-induced mouse model. Employing both western
blot and immunofluorescence, we assessed the protein expres-
sion of Sema3E and Plexin D1 in this mouse model. Consis-
tent with the findings in human lung tissues, our results re-
vealed robust protein expression of both Sema3E and PlexinD1
in the BLM-induced mouse model (Figure 2C). Notably, Sema3E
predominantly manifested as the P61-Sema3E. Furthermore,
our immunofluorescence co-staining demonstrated a distinct co-
localization of PlexinD1 and Sema3E with 𝛼-SMA (Figure 2A,B),
indicative of their association with myofibroblasts.
To further determine whether Sema3E is elevated during fi-

brotic progression, we measured its levels in the plasma of BLM-
induced fibrotic mice and control mice using ELISA. Plasma
Sema3E levels were significantly elevated in fibrotic mice com-
pared to controls, consistent with our previous findings in lung
tissue and plasma from IPF patients (Figure 2D). Collectively,
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these findings underscore the relevance of Sema3E in fibroge-
nesis and strengthen its candidacy as a biomarker for pulmonary
fibrosis.

2.2. Up-Regulation of Sema3E is Induced by TGF-𝜷1 in
Fibroblasts

As Sema3E is predominantly expressed in fibroblasts, we iso-
lated and cultured primary fibroblasts from the lung tissue of pa-
tients with IPF. To induce fibroblast-to-myofibroblast differenti-
ation, we stimulated the cells with TGF-𝛽1. Intracellular Sema3E
expression in myofibroblasts was assessed using western blot
analysis, while secreted Sema3E levels in cell supernatants were
quantified by ELISA. Our results revealed a significant upregu-
lation of both intracellular Sema3E expression in myofibroblasts
and secreted Sema3E levels in cell supernatants following stim-
ulation with TGF-𝛽1 (Figure 3A,B). These findings underscore
a significant upregulation of Sema3E expression following TGF-
𝛽1-induced fibroblast differentiation intomyofibroblasts, indicat-
ing its potential role in the activation and function of fibroblasts
in the context of IPF.

2.3. Sema3E is Involved in Fibroblast Proliferation, Migration,
and Activation through Autocrine Signaling

According to previous studies, Sema3E knockout mice showed
improved liver fibrosis compared to wild-type mice in a chronic
liver injury model.[17] However, the function of the Sema3E-
Plexin D1 signaling pathway in pulmonary fibrosis remains un-
clear. To elucidate the role of Sema3E in fibroblast differenti-
ation, we used TGF-𝛽1 stimulation of fibroblasts to induce fi-
broblast differentiation and employed siRNA targeting Sema3E
to investigate its impact on lung fibrosis. Silencing Sema3E ex-
pression in primary human lung fibroblasts markedly reduced
the differentiation of fibroblasts into myofibroblasts, as demon-
strated by the lower protein levels of myofibroblast markers, in-
cluding Fibronectin, Col1a1, and 𝛼-SMA, RT-qPCR analysis of
Fn1, Col1a1, and Acta2 provided additional confirmation of this
finding (Figure 3C,D). Collectively, these findings indicate that
Sema3E deficiency impedes fibroblast differentiation, suggesting
a pivotal role for Sema3E in this process.
Given that Plexin D1 serves as the receptor for Sema3E, we

further examined the potential anti-fibrotic effects of Plexin D1
silencing on myofibroblast activation. Utilizing siRNA targeting
Plexin D1, we transfected primary human lung fibroblasts to as-
sess its effects on pulmonary fibrosis. Remarkably, knockdown of
Plexin D1 resulted in a reduction of the upregulated protein and

mRNA expression of Fibronectin, Col1a1, and 𝛼-SMA induced by
TGF-𝛽1 (Figure 3E,F).
In addition, we evaluated the influence of Sema3E and Plexin

D1 on the proliferation of primary fibroblasts derived from pa-
tients with IPF using EdU staining without TGF-𝛽1 stimulation.
Remarkably, silencing of either Sema3E or Plexin D1 expres-
sion resulted in a notable reduction in the proliferation of pri-
mary human lung fibroblasts (Figure 3G,I). And we investigated
the migratory capacity of primary human lung fibroblasts using
Transwell assays without TGF-𝛽1 stimulation. The knockdown of
Sema3E significantly attenuated the migration of primary fibrob-
lasts from patients with IPF (Figure 3H). Similarly, the suppres-
sion of Plexin D1 expression resulted in a notable reduction in
the migration of primary human lung fibroblasts (Figure 3J).
These collective findings strongly indicate that the Sema3E-

PlexinD1 signaling axis plays a crucial role in regulating fibrob-
last activation, migration, and proliferation, thereby implicating
its potential involvement in the pathogenesis of pulmonary fibro-
sis.

2.4. P61-Sema3E is the Main Pro-Fibrotic Active Form of Sema3E

Given the significant increase in Sema3E levels observed in IPF
patients, particularly in the form of the P61-Sema3E, and con-
sidering previous reports indicating that P61-Sema3E is the ac-
tive form of Sema3E in cancer cells, our investigation aimed
to delineate the functional significance of different forms of
Sema3E in the pathogenesis of IPF. Based on our observation
that P61-Sema3E predominates in the lung tissue from both
IPF patients and BLM-induced lung fibrosis mice, we aimed
to elucidate which Sema3E form is the main pro-fibrotic active
form of Sema3E underlying IPF. As Sema3E functions as a se-
creted protein, we employed recombinant P87-Sema3E and P61-
Sema3E proteins for subsequent experiments. Initially, we ver-
ified the molecular weights of these recombinant proteins us-
ing western blot analysis (Figure 4A). Subsequently, we treated
fibroblasts derived from patients with IPF with various concen-
trations of P61-Sema3E and P87-Sema3E recombinant proteins.
Notably, P61-Sema3E, but not P87-Sema3E, significantly upregu-
lated the protein expression of Fibronectin, Col1a1, and 𝛼-SMA in
IPF fibroblasts in a concentration-dependentmanner (Figure 4B,
Figure S2A). Furthermore, EdU assays showed that P61-Sema3E
promoted the proliferation of primary human lung fibroblasts
in a concentration-dependent manner (Figure 4C). Similarly,
in transwell assays, P61-Sema3E demonstrated a concentration-
dependent promotion of primary human lung fibroblast migra-
tion (Figure 4D).

Figure 1. Analysis of Sema3E and Plexin D1 levels in IPF Patients. A) ELISA analysis comparing Sema3E levels in the plasma of patients with IPF
(n = 63) and control subjects (n = 24). B) Representative western blot analysis depicting Sema3E expression in plasma samples from IPF patients.
C) Representative western blot analysis illustrating Sema3E and Plexin D1 expression in lung tissue samples from control subjects (n = 10) and IPF
patients (n = 12). D–G) Correlation analysis between Sema3E levels and clinical parameters including (D) FVC%pred, (E) DLCO%pred, (F) TLC%pred,
and (G) FEV1%pred in IPF patients (n = 32). H) Co-immunostaining of Sema3E and 𝛼-SMA in lung sections from patients with IPF(n = 3) and control
subjects(n = 3). I) Co-immunostaining of Plexin D1 and 𝛼-SMA in lung sections from patients with IPF(n = 3) and control subjects(n = 3). Nuclei were
stained blue with Diamidino-2-phenylindole dihydrochloride (DAPI), and images were captured under original magnification×400. Data are presented as
the mean ± SEM. Statistical analyses were performed using unpaired t-tests and Pearson’s correlation. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate
significance levels. (FVC%pred: Forced Vital Capacity % predicted; TLC%pred: Total Lung Capacity % predicted; DLCO%pred: Diffusing Capacity of the
Lung for Carbon Monoxide % predicted; FEV1%pred: Forced Expiratory Volume in 1 second % predicted.).
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Figure 2. Analysis of Sema3E and Plexin D1 levels in mice with BLM induction. A) Co-immunostaining of Sema3E and 𝛼-SMA in lung sections from the
BLM-induced mouse model (n = 3) and saline controls (n = 3). B) Co-immunostaining of Plexin D1 (n = 3) and 𝛼-SMA (n = 3) in lung sections from
the BLM-induced mouse model and saline controls. Nuclei were counterstained blue with DAPI, and images were captured at an original magnification
of ×400. C) Western blot analysis depicting the expression levels of Sema3E and Plexin D1 in lung homogenates from saline-treated (n = 5) and BLM-
induced (n = 5) mouse models. D) ELISA analysis comparing Sema3E levels in the plasma of the saline-treated mice (n = 5) and BLM-induced mouse
model(n = 5). Data are presented as the mean ± SEM. Statistical analyses were performed using unpaired t-tests. *p < 0.05; **p < 0.01; ***p < 0.001.
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To ascertain whether the effects of P61-Sema3E are mediated
through Plexin D1, we stimulated cells with P61-Sema3E follow-
ing Plexin D1 knockdown in primary human lung fibroblasts.
The results revealed that the pro-fibrotic effect of P61-Sema3E
was mitigated after Plexin D1 knockdown (Figure 4E). Moreover,
the absence of Plexin D1 in primary human lung fibroblasts in-
hibited the migration and proliferation induced by P61-Sema3E
(Figure 4F,G).
In summary, our findings indicate that P61-Sema3E serves as

amajor active component in promoting fibroblast activation, pro-
liferation, and migration. Additionally, P61-Sema3E exerts its ef-
fects through the Plexin D1 receptor.

2.5. P61-Sema3E Produces a Pro-Fibrotic Effect through the
Activation of ErbB2

Given that TGF-𝛽1 is a key driver of fibrosis, primarily acting
through Smad2/3 phosphorylation, we hypothesized that the
Sema3E–Plexin D1 axis might influence TGF-𝛽1mediated Smad
signaling. To investigate this, we conducted experiments using
primary lung fibroblasts stimulated with varying concentrations
of P87-Sema3E and P61-Sema3E. Western blot analysis was per-
formed to assess levels of phosphorylated Smad2 (p-Smad2) and
phosphorylated Smad3 (p-Smad3). Our results demonstrated
that neither P87-Sema3E nor P61-Sema3E significantly increased
p-Smad2 or p-Smad3 levels under these conditions (Figure S3,
Supporting Information).
We considered the possibility that the Sema3E-Plexin D1

axis might not mediate fibrosis through the common fibrotic
pathways. Interestingly, in tumors, the ErbB2 signaling pathway
has been reported to associate with P61-Sema3E, suggesting a
potential alternative mechanism,[13] However, it remains un-
known whether ErbB2 mediates P61-Sema3E-related biological
processes in fibroblasts. To explore this, primary human lung
fibroblasts were treated with varying concentrations of P61-
Sema3E recombinant protein for 2 h. Remarkably, we observed
that P61-Sema3E stimulation led to the promotion of ErbB2
phosphorylation. Western blot analysis revealed a significant
concentration-dependent upregulation of the p-ErbB2/ErbB2
ratio following P61-Sema3E stimulation (Figure 5A). Because
MAPK and PI3K-AKT are major players in studies related
to ErbB2-mediated signaling pathways, we also assayed the
phosphorylation of Erk1/2 and AKT, Consistently, western blot
results showed p-AKT/AKT ratio and p-ERK/ERK ratios were all
enhanced in a concentration-dependent manner upon stimula-
tion with different concentrations of P61-Sema3E (Figure 5A).
Next, to demonstrate that the effect of P61-Sema3E on ErbB2
phosphorylation was mediated by Plexin D1. We used si-Plexin

D1 to knock down the expression of Plexin D1 in primary
human lung fibroblasts and stimulated the primary human lung
fibroblasts with P61-Sema3E. Western blot results showed that
Plexin D1 knockdown inhibited ErbB2 phosphorylation induced
by P61-Sema3E in primary human lung fibroblasts (Figure 5B).
Consistently, the phosphorylation of the AKT and ERK pathways
downstream of ErbB2 induced by P61-Sema3Ewas also inhibited
by the application of si-Plexin D1 (Figure 5B). Next, to investigate
the interaction between Plexin D1 and ErbB2, we utilized a Flag-
tagged plasmid to overexpress Plexin D1 in fibroblasts and con-
ducted co-immunoprecipitation (co-IP) experiments. Notably, we
successfully co-purified Plexin D1 and ErbB2 from the lysates of
cells overexpressing Plexin D1. This finding suggests that Plexin
D1 and ErbB2 can form receptor complexes on the surface of
fibroblasts (Figure 5C). In addition, we conducted endogenous
co-IP to isolate ErbB2 from fibroblasts. Our results demonstrated
that the interaction between the endogenous receptors Plexin
D1 and ErbB2 was significantly enhanced upon stimulation
with P61-Sema3E (Figure 5D). It is suggested that they can form
receptor complexes on the cell surface, P61-Sema3E can promote
the phosphorylation of ErbB2 via the Plexin D1 receptor, conse-
quently activating the ErbB2 pathway. To confirm that the pro-
fibrotic function of P61-Sema3E operates through the phospho-
rylation of ErbB2, we pre-treated primary human lung fibroblasts
with the ErbB2 inhibitor lapatinib for 2 h, followed by stimula-
tion with P61-Sema3E for 48 h. Our results demonstrate that the
P61-Sema3E-induced activation of primary human lung fibrob-
lasts could indeed be suppressed by ErbB2 inhibitors. Western
blot analysis showed a notable reduction in the expression levels
of Fibronectin, Col1a1, and 𝛼-SMA induced by P61-Sema3E
stimulation upon treatment with ErbB2 inhibitor lapatinib
(Figure 5E).
Moreover, our findings indicate that the P61-Sema3E-induced

proliferation and migration of primary human lung fibroblasts
were also inhibited by ErbB2 inhibitor lapatinib, as evidenced
by EDU experiments and transwell assays (Figure S4A,B, Sup-
porting Information). These results provide compelling evidence
that the pro-fibrotic effects of P61-Sema3E are indeed mediated
through the phosphorylation of ErbB2, thereby elucidating a cru-
cial mechanistic pathway underlying the pathogenesis of pul-
monary fibrosis.

2.6. Silencing Sema3E Alleviated Experimental Pulmonary
Fibrosis in Mice

Continuing our investigation into the comprehensive role of
Sema3E in BLM-induced pulmonary fibrosis, we sought to deter-
mine whether suppression of Sema3E could mitigate pulmonary

Figure 3. The impact of Sema3E-Plexin D1 on the differentiation, proliferation, and migration of fibroblasts. A) Western blot analysis of Sema3E ex-
pression in primary human lung fibroblasts (PHLFs) following stimulation with different concentrations of TGF𝛽1 for 48 h. B) Measurement of Sema3E
concentration in culture media by ELISA. PHLFs were stimulated with TGF-𝛽1, and Sema3E concentration was assessed after 48 h. C,D) Western blot
and RT-qPCR analysis of Fibronectin, Col1a1, and 𝛼-SMA protein and mRNA expression in Sema3E siRNA or Scrambled siRNA-treated PHLFs following
TGF-𝛽1 induction. E,F) Western blot and RT-qPCR analysis of Fibronectin, Col1a1, and 𝛼-SMA protein and mRNA expression in PlexinD1 siRNA or
Scrambled siRNA-treated PHLFs following TGF-𝛽1 induction. G) Representative results for EdU staining in Sema3E siRNA or Scrambled siRNA-treated
PHLFs. H) Representative results for Transwell assay in Sema3E siRNA or Scrambled siRNA-treated PHLFs. I) Representative results for EdU staining
in Plexin D1 siRNA or Scrambled siRNA-treated PHLFs. J) Representative results for Transwell assay in Plexin D1 siRNA or Scrambled siRNA-treated
PHLFs. Images were captured under original magnification ×200. Data are presented as the mean ± SEM of three independent experiments. Statistical
analyses were performed using unpaired t-tests and one-way ANOVA test. *p < 0.05; **p < 0.01; ***p < 0.001.
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fibrosis in mice. To achieve this, we utilized adenovirus-
associated virus 9 (AAV9) carrying a shSema3E fragment,
designated as AAV9-shSema3E. Fourteen days prior to BLM
administration, AAV9-shSema3E was intrabronchially injected
into mice, subsequently, lung fibrosis was assessed 21 days after
BLM induction. Western blot and immunofluorescence analyses
showed that Sema3E expression was significantly reduced in
the lung tissues of AAV9-shSema3E mice compared to controls,
including in fibroblasts (Figure S5A,B, Supporting Information).
Hematoxylin and eosin (H&E), Masson’s trichrome staining, and
Sirius red staining of lung sections from the BLM group showed
a significant increase in fibrotic lesions in the lung parenchyma
compared to the saline group, and AAV9-shSema3E group
effectively ameliorated BLM-induced lung parenchymal fibrotic
lesions compared with AAV9-NC group, as evidenced by lower
Ashcroft scores (Figure 6A,B). Consistently, significantly lower
levels of hydroxyproline, a major component of fibrillar collagen
of all types, were also detected in theAAV9-shSema3E groupmice
(Figure 6C). Furthermore, we assessed the expression of fibrotic
markers expression through western blot analysis and RT-qPCR.
Results showed that mice treated with AAV9-shSema3E exhib-
ited lower protein and mRNA levels of Fibronectin, Col1a1, and
𝛼-SMA expression following BLM-induced pulmonary fibrosis
compared to AAV9-NC mice (Figure 6D,E).
Moreover, we evaluated the levels of p-ErbB2 and ErbB2 in the

lung homogenates derived from AAV9-NC and AAV9-shSema3E
mice following BLM induction. Consistently, the ratios of p-
ErbB2/ErbB2 were found to increase in the lung homogenates
from BLM-induced mice compared to control mice (Figure 6F).
However, the loss of Sema3E largely reversed these changes in
the levels of ErbB2 and p-ErbB2 induced by BLM. Similarly,
downstream signaling pathways such as AKT and ERK1/2 exhib-
ited trends consistent with the ErbB2 pathway (Figure 6F).
Taken together, our findings indicate that the absence of

Sema3E confers protection against BLM-induced lung fibrosis in
mice, highlighting the potential therapeutic significance of tar-
geting Sema3E in the treatment of pulmonary fibrosis.

2.7. Sema3E Deficiency in Fibroblasts Protects Mice from
BLM-Induced Lung Injury and Fibrosis

Previous in vitro studies have shown that Sema3E knockdown
suppresses fibroblast activation, proliferation, and migration,
while in vivo knockdown of Sema3E in whole lung tissue us-
ing AAV9-shSema3E significantly alleviates lung fibrosis. These
findings suggest that the protective effect of Sema3E knock-
down in fibrosis primarily results from its reduction in fibrob-
lasts. To further investigate the role of Sema3E in fibroblasts in
vivo, we created fibroblast-specific Sema3E knockout mice, de-

noted as Col1𝛼2-Cre+ Sema3Eflox/flox (Sema3E-CKO), using the
method illustrated in Figure S6A (Supporting Information). Co-
immunostaining of lung sections demonstrated the absence of
Sema3E in fibroblasts from the Sema3E-CKO group compared
with the Sema3E-C (control) group (Figure S6C, Supporting In-
formation). These findings were corroborated by genotyping as-
says conducted onDNA extracted frommice tissues (Figure S6D,
Supporting Information). Additionally, Western blot analysis
confirmed a marked reduction in Sema3E protein levels (Figure
S6B, Supporting Information). Both Sema3E-C and Sema3E-
CKO mice were administered BLM intratracheally at a dose of
0.5 mg kg−1 to induce lung injury and fibrosis. Mice were mon-
itored for 21 days, after which lung tissues were harvested for
histological and molecular analyses. And histological analyses
(H&E,Masson’s trichrome, and Sirius Red staining) revealed sig-
nificantly reduced fibrotic changes in the Sema3E-CKO group,
accompanied by a markedly lower Ashcroft score when com-
pared to control mice (Figure 7A,B). Additionally, significantly
lower hydroxyproline levels were observed in the Sema3E-CKO
group (Figure 7C). Moreover, Western blot and RT-qPCR anal-
yses demonstrated a significant reduction in both protein and
mRNA levels of fibrosis markers, including Fibronectin, Col1a1,
and 𝛼-SMA, in the lung tissues of Sema3E-CKO mice compared
to the control group (Figure 7D,E). These results indicate that
Sema3E plays a crucial role in facilitating fibroblast-driven fibro-
sis in the lung, and that its targeted deletion in fibroblasts confers
significant protection against BLM-induced pulmonary fibrosis.
To explore the underlyingmechanisms, we assessed the ErbB2

signaling pathway and its downstream activation of ERK and
AKT. Consistent with earlier findings, fibroblast-specific knock-
out of Sema3E significantly inhibited the hyperactivation of
ErbB2, ERK, and AKT induced by BLM exposure (Figure 7F).
These results provide strong evidence that Sema3E plays a cen-
tral role in mediating fibroblast-driven lung fibrosis via ErbB2-
dependent pathways.

2.8. Therapeutic Effects of Using Furin Inhibitors in IPF

Sema3E is first produced as a full-length precursor with a molec-
ular weight of ≈87 kDa (p87-Sema3E). This precursor undergoes
maturation through proteolytic cleavage by Furin, resulting in a
smaller fragment of ≈61 kDa, known as p61-Sema3E. Given that
the production of P61-Sema3E is mediated by the function of
Furin. Next, we conducted experiments to determine whether the
increased expression of P61-Sema3E in IPF was attributable to
changes in Furin expression. We conducted western blot analysis
to investigate the alterations in Furin expression in fibroblasts
following TGF-𝛽1 stimulation, and demonstrated that TGF-𝛽1 in-
duced Furin expression in a dose-dependentmanner (Figure 8A).

Figure 4. P61-Sema3E promotes differentiation, proliferation, andmigration of fibroblasts through PlexinD1. A) Verification of two recombinant proteins,
P87-Sema3E and P61-Sema3E, by western blot. B)Western blot analysis of the levels of Fibronectin, Col1a1, and 𝛼-SMA in primary human lung fibroblasts
(PHLFs) after stimulation with different concentrations of P61-Sema3E for 48 h. C) Representative results for EdU staining in PHLFs treated with different
concentrations of P61-Sema3E for 48 h. D) Representative results for Transwell assay in PHLFs treated with different concentrations of P61-Sema3E for 48
h. E) Western blot analysis of Fibronectin, Col1a1, and 𝛼-SMA expression in PlexinD1 siRNA or Scrambled siRNA-treated PHLFs following P61-Sema3E
induction. F) Representative results for EdU staining in PlexinD1 siRNA or Scrambled siRNA-treated PHLFs following P61-Sema3E stimulation for 48 h.
G) Representative results for Transwell assay in Plexin D1 siRNA or Scrambled siRNA-treated PHLFs following P61-Sema3E stimulation for 48 h. Images
were captured under original magnification ×200. Data are presented as the mean ± SEM of three independent experiments. Statistical analyses were
performed using unpaired t-tests and one-way ANOVA test. *p < 0.05; **p < 0.01; ***p < 0.001.
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Further analysis was conducted to assess the expression of Furin
in lung tissues obtained from both IPF patients and mice with
BLM-induced pulmonary fibrosis and confirmed that Furin
expression was up-regulated in IPF (Figure S7A,B, Supporting
Information). Subsequently, primary human lung fibroblasts
were treated with different concentration of Furin inhibitor
Hexa-D-arginine followed by TGF-𝛽1 stimulation. Through
western blot analysis, we demonstrated that treatment with Fu-
rin inhibitor led to a significant downregulation of P61-Sema3E
expression in primary human lung fibroblasts (Figure 8B). These
findings collectively suggest that TGF-𝛽1 stimulation leads to
an increase in Furin expression, which subsequently induces
elevated levels of P61-Sema3E expression in fibroblasts.
Our findings corroborate that P61-Sema3E plays a pivotal role

in promoting fibrosis, while no comparable function was ob-
served for P87-Sema3E. Consequently, targeting Furin with in-
hibitors may offer a viable approach to impede the binding of
Plexin D1 and P61-Sema3E by preventing the cleavage of P87-
Sema3E into its pro-fibrotic form, P61-Sema3E. Next, to assess
the impact of Furin inhibitors on fibroblast activation, we treated
primary human lung fibroblasts with varying concentrations of
Furin inhibitor Hexa-D-arginine subsequent to TGF-𝛽1 induc-
tion. Western blot analysis revealed a concentration-dependent
decrease in the expression levels of Fibronectin, Col1a1, and 𝛼-
SMA following Furin inhibitor treatment (Figure 8B). Further-
more, through EDUexperiments, we demonstrated that Furin in-
hibition attenuated TGF-𝛽1-induced fibroblast overproliferation
(Figure 8C). Consistently, in transwell assays, we observed that
the Furin inhibitorHexa-D-arginine suppressed TGF-𝛽1-induced
fibroblast overmigration (Figure 8D).
Based on the above observations, we aimed to investigate

whether Furin also exerts a therapeutic effect in vivo. We induced
pulmonary fibrosis in mice and administered Hexa-D-arginine
(1.5 mg kg−1) intravenously every other day, starting on the 14th
day of modeling (Figure 8F). Histological analyses, including
H&E, Masson Trichrome, and Sirius Red staining, revealed a
significant reduction in pulmonary fibrosis in Hexa-D-arginine-
treated mice (Figure 8E,G). Additionally, similar results were ob-
tained in the levels of hydroxyproline (Figure 8H). Likewise, mice
administered Hexa-D-arginine exhibited a notable decrease in fi-
brosis markers at the protein level (Figure 8I).
These findings collectively underscore the potential therapeu-

tic efficacy of Furin inhibitors in mitigating fibroblast activation,
proliferation, andmigration, highlighting their promising role in
combating pulmonary fibrosis.

3. Discussion

The complex etiology of IPF and the lack of effective therapeutic
approaches pose significant challenges to clinical management.
Thus, a thorough understanding of the factors contributing to

the pathogenesis of IPF is crucial. Although Sema3E exhibits di-
verse pathophysiological functions in various diseases, our study
provides direct experimental evidence implicating Sema3E in
the pathogenesis of pulmonary fibrosis. Our research demon-
strated that plasma levels of Sema3E were significantly elevated
in patients with IPF compared to controls. Similar findings
were observed in BLM-induced pulmonary fibrosis mice. No-
tably, Sema3E predominantly appeared as P61-Sema3E in the
plasma and lung tissues of IPF patients, as well as in lung ho-
mogenates fromfibrosis-inducedmice.Mechanically, TGF-𝛽1 in-
duced Furin expression in fibroblasts, which in turn promoted
P61-Sema3E expression. P61-Sema3E facilitated the phosphory-
lation of ErbB2 through Plexin D1 binding, subsequently activat-
ing the AKT and ERK1/2 pathways and thereby regulating fibrob-
last differentiation, proliferation, and migration.
Our study demonstrated elevated expression of both Sema3E

in lung tissue and plasma samples from IPF patients, studies
in systemic sclerosis have similarly shown increased Sema3E
expression in the serum of patients with systemic sclerosis pa-
tients, corroborating our findings. However, it’s important to
note that while our study implicates Sema3E in the pathogenesis
of pulmonary fibrosis, previous studies have reported contrasting
findings in lung studies of Sema3E. Specifically, investigations
have revealed significant downregulation of Sema3E expression
in the bronchoalveolar lavage fluid and lung tissues of asthma
patients compared to normal subjects. Additionally, in animal ex-
periments modeling asthma, administration of full-length P87-
Sema3E was found to inhibit lung airway remodeling.[22,23] The
discrepancy observed between our findings regarding Sema3E in
pulmonary fibrosis and previous studies in asthma prompted us
to delve deeper into understanding the underlying mechanisms.
Specifically, we investigated the two forms of Sema3E: full-length
Semaphorin3E (p87-Sema3E) and the protein hydrolyzed frag-
ment (p)61 kDa Sema3E (p61-Sema3E). Our investigation has
unveiled a clear divergence in the pattern of Sema3E form ex-
pression between pulmonary fibrosis and asthma. In the plasma
and lung tissue of IPF patients, we predominantly detected P61-
Sema3E, alongside lower expression levels of P87-Sema3E, with
no significant differences observed between groups. Conversely,
in asthma, the diminished Sema3E levels were primarily at-
tributed to a reduction in P87-Sema3E levels.[22,24] This observed
contrast in Sema3E form expression between pulmonary fibro-
sis and asthma could indeed be attributed to disparities in Fu-
rin expression. Intriguingly, our investigation unveiled signifi-
cantly elevated Furin levels in IPF, potentially contributing to
the prevalent presence of P61-Sema3E in this condition. In con-
trast, no significant difference in Furin expression was observed
in bronchial brush samples from asthmatic patients compared to
healthy subjects.[25] Furthermore, it’s notable that Furin expres-
sion is notably upregulated in tumors.[26,27] Our findings align
with previous research on Sema3E-PlexinD1 function in tumors,

Figure 5. P61-Sema3E produces a pro-fibrotic effect through the activation of ErbB2. A) Western blot analysis of the levels of ErbB2, P-ErbB2, AKT, P-AKT,
ERK1/2, and P-ERK1/2 in primary human lung fibroblasts (PHLFs) after stimulation with different concentrations of P61-Sema3E for 2 h. B) Western
blot analysis of ErbB2, P-ErbB2, AKT, P-AKT, ERK1/2, and P-ERK1/2 expression in PHLFs treated with PlexinD1 siRNA or Scrambled siRNA following
P61-Sema3E induction. C) Co-immunoprecipitation analysis of Plexin D1 and ErbB2, FLAG-tagged Plexin D1 plasmid were transfected into PHLFs. D)
Co-immunoprecipitation analysis of Plexin D1 and ErbB2, PHLFs were treated with P61-Sema3E for 2 h. E) Western blot analysis of Fibronectin, Col1a1,
and 𝛼-SMA expression in PHLFs treated with the ErbB2 inhibitor Lapatinib or PBS following P61-Sema3E stimulation for 48 h. Data are represented as
the mean± SEM of three independent experiments. Statistical analyses were performed using one-way ANOVA test. *p< 0.05; **p< 0.01; ***p< 0.001.
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indicating that P61-Sema3E is the predominant form found in
invasive and metastatic cancer cells.[13]

The mechanism underlying the increased expression of Fu-
rin in IPF remains unclear. Studies in human granulosa-lutein
(hGL) cells have shown that TGF-𝛽1 stimulation induces upregu-
lation of Furin expression through T𝛽RII.[28] We observed a sim-
ilar phenomenon in fibroblasts, where Furin expression exhib-
ited a concentration-dependent response to TGF-𝛽1 stimulation.
However, the precise underlying mechanisms require further in-
vestigation.
In IPF, fibroblasts exhibit unregulated proliferation, migra-

tion, and differentiation into myofibroblasts which overproduce
ECM components.[29,30] We further established that P61-Sema3E
is the predominantly active form that promotes lung fibrosis,
as evidenced by stimulating fibroblasts with recombinant pro-
teins of different Sema3E forms. Additionally, we confirmed that
P61-Sema3E, like P87-Sema3E, acts through the Plexin D1 recep-
tor. Collectively, our results indicate that fibroblasts secrete P61-
Sema3E in response to TGF-𝛽1 stimulation. P61-Sema3E then
interacts with the Plexin D1 receptor on the fibroblast cell mem-
brane through autocrine signaling, promoting fibroblast prolifer-
ation, migration, and differentiation.
The previous report showed that Furin inhibitors reduce EMT

by inhibiting the cleavage of full-length Sema3E to P61-Sema3E,
which in turn reduces the invasive and migratory capacity of
Colorectal cancer.[15] Since P61-Sema3E is the main active form
of pro-fibrotic, we tested whether Furin inhibitors has an anti-
fibrotic effect. Initially, we verified Furin’s pivotal role in catalyz-
ing the cleavage of P87-Sema3E into P61-Sema3E within fibrob-
lasts. Furthermore, we demonstrated that Furin inhibitors ef-
fectively attenuated TGF-𝛽1-induced fibroblast proliferation, mi-
gration, and differentiation by impeding the generation of P61-
Sema3E. Notably, the treatment of mice with Furin inhibitor
Hexa-D-arginine strikingly reversed the pulmonary fibrosis.
Next, we investigated how the P61-Sema3E–Plexin D1 axis

promotes fibroblast proliferation, migration, and differentiation.
First, we examined whether Sema3E influences the typical TGF-
𝛽 pathway. Under our experimental conditions, neither P87-
Sema3E nor P61-Sema3E significantly increased p-Smad2 or p-
Smad3 levels (Figure S3, Supporting Information). These find-
ings suggest that Sema3E’s pro-tissue necrotic effects occur
via mechanisms other than the classical TGF-𝛽–Smad axis. We
therefore explored alternate pathways and noted that previous
studies reported an interaction between Plexin D1 and ErbB2.[13]

ErbB2 receptor signaling has been reported to regulate cell prolif-
eration, migration, differentiation, apoptosis, and cellular move-
ment through the AKT and ERK pathways.[31] And it has been
suggested that ErbB2 is involved in the regulation of fibroblast
invasion and lung fibrosis.[32] Furthermore, it has been reported

that the AKT and ERK pathways promote fibroblast proliferation,
differentiation, and migration.[33–35] Therefore, we stimulated fi-
broblasts with various concentrations of P61-Sema3E to assess
ErbB2 phosphorylation and the activation of downstream AKT
and ERK pathways. Our observations indicated that P61-Sema3E
activated ErbB2 phosphorylation, which subsequently led to the
activation of the downstream AKT and ERK pathways in these
cells. Additionally, the knockdown of Plexin D1 expression in
fibroblasts inhibited the P61-Sema3E-induced activation of the
ErbB2, AKT, and ERK pathways. This finding suggests that P61-
Sema3Emay facilitate the activation of the ErbB2 pathway via the
receptor Plexin D1. To investigate the mechanism by which P61-
Sema3E promotes ErbB2 activation via Plexin D1, we assessed
the interaction between Plexin D1 and ErbB2 using a co-IP assay.
Interestingly, we found a binding interaction between Plexin D1
and ErbB2 in fibroblasts to form a receptor complex on the cell
surface. Furthermore, we found that P61-Sema3E enhanced the
binding of Plexin D1 to ErbB2. Thus, P61-Sema3E may promote
phosphorylation of ErbB2 by facilitating the binding of Plexin D1
to ErbB2. It was observed that Plexin D1 facilitates ErbB2 phos-
phorylation in tumors, aligning with our findings and reinforc-
ing the interconnectedness of these pathways.[13] Additionally, to
further confirm that P61-Sema3E influences ErbB2 phosphory-
lation via Plexin D1, affecting fibroblast proliferation, migration,
and activation, we inhibited ErbB2 activity using a specific in-
hibitor Lapatinb. Our results indicated that ErbB2 inhibition re-
duced the proliferation, migration, and activation of fibroblasts
induced by P61-Sema3E. Overall, our data demonstrate that the
P61-Sema3E-Plexin D1 promotes fibroblast proliferation, migra-
tion, and differentiation by enhancing ErbB2 phosphorylation
and stimulating the activation of the AKT and ERK pathways.
Our study has some limitations. Knocking down Sema3E

reduced both P87-Sema3E and P61-Sema3E, limiting the as-
sessment of their distinct roles. While P87-Sema3E lacks di-
rect fibrosis-promoting activity, it may indirectly affect fibroblast
function. Isoform-specific approaches are needed in future stud-
ies to clarify their contributions. Andwe focused on the autocrine
role of Sema3E in fibroblasts, but Sema3E, may be secreted to
other cells of the IPF and affect other cells function as paracrine,
which needs to be further investigated. Furthermore, Furin can
also participate in post-translational shearing of other proteins in
addition to affecting full-length Sema3E shearing, treating IPF
with Furin inhibitors might lack precision.
In conclusion, our study revealed upregulation of Sema3E

expression in both plasma and lung tissues of IPF patients,
with a notable correlation observed with lung function indices.
Furthermore, we identified that Sema3E predominantly exists
in the form of P61-Sema3E in the lung tissue and blood of IPF
patients. Subsequent investigations indicated that the increased

Figure 6. Downregulation of Sema3E attenuates BLM-induced pulmonary fibrosis. A,B) Histological analysis of lung fibrosis severity in mice following
BLM induction. (A) Representative images of lung sections stainedwithH&E,Masson’s trichrome, and Sirius red to assess fibrosis severity. (B) Bar graph
showing the quantitative mean score of fibrosis severity. Samples include AAV9-NC saline mice (n = 5), AAV9-ShSema3E saline mice (n = 5), AAV9-NC
BLM mice (n = 5), and AAV9-ShSema3E BLM mice (n = 5). C) Quantification of hydroxyproline contents in AAV9-NC mice and AAV9-ShSema3E mice
after BLM challenge. D,E) Western blot and RT-qPCR analysis of Fibronectin, Col1a1, and 𝛼-SMA protein and mRNA expression in lung homogenates
from the mentioned mouse groups. F) Western blot analysis of ErbB2, P-ErbB2, AKT, P-AKT, ERK1/2, and P-ERK1/2 expression in lung homogenates
from the mentioned mouse groups. Samples include AAV9-NC saline mice (n = 3), AAV9-ShSema3E saline mice (n = 3), AAV9-NC BLM mice (n = 3),
and AAV9-ShSema3E BLM mice (n = 3). Data are represented as the mean ± SEM. Statistical analyses were performed using one-way ANOVA tests.
*p < 0.05; **p < 0.01; ***p < 0.001.
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expression of P61-Sema3E in IPF is attributed to the upregu-
lation of Furin expression in the lung tissues of IPF patients.
Importantly, we demonstrated that elevated P61-Sema3E lev-
els promote the proliferation, migration, and differentiation
of fibroblasts, implicating its involvement in the pathological
processes underlying IPF. These findings offer valuable insights
into the mechanisms underlying pulmonary fibrosis, and in-
dicate that targeting Sema3E could be a promising approach
for IPF treatment. Moreover, inhibiting the production of P61-
Sema3E using Furin inhibitors may also hold promise for IPF
therapy. In addition, Sema3E has the potential to be used as a
plasma biomarker for the clinical diagnosis of IPF.

4. Experimental Section
Clinical Subjects: Plasma samples were collected from 63 IPF patients

and 24 control subjects, whereas lung tissue samples were obtained from
12 IPF patients and 10 control subjects. All samples were provided by
Tongji Hospital in Wuhan, between 2021 and 2024. All lung specimens
were obtained from patients who underwent lung transplantation or sur-
gical resection of lungmasses in thoracic surgery. The diagnosis of IPF was
based on the consensus criteria established by the European Respiratory
Society (ERS) and the American Thoracic Society (ATS). Detailed patient
information is provided in Tables S1 and S2 (Supporting Information).

Primary Human Lung Fibroblast Isolation Culture, And Treatment: In
our experiments, fibroblasts were obtained from three distinct sources,
each isolated from different donors. Lung tissue samples were obtained
from human surgical specimens, and excess blood was removed by
PBS perfusion. Tissue fragments were prepared in PBS and cultured in
2 mL of DMEM complete medium (10% fetal bovine serum, 1% peni-
cillin/streptomycin) in a 10-cm dish, ensuring adherence without float-
ing or clumping. After 24 h, 8 mL of fresh medium was added, and non-
adherent cells were removed after three days through washing or medium
replacement. Spindle-shaped cells migrated from the tissue fragments,
and outgrowth covered the dish within six days, enabling passaging.

Over successive passages, fibroblasts dominated the culture, while
epithelial cells and macrophages were eliminated. Passage 4 fibroblasts
were used for experiments. Lung fibroblasts were identified by S100A4 im-
munofluorescence staining.

In knockdown experiment, siRNA specific for
Sema3E(5′-GCTGGACTCTACAGTGACT-3′) and Plexin D1(5′-
GGAUAUGUCUGGAUAGAAATT-3′), were procured from RiboBio
(Guangzhou, China) and DesignGene (Shanghai, China). Primary human
lung fibroblasts were transiently transfected using Lipofectamine 3000
(Invitrogen, Shanghai, China).

The ErbB2 inhibitor Lapatinib, was obtained from MedChemExpress
(CM00323). For experiments, Lapatinib was diluted in culture medium to
a final concentration of 10 μM. Cells were pre-treated with Lapatinib for 2
h before stimulation with P61-Sema3E.

The Furin inhibitor Hexa-D-arginine (HY-P1028, MedChemExpress,
China) was obtained from MedChemExpress. Cells were pre-treated with
Hexa-D-arginine for 2 h prior to TGF-𝛽1 stimulation.

Plasmids and Transfection: Flag-Plexin D1 and control plasmids were
obtained from Designgene Biotechnology (Shanghai, China). Briefly, fi-
broblasts were seeded in 10-cm dishes after passaging and grown to ≈70–
80% confluence. Cells were then transiently transfected with either the

Flag-Plexin D1 plasmid or the control plasmid using Lipofectamine P3000
reagent (Thermo Fisher Scientific, USA). To prepare the transfection mix-
ture, 10 μg of the purified DNA was combined with transfection reagent
before being added to the cells. After a 48-h incubation, cells were har-
vested and lysed in NP-40 buffer for subsequent co-IP experiments.

Antibodies and Reagents: Antibodies for Sema3E (AF3239, R&D Sys-
tems, USA), Plexin D1(AF4160, R&D Systems, USA), Fibronectin(15613-
1-AP, Proteintech, China), Collagen Type I(66761-1, Proteintech, China),
𝛼-SMA(119 245, CST, USA), Phospho-HER2/ErbB2 (2243, CST, USA),
Phospho-AKT(4060, CST, USA), Phospho-p44/42 MAPK(4370, CST,
USA), ErbB2(18299-1-AP, Proteintech, China), AKT (4691, CST, USA),
p44/42 MAPK(4695, CST, USA), GADPH(AC001, Abclonal, China),
Phospho-SMAD2(# 8828, CST, USA), Phospho-SMAD3(#9520, CST,
USA), SMAD2/3(#3102, CST, USA). Recombinant P61-Sema3E were
bought from Cloud-Clone company(RPL920Hu01, Cloud-Clone, China),
Recombinant P87-Sema3E were bought from R&D Systems(3239-S3B,
R&D Systems, USA), TGF𝛽1 were bought from MedChemExpress
company(HY-P7118, MCE, USA), Hexa-D-arginine were bought from
MedChemExpress company(HY-P1028, MCE, USA).

Real-Time Quantitative PCR: Total RNA was extracted from fibroblasts
or tissues using TRIzol reagent (Takara Bio, Japan) following the manufac-
turer’s protocols. Reverse transcription was performed using the HiScript
III 1st Strand cDNASynthesis Kit (Vazyme, China). Subsequently, RT-qPCR
was performed employing the ChamQ Universal SYBR qPCR Master Mix
(Vazyme, China). Refer to Table S3 (Supporting Information) for more de-
tailed primer information.

Immunofluorescence Analysis: The sections were dewaxed, antigen-
retrieved, and permeabilized before being subjected to overnight incu-
bation with primary antibodies. The primary antibodies used for stain-
ing included the following: Sema3E (AF3239, R&D Systems, USA), Plexin
D1 (AF4160, R&D Systems, USA), and 𝛼-SMA (55135-1-AP, Proteintech,
China). The following day, the sections were treated with Alexa 594-
conjugated anti-rabbit antibody (Invitrogen, CA, USA) and Alexa 488-
conjugated anti-goat antibody (Servicebio Technology Co. Ltd, China) for
1 h. Nuclei were counterstained with 4′,6-Diamidino-2-phenylindole dihy-
drochloride (DAPI). Imaging was performed using a fluorescence micro-
scope (Olympus, Tokyo, Japan) at 400×magnification.

Immunoprecipitation Assay (IP): Briefly, cells were lysed using NP40,
and the supernatant wasmixed with 15 μL of blank proteinmagnetic beads
for 2 h in 4 °C, magnetic beads were obtained from MedChemExpress
(catalog HY-K0202). Subsequently, 6 μg of a specific antibody was added
to the bead mixture. The antibodies used for the assay were ErbB2 (Pro-
teintech, 18299-1-AP), DYKDDDDK tag Polyclonal antibody (20543-1-AP,
Proteintech, China) and IgG control Polyclonal antibody (30000-0-AP, Pro-
teintech, China). The mixture was incubated at 4 °C overnight. Finally, the
bound protein was eluted from the magnetic beads and further detected
by western blot.

Western Blot Analysis: Cellular and tissue proteins were extracted us-
ing RIPA buffer (Servicebio, China), followed by subjecting sample pro-
tein lysates to polyacrylamide gel electrophoresis. Subsequently, proteins
were transferred onto polyvinylidene fluoride (PVDF) membranes, which
were then blocked with 10% nonfat dried milk (NFDM) freshly prepared
in TBS for 1 h. Membranes were incubated with primary antibodies in
TTBS/1% NFDM overnight at 4 °C. Following this, the blots were probed
with enzyme-linked secondary antibodies in TTBS/1% NFDM for 1 h at
room temperature. Protein signals were detected using ECL Chemilumi-
nescent Substrate (Biosharp, China).

Enzyme-Linked Immunosorbent Assay (ELISA): Sema3E levels were
measured in the plasma of healthy controls and IPF patients, as well as
in the supernatant of primary human lung fibroblasts, using an ELISA kit

Figure 7. Sema3E deficiency in fibroblasts protects mice from BLM-induced lung injury and fibrosis. A,B) Representative lung sections from Sema3E-
C and Sema3E-CKO mice treated with saline or BLM, stained with H&E, Masson’s Trichrome, and Sirius Red (Panel A, left). Panel B (right) shows
quantitative fibrosis scores. Each group consisted of five mice (n = 5). C) Quantification of hydroxyproline contents in Sema3E-CKO and Sema3E-C mice
after BLM challenge. D,E) Western blot and RT-qPCR analyses of Fibronectin, Col1a1, and 𝛼-SMA protein and mRNA levels in lung homogenates from
each group (n = 5). F) Western blot analysis of ErbB2, P-ErbB2, AKT, P-AKT, ERK1/2, and P-ERK1/2 in lung homogenates from the same groups of three
mice(n = 3). Data are expressed as the mean ± SEM. Statistical significance was determined by one-way ANOVA (*p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 8. Furin inhibitor suppresses differentiation, proliferation, and migration of fibroblasts in IPF. A) Western blot analysis of Furin levels in primary
human lung fibroblasts (PHLFs) exposed to varying concentrations of TGF-𝛽1 for 48 h. B) Western blot analysis of P61-Sema3E, Fibronectin, Col1a1,
and 𝛼-SMA expression in PHLFs treated with different concentrations of the Furin inhibitor Hexa-D-arginine following TGF-𝛽1 induction for 48 h. C)
Representative images of EdU staining in PHLFs treated with Hexa-D-arginine after TGF-𝛽1 induction for 48 h. D) Representative images from the
Transwell assay in PHLFs treated with Hexa-D-arginine following TGF-𝛽1 induction for 48 h. Images were captured at ×200 magnification. E,G) Histo-
logical assessment of lung fibrosis severity in mice following BLM induction. (E) Left panel: Representative lung sections stained with H&E, Masson’s
trichrome, and Sirius Red to evaluate fibrosis severity. (G) Right panel: Bar graph quantifying fibrosis severity scores (Saline: n = 5, BLM: n = 5, BLM
+ Hexa-D-arginine: n = 5). F) Schematic representation of the experimental design. Mice received intratracheal instillation of 2 mg kg−1 BLM and were
administered intraperitoneal injections of Hexa-D-arginine starting on day 7 until the end of the experiment. H) Quantification of hydroxyproline content
in lung tissues. I) Western blot analysis of Fibronectin, Col1a1, and 𝛼-SMA protein expression in lung homogenates from the indicated mouse groups
(Saline: n = 5, BLM: n = 5, BLM + Hexa-D-arginine: n = 5). Data are presented as the mean ± SEM from three independent experiments. Statistical
significance was determined using one-way ANOVA (*p < 0.05; **p < 0.01; ***p < 0.001).

(SEL920Hu, CloudClone, China). Inmice, Sema3Ewas detected in plasma
using a corresponding ELISA kit (SEL920Mu, Cloud Clone, China). Follow-
ing the manufacturer’s instructions, whole blood samples from humans
and mice were centrifuged at 800 × g for 10 min, and the plasma su-
pernatant was collected for analysis. The plates were scanned at 450 nm
using an enzyme labeling instrument (ELx800, Bio Tek Instruments, Inc.,
Winooski, VT).

Cell Migration Assay: Cell migration assays were conducted utilizing
Transwell membranes (Corning,MA, USA) with a pore size of 8.0 μm. Cells
were suspended in a medium with 1% serum and placed in the upper
chamber, whereas the lower chamber contained complete medium with
10% FBS. The treatments and stimuli were applied for 48 h, the cells that
had traversed the membrane filter were fixed using 4% paraformaldehyde
for 15 min. Subsequently, they were stained with a 20% crystal violet solu-
tion for 30 min (C0121, Beyotime Biotechnology, China).

Cell Proliferation Assay: Cell proliferation was assessed using the EdU
proliferation assay (Ribobio, China) as the manufacturer’s instructions. In
short, cells are seeded into 96-well plates and cultured, and when cells
reached ≈60–70% confluence, the indicated treatments and stimuli were
applied for 48 h. The cells are then incubated with Edu solution for 2 h,
fixed, and stained with Apollo for half an h. This is followed by staining
with Hoechst 33342 to visualize the nuclei. Finally, the cells are examined
under a fluorescence microscope at 200×magnification.

Animal Model: Male C57BL/6J mice (6-8 weeks) were purchased from
Beijing Vital River (Certificate Number: SCXK(E)2022-0039, China), and
housed in a specific pathogen-free animal center at the Tongji hospital. To
induce the pulmonary fibrosis model in mice, the mice were anesthetized
with 1% pentobarbital sodium (40 mg kg−1) and then intratracheally ad-
ministered 2 mg kg−1 BLM (MedChemExpress, China) in 50 μL of ster-
ile saline with High-pressure airway atomization drug delivery device (Bio
Jane, Cat. No. BJ-PW-M, China). Finally, the mice were sacrificed on day
21 after the BLM challenge to analyze pulmonary fibrosis. AAV 9 express-
ing ShSema3E and control AAV 9 expressing irrelevant sequences for the
control were purchased from theOBIO Technology (Shanghai, China). The
AAV virus was quantified and administered in genome copies (GC). Specif-
ically, C57BL/6 mice (8-week-old, male) were anesthetized and intratra-
cheally administered with AAV9-ShSema3E (2 × 1011 GC per mouse) and
AAV9-NC (2 × 1011 GC per mouse). Modeling of pulmonary fibrosis in
mice started 14 days after intratracheally administered AAV9-ShSema3E
and AAV9-NC and the mice were sacrificed on day 21 after the BLM chal-
lenge.

Sema3E flox/flox mice on a C57BL/6 background were generated by
GemPharmatech (Jiangsu, China) using CRISPR-Cas9, with loxP sites
flanking exons 6–9 (Figure S6A, Supporting Information). Coll1a2-iCre
transgenic mice were obtained from Sayer Biologicals (Jiangsu, China)
and crossed with Sema3E flox/floxmice to generate Coll1a2-iCre+ Sema3E
flox/flox mice (referred to as Sema3E-CKO). Fibroblast-specific knockout
of Sema3E was validated by Western blot and immunofluorescence anal-
ysis of lung tissue. Littermate mice lacking Cre (Col1a2-iCre− Sema3E
flox/flox, referred to as Sema3E-C) served as controls. Male Sema3E-CKO
and Sema3E-C mice, aged 6–8 weeks, were used for bleomycin airway
injection to investigate the role of fibroblast-specific Sema3E knockout
in pulmonary fibrosis. Additionally, starting 7 days after airway adminis-
tration of BLM, experimental mice received intraperitoneal injections of

Hexa-D-arginine (Furin inhibitor, 1.5 mg kg−1) or an equivalent-volume
PBS every other day for the following 14 days.

Pathological Staining and Histopathologic Assessment: Following the
euthanasia of the mice 21 days post-administration of either BLM or
saline, lung tissues were excised and fixed in 4% paraformaldehyde. Sub-
sequently, the fixed lung tissues were embedded in paraffin and sectioned.
Sections were stained with hematoxylin and eosin (H&E) staining, Mas-
son’s trichrome staining, and Sirius red staining. Fibrosis was scored us-
ing the Ashcroft scale, which ranged from 0 to 8. Three randomly selected
areas from eachmouse lung were assessed at 200×magnification, and the
severity of fibrotic alteration was evaluated as the mean of the scores ob-
tained from these microscopic fields. The scoring process was performed
independently by two observers in a blinded manner.

Hydroxyproline Assay: Lung collagen deposition was quantified by
measuring the hydroxyproline content in lung homogenates using a hy-
droxyproline assay kit (Jiancheng, Nanjing, China) according to the man-
ufacturer’s instructions. Briefly, 30 mg of lung tissue was accurately
weighed, and 1 mL of hydrolysate was added. The mixture was heated
in boiling water for 20 min, then cooled. After cooling, the pH was ad-
justed to 6.0–6.8, and the final volume was adjusted to 7 mL with double-
distilled water. A 2 mL aliquot of the sample was then mixed with 20 mg
of activated carbon, followed by centrifugation at 3500 RPM for 10 min.
The supernatant (1 mL) was collected as the test sample. The test reagent
from the kit was added, and the sample was incubated at 60 °C for 15 min.
Following incubation, the sample was centrifuged again at 3500 RPM for
10 min. The resulting supernatant was transferred to a 96-well plate, and
absorbance was measured at 550 nm. Hydroxyproline concentration was
determined by comparison to a standard sample and normalized to the
initial lung tissue weight. Hydroxyproline content is expressed as μg of
hydroxyproline per mg of lung tissue.

Statistical Analyses: Analyses of the aforementioned measurements
obtained from at least three independent experiments were conducted
using GraphPad Prism 9.0.0. The statistical outcomes are presented as
means ± standard errors of the mean (SEMs). Unpaired t-tests were uti-
lized to compare between two groups, whereas one-way ANOVA was used
for statistical analysis involving multiple groups. Correlations were ana-
lyzed using Pearson’s correlation. Statistical significance was defined as
p < 0.05, with significance levels further categorized as follows: p < 0.05,
p < 0.01, and p < 0.001.
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