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Abstract : Background : Interstitial lung disease (ILD) associated with connective tissue diseases (CTD-ILD) re-
mains to be a major cause of mortality. Different from idiopathic form, CTD-ILD involves more immune dysregu-
lation along with aberrant fibroblast activation. Therefore, therapy targeting both profibrotic and proinflamma-
tory molecules could be ideal for CTD-ILD. Janus kinase (JAK) is a family of intracellular, non-receptor tyrosine
kinases that transduce cytokine-mediated signals. The purpose of this study is to reveal the anti-fibrotic poten-
tial of JAK inhibitors (JAKis). Methods : The anti-fibrotic effect of a JAKi with a particular focus on baricitinib
was examined using a human lung fibroblast cell line and a bleomycin (BLM)-induced pulmonary fibrosis model
in mice. Results : Baricitinib, a selective JAK1, 2 inhibitor suppressed transforming growth factor-g (TGF-$)-in-
duced phosphorylation of JAK2 in human lung fibroblasts. Baricitinib also strongly suppressed the TGF-f-in-
duced collagenl and o-smooth muscle actin (a-SMA) expression in fibroblasts. Moreover, baricitinib ameliorated
lung fibrosis in BLM-treated mice, particularly when administered in the late phase. The number of a-SMA or
collagen triple helix repeat containing 1 (CTHRC1) positive fibroblasts in BLM-treated lungs was reduced by
administration of baricitinib. Conclusions : Our data suggest that baricitinib may improve pulmonary fibrosis by

directly inhibiting fibroblast activation via JAK2 blockade. J. Med. Invest. 72:298-307, August, 2025
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INTRODUCTION

The respiratory system is one of the most frequently affected
organs in connective tissue disease (CTD). Among various le-
sions formed in the airways, alveoli, interstitium, vascular sys-
tem, and pleura, interstitial lung disease (ILD) is a particularly
serious respiratory manifestation as it has the greatest impact
on survival (1-4).

In general, CTD-ILD involves not only aberrant fibrosis but
also marked immune dysregulation with autoimmune features
(e.g., ectopic lymphoid structure formation and autoantibody
production in the lungs (5, 6)). As the disease progresses, the
pathological autonomous fibrotic process which is resistant to
immunosuppressive treatment becomes obvious. It is common to
any other forms of ILD including idiopathic pulmonary fibrosis
(IPF). Indeed, a substantial proportion of rheumatoid arthritis
(RA)-ILD patients with a usual interstitial pneumonia (UIP)
pattern will show a progressive phenotype with the poor outcome
like IPF (7-9).

Currently, two anti-fibrotic agents, nintedanib and pirfenidone,

showed the effect to delay the decline rate of forced vital capacity
(FVC) and are recommended for the treatment of IPF (10, 11).
Nintedanib also demonstrated similar effectiveness to progres-
sive fibrosing ILD (PF-ILD), including CTD-ILD (12, 13). How-
ever, these drugs can only show partial response and are still
inadequate to control progressive pulmonary fibrosis. To develop
a novel anti-fibrotic agent, our department has focused on the
pathological role of kinases in fibrosis and reported anti-fibrotic
effect of various kinase inhibitors using an animal model of pul-
monary fibrosis (14-20).

Janus kinase (JAK) is a family of receptor-bound intracellular
tyrosine kinase composed of four isoforms (JAK1, JAK2, JAKS,
and TYKZ2) and plays a vital role in transducing the intracellular
signals of various cytokines. Upon undergoing phosphorylation,
JAKSs subsequently phosphorylate the tyrosine residues of intra-
cellular tail of receptors, followed by the phosphorylation of the
signal transducer and activator of transcription (STAT) family.
STATSs become activated and translocate into the nucleus to reg-
ulate the expression of target genes (21).

Based on the concept that disruption of the JAK/STAT pathway
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can inhibit a broad number of proinflammatory cytokine signals,
JAKis have already been applied in the clinical practice.(22).
On the other hand, several profibrotic mediators (e.g., TGF-f,
platelet-derived growth factor (PDGF), vascular endothelial
growth factor (VEGF), interleukin-4 (IL-4), and IL.-13) have also
been reported to transmit their signals, particularly through
the JAK2/STATS pathway (23-28). Considering these recent re-
ports, we speculated that some JAKis in current clinical applica-
tion may have potential as novel anti-fibrotic drugs with bimodal
action targeting both profibrotic immune cells and fibroblasts.

In the present study, we investigated the anti-fibrotic effect
of a preexisting selective JAK1, 2 inhibitor —baricitinib—par-
ticularly in terms of action on lung fibroblasts to clarify this
drug could restore the common pathological fibrotic mechanisms
shared by PF-ILD, including CTD-ILD (29).

MATERIALS AND METHODS
Animal and agents

Eight-week-old C57BL/6 male mice were purchased from
Nihon Clea Inc. The mice were bred in the specific-pathogen-free
environment and maintained in the animal facility of the Uni-
versity of Tokushima according to the guidelines of our universi-
ty (14). All experimental protocols were approved by the animal
research committee of the University of Tokushima, Japan
(Approval Number : T2023-46).

Bleomycin exposure and treatment intervention

Mice were anesthetized with the inhalation of 4% isoflu-
rane, and underwent a single transbronchial instillation of 4.0
mg/kg BLM (Nippon Kayaku Co.) or saline on day 0. Baricitinib
(AdooQ BioScience) or vehicle (0.5% carboxymethyl cellulose)
were administered daily by oral gavage at 10 mg/kg/day from
day 1 to 10 (early baricitinib group) or day 11 to 20 (late ba-
ricitinib group). The experimental design was set up based on
previous reports (30-34). Mice were sacrificed on day 21. Each
experiment was performed in at least four mice per group.

Bronchoalveolar lavage

Mice were anesthetized and underwent tracheal cannulation
(17). Bronchoalveolar lavage (BAL) was performed by instil-
lation of 1 ml of sterile saline from both lungs on day 17 after
BLM exposure. The total cell count was determined by counting
Trypan Blue (Thermo Fisher Scientific Inc.)-stained cells on a
hemocytometer. The corresponding amount of BAL fluid for 10°
cells was centrifuged onto a microscope slide using a Cellspin I
(Tharmac), at 500 rpm for 5 minutes at room temperature. The
slide was air-dried and stained with Diff-Quick staining solution
(Baxter). Differential cell counts—including the percentages of
neutrophils, lymphocytes, macrophages, and eosinophils—were
determined.

ELISA

BAL fluid (BALF) were analyzed for mouse TGF-p1 (R&D
Systems) levels by sandwich ELISA.

Hydroxyproline colorimetric assay

Mice were sacrificed by cervical dislocation on day 21 after
BLM instillation. The left lung was isolated and homogenized in
distilled water. The hydroxyproline content was analyzed using
a Bio-vision hydroxyproline colorimetric assay kit (Bio Vision).

Histopathology

The right lung was isolated and fixed in 10% formalin, then
embedded in paraffin. Three- micrometer-thick paraffin sections
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were deparaffinized and hematoxylin and eosin (HE) and Azan
Mallory staining were performed. In the quantitative analysis, a
numeric fibrotic scale was used (Ashcroft score). In short, under
100xmagnification, each successive field was given a score rang-
ing from 0 (normal lung) to 8 (total fibrous obliteration of the
field) (35). All scores from five sections were averaged.

Immunohistochemistry

Paraffin-embedded lung sections were stained with mouse
anti a-smooth muscle actin (a-SMA) antibody (1A4) (R&D
Systems) and rabbit anti CTHRC1 antibody (Proteintech, No.
16534-1-AP) at 4C overnight and subsequently stained with
Alexa 594-conjugated anti-mouse IgG antibody (Thermo Fisher
Scientific Inc., No. A-11062), Alexa 488-conjugated anti-rabbit
IgG antibody (Thermo Fisher Scientific Inc., No. A-11008) and
4,6-Diamidino-2-Phenylindole (DAPI, Thermo Fisher Scientific
Inc.) at room temperature for 1 hour for detection. Fluorescence
images were captured with a confocal laser scanning microscope
at 20xmagnification. The area stained with Alexa 594 was mea-
sured using a software for biomedical image analysis (Imaged).

Immunoblot analysis

To quantify the level of JAK phosphorylation, and the expres-
sion a-SMA, MRC-5 cells, a human lung fibroblast cell line (DS
Pharma Biomedical) were cultured in DMEM containing 0.1%
fetal bovine serum (FBS), penicillin (100 U/ml) and streptomy-
cin (50 pg/ml) with TGF-p (R&D Systems, 5 or 10 ng/ml) and
various concentration of baricitinib for 24 or 48 hours. Whole-cell
extracts from these cells were prepared at various time points
using M-PER reagents (Thermo Fisher Scientific Inc.) contain-
ing phosphatase and protease inhibitor cocktails (Roche) (18).
The same amount of protein from each cell extract was used for
immunoblotting with a Simple Western™ System (ProteinSim-
ple) as described previously. According to the manufacturer’s
instructions, we analyzed the protein amounts based on the
signal intensity.

The first antibodies used were as follows :

anti-phospho-JAK1 (Tyr 1034/1035) antibody (D7N4Z7Z),
anti-phospho-JAK2 (Tyr 1007/1008) antibody (C80C3), an-
ti-phospho-JAK3 (Tyr 980/981) (D44E3) antibody, anti- JAK1
antibody (6G4), anti-JAK2 antibody (D2E12), anti-JAKS3 anti-
body (D7B12), anti-a-SMA antibody (1A4), anti-STATS3 antibody
(124H6), anti-phospho-STAT3 (Tyr705) antibody (D3A7). All
were purchased from Cell Signaling Technology with the excep-
tion of anti-a-SMA antibody, which was purchased from R&D
Systems.

gRT-PCR

Total RNA was extracted from MRC-5 using an RNeasy Mini
Kit (Qiagen), and was reverse-transcribed to cDNA using a High
Capacity cDNA Reverse Transcription Kit (Applied Biosyste-
ms) according to the manufacturer’s instructions. RT-PCR was
performed using a CFX96 real-time PCR system (Bio-Rad) and
SYBR Premix Ex Taq (TAKARA). Human GAPDH mRNA was
used as a housekeeping gene, and quantification was performed
using the AACt method (19). MRC-5 cells were incubated with or
without TGF-B (5 ng/ml) at various concentrations of baricitinib.
The mRNA expression of COLIAI and ACTA2 in MRC-5 cells was
analyzed by qRT-PCR after 24 hours of incubation.

The sequences of primers were as follows :

COLIAI forward, 5-TCTGCGACAACGGCAAGGTG-3’,

COLIAI reverse, 5-GACGCCGGTGGTTTCTTGGT-3,

ACTA? forward, 5-GAGCGTGGCTATTCCTTCGT-3,

ACTA2 reverse, 5-GCCCATCAGGCAACTCGTAA-3,

GAPDH forward, 5-GAAGGTGAAGGTCGGAGTC-3,,

GAPDH reverse, 5-GAAGATGGTGATGGGATTTC-3.
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Statistical analyses

The significance of differences was analyzed using the Krus-
kal-Wallis test or a one-way ANOVA, followed by Tukey’s mul-
tiple-comparison post-hoc test. P values of less than 0.05 were
considered statistically significant. Statistical analyses were
performed using the GraphPad Prism software program (Ver.
6.01, GraphPad Software Inc.).

RESULTS
TGF-f3 induces phosphorylation of JAK in lung fibroblasts.

In order to elucidate whether the TGF-f signal passes through
JAK, we first investigated the effect of TGF-f on the phosphory-
lation of JAK1, 2, and 3 in MRC-5 cells (a human fibroblasts cell
line). JAK1 and 2 were expressed in steady state MRC-5 cells
(Figure 1A and 1B). JAKS3 was not expressed in MRC-5 cells
(data not shown). Upon stimulation with TGF-f, phosphorylated
JAK1 (p-JAK1) was weakly induced in MRC-5 cells from 1 to
24 hours later (Figure 1A), while p-JAK2 was strongly induced
from 1 to 24 hours with a peak at 4 hours (P<0.05) (Figure 1B).
JAKS and p-JAK3 were not detected (data not shown). These re-
sults suggest that JAK1 and 2, particularly JAK2, are activated
in a TGF-B- dependent manner in lung fibroblasts.

JAKi is involved in TGF-f3-induced phosphorylation of JAK2 in lung
fibroblasts.

As JAK2 was clearly activated in lung fibroblasts after stim-
ulation by TGF-B, we focused the further study on JAK2 among
JAK. Based on the previous study (36), we next examined the
effects of a preexisting JAKi, baricitinib, on the phosphorylation
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of JAK2 in lung fibroblasts. The phosphorylation of JAK2 in
TGF-p stimulated fibroblasts was significantly inhibited upon
treatment with 150 nM baricitinib (P<0.05) (Figure 2A). Fur-
thermore, baricitinib actually inhibited STAT3 activation in
fibroblasts (Figure 2B). Thus, we found that JAKi treatment
worked on TGF-f-stimulated lung fibroblasts via the inhibition
of JAK-STAT signaling and that the results were in line with
the pharmacology of baricitinib, with the selectivity for JAK2
inhibition (29).

JAKi exerts functional inhibition in lung fibroblasts.

The vigorous production of ECM in response to TGF-f stimula-
tion is the key pathogenetic function of fibroblasts in pulmonary
fibrosis. To reveal whether TGF-B/JAK signal in lung fibroblasts
is related to profibrotic function, we evaluated the effect of JAKi
on TGF-f- induced ECM expression in lung fibroblasts.

TGF-p increased the a-SMA expression in lung fibroblasts
at the gene (ACTA2) (Figure 3B) and protein levels (Figure
3A), which was suppressed significantly when treated with
baricitinib. Moreover, baricitinib, significantly inhibited TGF-
B-induced upregulation of the COLIAI gene expression (P<0.05)
(Figure 3B). Considering the more prominent induction of phos-
phorylated JAK2 by TGF-B and a lower ICso value of baricitinib
for phosphorylating JAK2 (29), these results suggest that—
above all—T'GF-p/JAK2 signaling contributes to the profibrotic
function of lung fibroblasts.

JAKi has anti-fibrotic potential in mice with BLM-induced pulmo-
nary fibrosis.

To examine the anti-fibrotic effect of JAKI in vivo, we used a
mouse model of BLM-induced pulmonary fibrosis. After a single
transbronchial instillation of BLM at 4.0 mg/kg, the mice were
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TGF-B induces JAK phosphorylation in lung fibroblasts.

MRC-5 cells (a human lung fibroblasts cell line) were cultured with or without TGF-§ at 5 ng/ml. A : The expression levels of
JAK1 and p-JAK1 were examined over time by Western blotting. B : The expression levels of JAK2/p-JAK2 were examined in
the same way as in Figure 1A. Data were analyzed using the the Kruskal-Wallis test. Bars show the mean + SD. * = P<0.05,
** = P<0.005, versus non-treated MRC-5 cells. Representative blots from a total of five repeats are shown.
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A :MRC-5 cells were cultured with TGF-g (10 ng/ml) for 24 h under treatment with baricitinib at concentrations of 15 to 150
nM. The p-JAK2 protein levels in MRC-5 cells were evaluated by Western blotting (upper panel). The quantification of the
p-JAK2 expression from the same experiments is shown (lower panel) (n =5). B:In the same culture condition for 4 h under
treatment with baricitinib at concentrations of 50 and 150 nM, the levels of STAT3 and p-STAT3 were evaluated by Western
blotting (upper panel). The quantification of the p-STATS expression from the same experiments is shown (lower panel) (n = 5).
Data were analyzed using the the Kruskal-Wallis test. Bars show the mean + SD. * = P<0.05, *** = P<0.001 versus TGF-p-
stimulated MRC-5 cells. Representative blots from a total of five repeats are shown.
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Figure 3. JAKi treatment inhibits the profibrotic function of lung fibroblasts.

A : MRC-5 cells were cultured with TGF-8 (5 ng/ml) for 48 h under treatment with baricitinib at concentrations of 50-200 nM.
The levels of a-SMA protein in MRC-5 cells were evaluated by Western blotting (upper panel). The quantification of the a-SMA
expression from the same experiments is shown (lower panel). B : In the same culture condition for 24 h, the expression levels
of COLIAI and ACTA2 in MRC-5 cells were examined by real-time quantitative polymerase chain reaction. Data were analyzed
using the the Kruskal-Wallis test. Bars show the mean + SD. * = P<0.05, ** = P<0.005, *** = P<0.001 versus TGF-B-stimulated
MRC-5 cells. One representative experiment from a total of five repeats is shown.
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treated daily with baricitinib (10 mg/kg/day) or vehicle from day
0-10 (early group) or day 11-21 (late group). Baricitinib tended to
suppress body weight loss and significantly improved survival
of late group mice after BLM treatment (P<0.05) (Figure 4A).
On day 21, BLM instillation clearly induced inflammatory and
fibrotic changes in the lungs, accompanied with an increase of
histological score and hydroxyproline content. Only when barici-
tinib was administered in the late phase, both the Ashcroft score
and hydroxyproline content improved significantly (P<0.05 and
P<0.001 respectively) (Figure 4B and 4C). As the late group of
our study could be considered more appropriate for assessing
the utility of JAKi in the treatment of pulmonary fibrosis, these

H. Nishimura, et al. A JAK inhibitor inhibits lung fibrosis

results suggest that baricitinib has anti-fibrotic potential in our
BLM model.

Anti-fibrotic effect of late baricitinib treatment in the BLM model is
less dependent on the repression of immune cells.

Originally, many JAKis were developed based on the concept
of inhibiting a broad number of pro-inflammatory cytokine sig-
nals, which led us to investigate the effects of JAKi on immune
cells in the lungs. Focusing on the late baricitinib treatment
group, we examined the cell counts, cell fractions and the level
of TGF-p in BALF collected on day 17 after BLM instillation.
Both cell counts and cell fractions in BALF did not change to a
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Figure 4. JAKis have anti-fibrotic potential in mice with BLM-induced pulmonary fibrosis.

A : Serial changes in the body weight and proportion of surviving mice after BLM instillation are shown (n=4-15/group). B : The
Ashcroft score and hydroxyproline content were used to quantify fibrosis in the lungs. Comparison of each parameter among vehicle
and early or late baricitinib treatment groups (n =9-15/group). C : Representative images of lung sections from each treatment group
in (B), stained with hematoxylin and eosin (HE) or Azan-Mallory. The body weight change was analyzed by a two-way ANOVA
followed by Tukey’s multiple comparison test. Values are expressed as the mean + SD. The proportion of surviving mice was analyzed
by the Kaplan-Meier method followed by a log-rank (Mantel-Cox) test. Scale bars indicate 200 pm. The comparison of the Ashcroft
score and hydroxyproline assay results was performed by a one-way ANOVA followed by Tukey’s multiple comparison test. Values are
expressed as the mean = SD. * = P<0.05, ** = P<0.005, *** = P<0.001 versus BLM and vehicle treatment group.
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significant extent, despite baricitinib treatment (Figure 5A and  vivo, we performed immunofluorescent staining of a-SMA and
5B). Moreover, the level of TGF-p1 in BALF from BLM treated ~CTHRC1 proteins on lung tissue sections from each baricitinib
mice did not show significant decrease after the late treatment treatment group in the BLM model. CTHRC1 has recently re-
of baricitinib (Figure 5C). These results suggest—in part—that ported as a specific marker of a subset of lung fibroblasts (37).
baricitinib may directly act on fibroblasts via the inhibition of = Both the number of a-SMA positive and CTHRC1 positive cells
TGF-p mediated JAK signaling rather than inflammatory cells  significantly decreased with scarce colocalization in both the

in the lungs of the BLM model during the late phase. early and late treatment groups, demonstrating that baricitinib
. . suppressed lung fibroblasts activation and differentiation to my-
Baricitinib suppressed lung fibroblasts in the BLM model. ofibroblasts in BLM-instilled mice.

To examine the impact of baricitinib on lung fibroblasts in
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Figure 5.  Baricitinib had a limited effect on immune cells in the BLM model.

A : Total cell numbers in BALF on day 17 after BLM instillation were compared among each baricitinib treatment group (n = 5/group).
B: Cell numbers and the proportions of each immune cell fraction in BALF were compared as in (A). C: TGF-B1 level in BALF was
determined by ELISA. The results were analyzed by a one-way ANOVA followed by Tukey’s multiple comparison test. **=P<0.005
versus group treated without BLM with vehicle.
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DISCUSSION

In the present study, we demonstrated the anti-fibrotic poten-
tial of baricitinib, a preexisting JAKi in a bleomycin-induced
pulmonary fibrosis model. Baricitinib directly suppressed the
TGF-p mediated activation of fibroblasts in vitro and attenuat-
ed the development of pulmonary fibrosis in vivo, particularly
through JAK2 inhibition.

Recent reports indicate the pathogenetic role of JAKs in
ILD (38-40). Profibrotic cytokines overexpressed in ILD, such
as IL-4, IL-6, IL-11, and IL-13 activate JAK/STAT molecular
pathway (22, 26). Similarly, profibrotic growth factors have
been reported to be involved in the JAK/STAT axis. Among
them, TGF-B is the major pro-fibrotic factor that promotes fibro-
blast-to-myofibroblast differentiation and deeply contributes to
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the pathogenesis of fibrosis, including ILD (41). In addition to
a canonical TGF-f signal transduced by the phosphorylation of
SMADZ2/3, an alternative pathway has been revealed passing
through JAK2/STAT3 independently of SMAD (42). Several
reports, mainly focused on IPF, have analyzed and described
the expression and distribution of primarily JAK1 and JAK2,
and STAT1 and STAT3 in animal models and patients (38-40).
Zhang et al. described the activation of JAK2 by TGF-p in human
fibroblasts and mouse models of systemic sclerosis, which in turn
phosphorylates STAT3 (36). In IPF, Milara et al. demonstrated
that TGF-p activates the pathway by JAK2 phosphorylation
and that p-JAK2 was found in the nucleus of fibrotic areas (27).
More recently, Gu et al. demonstrated baricitinib, a JAK1/2 in-
hibitor, impedes murine myofibroblast activation and epithelial
injury via targeting the TGF-p1 signaling pathway and reduces
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A : Representative images of lung sections on day 21 after BLM instillation from each baricitinib treatment group stained with anti-
a-SMA antibody (red), anti-CTHRC1 antibody (green) and DAPI (blue). Scale bars, 100 um. B : The area of a-SMA positive cells was
measured using Imaged in at least 4 random non-overlapping fields of view (magnification, 20X) per lung section. C : The number of
CTHRC1 positive cells was counted manually in at least 4 random non-overlapping fields of view per lung section. The comparisons
among each baricitinib treatment group are shown (n = 3/group). Results were compared by a one-way ANOVA followed by Tukey’s
multiple comparison test. * = P<0.05, ** = P<0.005, *** = P<0.001 versus BLM and vehicle treatment group.
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BLM-induced pulmonary fibrosis in mice (43).

Our study confirmed that TGF-f clearly induced the phos-
phorylation of JAK2 in a human lung fibroblast cell line, and
that baricitinib suppressed this reaction. Baricitinib, a selective
JAK]1, 2 inhibitor, has lower ICso for JAK2 phosphorylation (5.7
nM) than JAK1 (5.9 nM) and JAK3 (>400 nM) (29). Reflect-
ing this selectivity, baricitinib clearly showed the inhibition of
JAK2 phosphorylation. Moreover, baricitinib suppressed TGF-$
induced collagenl gene expression and a-SMA expression at
both gene and protein levels in fibroblasts strongly, suggesting a
pro-fibrotic function of TGF-f actually involves phosphorylation
of JAKSs, especially JAK2.

We also showed the anti-fibrotic effect of baricitinib in BLM-in-
duced pulmonary fibrosis. Unlike the report from Gu et al, we
treated mice separately from day 0-10 (early treatment) or day
11-21 (late treatment) (43). The BLM model works by inducing
an early inflammatory phase, which transitions into fibrosis
after 5-7 days (33). To accurately assess the pure anti-fibrotic
efficacy, the intervention should be designed to inhibit fibrosis
without impacting early inflammation. While the early treat-
ment group is suitable for assessing the anti-inflammatory
effects of JAKi to prevent fibrosis, the late group was more ap-
propriate for assessing the anti-fibrotic effect in the treatment of
fibrosis. Indeed, baricitinib, only when treated in the late phase,
improved the hydroxyproline content and the extent of fibrosis
assessed by scoring the histological findings in BLM-treated
lung, without affecting the profile of inflammatory cells and the
level of TGF-p1 in BALF. TGF-p1 is the most pivotal pro-fibrotic
molecule, widely expressed in the immune system and primar-
ily produced by macrophage in an inflammatory phase of BLM
model (44, 45). These data support that the anti-fibrotic effect of
baricitinib in our BLM model was less likely to rely on suppress-
ing immune cells, but—at least in part—on the direct inhibition
of the fibroblast function by blocking TGF-/JAK2 signaling. In
order to confirm that in vivo, we performed immunohistochem-
istry for co-staining o-SMA with CTHRC1. Both CTHRC1*
cells and a-SMA" cells significantly decreased on lung tissue
sections in each baricitinib treatment group. Consistent with the
previous report that CTHRC1" pathologic fibroblasts belong to a
different cluster from a-SMA" cluster which contains myofibro-
blasts, smooth muscle cells and pericytes, CTHRC1" cells and
a-SMA" cells scarcely showed colocalization in our study. Given
the role for TGF-f1 in increasing the expression of CTHRC1 in
fibroblasts (46) and inducing the differentiation of fibroblasts
into myofibroblasts, the results support the effect of baricitinib
on TGF-p-mediated fibroblast activation, shown in vitro study.

The present study was associated with some limitations. Al-
though we set up the animal experiment design for baricitinib
to inhibit the phosphorylation of its target JAKs in vivo, we
cannot assert the alveolar concentration of the drug exceeded
the 1Cso for JAK2 phosphorylation due to lack of precise phar-
macokinetic data in this study. In addition to JAKZ2, baricitinib
acts on JAK1, and the inhibition of both JAK1 and JAKZ2 by this
agent may synergistically contribute to its anti-fibrotic potential.
While we could not approach that concern, Wang er al. recently
reported upadacitinib, a selective JAK1 inhibitor did not affect
the BLM-induced pulmonary fibrosis significantly (47). Further
investigation to reveal the anti-fibrotic effect of a selective JAK2
inhibitor and the precise molecular mechanism through which
TGF-p phosphorylates JAK2 remains to be needed. Besides, our
study did not cover the specific function of JAK2 in fibroblasts
in vivo and our BALF data was not sufficient to conclude that
the anti-inflammatory effects of late baricitinib treatment did
not contributed to the improvement of lung fibrosis. Various cell
populations in the lungs interact intricately to form pulmonary
fibrosis (41). For example, the epithelial-mesenchymal transition
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(EMT) is considered to be a source of myofibroblasts in the lung
interstitium. Milara er al. reported that the TGF-p-induced EMT
in alveolar typell cells was attenuated by dual p-JAK2/p-STAT
inhibition (27). Profibrotic mechanisms of macrophages are
associated with M2 polarization (48). M2-promoting cytokines,
IL-4 and IL.-13, can also be targeted by baricitinib (22). More-
over, there have been multiple studies on the role of Th17 cells
in fibrosis (49, 50). Baricitinib can suppress the differentiation of
Th17 cells via blocking IL-6 and IL.-23 signals (22). Conditional
and fibroblast-specific deletion of JAK2 in a BLM model or ad-
ditional in vivo experiment using TGF-pl-induced lung fibrosis
should be performed to further determine the profibrotic role of
JAK2 in fibroblasts.

CONCLUSIONS

In summary, our findings suggest that a preexisting, ready-
to-apply JAKi, baricitinib attenuated pulmonary fibrosis in
BLM-treated mice partly via the suppression of TGF-g/JAK2
axis in fibroblasts. Baricitinib has been used as a targeted syn-
thetic disease modifying anti-rheumatic drug (tsDMARD) for
RA. ILD is a lethal condition associated with CTDs including
RA. We speculate that the inhibition of JAK2 signaling will be
a novel target of anti-fibrotic therapy for not only CTD-ILD but
also IPF and non-IPF PF-ILD.

FUNDING

This work was supported by the Japan Society for the Pro-
motion of Science KAKENHI (Grant Number : 16K21197 and
19K08652) and the Ministry of Health, Labor and Welfare,
the Study Group on Diffuse Pulmonary Disorders, Scientif-
ic Research/Research on Intractable Diseases (Y.N.; Code
Number : 0000025921).

CONFLICT OF INTEREST DISCLOSURE

The authors have no conflicts of interest.

ACKNOWLEDGEMENTS

The authors thank Tomoko Oka for technical assistance. The
authors also thank the members of the Nishioka laboratory for
their technical advice and fruitful discussions.

REFERENCES

1. Klemperer P, Pollack AD, Baehr G : Landmark article May
23, 1942 : diffuse collagen disease. Acute disseminated
lupus erythematosus and diffuse scleroderma. By Paul
Klemperer, Abou D. Pollack and George Baehr. J Am Med
Assoc 251 : 1593-1594, 1984

2. Olson AL, Swigris JdJ, Sprunger DB, Fischer A, Fernandez-
Perez ER, Solomon J, Murphy J, Cohen M, Raghu G, Brown
KK : Rheumatoid arthritis-interstitial lung disease-associ-
ated mortality. Am J Respir Crit Care Med 183 : 372-378,
2011

3. Castelino FV, Dellaripa PF : Recent progress in systemic
sclerosis-interstitial lung disease. Curr Opin Rheumatol
30:570-575, 2018

4. Johnson C, Pinal-Fernandez I, Parikh R, Paik J, Albayda J,



10.

11.

12.

13.

14.

15.

16.

17.

306

Mammen AL, Christopher-Stine L, Danoff S : Assessment
of mortality in autoimmune myositis with and without asso-
ciated interstitial lung disease. Lung 194 : 733-737, 2016
Rangel-Moreno J, Hartson L, Navarro C, Gaxiola M, Selman
M, Randall TD : Inducible bronchus-associated lymphoid
tissue AIBALT) in patients with pulmonary complications of
rheumatoid arthritis. J Clin Invest 116 : 3183-3194, 2006
Takeshita M, Suzuki K, Nakazawa M, Kamata H, Ishii
M, Oyamada Y, Oshima H, Takeuchi T : Antigen-driven
autoantibody production in lungs of interstitial lung disease
with autoimmune disease. J Autoimmun 121 : 102261, 2021
Du Bois RM : An earlier and more confident diagnosis of
idiopathic pulmonary fibrosis. Eur Respir Rev 21 : 141-146,
2012

Wijsenbeek M, Cottin V : Spectrum of Fibrotic Lung Diseas-
es. N Engl J Med 383 :958-968, 2020

Solomon JdJ, Chung JH, Cosgrove GP, Demoruelle MK,
Fernandez-Perez ER, Fischer A, Frankel SK, Hobbs SB,
Huie TJ, Ketzer J, Mannina A, Olson AL, Russell G,
Tsuchiya Y, Yunt ZX, Zelarney PT, Brown KK, Swigris
JdJ : Predictors of mortality in rheumatoid arthritis associat-
ed interstitial lung disease. Eur Respir J 47 : 588-596, 2016
Richeldi L, du Bois RM, Raghu G, Azuma A, Brown KK,
Costabel U, Cottin V, Flaherty KR, Hansell DM, Inoue
Y, Kim DS, Kolb M, Nicholson AG, Noble PW, Selman M,
Taniguchi H, Brun M, Le Maulf F, Girard M, Stowasser
S, Schlenker-Herceg R, Disse B, Collard HR ; INPULSIS
Trial Investigators : Efficacy and safety of nintedanib in id-
iopathic pulmonary fibrosis. N Engl J Med 370 : 2071-2082,
2014

Noble PW, Albera C, Bradford WZ, Costabel U, Glassberg
MK, Kardatzke D, King TE Jr, Lancaster L, Sahn SA,
Szwarcberg J, Valeyre D, du Bois RM ; CAPACITY Study
Group : Pirfenidone in patients with idiopathic pulmo-
nary fibrosis (CAPACITY) : two randomized trials. Lancet
377:1760-1769, 2011

Flaherty KR, Wells AU, Cottin V, Devaraj A, Walsh SLF,
Inoue Y, Richeldi L, Kolb M, Tetzlaff K, Stowasser S,
Coeck C, Clerisme-Beaty E, Rosenstock B, Quaresma
M, Haeufel T, Goeldner RG, Schlenker-Herceg R, Brown
KK ; INBUILD Trial Investigators : Nintedanib in Pro-
gressive Fibrosing Interstitial Lung Diseases. N Engl J
Med 381 :1718-1727, 2019

Collins BF, Raghu G : Antifibrotic therapy for fibrotic lung
disease beyond idiopathic pulmonary fibrosis. Eur Respir
Rev 28:190022, 2019

Aono Y, Nishioka Y, Inayama M, Ugai M, Kishi J, Uehara
H, Izumi K, Sone S : Imatinib as a novel antifibrotic agent
in bleomycin-induced pulmonary fibrosis in mice. Am J Re-
spir Crit Care Med 171 : 1279-1285, 2005

Inayama M, Nishioka Y, Azuma M, Muto S, Aono Y, Makino
H, Tani K, Uehara H, Izumi K, Itai A, Sone S : A novel Ikap-
paB kinase-beta inhibitor ameliorates bleomycin-induced
pulmonary fibrosis in mice. Am J Respir Crit Care Med
173 :1016-1022, 2006

Kinoshita K, Aono Y, Azuma M, Kishi J, Takezaki A, Kishi
M, Makino H, Okazaki H, Uehara H, Izumi K, Sone S,
Nishioka Y : Antifibrotic effects of focal adhesion kinase
inhibitor in bleomycin-induced pulmonary fibrosis in mice.
Am J Respir Cell Mol Biol 49 : 536-543, 2013

AonoY, Kishi M, Yokota Y, Azuma M, Kinoshita K, Takezaki
A, Sato S, Kawano H, Kishi J, Goto H, Uehara H, Izumi K,
Nishioka Y : Role of platelet-derived growth factor/plate-
let-derived growth factor receptor axis in the trafficking of
circulating fibrocytes in pulmonary fibrosis. Am J Respir
Cell Mol Biol 51 : 793-801, 2014

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

H. Nishimura, et al. A JAK inhibitor inhibits lung fibrosis

Sato S, Shinohara S, Hayashi S, Morizumi S, Abe S, Okazaki
H, Chen'Y, Goto H, Aono Y, Ogawa H, Koyama K, Nishimura
H, Kawano H, Toyoda Y, Uehara H, Nishioka Y : Anti-fi-
brotic efficacy of nintedanib in pulmonary fibrosis via the
inhibition of fibrocyte activity. Respir Res 18: 172, 2017
Koyama K, Goto H, Morizumi S, Kagawa K, Nishimura H,
Sato S, Kawano H, Toyoda Y, Ogawa H, Homma S, Nishioka
Y : The Tyrosine Kinase Inhibitor TAS-115 Attenuates
Bleomycin-induced Lung Fibrosis in Mice. Am J Respir Cell
Mol Biol 60 : 478-487, 2019

Morizumi S, Sato S, Koyama K, Okazaki H, Chen Y, Goto
H, Kagawa K, Ogawa H, Nishimura H, Kawano H, Toyoda Y,
Uehara H, Nishioka Y : Blockade of Pan-Fibroblast Growth
Factor Receptors Mediates Bidirectional Effects in Lung
Fibrosis. Am J Respir Cell Mol Biol 63 : 317-326, 2020
O’Shea JdJ, Holland SM, Staudt LM : JAKs and STATSs in
immunity, immunodeficiency, and cancer. N Engl J Med
368:161-170, 2013

Tanaka Y, Luo Y, O’Shea JJ, Nakayamada S : Janus
kinase-targeting therapies in rheumatology : a mecha-
nisms-based approach. Nat Rev Rheumatol 18:133-145,
2022

Pedroza M, Le TT, Lewis K, Karmouty-Quintana H, To
S, George AT, Blackburn MR, Tweardy DdJ, Agarwal
SK : STAT-3 contributes to pulmonary fibrosis through ep-
ithelial injury and fibroblast-myofibroblast differentiation.
FASEB J 30: 129-140, 2016

Pedroza M, Le TT, Lewis K, Karmouty-Quintana H, To S,
George AT, Blackburn MR, Tweardy DJ, Agarwal SK : PDGF-
BB induces PRMT1 expression through ERK1/2 dependent
STAT1 activation and regulates remodeling in primary
human lung fibroblasts. Cell Signal 28 : 307-315, 2016
Zhou G, Xu Y, He B, Ma R, Wang Y, Chang Y, Xie Y, Wu
L, Huang J, Xiao Z : Ionizing radiation modulates vascular
endothelial growth factor expression through STATS3 sig-
naling pathway in rat neonatal primary astrocyte cultures.
Brain Behav 10 : 01529, 2020

Passalacqua G, Mincarini M, Colombo D, Troisi G, Ferrari
M, Bagnasco D, Balbi F, Riccio A, Canonica GW : IL-13 and
idiopathic pulmonary fibrosis : Possible links and new ther-
apeutic strategies. Pulm Pharmacol Ther 45 : 95-100, 2017
Milara J, Hernandez G, Ballester B, Morell A, Roger I,
Montero P, Escriva J, Lloris JM, Molina-Molina M, Morcillo
E, Cortijo J : The JAK2 pathway is activated in idiopathic
pulmonary fibrosis. Respir Res 19 : 19-24, 2018
Chakraborty D, Sumovéa B, Mallano T, Chen CW, Distler
A, Bergmann C, Ludolph I, Horch RE, Gelse K, Ramming
A, Distler O, Schett G, Senolt L, Distler JHW : Activation
of STATS integrates common profibrotic pathways to pro-
mote fibroblast activation and tissue fibrosis. Nat Commun
8:1130, 2017

Choy EH : Clinical significance of Janus Kinase inhibitor
selectivity. Rheumatology 58 : 953-962, 2019

Dowty ME, Jesson MI, Ghosh S, Lee J, Meyer DM,
Krishnaswami S, Kishore N : Preclinical to clinical trans-
lation of tofacitinib, a Janus kinase inhibitor, in rheumatoid
arthritis. J Pharmacol Exp Ther 348 : 165-173, 2014

Aung WW, Wang C, Xibei J, Horii M, Mizumaki K, Kano
M, Okamura A, Kobayashi T, Matsushita T : Immunomod-
ulating role of the JAKs inhibitor tofacitinib in a mouse
model of bleomycin-induced scleroderma. J Dermatol Sci
101 : 174-184, 2021

Fridman JS, Scherle PA, Collins R, Burn TC, Li Y, Li J,
Covington MB, Thomas B, Collier P, Favata MF, Wen X, Shi
J, McGee R, Haley PJ, Shepard S, Rodgers JD, Yeleswaram
S, Hollis G, Newton RC, Metcalf B, Friedman SM, Vaddi



33.

34.

35.

36.

37.

38.

39.

40.

The Journal of Medical Investigation Vol. 72 August 2025

K: Selective inhibition of JAK1 and JAK2 is efficacious in
rodent models of arthritis : preclinical characterization of
INCB028050. J. Immunol 184 : 5298-5307, 2010

Latta VD, Cecchettini A, Del Ry S, Morales MA : Bleomycin
in the setting of lung fibrosis induction : From biological
mechanisms to counteractions. Pharmacol Res 97 : 122-130,
2015

Oh K, Park HB, Byoun OdJ, Shin DM, Jeong EM, Kim YW,
Kim YS, Melino G, Kim IG, Lee DS : Epithelial transglu-
taminase 2 is needed for T cell interleukin-17 production
and subsequent pulmonary inflammation and fibrosis in
bleomycin-treated mice. J Exp Med 208 : 1707-1719, 2011
Ashcroft T, Simpson JM, Timbrell V : Simple method of esti-
mating severity of pulmonary fibrosis on a numerical scale.
dJ Clin Pathol 41 : 467-470, 1988

Zhang Y, Dees C, Beyer C, Lin NY, Distler A, Zerr P,
Palumbo K, Susok L, Kreuter A, Distler O, Schett G, Distler
JH : Inhibition of casein kinase II reduces TGFp induced
fibroblast activation and ameliorates experimental fibrosis.
Ann. Rheum. Dis 74 : 936-943, 2014

Tsukui T, Sun KH, Wetter JB, Wilson-Kanamori JR,
Hazelwood LA, Henderson NC, Adams TS, Schupp JC,
Poli SD, Rosas 10, Kaminski N, Matthay MA, Wolters PdJ,
Sheppard D : Collagen-producing lung cell atlas identifies
multiple subsets with distinct localization and relevance to
fibrosis. Nat Commun 11 : 1920, 2020

Ma X, Chen R, Liu X, Xie J, Si K, Duan L : Effects of
Matrine on JAK-STAT Signaling Transduction Pathways
in Bleomycin Induced Pulmonary Fibrosis. Afr. J. Tradit.
Complement. Altern. Med 10 : 442-448, 2013

Milara J, Ballester B, Morell A, Ortiz JL, Escriva J,
Ferniandez E, Perez-Vizcaino F, Cogolludo A, Pastor E,
Artigues E, Morcillo E, Cortijo J : JAK2 mediates lung
fibrosis, pulmonary vascular remodeling and hypertension
in idiopathic pulmonary fibrosis : An experimental study.
Thorax 73 : 519-529, 2018

Shi K, Jiang J, Ma T, Xie J, Duan L, Chen R, Song P, Yu
7, Liu C, Zhu Q, Zheng J : Dexamethasone attenuates

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

307

bleomycin-induced lung fibrosis in mice through TGF-f,
Smad3 and JAK-STAT pathway. Int. J. Clin. Exp. Med
7:2645-2650, 2014

Bagnato G and Harari S: Cellular interactions in the
pathogenesis of interstitial lung diseases. Eur Respir Rev
24:102-114, 2015

HuX, 1i, J, FuM, Zhao X, Wang W : The JAK/STAT signal-
ing pathway : from bench to clinic. Signal Transduct Target
Ther 6 : 402, 2021

Gu S, Liang J, Zhang J, Liu Z, Miao Y, Wei Y, Li S, Gu J,
Cui Y, Xiao T, Li X, Yang C : Baricitinib Attenuates Bleo-
mycin-Induced Pulmonary Fibrosis in Mice by Inhibiting
TGF-B1 Signaling Pathway. Molecules 28 : 2195, 2023
Travis MA, Sheppard D : TGF-f activation and function in
immunity. Annu Rev Immunol 32 : 51-82, 2014

Laskin DL, Malaviya R, Laskin JD : Role of Macrophages
in Acute Lung Injury and Chronic Fibrosis Induced by Pul-
monary Toxicants. Toxicol Sci 168 : 287-301, 2019

Jin J, Togo S, Kadoya K, Tulafu M, Namba Y, Iwai M,
Watanabe J, Nagahama K, Okabe T, Hidayat M, Kodama
Y, Kitamura H, Ogura T, Kitamura N, Tkeo K, Sasaki S,
Tominaga S, Takahashi K: Pirfenidone attenuates lung
fibrotic fibroblast responses to transforming growth fac-
tor-f1. Respir Res 20: 119, 2019

Wang F, Wang S, Zhang C, Tian X, Zhou Y, Xuan W,
Matteson EL, Luo F, Tschumperlin D, Vassallo R : Nonca-
nonical JAK1/STATS interactions with TGF-f modulate
myofibroblast transdifferentiation and fibrosis. Am J Physi-
ol Lung Cell Mol Physiol 323 : 698-714, 2022

Shenderov K, Collins SL, Powell JD, Horton MR : Immune
dysregulation as a driver of idiopathic pulmonary fibrosis. J
Clin Invest 131 : €143226, 2021

Wilson MS, Madala SK, Ramalingam TR, Gochuico BR,
Rosas 10, Cheever AW, Wynn TA : Bleomycin and IL-1be-
ta-mediated pulmonary fibrosis is IL-17A dependent. J Exp
Med 207 : 535-552, 2010

Zhang M, Zhang S : T Cells in Fibrosis and Fibrotic Diseas-
es. Front Immunol 11 : 1142, 2020



