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Abstract

Interstitial lung diseases (ILDs) are frequently characterized by the presence of pulmonary
fibrosis (PF), which may lead to respiratory failure secondary to irreversible parenchymal
distortion. Although idiopathic pulmonary fibrosis (IPF) is the clinical prototype, the emer-
gence of the progressive pulmonary fibrosis (PPF) phenotype has shifted the therapeutic
paradigm toward shared pathogenic pathways while preserving the need to recognize the
biological and clinical heterogeneity of the underlying ILDs. This state-of-the-art review
integrates recent experimental and clinical data to provide a comprehensive overview of
the transition from inflammatory models to the current epithelial-centric framework of
fibrogenesis. In particular, the shift from ineffective anti-inflammatory strategies to the
success of nintedanib and pirfenidone in both IPF and non-IPF progressive diseases is
discussed. Furthermore, recent advances from phase II and III clinical trials targeting
specific molecular drivers of fibrosis and vascular remodeling are analyzed, with a fo-
cus on pathway-oriented therapies, including nerandomilast, admilparant, and inhaled
treprostinil. Understanding this molecular crosstalk is essential for the development of
new therapeutic strategy based on precision medicine and it may support a new era of
combination approaches aimed at stabilizing disease and improving patient outcomes in
both idiopathic and progressive pulmonary fibrosis.

Keywords: idiopathic pulmonary fibrosis; progressive pulmonary fibrosis; fibrotic niche;
epithelial-mesenchymal crosstalk; nerandomilast; admilparant; treprostinil; targeted
therapy; antifibrotics

1. Introduction

Pulmonary fibrosis (PF) encompasses a heterogeneous group of chronic interstitial
lung diseases (ILDs) characterized by progressive scarring of the lung parenchyma, irre-
versible architectural distortion, and gradual loss of respiratory function [1-3]. Despite
marked differences in etiology, many fibrotic ILDs share common pathogenic mechanisms,
including persistent epithelial injury, dysregulated tissue repair, and excessive extracel-
lular matrix (ECM) deposition [1,4-7]. These processes ultimately impair gas exchange,
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worsen dyspnea, and increase mortality [3,8,9]. Idiopathic pulmonary fibrosis (IPF) is
the prototypical and most studied fibrotic ILD [8,9]. It is a chronic, progressive fibrosing
interstitial pneumonia of unknown cause, usually affecting older adults, and is defined by
a radiological and/or histopathological pattern of usual interstitial pneumonia (UIP) [9,10].
However, IPF is not the only fibrotic ILD that may follow a progressive course. Patients with
connective tissue disease-associated ILD (CTD-ILD), fibrotic hypersensitivity pneumonitis
(HP), sarcoidosis, and unclassifiable interstitial pneumonias may also develop worsening
symptoms, progressive physiological impairment, and increasing fibrotic abnormalities
on imaging despite appropriate management [1-3]. As formalized in the 2022 American
Thoracic Society /European Respiratory Society/Japanese Respiratory Society / Asociacién
Latinoamericana de Térax (ATS/ERS/JRS/ALAT) clinical practice guideline, this clini-
cal behavior is now defined as progressive pulmonary fibrosis (PPF) [10]. PPF can be
diagnosed in non-IPF ILDs with radiological fibrosis and at least two of the following
criteria within the previous year, without alternative explanation: worsening respiratory
symptoms, physiological and/or radiological progression [3,10]. Depending on the under-
lying disease, approximately 15-40% of patients with non-IPF fibrotic ILDs develop this
phenotype, which is associated with substantial morbidity and mortality [2—4]. Recognition
of shared pathogenic pathways across fibrotic ILDs has reshaped treatment strategies and
supported extension of antifibrotic therapy beyond IPF [4-6,10]. In this review, we discuss
the pathophysiological basis of fibrogenesis and summarize established pharmacological
treatments and emerging therapies currently under phase II and III clinical investigation.

2. Materials and Methods

A non-systematic, narrative literature review was conducted. Two search engines
(PubMed and Scopus) were used to collect relevant articles from international literature (last
access to search engines: 5 March 2026). The search strategy included combinations of the
following keywords and was limited to English-language articles: idiopathic pulmonary fi-
brosis; progressive pulmonary fibrosis; antifibrotic therapy; pirfenidone; nintedanib; neran-
domilast; anlotinib; bexotegrast; sufenidone; deupirfenidone; treprostinil; admilparant;
clinical trials; epithelial-mesenchymal transition; spirometry; lung function; progression.

Additional eligible studies were retrieved from bibliographies of the most cited studies
and book chapters. Data on eligible phase 2 and 3 clinical trials on the topic were obtained
from ClinicalTrials.gov. Two authors independently screened abstracts from all the collected
articles (C.T.; G.M.); in the case of disagreement, a third senior author screened and decided
whether to include it for the analysis. Full texts of the included articles were examined and
relevant data summarized.

3. Pathophysiology of Pulmonary Fibrosis

Despite extensive research efforts, the pathophysiology of PF remains only partially
understood. The marked histological, phenotypic, and clinical heterogeneity observed
across fibrotic ILDs reflects the complexity of the biological processes that drive the aberrant
reparative response of the lung to injury (Figure 1) [1,5-7]. Pulmonary fibrosis is currently
understood as a multicellular and dynamic process rather than the result of a single
dominant pathway. In IPF, the prevailing model emphasizes recurrent alveolar epithelial
injury, maladaptive epithelial repair, aberrant alveolar epithelial cell states, fibroblast and
myofibroblast activation, immune-cell remodeling, vascular dysfunction, and extracellular
matrix accumulation. EMT-related transcriptional programs and partial epithelial plasticity
may contribute to this process, but they should be interpreted within the broader context
of epithelial-mesenchymal crosstalk rather than as the predominant or sole mechanism.
This framework better reflects the complexity of the fibrotic niche, in which epithelial,
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mesenchymal, immune, vascular, and matrix-derived signals interact to perpetuate aberrant
tissue remodeling [5,6,11].
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Figure 1. Multicellular mechanisms involved in pulmonary fibrogenesis. Recurrent alveolar ep-
ithelial injury, maladaptive epithelial repair, fibroblast recruitment and activation, immune-cell
remodeling, extracellular matrix accumulation, vascular dysfunction, cellular senescence, and ge-
netic susceptibility converge to sustain fibrotic progression. IPF, idiopathic pulmonary fibrosis; PF,
pulmonary fibrosis; AT2, alveolar type 2; EMT, epithelial-mesenchymal transition; SPP1, secreted
phosphoprotein 1; TGF-, transforming growth factor-3; PDGF, platelet-derived growth factor; TNE-
o, tumor necrosis factor-o;; ECM, extracellular matrix; CTGF, connective tissue growth factor; SASP,
senescence-associated secretory phenotype; HRCT, high-resolution computed tomography.

3.1. Disease Heterogeneity Within the PPF Framework

PPF should be regarded as a progressive clinical phenotype rather than as a homoge-
neous disease entity. Indeed, the biological and clinical background of progression may
differ substantially across underlying ILDs. In CTD-ILD, fibrosis often develops within
a systemic immune-mediated disorder and may be influenced by extrapulmonary dis-
ease activity and background immunomodulatory therapy. In fibrotic HP, persistent or
recurrent antigen exposure, airway-centered inflammation, and fibrotic remodeling may
coexist, making antigen identification and avoidance central components of management.
Fibrotic sarcoidosis may show distinct bronchovascular or upper-lobe-predominant in-
volvement and may be complicated by airway distortion and pulmonary hypertension.
These differences are clinically relevant because they may influence the balance between
inflammation and fibrosis, the role of immunosuppression, timing of antifibrotic therapy
and the interpretation of treatment effects across diagnostic subgroups.

3.2. Epithelial Injury, Immune Remodeling, and the Fibrotic Niche

In IPF, the weight of evidence no longer supports inflammation as the primary
pathogenic trigger; instead, a predominantly epithelial-centric model has emerged [5,9,11].
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This view is consistent with the classic histopathological hallmark of temporal heterogene-
ity, in which preserved lung areas coexist with regions of active fibrosis, inflammatory
infiltrates, and honeycomb change [8,9]. Recent experimental and translational studies
have strengthened this model by showing that aberrant intermediate alveolar epithelial
cells are linked to epithelial detachment, incomplete alveolar regeneration, and pathogenic
activation of fibroblasts. These findings indicate that the injured epithelium acts as an
active participant in fibrogenesis rather than as a passive victim of tissue damage [11,12].

At the same time, innate immune cells contribute to the maintenance of the fibrotic
niche. In particular, secreted phosphoprotein 1-positive (SPP1+) macrophage populations
are enriched in fibrotic lung tissue and display a distinctly profibrotic phenotype, promoting
fibroblast activation, matrix deposition, and epithelial dysfunction [13-17]. Additional work
suggests that osteopontin-related signaling may interact with epithelial stress programs
and alternative macrophage activation, thereby amplifying fibrotic remodeling [18-20]. Al-
together, these findings support the concept that pulmonary fibrosis arises from a dynamic
network of epithelial, mesenchymal, and immune-cell interactions [11,21-24].

3.3. Fibroblast Activation and Profibrotic Signaling

Persistent alveolar epithelial injury is therefore considered the key initiating event in
pulmonary fibrogenesis. Once activated, alveolar epithelial cells release chemokines and
growth factors that stimulate fibroblast recruitment, proliferation, and migration [6,11,21].
In areas of epithelial denudation and basement membrane disruption, fibroblasts accumu-
late in the subepithelial space, where they continue to proliferate and differentiate into
myofibroblasts [21-25]. Myofibroblasts are contractile, highly secretory cells responsible
for excessive deposition of collagen and other ECM components, representing an aberrant
attempt at tissue repair [23-25]. Embedded in a matrix rich in fibrillar type I and III col-
lagens, fibronectin, and other structural proteins, these cells form fibroblastic foci, which
are widely regarded as the anatomical and functional sites of active fibrogenesis [24-27].
Activated fibroblasts release mediators such as angiotensin II, which promote mesenchymal
persistence while contributing to apoptosis of adjacent epithelial cells [28].

Progressive loss of alveolar type I cells and capillary endothelium further under-
mines the integrity of the alveolar—capillary unit [8,9]. This is followed by marked hy-
perplasia of alveolar type II (AT2) cells, the main progenitor compartment of the dis-
tal epithelium; however, under conditions of chronic injury, the regenerative program
becomes maladaptive [9,29,30]. AT2 cells adopt transitional and aberrant phenotypes,
fail to fully differentiate into alveolar type I cells, and secrete mediators that perpetuate
fibrogenesis [11,12,29,30]. These cells produce matrix metalloproteinases involved in ECM
remodeling and release profibrotic mediators, including transforming growth factor-3
(TGF-p), platelet-derived growth factor (PDGF), tumor necrosis factor- o (TNF-c), and
endothelin-1, all of which promote fibroblast proliferation and myofibroblast differenti-
ation [31-35]. Among these pathways, TGF-f is a central regulator of fibrogenesis. It
drives myofibroblast differentiation, promotes epithelial dysfunction, and orchestrates
transcriptional programs that favor persistent matrix accumulation [32,35-37]. Reduced
production of endogenous antifibrotic mediators such as prostaglandin E2 (PGE2) removes
an important physiological brake on collagen synthesis and fibroblast activation [38,39].
TGF-f signaling also induces connective tissue growth factor (CTGF), which amplifies
mesenchymal activation and contributes to persistence of the fibrotic phenotype [40-42]. In
turn, CTGF promotes broader cytokine and growth factor networks, including vascular
pathways involving vascular endothelial growth factor (VEGF), thereby linking matrix
remodeling to abnormal vascular responses [40,42,43]. These processes may contribute to
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vascular remodeling and secondary pulmonary hypertension, particularly when endothe-
lial homeostasis is disrupted [43,44].

Crosstalk among TGF-f3, PDGF, complement activation, and additional receptor ty-
rosine kinase pathways further highlights the complexity and redundancy of profibrotic
signaling [33,45,46]. More recently, the lysophosphatidic acid (LPA) pathway has gained
attention for its role in lung fibrosis [47—-49]. Elevated LPA levels, generated by autotaxin,
are associated with disease progression and promote fibroblast recruitment, vascular perme-
ability, and profibrotic responses through the LPA1 receptor [47-49]. LPA is therefore con-
sidered a relevant mediator and potential therapeutic target in pulmonary fibrosis [47-49].

3.4. Genetic Susceptibility, Epithelial Vulnerability, and Cellular Senescence

Genetic studies have provided further insight into susceptibility to pulmonary fibrosis
and into mechanisms that shape disease progression [50]. Genome-wide and sequencing
studies have identified variants in genes involved in host defense, epithelial integrity, cell
adhesion, mucociliary biology, surfactant homeostasis, and telomere maintenance [50-54].
Importantly, some of these genetic determinants are shared between IPF and non-idiopathic
fibrotic ILDs, supporting the concept of partially convergent biological pathways across
distinct clinical entities [51,52,54].

Common susceptibility variants are linked to accelerated cellular senescence, aber-
rant stress responses, and defective proteostasis in alveolar epithelial cells [50-53,55].
Pathogenic variants in surfactant-related genes, such as SFTPC and SFTPA2, and telomerase-
related genes, such as TERT and TERC, are potential monogenic causes of pulmonary
fibrosis [50-52]. Misfolded surfactant proteins accumulate within the endoplasmic retic-
ulum of AT?2 cells, trigger the unfolded protein response, and, once proteostatic capac-
ity is exceeded, induce apoptosis and epithelial attrition [50,55,56]. The resulting AT2
cell dysfunction compromises self-renewal and alveolar regeneration, thereby favoring
aberrant repair [11,12,55].

Telomere-related disease represents another major pathogenic axis. Mutations af-
fecting telomerase function lead to premature telomere shortening, epithelial replicative
senescence, and acquisition of a senescence-associated secretory phenotype (SASP) enriched
in cytokines, chemokines, proteases, and growth factors [50,56,57]. Telomere dysfunction
and epithelial senescence have also been linked to genomic instability, oxidative stress,
and activation of epithelial-mesenchymal transition programs, further reinforcing the
profibrotic microenvironment [56-58]. Together, disturbances in proteostasis and telomere
biology converge to create epithelial vulnerability, loss of regenerative capacity, and chronic
mesenchymal activation [50,55,59].

4. Pre-Antifibrotic Era: Historical Perspectives

Historically, treatment of fibrotic ILDs was guided by the inflammatory hypothesis,
according to which these disorders were presumed to be predominantly inflammatory,
particularly in their early phases, and therefore likely to respond to corticosteroids and
immunosuppressive agents [4,8,9]. In the absence of controlled trials, patients with IPF
were commonly treated with corticosteroids, cyclophosphamide, azathioprine, or combina-
tions thereof, largely on the basis of anecdotal experience rather than robust evidence [4,8].
This approach was ultimately overturned by randomized data showing harm with com-
bination immunosuppression and no meaningful benefit from antioxidant therapy with
N-acetylcysteine, findings that fundamentally reshaped clinical practice [8,59]. The failure
of anti-inflammatory strategies redirected attention toward the non-inflammatory drivers
of fibrogenesis, including repetitive epithelial injury, aberrant wound healing, and fibrob-
last activation [5,6,59]. This conceptual shift paved the way for targeted pharmacological
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approaches and ultimately led to the development of pirfenidone and nintedanib, the first
agents shown to slow disease progression in IPF [4,60-63].

5. Pharmacological Treatment for Idiopathic Pulmonary Fibrosis
5.1. Pirfenidone

Pirfenidone was the first antifibrotic agent approved for IPF by major regulatory agen-
cies (Table 1, Figure 2). Although its precise mechanism of action remains incompletely
defined, it exerts pleiotropic antifibrotic effects, including modulation of TGF-3-driven sig-
naling and inhibition of fibroblast proliferation [4,60,61]. Its clinical efficacy was established
in the CAPACITY and ASCEND programs. In the CAPACITY studies, the primary endpoint
was change in percent predicted Forced Vital Capacity (FVC) at week 72. Study 004 met
this endpoint, showing a significantly smaller decline in percent predicted FVC in the
pirfenidone arm than in the placebo group (—8.0% vs. —12.4%; p = 0.001), whereas study
006 did not demonstrate a statistically significant difference at week 72 despite an earlier
signal favoring active treatment [60,61]. The ASCEND trial subsequently provided confir-
matory evidence in a more rigorously selected IPF population. At 52 weeks, pirfenidone
reduced the proportion of patients experiencing an absolute decline of at least 10% in
predicted FVC or death by 47.9% compared with placebo; it also increased the proportion
of patients with no meaningful decline in FVC, reduced the risk of a decline of at least 50 m
in the 6 min walk distance, and improved progression-free survival [61]. Pooled analyses
of ASCEND and CAPACITY further supported a favorable effect on mortality-related
outcomes [60,61]. Pirfenidone is generally well tolerated; the adverse-event profile is domi-
nated by gastrointestinal and cutaneous toxicity, particularly nausea, dyspepsia, anorexia,
and photosensitivity, which are generally manageable with slower dose escalation, ad-
ministration with meals, temporary dose reduction, and rigorous photoprotection [61,63].
Although FVC remains the primary regulatory benchmark, it is increasingly recognized
that functional stabilization does not always translate into immediate symptomatic relief.
Accordingly, while the ASCEND trial confirmed the effect on FVC, it also highlighted the
importance of secondary endpoints such as progression-free survival and reduction in
6MWD decline.

Table 1. Randomized clinical trials of approved antifibrotic agents in idiopathic pulmonary fibrosis
and their extension trials in progressive fibrosing interstitial lung diseases.

Idiopathic Pulmonary Fibrosis

Clinical Trial Drug Study Design Primary Endpoint Results
Phase 3. randomized Pirfenidone significantly
CAPACITY ) . double-blind, and Change from baseline in reduced the decline in FVC.
Pirfenidone . Pooled data showed a
(1and 2) placebo-controlled percent predicted FVC. o
(72 weeks) reduction in

disease progression.

ASCEND Pirfenidone

Confirmed the findings of
CAPACITY, showing a

Phase 3, randomized, significant reduction in FVC

double-blind, and Change from baseline in . .
. decline. Pooled analysis with
placebo-controlled percent predicted FVC. CAPACITY demonstrated a
(52 weeks)

reduction in
all-cause mortality.
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Table 1. Cont.

Both trials met the primary

Phase 3, randomized, endpoint, showing that

INPULSIS Nintedanib double-blind, and Annual rate of decline in Nintedanib slowed FVC
(1 and 2) placebo-controlled FVC (mL/year). . o
decline by ~50% compared
(52 weeks)
to placebo.
Met the primary endpoint,
. showing a statistically
Phase 3, rar}domlzed, Absolute change from  significant reduction in FVC
FIBRONEER- . double-blind, and L. . .
Nerandomilast baseline in FVC (mL) at  decline vs. placebo. Efficacy
IPF placebo-controlled . h
(52 weeks) week 52. was consistent both as
monotherapy and as add-on
to current antifibrotics.
Non-IPF Progressive Fibrosing Interstitial Lung Diseases
Clinical Trial Study Design Primary Endpoint Results
Met the primary endpoint.
Phase 3, randomized, .. Nintedanib reduced the rate
double-blind, and ~ AAnnualrateof declinein = ¢ py e 4o gine by 57% across
INBUILD Nintedanib ! FVC (mL/year) over . X
placebo-controlled 50 weeks the entire population,
(52 weeks) ’ regardless of the fibrotic
pattern (UIP-like or others).
Phase 2b, randomized, Absolute change in Termmate'd early for f}lt111ty.
. . Slow recruitment (making the
o double-blind, and percent predicted FVC
RELIEF Pirfenidone - study underpowered to reach
placebo-controlled from baseline to : ) :
the primary endpoint). Failed
(48 weeks) week 48. . .
to meet primary endpoint.
Met the primary endpoint.
Phase 3, randomized, Absolute change from Nerandgcrllllllcfleszl Sléglrgﬁcanﬂy
FIBRONEER- . double-blind, and > UIE C1ans ;
Nerandomilast baseline in FVC (mL) at decline vs. placebo
ILD placebo-controlled .
week 52. (differences of 68.8 mL and
(52 weeks)

44.9 mL for the tested doses
compare to the placebo arm).

IPF, idiopathic pulmonary fibrosis; ILD, interstitial lung disease; FVC, forced vital capacity; UIP, usual interstitial
pneumonia; mL, milliliters.

5.2. Nintedanib

Nintedanib emerged from the recognition that key pathways involved in fibrogenesis
overlap with those driving proliferation and migration in oncology (Table 1, Figure 2).
It is an intracellular tyrosine kinase inhibitor targeting receptors for PDGF, VEGF and
fibroblast growth factor (FGF), all of which participate in fibroblast activation, migra-
tion, and myofibroblast differentiation [4,33,62]. Its efficacy in IPF was demonstrated
in the replicate INPULSIS-1 and INPULSIS-2 trials, which together enrolled 1066 pa-
tients and consistently met the primary endpoint of reducing the annual rate of FVC
decline over 52 weeks [62]. Across the two trials, the between-group difference in FVC
decline were 94 and 125 mL/year, respectively, corresponding overall to an approximately
50% reduction in lung function loss versus placebo [62]. Secondary outcomes were more
heterogeneous. A lower risk of first acute exacerbation was observed in INPULSIS-2,
whereas the same signal was not reproduced with similar strength in INPULSIS-1, prompt-
ing a more cautious interpretation of this effect [62]. Nonetheless, the consistency of
the primary endpoint across both studies firmly established nintedanib as the second
cornerstone antifibrotic therapy in IPF. Clinically, its safety profile is largely defined by gas-
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trointestinal toxicity, particularly diarrhea, which is frequent but usually manageable with
antidiarrheal therapy, dose reduction, or brief treatment interruption. Other adverse events
include transaminase elevations, which require routine biochemical monitoring [62,63], as
well as increased risk of bleeding, that requires particular attention in patients receiving
concomitant therapies.

CAPACITY

Phase lll | n=779
Pirfenidone in IPF

Completed Phase lll clinical trials of Antifibrotic drugs (2011-2026)

PANTHER-IPF

Phase lll | n=236
Prednisone +
azathioprine + NAC in IPF

Phase lll | n=555
Pirfenidone in IPF

Phase lll | n=1066
Nintedanib in IPF

I Successfull

[ Partial success

[l Failureorearly
discontinuation

NCREAS|

Phase il | n=326

Inhaled Treprostinil

in PH-ILD

FIBRONEER-ILD
Phase lll | n=1176

Phase lll | n=356
in IPF’

Phase lll | n=576

Nintedanib in SSc-ILD|

Phase lll | n=663
Nintedanib in PF-IL

in PF-ILD

ISABELA 1/2
Phase lll | n=1306
Ziritaxestat in IPF

Phase Il | n=593
Inhaled Treprostinil
In IPF

FIBRONEER-IPF
Phase lll | n=1177
Nerandomilast in IPF

Phase Ill | n=664
Zinpentraxin alfa
in IPF

Phase lib/lll | n=360
Bexotegrast in IPF
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I 1 I
2012 2013 2014

Active Phase Il / llb programs

MAXPIRe
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Bl 765423

L | 1 L 1 L L L
T T T T T T T T >
2015 2019 2020 2021 2023 2024 2025 2026
Active Phase Il / lI-lll programs
Phasellb  Axatiimab | CSFAR TETON-PPF Phaselll Inhaled treprostinil | PPF
ALOFT-IPF Phaselll Admilparant / BMS-986278 | LPA1 antagonist
Phaselib LZ':::EC')Z’ ENV-101 | ALOFT-PPF  Phaselll  Admilparant / BMS-986278 | LPA1 antagonist
SC1011 Phaselllll  Sufenidone | pyridone antifibrotic
Phasellb  Buloxibutid | AT2R agonist SURPASS-IPF  Phaselll Deupirfenidone vs pirfenidone
Anlotinib Phaselllll  Multi-TKI | VEGFR/FGFR/PDGFR/c-KIT

Phasella  Anti-IL-11 mAb

Figure 2. Completed phase III trials and active therapeutic programs in pulmonary fibrosis. Timeline
of major completed phase III clinical trials and ongoing phase II (green)-III (blue) programs in idio-
pathic pulmonary fibrosis (IPF) and progressive pulmonary fibrosis (PPF). Trials included encompass
emerging therapies, negative or discontinued programs, and active studies of pathway-oriented
agents targeting inflammatory, profibrotic, vascular, extracellular matrix, and receptor tyrosine kinase
pathways. (Box representing BEACON-IPF trial differs from others since it was a phase IIb/III
trial). IPF, idiopathic pulmonary fibrosis; ILD, interstitial lung disease; PF-ILD, progressive fibrosing
interstitial lung disease; PPF, progressive pulmonary fibrosis; SSc-ILD, systemic sclerosis-associated
interstitial lung disease; PH-ILD, pulmonary hypertension associated with interstitial lung disease;
NAC, N-acetylcysteine; mAb, monoclonal antibody; CSF1R, colony-stimulating factor 1 receptor;
LPA1, lysophosphatidic acid receptor 1; IL-11, interleukin-11; VEGFR, vascular endothelial growth
factor receptor; FGFR, fibroblast growth factor receptor; PDGFR, platelet-derived growth factor
receptor; c-KIT, KIT proto-oncogene receptor tyrosine kinase; TKI, tyrosine kinase inhibitor.

6. Antifibrotic Drugs Beyond Idiopathic Pulmonary Fibrosis

The spectrum of pulmonary fibrosis encompasses several conditions beyond IPF, many
of which may unfortunately exhibit a similar disease behavior and, consequently, an equally
poor prognosis [1-4]. Although corticosteroids and immunomodulatory agents have long
represented the standard therapeutic approach for these disorders, the results obtained
with nintedanib and pirfenidone in IPF prompted the scientific community to investigate
whether these agents could retain a similar efficacy profile in fibrosing ILDs with a pro-
gressive phenotype (Table 1, Figure 2) [4,10]. The first pivotal evidence for antifibrotic
therapy in non-IPF fibrotic ILDs came from the SENSCIS trial, which evaluated nintedanib
in patients with systemic sclerosis-associated interstitial lung disease (5Sc-ILD) [64]. This
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randomized, double-blind, placebo-controlled trial enrolled 576 patients with SSc-ILD
across 32 countries and randomizing them 1:1 to receive nintedanib 150 mg twice daily
or placebo for 52 weeks [64]. Notably, approximately half of the patients (48.4%) were
receiving mycophenolate at baseline, reflecting real-world clinical practice [64,65]. The
results demonstrated that nintedanib significantly reduced the annual rate of FVC decline
compared with placebo (—52.4 mL/year vs. —93.3 mL/year; difference 41.0 mL/year;
95% CI, 2.9 to 79.0; p = 0.04), representing a 44% relative reduction in the rate of lung
function decline [64]. Further analyses showed that nintedanib reduced the risk of abso-
lute decline in FVC of at least 10% predicted or death by 36% (hazard ratio 0.64; 95% CI,
0.43 to 0.95; p = 0.029) [65]. Importantly, the treatment effect was consistent regardless of
baseline mycophenolate use, with no heterogeneity detected between subgroups, sug-
gesting that the combination of mycophenolate and nintedanib may represent a safe and
potentially synergistic treatment option for patients with SSc-ILD [65].

The adverse-event profile was similar to that observed in IPF trials, with diarrhea
being the most common adverse event, although more than 80% of patients continued
nintedanib for the full 52 weeks [64]. Long-term data from the SENSCIS-ON open-label
extension study confirmed that the safety profile remained consistent and that the ben-
eficial effect on FVC decline was maintained over extended treatment periods [66]. The
INBUILD study subsequently enrolled 663 patients with ILDs other than IPF who nonethe-
less showed clear evidence of disease progression despite conventional treatment [67].
Patients were randomized in a 1:1 ratio to receive either nintedanib (150 mg twice daily)
or placebo for 52 weeks. A major strength of the study was the rigorous definition of
progression required for enrollment, which had to be documented within the previous
24 months: a relative decline in FVC of at least 10% of the predicted value; a decline in FVC
between 5% and 10% associated with worsening respiratory symptoms or increased fibrosis
extent on high-resolution computed tomography; or worsening respiratory symptoms
and radiological progression alone [10,67]. The results showed that nintedanib reduced
the annual rate of FVC decline by 57% in the overall population (—80.8 mL/year in the
nintedanib group vs. —187.8 mL/year in the placebo group; difference 107.0 mL/year;
95% CI, 65.4 to 148.5; p < 0.001) [67]. Importantly, the treatment effect was consistent across
all subgroups, regardless of the underlying clinical diagnosis or radiological pattern [67].
However, the apparent consistency of treatment effect across diagnostic subgroups should
be interpreted with caution. PPF trials are generally designed and powered to detect treat-
ment effects in the overall progressive fibrotic population, whereas individual diagnostic
subgroups are often smaller and biologically heterogeneous. Therefore, the absence of
statistically significant heterogeneity does not necessarily imply identical mechanisms of
progression or identical treatment responsiveness across different conditions (e.g., CTD-
ILD, fibrotic HP, unclassifiable ILD). Future studies should therefore consider stratification
according to underlying diagnosis, radiological pattern, background immunomodulatory
therapy, and predefined progression criteria. These findings provided the scientific basis
for extending the regulatory indications of nintedanib. Indeed, the concept of progressive
pulmonary fibrosis (PPF) was formalized thereafter by the 2022 ATS/ERS/JRS/ALAT
clinical practice guideline, which for the first time suggested the use of an antifibrotic drug,
nintedanib, in fibrotic ILDs other than IPF on the basis of the INBUILD findings [10]. Fur-
thermore, real-life studies confirmed the safety and effectiveness of nintedanib in slowing
lung function decline, regardless of etiological diagnosis and radiological pattern [68-70].

Evidence for pirfenidone beyond IPF remains more limited and less uniform. Several
phase II studies have attempted to extend its indication to non-IPF fibrosing ILDs, but the
overall dataset remains constrained by small sample size, heterogeneity, and premature
trial discontinuation. The RELIEF trial, which evaluated the addition of pirfenidone to
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conventional therapy in patients with non-IPF progressive fibrotic ILDs, was terminated
prematurely for futility due to slow recruitment, which limited its statistical power. Conse-
quently, the study failed to reach its primary endpoint in the intention-to-treat population.
Nevertheless, exploratory analyses suggested a potential attenuation of FVC decline in
patients receiving pirfenidone (mean difference 89 mL; p = 0.042), although these findings
must be interpreted with caution because of the trial’s early termination. and limited power
to draw definitive conclusions on pirfenidone’s efficacy in non-IPF ILDs [71]. In the phase
II TRAIL1 study in theumatoid arthritis-associated ILD (RA-ILD), the primary composite
endpoint of significant FVC decline or death was not met, largely because the study became
underpowered after early termination. However, secondary analyses indicated a slower
rate of FVC loss with pirfenidone, particularly in patients with more extensive fibrosis or a
UIP-like pattern [72].

Real-world data have broadly aligned with these observations, suggesting relative sta-
bilization of lung function after antifibrotic initiation in selected RA-ILD populations [73,74].
Current guidelines recommendations therefore remain more cautious for pirfenidone than
for nintedanib in non-IPF disease. Recent ACR/CHEST (American College of Rheumatol-
ogy/American College of Chest Physicians), ATS, and ERS/EULAR (European Alliance
of Associations for Rheumatology) guidance supports nintedanib in progressive systemic
autoimmune rheumatic disease-associated ILD, especially in fibrosing phenotypes, while
pirfenidone is generally considered a more selective option in RA-ILD progression or in
settings where individualized decision-making is warranted [75-77].

7. From Setbacks to Breakthrough: The Emergence of Nerandomilast in
Antifibrotic Therapy

Despite the approval of pirfenidone and nintedanib, progress in antifibrotic drug de-
velopment remained limited for more than a decade (Figure 2). Several late-stage programs
failed to confirm earlier promise, including ziritaxestat (a selective inhibitor of autotaxin)
in the ISABELA trials, zinpentraxin alfa (a recombinant form of human pentraxin-2) in
STARSCAPE, and pamrevlumab (an inhibitor of the CTGF—co-factor and amplifier of
TGEF-f) in ZEPHYRUS-1 [78-81]. These setbacks highlighted both the biological complexity
of fibrotic lung disease and the difficulty of demonstrating efficacy beyond slowing FVC
decline [4,78]. Against this background, the FIBRONEER program marked a major advance
by showing efficacy of nerandomilast in both IPF and PPF [82,83] (Figure 2). Nerandomilast
is a selective phosphodiesterase 4B (PDE4B) inhibitor and the first agent in this class to
reach clinical practice in IPF (Table 1) [79,81-83]. Unlike existing antifibrotics, it enhances
intracellular cyclic AMP signaling through selective PDE4B inhibition, thereby modulating
both inflammatory and fibrotic pathways [84-87]. This mechanism reduces release of profi-
brotic mediators, attenuates fibroblast-to-myofibroblast differentiation, and decreases cell
contractility and migration [85,87,88]. Preclinical studies also suggest favorable effects on
endothelial barrier dysfunction and on broader signaling networks, including TGF-—and
Mitogen-Activated Protein Kinases (MAPK)-related pathways [87,88]. Isoform selectivity
was specifically pursued to improve tolerability compared with non-selective PDE4 in-
hibitors [84,85]. In the phase III FIBRONEER-IPF trial, nerandomilast significantly reduced
FVC decline at 52 weeks compared with placebo [82]. Specifically, adjusted mean changes
in FVC at week 52 were —114.7 mL (95% CI, —141.8 to —87.5) in the nerandomilast 18 mg
group, —138.6 mL (95% CI, —165.6 to —111.6) in the 9 mg group, and —183.5 mL (95% CI,
—210.9 to —156.1) in the placebo group [82]. The adjusted difference versus placebo was
68.8 mL (95% CI, 30.3 to 107.4; p < 0.001) for nerandomilast 18 mg and 44.9 mL (95% CI,
6.4 to 83.3; p = 0.02) for nerandomilast 9 mg [82].
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Importantly, benefit was observed both in patients receiving background pirfenidone
or nintedanib and in those treated without background antifibrotic therapy, supporting a
role for nerandomilast as either add-on or stand-alone treatment [82]. However, a phar-
macokinetic interaction between nerandomilast and pirfenidone was identified, reducing
plasma concentrations of nerandomilast by approximately 50% in patients taking pir-
fenidone; consequently, only the 18 mg twice-daily dose of nerandomilast appeared to
be effective in these patients [82]. A more cautious interpretation is required regarding
harder clinical endpoints. Analysis of the complete follow-up period in FIBRONEER-IPF
showed no significant effect on the composite endpoint of time to first acute exacerbation,
hospitalization for respiratory cause, or death, although nerandomilast 18 mg twice daily
was associated with a numerically lower risk of death, though not reaching statistical
significance (hazard ratio 0.66; 95% CI, 0.41 to 1.08) [85]. Furthermore, although PDE4B
inhibition aimed to improve tolerability, gastrointestinal events and weight loss remained
common, potentially affecting long-term adherence in a real-world setting.

In parallel with the IPF program, the phase III FIBRONEER-ILD trial evaluated
nerandomilast in patients with PPF using a similar study design [83]. This trial also
met its primary endpoint, demonstrating that nerandomilast significantly reduced FVC
decline compared with placebo over 52 weeks. The adjusted mean change in FVC at
week 52 was —98.6 mL (95% CI, —123.7 to —73.4) in the nerandomilast 18 mg group,
—84.6 mL (95% CI, —109.6 to —59.7) in the 9 mg group, and —165.8 mL (95% CI,
—190.5 to —141.0) in the placebo group [80]. The adjusted difference versus placebo was
67.2 mL (95% CI, 31.9 to 102.5; p < 0.001) for nerandomilast 18 mg and 81.1 mL (95% CI,
46.0 to 116.3; p < 0.001) for nerandomilast 9 mg [83]. Subgroup analyses suggested a gener-
ally consistent effect of nerandomilast across different ILD diagnoses, including CTD-ILD,
fibrotic HP, and other fibrosing ILDs; nerandomilast also slowed lung function decline
both in patients taking background nintedanib therapy and in those not receiving such
therapy [83]. The safety profile of nerandomilast appears manageable. Diarrhea was the
most common adverse event across FIBRONEER studies, but it was usually mild to moder-
ate and led only infrequently to permanent discontinuation [82,83,89]. Other adverse events
included weight loss, reduced appetite, nausea, and mood-related symptoms, generally at
rates comparable to or only slightly higher than placebo [82,89].

From a mechanistic standpoint, the dual anti-inflammatory and antifibrotic activity of
PDE4B inhibition may be particularly attractive in progressive fibrotic ILDs, where immune
dysregulation and fibrogenesis frequently coexist [85,87,88]. More broadly, the emergence
of nerandomilast has re-energized the field and suggests that future drug development
may increasingly focus on combination strategies, mechanistically complementary agents,
and better phenotypic or molecular enrichment of clinical trials [78,84-87]. Nevertheless,
combination antifibrotic therapy should be interpreted as a promising but still unresolved
strategy. Potential drug—drug interactions may influence exposure and dosing, as shown
by the interaction between nerandomilast and pirfenidone [82]. In addition, overlapping
adverse-event profiles, including gastrointestinal intolerance, weight loss, liver enzyme
abnormalities, and treatment discontinuation, may increase cumulative toxicity and af-
fect long-term adherence. Combination regimens also raise trial-design and regulatory
challenges, because future studies will need to distinguish monotherapy effects from true
additive benefit on top of approved background treatment. Careful stratification by con-
comitant antifibrotic or immunomodulatory therapy will therefore be essential before these
strategies can be translated into routine clinical practice.
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8. Pathway-Driven Emerging Therapies

In recent years, knowledge of the molecular and cellular basis that drive fibrotic
lung remodeling has substantially increased. As a consequence, a new generation of
pathway-oriented therapeutic strategies have been investigated, and some molecules are
now being tested in phase II and III clinical trials [90]. These drugs are designed to target
specific pathogenic axes, ranging from aberrant fibroblast activation and extracellular
matrix deposition to dysregulated vascular signaling, inflammation, and epithelial injury
responses (Table 2, Figure 2).

8.1. Admilparant (BMS-986278)

Enhanced lysophosphatidic acid receptor 1 (LPA1) signaling has been implicated in
the fibrotic remodeling and progressive lung function decline in both idiopathic pulmonary
fibrosis (IPF) and progressive pulmonary fibrosis (PPF) [47]. Admilparant (BMS-986278) is
a selective, orally administered LPA1 antagonist developed to inhibit this profibrotic signal-
ing pathway by reducing fibroblast migration and collagen synthesis, thereby supporting its
potential therapeutic application in pulmonary fibrosis [47]. A phase 2, randomized, double-
blind, placebo-controlled trial (NCT04308681) enrolled parallel cohorts of patients with IPF
(n = 278 randomized; n = 276 treated) and PPF (n = 125 randomized; n = 123 treated) [91].
Participants were assigned to receive admilparant 30 mg or 60 mg, or placebo, twice daily
for 26 weeks. Concomitant antifibrotic therapy was permitted in both cohorts, whereas
immunosuppressive therapy was allowed only in the PPF subgroup.

The findings demonstrated that the 60 mg dose of admilparant reduced the rate of
decline in percent predicted forced vital capacity (FVC) compared to placebo in both IPF
and PPF cohorts. Specifically, the treatment difference in FVC change versus placebo
was 62 mL (95% CI, —1 to 125) for the IPF cohort and 113 mL (95% CI, 27 to 199) for the
PPF cohort over 26 weeks. Admilparant also delayed time to disease progression, with
hazard ratios of 0.54 (IPF) and 0.41 (PPF) for the 60 mg dose versus placebo, indicating a
clinically meaningful effect. Overall, admilparant demonstrated a safety and tolerability
profile similar to placebo [91]. Among all study cohorts, diarrhea was the most frequently
reported treatment-emergent adverse event (TEAE), occurring predominantly among
participants receiving concomitant antifibrotic therapy. Within the IPF cohort, diarrhea
incidence rates among patients receiving background antifibrotic medications were 16% in
the placebo arm, 13% in the 30 mg treatment group, and 13% in the 60 mg treatment
group. Among participants not receiving background antifibrotic therapy, diarrhea rates
were 3% for placebo, 7% for 30 mg, and 7% for 60 mg. In the PPF cohort, diarrhea
occurred in 40%, 13%, and 13% of patients receiving placebo, 30 mg, and 60 mg respectively
among those on background antifibrotic therapy. Among participants without concomitant
antifibrotic treatment, diarrhea incidence was 0% for placebo, 16% for 30 mg, and 4% for
60 mg. Transient decreases in blood pressure were observed after the first dose; however,
these changes were not clinically significant and were not associated with higher rates of
treatment discontinuation or serious adverse events. In the IPF subcohort, the incidence
was 1.1%, 2.2%, and 4.3% in the placebo, 30 mg, and 60 mg groups, respectively. In the PPF
subcohort, corresponding rates were 0%, 10%, and 7.1% respectively for placebo, 30 mg,
and 60 mg [91].
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Table 2. Phase II and III clinical trials on pathway-driven emerging therapies.

Mechanism Trial Name/ Number
Molecule ecrants Disease Clinicaltrials.gov  Phase/Duration Status umbe Administration Primary Endpoint Adverse Events
of Action i of Patients
Identifier
IPF Completed 276 Change From Baseline in Percent
NCT04308681 2/26 weeks with fesults Predicted Forced Vital Capacity Diarrhea
PPF 123 (ppFVC) in IPF Participants.
ALOFT.IPF/ 1 Number of participants
Admilparant LPA-r1 antagonist IPF y 1255 Oral that experience
P & NCT06003426 ) ra spontaneous syncopal
3/52 weeks Active, 'nf)t events (at 4 weeks).
yet recruiting 2. Absolute change from
baseline in forced vital
ALOFT-PPE/ .
PPE NCT06025578 1092 .capac1ty (FVC) measured
in mL.
INCREASE/ Completed Change in 6MWD Measur?d at Cough, headache,
2/3/16 weeks . 326 Peak Exposure From Baseline to
PH associated NCT02630316 with results Week 16 dyspnea, etc.
with ILD - -
Changein Pk e vtk
CPFE OLE/ 2/3/124 weeks Terminated 243 et Week 1o i eme
NCT02633293 through Week 124 in
RIN-PH-202.
. Synthetic analo TETON 2/ Completed
Treprostinil of Prostacyclin’ IPE NCT05255991 with results 97 Inhaled Cough
TETON 1/ Completed Change in Absolute FVC from
IPE NCT04708782 3/52 weeks with results 9% Bl ek 50,
TETON-PPF/ .
PPF NCT05943535 Recruiting 698
. Long-term safety and tolerability
TETON-OLE/ Enrolling . . .
IPF or PPF NCT04905693 3/up to 6 years by invitation 1850 of inhaled treprostinil in subjects

with IPF or PPE.
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Table 2. Cont.

kinase inhibitor

Mechanism Trial Name/ Number
Molecule . Disease Clinicaltrials.gov  Phase/Duration Status um Administration Primary Endpoint Adverse Events
of Action g of Patients
Identifier
Number of Participants With
INTEGRIS-IPE/ Completed Treatment-Emergent Adverse .
NCT04396756 2/up to 12 weeks with results 120 Events or Serious TEAS at 4, Diarrhea
12 and 48 weeks.
Change from Baseline in top
Completed quartile whole lung PET
Dual integrin NCT05621252 2a/12 weeks with fesults 10 standardized uptake value (SUV)
Bexotegrast inhibitor (cvp6 IPF Oral following 12 weeks of treatment
and avp1) with bexotegrast.
Number of Participants With a
IPF-201/ 2a Completed 9 Predicted Effect on «VB6 PET in
NCT04072315 with results Lungs After Administration
of Drug.
BEACON-IPF/ Terminated early Change from baseline in absolute
NCT06097260 2/52 weeks (safety concerns) 320 FVC (mL) at Week 52
. Pyridone " Annual Rate of Decline in FVC
Sufenidone derivative IPF NCT06125327 2/3/52 weeks Recruiting 210 Oral Over 52 Weeks.
ELEVATE/ Active, Rate of decline in Forced Vital
Deutereated NCT05321420 2/26 weeks not recruiting 240 Capacity over 26 weeks
Deupirfinidone formulation IPF Oral i
of pjrfenidone SURPASS-IPF/ Active, Absolute Change in FVC .
3/52 weeks - 1100 measured in mL from baseline to
NCT07284602 not recruiting
week 52
.. Tyrosine " .
Anlotinib IPF/PF-ILDs NCT05828953 2/3/24-52 weeks Recruiting 30 Oral Change in FVC

LPA-r1, lysophosphatidic acid receptor 1; IPF, idiopathic pulmonary fibrosis; PPF, progressive pulmonary fibrosis; PH, pre-capillary pulmonary hypertension; ILD, interstitial lung
disease; CPFE, combined pulmonary fibrosis and emphysema; 6MWD, 6 min walking distance; TEAS, treatment-emergent adverse events; PET, positron emission tomography; SUV,
standardized uptake value; FVC, forced vital capacity; ppFVC, percent predicted forced vital capacity; PF-ILD, progressive fibrosing interstitial lung disease. RIN-PH-202: INCREASE

open label extension.
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Notably, in a post hoc analysis, the 60 mg dose was associated with a prolonged time to
disease progression in IPF (hazard ratio 0.54; 95% CI 0.31-0.95), where progression was de-
fined as a composite outcome including one or more of the following events: >10% relative
FVC decline, acute exacerbation, hospitalization, or death [92]. This effect was consistent
across subgroups, irrespective of baseline lung function or background antifibrotic therapy.
By contrast, the 30 mg dose attenuated FVC decline in PPF (—2.9% vs. —4.3% with placebo)
but had no effect in IPF (—2.8% vs. —2.7%) [92]. Although admilparant was overall well
tolerated, the long-term impact on systemic blood pressure and the efficacy of the lower
30 mg dose in IPF remain areas of uncertainty. Two phase 3 studies are currently under-
way to evaluate the efficacy, safety, and tolerability of admilparant in IPF (ALOFT-IPF;
NCT06003426) and PPF (ALOFT-PPF; NCT06025578). Both trials share co-primary end-
points, including the incidence of spontaneous syncopal events at approximately 4 weeks
and the absolute change from baseline in FVC (mL) through week 52.

8.2. Inhaled Treprostinil

Treprostinil is a synthetic analog of prostacyclin with well-established pharmacody-
namic properties, including direct vasodilation of the pulmonary and systemic arterial
circulation and inhibition of platelet aggregation [93]. Although initially approved for the
treatment of World Health Organization (WHO) Group 1 pulmonary arterial hypertension
(PAH), treprostinil has also proven effective also in WHO Group 3 pulmonary hypertension
(PH), particularly among patients with interstitial lung disease (ILD). Consequently, in-
haled treprostinil has gained attention as a promising therapeutic option for ILD-associated
pulmonary hypertension (PH-ILD), warranting continued investigation. The INCREASE
trial was a pivotal, 16-week, multicenter, randomized, double-blind, placebo-controlled
study enrolling 326 patients with ILD and hemodynamically confirmed PH by right heart
catheterization [94]. Participants were randomized to receive inhaled treprostinil (up to
12 breaths, 72 g, four times daily) or placebo.

The trial met its primary endpoint, demonstrating a statistically significant improve-
ment in 6 min walk distance (6MWD), with a least-squares mean difference of 31.12 m in
favor of treprostinil (95% CI 16.85-45.39; p < 0.001). Key secondary endpoints were also
successfully achieved, including a 15% reduction from baseline in NT-proBNP levels in the
treprostinil arm compared with a 46% increase in the placebo arm (treatment ratio 0.58;
95% CI 0.47-0.72; p < 0.001). Additionally, clinical worsening events were significantly
reduced (22.7% vs. 33.1%; HR 0.61; 95% CI 0.40-0.92; p = 0.04). The safety profile was
consistent with prior prostacyclin studies, with cough, headache, dyspnea, dizziness, nau-
sea, fatigue, and diarrhea reported most frequently [94]. The inhaled treprostinil program
provided an example of moving beyond FVC. The INCREASE trial utilized 6MWD as its
primary endpoint to directly assess exercise capacity, while also demonstrating a significant
reduction in clinical worsening events and NT-proBNP levels, offering a more holistic view
of patient stability than FVC alone.

A post hoc analysis of the INCREASE trial revealed unexpected improvements in
pulmonary function, particularly among patients with idiopathic interstitial pneumonia,
and most notably in those with idiopathic pulmonary fibrosis (IPF) [95]. In the IPF subgroup
(n =92), inhaled treprostinil produced a placebo-corrected mean improvement in forced
vital capacity (FVC) of 168.5 mL at week 16 (95% CI 40.1-297.0; p = 0.011), although the
difference at week 8 did not reach statistical significance (84.5 mL; 95% CI —20.4 to 189.5;
p = 0.11). The percentage predicted FVC also improved significantly: 2.5% (95% CI 0.1-4.9;
p = 0.038) at week 8 and 3.5% (95% CI 0.7-6.3; p = 0.015) at week 16. Notably, 53% of patients
with IPF were receiving background antifibrotic therapy, suggesting that the observed
improvements in FVC may be additive to existing standard-of-care treatments [95].
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Further insight into the long-term effects of inhaled treprostinil was provided by
a survival analysis combining data from the INCREASE trial and its open-label exten-
sion (OLE) [96,97]. In this extension study, 29 deaths were reported among participants
originally randomized to treprostinil and 33 among those initially assigned to placebo. Stan-
dard, unadjusted analyses demonstrated a non-significant trend toward reduced mortality
(HR 0.71; 95% CI1 0.46-1.10; p = 0.12). However, after adjustment for treatment crossover,
a significant reduction in mortality was observed. These findings suggested a possible
long-term survival benefit of inhaled treprostinil in patients with PH-ILD [96,97]. Recent
evidence from phase 3 clinical trials has suggested that inhaled treprostinil may exert
antifibrotic effects independently of its known vasodilatory properties. The international
TETON-2 trial (NCT05255991) evaluated whether these effects translate into meaningful
clinical benefit in patients with ILD even in the absence of PH [98]. In this randomized,
double-blind, placebo-controlled study, inhaled treprostinil met its primary endpoint,
demonstrating a statistically significant improvement in the absolute change in FVC from
baseline to week 52. The mean difference between the inhaled treprostinil group and
the placebo group was 95.6 mL (95% CI: 52.2 to 139.0 mL; p < 0.001). Furthermore, the
risk of clinical worsening or death was significantly reduced in the active treatment arm
(HR: 0.71; 95% CI: 0.53 to 0.95; p = 0.02) [98]. These results support the potential role of
inhaled treprostinil as a new effective therapeutic option in fibrotic lung disease. Inhaled
treprostinil was generally well tolerated, although treatment discontinuations were re-
ported. Overall discontinuation rates were 33.6% in the treprostinil group and 24.7% in
the placebo group. The most frequently reported adverse event was cough, occurring in
48.3% of patients receiving treprostinil compared with 24.1% in the placebo group [98].
Thus, despite the promising FVC data, considerations about safety and tolerability remain
central. The high incidence of cough (48.3% vs. 24.1% in placebo) and a discontinuation
rate of 33.6% highlight the challenges of inhaled administration in patients with already
compromised lung function. Recently, topline results from the TETON-1 phase III trial
have been announced and confirmed the efficacy of inhaled treprostinil in a distinct cohort
of IPF patients. The study met its primary endpoint, showing a statistically significant
reduction in the rate of FVC decline compared with placebo, consistent with the findings
observed in TETON-2. These results further confirm the potential of inhaled prostacyclin
analogs as a novel therapeutic avenue in IPF management. The ongoing TETON-PPF study
(NCT05943535) is currently evaluating whether these clinical benefits extend to patients
with progressive pulmonary fibrosis (PPF) other than IPF. An accompanying open-label
extension, TETON-OLE (NCT04905693), will evaluate the long-term safety and tolerability
of inhaled treprostinil in patients with IPF or PPF for up to six years, or until early dis-
continuation due to adverse events, drug discontinuation for other reasons, commercial
availability of inhaled treprostinil for IPF or PPF, or study termination by the sponsor.

8.3. Bexotegrast (PLN-74809)

Bexotegrast (PLN-74809) is an antifibrotic agent designed to inhibit fibrogenesis
through dual-selective antagonism of the TGF-B-activating integrins ov36 and ovf31.
By preventing integrin-mediated activation of latent TGF-{3, bexotegrast attenuates down-
stream profibrotic signaling pathways implicated in extracellular matrix deposition and
progressive parenchymal remodeling in idiopathic pulmonary fibrosis (IPF) [99]. The phase
2a INTEGRIS-IPF trial was a randomized, double-blind, placebo-controlled, dose-ranging,
multicenter study evaluating the safety, tolerability, and pharmacokinetics of bexotegrast
in patients with IPF [100]. Participants were randomized to receive oral bexotegrast once
daily at doses of 40, 80, 160, or 320 mg or placebo, administered either as monotherapy
or in combination with standard antifibrotic therapy (pirfenidone or nintedanib). Within
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each cohort, patients were assigned in an approximate 3:1 ratio (bexotegrast:placebo) and
treated for a minimum of 12 weeks. The primary endpoint was the incidence of treatment-
emergent adverse events (TEAEs). The overall safety profile of bexotegrast was comparable
to placebo (69.7% [62/89] vs. 67.7% [21/31], respectively), with most TEAEs classified as
mild or moderate in severity. Diarrhea was the most frequently reported adverse event,
predominantly among participants receiving concomitant nintedanib, suggesting a poten-
tial additive gastrointestinal effect rather than a distinct drug-specific toxicity signal [100].
Beyond safety, exploratory efficacy analyses demonstrated a reduced decline in FVC among
patients treated with bexotegrast compared with placebo (mean changes in FVC from
baseline to week 12 were 46.1 mL, 25.6 mL, 25.6 mL, and 29.4 mL for the 40, 80, 160, and
320 mg bexotegrast groups, respectively, compared with 110.5 mL in the placebo group),
irrespective of background antifibrotic therapy [100]. Quantitative lung fibrosis imaging
revealed a dose-dependent attenuation of fibrotic progression on high-resolution computed
tomography (HRCT), and reductions in circulating fibrosis-associated biomarkers were
observed in the active-treatment groups [100]. Collectively, these findings provide prelimi-
nary evidence of biological and functional antifibrotic activity consistent with the proposed
mechanism of TGF-3 pathway modulation.

In a separate phase 2, double-blind, placebo-controlled imaging study (NCT05621252),
12 weeks of bexotegrast 160 mg once daily reduced active type I collagen deposition in
adults with IPF, as assessed by 68Gallium-Collagen Binding Probe 8 positron emission
tomography (68Ga-CBP8 PET) [101]. Notably, the imaging studies revealed that antifibrotic
effects were most pronounced in subpleural lung regions, which are typically the first to be
involved in IPF. Although limited by small sample size (1 = 10; 7 bexotegrast, 3 placebo), the
study suggested favorable effects on lung remodeling and microvascular architecture [101].
Mechanistic target engagement was further evaluated in the phase 2, open-label study
(NCT04072315), which assessed av[36 integrin receptor occupancy using PET imaging
following single oral doses of bexotegrast (60-320 mg) in patients with IPF [102]. Receptor
occupancy increased in a dose-dependent manner, reaching up to 92% at the highest
dose tested [102]. No treatment-emergent adverse events attributable to bexotegrast were
reported, supporting the pharmacodynamic activity of the compound and informing the
selection of once-daily doses of 160-320 mg for subsequent efficacy trials.

Subsequently, the phase 2b/3 BEACON-IPF trial (NCT06097260), a randomized,
double-blind, placebo-controlled study, was initiated to evaluate the long-term efficacy and
safety of bexotegrast in IPF [103]. The primary endpoint was the change from baseline in
absolute FVC (mL) at week 52. Collectively, early-phase clinical investigations of bexote-
grast demonstrated a favorable safety profile, substantial target engagement, and consistent
signals of antifibrotic activity across functional, imaging, and biomarker endpoints [103].
While these data support continued exploration of integrin-mediated TGF-3 inhibition as
a therapeutic strategy in IPFE, the clinical implications of longer-term FVC outcomes were
not fully realized, as the BEACON-IPF trial was terminated early due to safety concerns
identified by the Data and Safety Monitoring Board (DSMB) [103]. In this sense, bexotegrast
trials can be considered a critical reminder of the volatility in the development of antifibrotic
drugs, which is often characterized by encouraging phase Il findings that arenot confirmed
in subsequent phase IlI trials. This again underscores the need for rigorous, long-term
monitoring of investigational therapies.

8.4. Sufenidone (SC1011)

Sufenidone (SC1011) is a novel pyridone derivative rationally designed to enhance an-
tifibrotic and anti-inflammatory activity while addressing the pharmacological limitations
of first-generation compounds [90]. Preclinical investigations demonstrated that sufenidone
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exerts more potent inhibitory effects on fibrogenic and inflammatory pathways than the
earlier-generation compound pirfenidone, while maintaining favorable pharmacokinetic
properties and good tolerability across multiple animal species [104]. These findings sup-
ported its transition into clinical development and a potential next-generation antifibrotic
agent for IPE. Consequently, a randomized, double-blind, placebo-controlled combined
phase 2/3 clinical trial (NCT06125327) was initiated to evaluate the efficacy and safety of
sufenidone in patients with IPE. The study used an adaptive design, featuring an interim
analysis at 26 weeks to determine the optimal dose, followed by a continuation to a total
treatment duration of 52 weeks with an additional 4-week safety follow-up. The primary
endpoint was defined as the annual rate of decline in FVC, used as a surrogate marker of
disease progression. Recent clinical data from the trial indicate that sufenidone significantly
attenuates the FVC decline compared with placebo. Furthermore, the drug demonstrated
superior tolerability, notably showing a reduced incidence of gastrointestinal distress and
skin photosensitivity, the most common dose-limiting toxicities associated with earlier
pyridone therapies.

8.5. Deupirfenidone (LYT-100)

Deupirfenidone (LYT-100) is a selectively deuterated formulation of pirfenidone engi-
neered to achieve a differentiated pharmacokinetic profile that enables higher plasma expo-
sure, with the aim of improving both tolerability and antifibrotic potency in the treatment
of IPF [105]. The ELEVATE trial was a phase 2b, international, multicenter, randomized,
double-blind, active- and placebo-controlled dose-finding study designed to evaluate the
efficacy, tolerability, safety, and dose response of deupirfenidone 550 mg TID and 825 mg
TID compared with pirfenidone 801 mg TID and placebo in 257 treatment-naive adult
patients with IPF from 14 countries [105]. The primary endpoint was the rate of change in
forced vital capacity (FVC, mL) over 26 weeks, with the rate of change in percent predicted
FVC (FVCpp) as the key secondary endpoint being. Using a Bayesian analysis, the posterior
probability that the pooled deupirfenidone arms had less FVC decline than placebo was
98.5% for absolute FVC and 99.6% for FVCpp, thereby meeting both the primary and key
secondary endpoints. A clear dose response was demonstrated between the 550 mg and
825 mg doses, with the 825 mg dose also achieving statistical significance by frequentist
analysis and producing an FVC decline approaching the level seen with normal aging.
Deupirfenidone was well tolerated at both doses, with a safety profile consistent with pre-
vious studies; notably, the incidence of gastrointestinal adverse events (nausea, dyspepsia,
diarrhea) and photosensitivity reactions was numerically lower in the deupirfenidone arms
than in the pirfenidone arm [106]. Building on these results, the SURPASS-IPF study, a
randomized, double-blind, head-to-head phase 3 trial, was initiated to extend the primary
outcome to 52 weeks of treatment and demonstrate the superiority of deupirfenidone over
pirfenidone in participants with IPF who are not receiving background therapy.

8.6. Anlotinib

Anlotinib is an oral, multitarget tyrosine kinase inhibitor primarily adopted in on-
cology, for the treatment of non-small-cell lung cancer and soft tissue sarcoma [90]. In
preclinical models, anlotinib demonstrated not only antiangiogenic activity but also sig-
nificant antifibrotic effects by inhibiting VEGFR, PDGFR, and FGFR signaling, thereby
suppressing myofibroblast activation and reducing collagen deposition through the mod-
ulation of glycolytic pathways [90]. An ongoing Phase 2 clinical trial (NCT05828953) is
currently evaluating the safety and efficacy of anlotinib capsules in patients with IPF
and other progressive fibrosing interstitial lung diseases (PF-ILDs). The study focuses on
the change in FVC over a 24-week period as its primary endpoint, aiming to determine
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whether anlotinib can provide a multi-pathway inhibitory approach distinct from existing
antifibrotic therapies.

9. Future Perspectives: From Genetic Stratification to Senescent
Cell Clearance

The treatment of PF is currently approaching new molecular targets and pathophysio-
logical mechanisms, including inflammatory drivers and vascular compartment. Future
perspectives may also include genetics and epigenetics, with the aim of developing a more
tailored approach based on specific variants. To date, the role of genetic influences in PF
remains a matter of debate. Although rare variants in telomerase-related genes (TRGs) or
surfactant-related genes (SRGs) are associated with worse prognosis, targeted therapies
are lacking and data remain inconclusive regarding the real effects of current antifibrotics
have in patients with Familial Pulmonary Fibrosis [51,87]. Based on current knowledge,
identification of common variants may in the future serve as a reliable marker of disease
risk and therapeutic efficacy. The MUCS5B promoter variant (rs35705950) remains the most
significant genetic risk factor and a potential biomarker for treatment stratification. Al-
though this variant is associated with a marked increase in mucin production in the distal
airways, patients carrying it may exhibit a distinct “mucin-high” phenotype that could
respond differently to mucolytic or immunomodulatory strategies [107].

Interestingly, a post hoc analysis of the PANTHER-IPF trial showed substantial benefit
from N-acetylcysteine (NAC) therapy in patients with the TT genotype of the TOLLIP (Toll-
interacting protein) rs3750920 variant [108,109]. More recently, the concept of polygenic
risk scores (PRSs) has emerged [110]. PRS aggregate the effects of variants in several genes
to predict the trajectory of progression in pulmonary fibrosis. In this sense, early detection
of pulmonary fibrosis is shifting toward a combination of imaging, genetic markers, and
polygenic risk scores to identify high-risk individuals before symptoms appear [110]. While
single genetic variants such as MUCS5B have low predictive value in the general population
due to the rarity of disease, they may be useful when applied to specific groups, such
as those with family history or incidental interstitial lung abnormalities (ILAs) [111]. By
integrating age, smoking history, and genetic data, clinicians aim to reduce significant
diagnostic delays and implement earlier interventions [51].

Another emerging strategy under investigation is represented by the so-called
“senotherapeutics”, which are drugs specifically designed to eliminate senescent cells
and thereby inhibit their pro-inflammatory and profibrotic secretome, known as the
Senescence-Associated Secretory Phenotype (SASP). In the fibrotic lung, senescent alveolar
type II cells are recognized drivers of fibrosis. Two aging markers, clusterin (CLU) and
lipocalin 2 (LCN2), appear to induce the fibroblast-to-myofibroblast transition [112].

10. Conclusions

The therapeutic landscape of pulmonary fibrosis has undergone a substantial trans-
formation, moving from a broadly anti-inflammatory approach toward an increasingly
mechanism-informed, although still evolving, model centered on the fibrotic niche. The
established role of nintedanib and pirfenidone has provided the foundation for the develop-
ment of a new generation of pathway-oriented therapies. Nerandomilast has expanded the
therapeutic landscape by demonstrating efficacy in phase III trials and already receiving
regulatory approval in some jurisdictions for IPF and PPF. Other agents, including inhaled
treprostinil and admilparant, have generated encouraging clinical data but require careful
interpretation according to indication, regulatory status, safety profile, and confirmatory
evidence. Conversely, discontinued programs underscore the complexity of antifibrotic
drug development and the need for long-term safety assessment.
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Future ILD trials are progressively moving toward a more multidimensional assess-
ment of treatment benefit. Although FVC decline remains the most widely accepted and
robust marker of disease progression, the integration of patient-reported outcomes, hospi-
talization rates, acute exacerbations, mortality, and other clinically meaningful endpoints
will be essential to determine whether emerging therapies translate into tangible benefits
for patients. Overall, the integration of molecular endotyping, refinement of combination
strategies, and development of mechanistically complementary agents may pave the way
toward a more individualized therapeutic approach aimed at stabilizing lung function,
reducing disease burden, and improving quality of life in patients with progressive fibrotic
lung diseases.
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