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Abstract

Background Interstitial lung diseases (ILDs) are a diverse group of conditions characterized by inflammation
and fibrosis in the lung. In some patients with ILD, a progressive fibrotic phenotype develops, which is associated
with an irreversible decline in lung function and a poor prognosis.

Main body The pathological mechanisms that underlie this process culminate in fibroblast activation, proliferation,
and differentiation into myofibroblasts, which deposit extracellular matrix proteins and result in fibrosis. Upstream

of fibroblast activation, epithelial cell injury and immune activation are known initiators of fibrosis progression,

with multiple diverse cell types involved. Recent years have seen an increase in our understanding of the com-

plex and interrelated processes that drive fibrosis progression in ILD, in part due to the advent of single-cell RNA
sequencing technology and integrative multiomics analyses. Novel pathological mechanisms have been identified,
which represent new targets for drugs currently in clinical development. These include phosphodiesterase 4 inhibi-
tors and other molecules that act on intracellular cyclic adenosine monophosphate signaling, as well as inhibitors

of the autotaxin-lysophosphatidic acid axis and «,, integrins. Here, we review current knowledge and recent develop-
ments regarding the pathological mechanisms that underlie progressive fibrotic ILD, including potential therapeutic
targets.

Conclusion Knowledge of the pathological mechanisms that drive progressive fibrosis in patients with ILD

has expanded, with the role of alveolar endothelial cells, the immune system, and fibroblasts better elucidated. Drugs
that target novel mechanisms hold promise for expanding the future therapeutic armamentarium for progressive
fibrotic ILD.
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Background

Interstitial lung disease (ILD) is an umbrella term for a
pathologically broad group of conditions characterized
by inflammation and fibrosis in the functional tissue of
the lung [1, 2]. Some patients with ILDs exhibit a pro-

gressive fibrotic phenotype associated with worsening
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Fig. 1 The prevalence of ILDs may be associated with progressive pulmonary fibrosis (despite management). Reproduced from Rajan et al. (2023)
[2] under the terms of the Creative Commons Attribution Non-Commercial Licence 4.0. Abbreviations: CTD-ILD connective tissue disease interstitial
lung disease, G/F PF genetic and/or other familial pulmonary fibrosis, HP hypersensitivity pneumonitis, ILD interstitial lung disease, iNSIP idiopathic
nonspecific interstitial pneumonia, IPAF interstitial pneumonia with autoimmune features, IPF idiopathic pulmonary fibrosis, ulLD unclassifiable ILD

Two antifibrotic drugs, nintedanib and pirfenidone, are
approved for use in IPF [4], with growing evidence that
they may also delay the progression of fibrosis in other
progressive fibrotic ILDs, recently referred to as progres-
sive pulmonary fibrosis [2]. These agents act predomi-
nantly by inhibiting fibroblast migration, activation, and
differentiation [1, 5, 6]. Although fibroblasts play a cen-
tral role in the pathology of IPF and other fibrotic ILDs,
various other tissues and diverse cell populations are
involved in disease mechanisms that occur upstream of
fibroblasts [7]. The understanding of these pathological
processes has expanded in recent years, in part due to the
advent of single-cell RNA sequencing technology, which
facilitates detailed analysis of the transcriptome of spe-
cific cells within a tissue [8, 9], as well as integrative mul-
tiomics analyses that allow high-throughput assessment
of genomic, transcriptomic, and/or proteomic changes
(as successfully applied in rheumatoid arthritis [RA], for
example) [8, 10, 11]. This enhanced knowledge is facili-
tating the development of therapies for ILDs with novel
mechanistic targets, such as phosphodiesterase (PDE) 4
and other modulators of intracellular cyclic adenosine
monophosphate (cAMP) signaling [12, 13], as well as
inhibitors of the autotaxin (ATX)-lysophosphatidic acid
(LPA) axis [14] and «,, integrins [15].

The objective of this review is to reflect on the cur-
rent understanding of the pathogenesis of progressive
fibrotic ILD, focusing on the role of diverse epithelial and

immune cell populations, as well as fibroblasts. In addi-
tion, the mechanisms and targets of investigative thera-
pies with novel modes of action that hold promise for the
treatment of progressive fibrotic ILD are described.

Classification and diagnosis of primary diseases in fibrotic
ILD

There are multiple diverse types of fibrotic ILD (Fig. 1),
including those that have a known trigger, such as under-
lying connective tissue disease (CTD) or environmental
exposure to various substances, and those that are idi-
opathic in nature, comprising the idiopathic interstitial
pneumonias (IIP) such as IPF [2]. The most common pri-
mary progressive fibrotic ILD across Europe and the USA
is IPF (estimated prevalence 1.3-16.7 cases/100,000 peo-
ple) followed by sarcoidosis (0.2—4.5 cases/100,000), with
the overall prevalence of ILDs with a progressive fibros-
ing phenotype estimated at 2.2—-28.0 cases/100,000 peo-
ple [16]. In Japan, the estimated prevalence of IPF from
2003 to 2007 was 10.0/100,000 people based on a medical
claims database analysis in Hokkaido [17]. A more recent
report indicates that estimates are increasing in Japan,
with an estimated prevalence of 27.0/100,000 from 2017
to 2018 [18]. However, it appears that sarcoidosis may be
less common in patients from Japan and Korea than in
those from Western countries, with the most common
progressive fibrotic ILDs after IPF being CTD-associated
ILDs and unclassifiable IIP [19, 20].
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Fig. 2 Representative (a and b) lung images in IPF and (c) histology
illustrating features of UIP. Shown are representative a chest X-ray
and b HRCT scans of the lungs of a patient with IPF, and ¢ histology
illustrating features of UIP. Images a and b were reproduced
from Imakura et al. (2020) with permission [24]. Image ¢ was provided
by Y Nishioka. Abbreviations: HRCT high-resolution computed
tomography, IPF idiopathic pulmonary fibrosis, UIP usual interstitial
pneumonia

o

Identification of fibrotic ILD centers on radiological
assessment by high-resolution computed tomography
(HRCT), in which peripheral, lower-lobe predominant
traction bronchiectasis is suggestive of IPF and chest
X-ray [21, 22]. The histopathological pattern is that of
usual interstitial pneumonia (UIP), characterized by the
presence of honeycombing [23, 24] (Fig. 2). During pro-
gression of IPF, the proportion of the lung exhibiting the
UIP pattern expands in both the transverse and coronal
planes, and honeycomb cysts often increase in size and
number [21]. HRCT and chest X-ray are also used to
identify progressive fibrosis in other types of ILDs [21,
22]. Although there is variation in the changes that occur,
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the following features are indicative of progressive fibro-
sis: an increase in traction bronchiectasis/bronchiectasis,
coarseness of reticular abnormality, and lobar volume
loss, or the development of new ground-glass opacity
with traction bronchiectasis, new fine reticulation, and
new/increased honeycombing [21].

It is important to consider that ILDs are character-
ized to a varying extent by inflammation and fibrosis,
and thus patients may present with a mainly inflamma-
tory phenotype at one end of the spectrum (potentially
responding well to immunosuppression and anti-inflam-
matory treatment), a mostly fibrotic disease at the other
extreme (with a poor prognosis and limited therapeutic
options), or varying degrees of both inflammation and
fibrosis [25]. IPF sits at the fibrotic end of this continuum,
whereas fibrosis in non-IPF ILDs is often triggered by, or
otherwise linked to, inflammation [1].

Pathological mechanisms of fibrotic ILD

Although fibrosis is a normal physiological response
that occurs as part of wound healing and host defense
against pathogens [26], this process can malfunction,
causing exaggerated pro-inflammatory and profibrotic
responses [7]. This leads to fibroblast activation and dif-
ferentiation into myofibroblasts, extracellular matrix
(ECM) deposition, and remodeling of the functional lung
tissue, resulting in tissue stiffness and compromised gas-
eous exchange [7, 9]. Potential therapeutic targets at any
stage of fibrotic lung disease include not only fibroblasts,
but also the pathological processes that occur upstream
of these mediators [6]; thus, it is important to elucidate
mechanisms that lead to fibroblast activation in ILD that
are, as yet, not fully understood.

The initial triggers of fibrotic ILD can be broadly cat-
egorized into two types (Fig. 3, top): epithelial cell injury,
as is the case of IIPs such as IPF, and immune activation,
which can result from autoimmune disease (as occurs in
CTD-associated ILDs) or exposure to a persistent anti-
gen (as occurs in chronic fibrotic hypersensitivity pneu-
monitis [HP]) [7, 27].

Initiation of the fibrotic process through epithelial cell
injury

Epithelial cell injury is an important initial step in the
progression of lung fibrosis, particularly in IPF [7, 27],
and has multiple potential triggers, including environ-
mental exposure from smoking, occupational hazards, air
pollution, and viruses [7]. These triggers cause alveolar
epithelial cell injury, which along with compromised cel-
lular repair mechanisms drive disease progression [27].
Recent advances in single-cell RNA sequencing technol-
ogy are furthering the understanding of how diverse epi-
thelial cell populations in the human lung contribute to
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this process [33]. These studies have highlighted marked
shifts in epithelial cell populations in IPF lungs follow-
ing repeated injury, including an increased proportion
of airway epithelial cells and a decrease in alveolar epi-
thelial cells [34], indicating “proximalization” of the distal
lung [9]. A population of aberrant basaloid cells has been
discovered, which express basal epithelial, mesenchymal,
and senescence markers, as well as developmental tran-
scription factors [34, 35]. These cells may be involved in
driving pulmonary fibrosis, as they express a multitude of
genes implicated in the pathogenesis of IPF [9].

Overall, the changes in epithelial cellular composi-
tion lead to abnormal secretion of profibrotic mediators
[9] (Fig. 3, top left). These include transforming growth
factor (TGF)-B1, platelet-derived growth factor (PDGF),
fibroblast growth factors (FGFs), connective tissue
growth factor, tumor necrosis factor (TNF), endothe-
lin-1, CXC chemokine ligand 12, and osteopontin [27,
36]. The secretion of these factors from alveolar epithelial
cells drives the process of fibroblast migration, prolifera-
tion, activation, and differentiation into myofibroblasts
that results in lung fibrosis [27].

Genetic mechanisms and the role of cellular senescence
and autophagy

A multitude of genetic and cellular changes contrib-
ute to progressive fibrosis in ILD. Genomic studies
have unveiled some genetic mechanisms that may be
involved [7, 37]. A common gain-of-function variant
in the promoter of MUCS5B, which encodes mucin 5B,
a glycoprotein component of airway mucus with a role
in airway clearance and defense against bacterial infec-
tion, has been identified as a risk factor for different
types of fibrotic ILD, including IPF, RA-ILD, and chronic
HP [7, 38]. Notably, the frequency of this variant is het-
erogeneous, and is more common in European versus
Japanese people—this illustrates the importance of con-
ducting genomic analysis across multiple populations
[38]. A recent genome-wide association study of Japanese
patients with RA-ILD identified RPA3-UMADI at 7p21
as a novel risk locus; this gene encodes replication pro-
tein A3, which is involved in cellular response to DNA

(See figure on next page.)
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damage and telomere elongation [39]. Protein-altering
variants in other telomere-related genes have also been
identified in patients with a range of ILDs, including IPF,
chronic HP, and RA-ILD, supporting a pathogenic role of
telomere dysfunction in progressive fibrosis [6, 37, 40].

Related to these findings, cellular senescence, a state
of non-reversible cell cycle arrest that can be induced
by telomere attrition, has been identified as a significant
contributor to the pathophysiology of UIP, irrespective
of underlying etiology [41, 42]. Senescence is typically
induced by persistent DNA damage, telomere attrition,
and stress signaling, including oxidative stress triggered
by excessive generation of reactive oxygen species [41].
Epithelial cells in remodeled areas of lung tissue from
patients with UIP express pl6 and p21, markers of cell
senescence [42], and these senescent cells secrete pro-
inflammatory molecules, including interleukin (IL)-1a,
IL-1b, IL-6, and IL-10, as well as TGF-p [42]. Certain
markers of autophagy, a cellular process for degradation
of cellular debris, are also upregulated in epithelia and
myofibroblasts in UIP lung tissue, likely in response to
local hypoxia [42]. It has been shown that autophagy is
necessary for TGF-B-induced fibrosis in IPF [43]. How-
ever, the role of autophagy in the pathogenesis of pulmo-
nary fibrosis remains to be fully explored [44].

Potential biomarkers for fibrotic ILDs

A greater understanding of the mechanisms that drive
progressive fibrosis in ILD has led to the identification of
potential biomarkers. For example, Krebs von den Lun-
gen-6 (KL-6) and alveolar surfactant protein subtypes A
and D (SP-A and SP-D) have been shown to discrimi-
nate various types of ILD from non-ILD controls and to
predict disease prognosis [45]. The presence of KL-6 in
serum indicates the pathological release of this protein
into the blood from pneumocytes following injury to
bronchiolar epithelial cells and the basement membrane
[46]. SP-A and SP-D are involved in innate immunity and
in the opsonization and lysis of inhaled pathogens [46,
47]. Findings from a meta-analysis have indicated that
KL-6 may have greater diagnostic accuracy than SP-D for
differentiating ILD from non-ILD among patients with

Fig. 3 Mechanistic overview of the pathogenesis of primary pulmonary fibrosis with therapeutics and their targets. The figure was created

based on information in Wijsenbeek et al. (2020), Justet et al. (2022), Kolb et al. (2023), Decaris et al. (2021), Chiang et al. (2023), Zhao et al. (2022),
Ruwanpura et al. (2020), Zulfikar et al. (2020), and Lederer et al. (2018) [7, 9, 12, 15, 28-32]. Filled green boxes with white text (approved drugs)

and transparent boxes with green text (candidate drugs). Abbreviations: cAMP cyclic adenosine monophosphate, CCL22 C-C motif chemokine

22, CTD connective tissue disease, ECM extracellular matrix, ER endoplasmic reticulum, FGF fibroblast growth factor, FGFR fibroblast growth factor
receptor, GM-CSF granulocyte-macrophage colony-stimulating factor, HP hypersensitivity pneumonitis, IIP idiopathic interstitial pneumonia, IL
interleukin, IPF idiopathic pulmonary fibrosis, LPA lysophosphatidic acid, LPC lysophosphatidylcholine, M-CSF macrophage colony-stimulating
factor, MMP matrix metalloproteinase, PDE phosphodiesterase, PDGF platelet-derived growth factor, PDGF-BB platelet-derived growth factor BB,
PDGFR platelet-derived growth factor receptor, ROS reactive oxygen species, TGF-f transforming growth factor (3, TGFBR transforming growth factor
beta receptor, TIMP tissue inhibitor of metalloproteinase, VEGF vascular endothelial growth factor, VEGFR vascular endothelial growth factor receptor
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CTD [41]. Although the performance of individual bio-
markers is currently not generally sufficient for clinical
use [45], the increasing availability of high-throughput
proteomic analyses is anticipated to identify novel diag-
nostic and prognostic biomarkers in the future [45]. For
example, a recent multiomic analysis has facilitated the
identification of a molecular endotype of patients with
IPF who are at greater risk of disease progression [10].

Initiation of the fibrotic process through immune
activation

Immune activation can be the primary trigger for dis-
ease pathogenesis in many types of fibrotic ILDs [28,
48]. CTDs cause chronic inflammation and dysregulated
immunity, leading to the activation of diverse immune
cell populations and the production of cytokines that
modulate fibroblast activation [28, 49] (Fig. 3, top right).
Various types of CTDs are associated with fibrotic ILDs,
such as RA, systemic sclerosis (SSc), idiopathic inflamma-
tory myopathy, and rarely, Sjogren’s syndrome [6]. Acti-
vated macrophages have been reported to accumulate
in SSc-ILD lungs, and pro-inflammatory Th2 cytokines
such as IL-4, IL-5, and IL-13 have been found at higher
levels than in healthy controls [50, 51]. B cells may also
play a role, with extensive B cell infiltration noted in the
lung tissue of patients with SSc-ILD [28, 48].

The role of inflammation

Aberrant immune activation can also lead to fibrosis in
the setting of chronic HP, but in this case, it is the expo-
sure to one or more antigens that instigates the inflam-
matory disease process [7, 52]. Diverse inciting agents
have been reported, ranging from protein antigens
derived from microorganisms to non-protein chemicals
[52]. Both humoral and Thl cellular immune responses
are activated following antigen exposure, leading to lym-
phocytic and granulomatous inflammation [52] (Fig. 3,
bottom).

The extent to which mechanisms of immunopatho-
genesis differ across distinct types of fibrotic ILD is not
well understood. Certain commonalities have been
uncovered, such as the presence of monocyte-derived
profibrotic alveolar macrophages identified by single-
cell RNA sequencing in various types of fibrotic ILDs,
including IPF, SSc-ILD, and chronic HP [9, 33]. How-
ever, differences also exist, for example, between the B
cell and T cell chemokine profiles of IPF and SSc-ILD
[6]. More B cells and CD4 T cells are found in the lungs
of people with RA-ILD compared with idiopathic UIP,
suggesting greater immune dysregulation in the former
[6]. In IPE, although the immune system and inflam-
mation are thought to play a role in disease pathogen-
esis, with recruitment and activation of immune cells
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known to modulate the established fibrotic response,
the exact mechanisms involved require further elucida-
tion [53-56]. Single-cell RNA sequencing is expanding
knowledge in this area. Elevated numbers of alveolar
macrophages, dendritic cells, and CD4 and CD8 memory
T cells have been found in the lungs of patients with IPF
compared with healthy controls [56]. Transcriptomic
profiling revealed the expression of genes associated
with interferon-y response in these cells, along with the
upregulation of genes related to adaptive immunity [56].
Further studies are needed to fully elucidate these mech-
anisms and the mechanistic differences and similarities
between fibrotic ILDs.

Although our article focuses on the pathogenic mecha-
nisms that drive the chronic progression of fibrotic ILD,
it is important to note that the clinical course of ILD can
also exhibit acute deterioration. This can take the form
of a de novo rapidly progressive ILD or an acute exacer-
bation of existing ILD [57-59], and is characterized by
severe deterioration in respiratory function over a short
time period that can be life-threatening [1, 60]. Various
triggers of acute exacerbation of ILD have been identi-
fied, but it can also be idiopathic [60]. The mechanisms
that underlie rapidly progressive forms of ILD, such as
acute interstitial pneumonia, are not fully established and
beyond the scope of this paper [59]. Misconceptions exist
around the clinical and pathological differences between
fibrotic ILD and rapidly progressive ILD or acute exac-
erbations of ILD, which have important implications
for treatment choice, as discussed later in this review.
Greater standardization in the terminology used for the
different forms of ILD may help to address this.

Pathogenic mechanisms in fibrotic ILD downstream

of fibroblast activation

Above, we have considered how alveolar epithelial cell
injury and immune dysregulation can initiate the pathogen-
esis of fibrotic ILD by creating a profibrotic environment.
The result of these processes is fibroblast activation and dif-
ferentiation into myofibroblasts [7], which produce ECM
proteins that progressively restructure and stiffen the lung
architecture [6] (Fig. 3, bottom). As well as excess ECM
deposition, impaired ECM degradation contributes to its
accumulation in fibrotic lungs [29]. The primary molecules
involved in regulating ECM degradation are the matrix
metalloproteinases (MMPs) and the tissue inhibitors of
metalloproteinases (TIMPs) [29]. ECM components, such
as collagen, fibronectin, laminin, and gelatin, are cleaved
into small peptides by MMPs, and the balance of MMPs
and TIMPs determines the degree of protein hydrolysis
[29]. Among the multiple members of the MMP family,
diverse effects on pulmonary fibrosis have been uncov-
ered [61]. Profibrotic isotypes include MMP-3, MMP-8,
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MMP-11, and MMP-28, whereas MMP-10 and MMP-19
are antifibrotic [61]. Some MMPs have been identified as
both profibrotic and antifibrotic, whereas the effect of other
MMPs is unknown [61]. MMPs have also been recognized
as potential biomarkers for the diagnosis of IPF [62].

Mechanisms of action of currently approved antifibrotic
therapies

Two antifibrotic drugs, pirfenidone and nintedanib, are
approved for the treatment of IPF, and nintedanib is also
approved for the treatment of other chronic fibrosing
ILDs with a progressive phenotype and SSc-ILD [63-66].
As antifibrotic therapies are not suitable for the manage-
ment of rapidly progressive ILD or acute exacerbations of
ILD [21, 67], misconceptions around the different types
of ILD can lead to inappropriate prescribing.

Nintedanib is a potent inhibitor of the receptor tyros-
ine kinases PDGF receptor-a, PDGF receptor-p, FGF
receptor-1, FGF receptor-2, FGF receptor-3, FGF recep-
tor-4, vascular endothelial growth factor receptor-1,
vascular endothelial growth factor receptor-2, and vas-
cular endothelial growth factor receptor-3, and of the
Src family of non-receptor tyrosine kinases [5]. Nint-
edanib inhibits the activity of these kinases by binding to
the intracellular adenosine triphosphate (ATP)-binding
pocket [5]. In vitro, nintedanib inhibits PDGF receptor-a-
mediated fibroblast proliferation, PDGF- and FGF-stim-
ulated fibroblast motility, and TGF-p-induced fibroblast
to myofibroblast transformation [5]. Nintedanib also
decreases TGEF-B-stimulated collagen secretion and
deposition by lung fibroblasts in vitro, potentially by
reducing TIMP-2 and inducing MMP-2 secretion [5]. In
rats with bleomycin-induced fibrosis, nintedanib inhib-
its mRNA expression of TGF-f1 and procollagen 1 and
reduces collagen deposition in the lung [5]. Nintedanib is
also thought to have anti-inflammatory effects [5], as well
as inhibitory effects on immune cells [68, 69]. In sum-
mary, the antifibrotic effects of nintedanib are due to its
ability to impede fibroblast proliferation, migration, and
differentiation, as well as to reduce the secretion of ECM
proteins [5].

Although the mechanism of action of pirfenidone is
not as fully understood, similarly to nintedanib, it also
inhibits fibroblast migration, activation, and differentia-
tion, and has anti-inflammatory properties [1, 6]. Pirfeni-
done suppresses TGF-f1 mRNA expression and protein
levels, along with TGF-f1/SMAD-3-induced fibroblast
proliferation and differentiation, and inhibits PDGF-a
and PDGEF-B synthesis, and basic FGF expression [30].
In vivo, pirfenidone reduces collagen content in the lung
and decreases prolyl hydroxylase activity, a marker of col-
lagen synthesis [70]. Pirfenidone can also modulate the
expression of the MMP/TIMP system, which is involved
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in the regulation of ECM degradation [30]. In addition,
pirfenidone decreases the expression of pro-inflamma-
tory cytokines, such as TNF-a [30], and markers of oxi-
dative stress in the lungs [70].

Rather than antifibrotic therapy, the management of
rapidly progressive ILD centers around the use of gluco-
corticoid therapy and immunosuppressants [21, 58, 67].
For example, conditional treatment recommendations
from the American College of Rheumatology recom-
mend against the use of nintedanib and pirfenidone for
rapidly progressive ILD associated with systemic auto-
immune diseases, instead recommending that first-line
treatment comprises glucocorticoids plus one or two
other immunosuppressants, with consideration of early
referral for lung transplantation [67]. Antifibrotic therapy
is recommended after standard treatments have failed
[21, 58, 67].

Novel therapeutic targets in fibrotic ILD

There are several drug candidates in clinical development
for fibrotic ILD that have novel modes of action. One
such mechanistic target is enhanced intracellular sign-
aling by the second messenger cAMP [12]. Inhibitors of
PDE4B hold promise in this regard. PDE4B is an enzyme
that mediates the hydrolysis of cAMP; its inhibition leads
to elevated intracellular cAMP levels and activation of
protein kinase A, as well as exchange protein directly
activated by cAMP (EPAC1) [12]. EPAC1 appears to
downregulate inflammatory signaling, in part by enhanc-
ing barrier function and limiting permeability of vascu-
lar endothelial cells, as well as promoting the release of
anti-inflammatory cytokines and decreased release of
pro-inflammatory cytokines [12, 71]. PDE4B inhibition
can also inhibit lung neutrophil influx in vivo [72]. The
signaling mechanisms by which increased cAMP initiates
antifibrotic effects are not well understood [12], but it has
been shown that PDE4B inhibition reduces the expres-
sion of fibrogenic genes [73], blocks TGF-B-induced
myofibroblast transformation [72], decreases the expres-
sion of ECM proteins [12], and reduces collagen content
in the lungs [73]. PDE4 inhibition has also been shown
to promote the integrity of the alveolar epithelium [73].
Nerandomilast (BI 1015550) is a PDE4B inhibitor that is
under investigation in phase 3 clinical trials for the treat-
ment of IPF [12]. Another PDE4 inhibitor under inves-
tigation, AA6216, was shown to attenuate pulmonary
fibrosis in mice by inhibiting the release of profibrotic
cytokines from macrophages, including TGF-B1—which
induces fibroblast differentiation to myofibroblasts—and
TNF-a [74]. Another drug being investigated in phase
3 trials for IPFE, inhaled treprostinil [75], is a prostacyc-
lin analogue that also has a mode of action that involves
enhanced cAMP signaling [76]. Treprostinil binds to the
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prostaglandin E receptor 2, the prostacyclin receptor, and
the prostaglandin D receptor 1, which triggers the acti-
vation of adenylate cyclase and the conversion of ATP to
cAMDP, leading to downstream antifibrotic effects [76].

Inhibition of the ATX-LPA axis is another novel thera-
peutic target in fibrotic ILD [31]. LPA is a phospholipid
growth factor that binds to LPA receptors, eliciting
diverse downstream functions [31], whereas ATX is a
secreted enzyme that generates the majority of circu-
lating LPA through hydrolysis [31]. LPA signaling is
involved in the development of lung fibrosis in multiple
ways, including stimulating fibroblast activation, pro-
liferation, and migration, and promoting IL-8 secretion
and an inflammatory response [14, 31]. In addition, LPA
signaling triggers epithelial cell apoptosis and increased
vascular permeability, and may therefore play a role in
the disruption of the alveolar-capillary membrane [31].
Admilparant (BMS-986278) is an LPA receptor 1 antago-
nist [14] that decreased the rate of lung function decline
in a phase 2 trial in patients with IPF or progressive
fibrotic ILD [77, 78], and is subsequently entering phase
3 development (clinicaltrials.gov, NCT06025578 and
NCT06003426). Additionally, two ATX inhibitors, BBT-
877 and cudetaxestat (BLD-0409), are currently undergo-
ing phase 2 trials (clinicaltrials.gov, NCT05483907 and
NCT05373914).

Another mechanism of therapeutic interest in fibrotic
ILD is the inhibition of a, integrins, which are transmem-
brane proteins implicated in the conversion of TGF-p
from its inactive to active form [15]. Dual inhibition of
the a B and o, 3, integrins with bexotegrast (PLN-74809)
reduced collagen gene expression ex vivo in lung tissue
from patients with IPF and inhibited collagen deposi-
tion in vivo in bleomycin mouse models [15]. A phase
2a clinical trial of bexotegrast, an oral, small molecule,
dual-selective inhibitor of a ¢ and a,p,, in patients with
IPF has shown promising results, and a phase 2b trial is
planned [79].

Conclusions

Knowledge of the pathological mechanisms that drive
progressive fibrosis in patients with ILD has expanded,
with the role of alveolar endothelial cells, the immune
system, and fibroblasts better elucidated due to tech-
nological advances in sequencing and multiomic anal-
yses. These insights have uncovered novel pathogenic
targets with diverse downstream effects, including
modulation of inflammatory response and alveolar
epithelial cell integrity, in addition to their impact on
fibroblasts. There are now several drugs in clinical
development that target these novel mechanisms and
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hold promise for expanding the future therapeutic
armamentarium for progressive fibrotic ILD.
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iNSIP Idiopathic nonspecific interstitial pneumonia

IPAF Interstitial pneumonia with autoimmune features

ulLD Unclassifiable ILD

CCL22 C-C motif chemokine 22

ER Endoplasmic reticulum

GM-CSF  Granulocyte-macrophage colony-stimulating factor
LPC Lysophosphatidylcholine

M-CSF Macrophage colony-stimulating factor

ROS Reactive oxygen species

VEGF Vascular endothelial growth factor

CTD-ILD  Connective tissue disease interstitial lung disease

Acknowledgments

Stephen Purver, MChem, of Hyperion, OPEN Health Communications (London,
UK), and Ruth Lloyd, PhD CMPP, a contractor working on behalf of Hyperion,
OPEN Health Communications (London, UK), provided writing, editorial, and
formatting support, which was contracted and funded by Nippon Boehringer
Ingelheim according to Good Publication Practice guidelines.

Authors’ contributions

All authors substantially contributed to the design and conceptualization of
the work, and critically reviewed and revised the manuscript draft. All authors
approved the submitted version and have agreed both to be personally
accountable for the author’s own contributions and to ensure that questions
related to the accuracy or integrity of any part of the work, even those for
which the author was not personally involved, are appropriately investigated,
resolved, and the resolution documented in the literature.

Funding

The development of this manuscript was supported and funded by Nippon
Boehringer Ingelheim. Nippon Boehringer Ingelheim was given the oppor-
tunity to review the manuscript for medical and scientific accuracy, as well as
intellectual property considerations.

Availability of data and materials
Data sharing is not applicable to this article as no datasets were generated or
analyzed during the current study.



Nishioka et al. Inflammation and Regeneration (2024) 44:34

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests

The authors did not receive payment related to the development of this
manuscript. YN has received speaking fees and/or honoraria from Asahi Kasei
Pharma, Amgen, AstraZeneca, Boehringer Ingelheim, Chugai, Eisai, Kyorin,
MSD, Pfizer, Pharma Foods, Sanofi, and Takeda; and received research grants
from Asahi Kasei Pharma, Boehringer Ingelheim, Chugai, Kyorin, Nippon
Kayaku, Otsuka, Taiho, and Teijin Pharma. JA has received speaking fees and/
or honoraria from AstraZeneca, Boehringer Ingelheim, GSK, Sanofi, Kowa, and
Kyorin; and received research grants from Kowa, Kyorin, Taiho, and Boehringer
Ingelheim. YT has received speaking fees and/or honoraria from Eli Lilly, Astra-
Zeneca, AbbVie, Gilead, Chugai, Boehringer Ingelheim, GSK, Eisai, Taisho, Bristol
Myers Squibb, Pfizer, and Taiho; and received research grants from Mitsubishi
Tanabe Pharma, Eisai, Chugai, and Taisho. AK is an Editor of Inflammation and
Regeneration and has received speaking fees and/or honoraria from Eli Lilly,
AstraZeneca, AbbVie, Gilead, Chugai, Boehringer Ingelheim, GSK, Eisai, Taisho,
Bristol Myers Squibb, Pfizer, and Taiho; and received research grants from Eisai,
Chugai, and Otsuka.

Received: 14 May 2024 Accepted: 24 June 2024
Published online: 19 July 2024

References

1. Wong AW, Ryerson CJ, Guler SA. Progression of fibrosing interstitial lung
disease. Respir Res. 2020;21(1):32.

2. Rajan SK, Cottin V, Dhar R, Danoff S, Flaherty KR, Brown KK, et al. Progres-
sive pulmonary fibrosis: an expert group consensus statement. Eur Respir
J.2023,61(3):2103187.

3. George PM, Spagnolo P, Kreuter M, Altinisik G, Bonifazi M, Martinez FJ,
et al. Progressive fibrosing interstitial lung disease: clinical uncertainties,
consensus recommendations, and research priorities. Lancet Respir Med.
2020;8(9):925-34.

4. Amati F, Stainer A, Polelli V, Mantero M, Gramegna A, Blasi F, et al.
Efficacy of pirfenidone and nintedanib in interstitial lung diseases other
than idiopathic pulmonary fibrosis: a systematic review. Int J Mol Sci.
2023,24(9):7849.

5. Wollin L, Wex E, Pautsch A, Schnapp G, Hostettler KE, Stowasser S, et al.
Mode of action of nintedanib in the treatment of idiopathic pulmonary
fibrosis. Eur Respir J. 2015;45(5):1434-45.

6.  Spagnolo P, Distler O, Ryerson CJ, Tzouvelekis A, Lee JS, Bonella F,
et al. Mechanisms of progressive fibrosis in connective tissue disease
(CTD)-associated interstitial lung diseases (ILDs). Ann Rheum Dis.
2021;80(2):143-50.

7. Wijsenbeek M, Cottin V. Spectrum of fibrotic lung diseases. N Engl J Med.
2020;383(10):958-68.

8. WangJ, Zhang L, Luo L, He P, Xiong A, Jiang M, et al. Characterizing cel-
lular heterogeneity in fibrotic hypersensitivity pneumonitis by single-cell
transcriptional analysis. Cell Death Discov. 2022;8(1):38.

9. Justet A, Zhao AY, Kaminski N. From COVID to fibrosis: lessons from
single-cell analyses of the human lung. Hum Genomics. 2022;16(1):20.

10. Ruan P, Todd JL, Zhao H, Liu Y, Vinisko R, Soellner JF, et al. Integrative
multi-omics analysis reveals novel idiopathic pulmonary fibrosis endo-
types associated with disease progression. Respir Res. 2023;24(1):141.

11. Guo S, DongY,Wang C, Jiang Y, Xiang R, Fan LL, et al. Integrative analysis
reveals the recurrent genetic etiologies in idiopathic pulmonary fibrosis.
QJM. 2023;116(12):983-92.

12. Kolb M, Crestani B, Maher TM. Phosphodiesterase 4B inhibition: a
potential novel strategy for treating pulmonary fibrosis. Eur Respir Rev.
2023;32(167):220206.

13. Yang X, Xu Z, Hu S, Shen J. Perspectives of PDE inhibitor on treating idi-
opathic pulmonary fibrosis. Front Pharmacol. 2023;14:1111393.

14. Cheng PTW, Kaltenbach RF 3rd, Zhang H, Shi J,Tao S, Li J, et al. Discovery
of an oxycyclohexyl acid lysophosphatidic acid receptor 1 (LPA;)

20.

AR

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

Page 9 of 11

antagonist BMS-986278 for the treatment of pulmonary fibrotic diseases.
JMed Chem. 2021;64(21):15549-81.

Decaris ML, Schaub JR, Chen C, Cha J, Lee GG, Rexhepaj M, et al. Dual
inhibition of a,B¢ and a8, reduces fibrogenesis in lung tissue explants
from patients with IPF. Respir Res. 2021,22(1):265.

Olson A, Hartmann N, Patnaik P, Wallace L, Schlenker-Herceg R, Nasser M,
et al. Estimation of the prevalence of progressive fibrosing interstitial lung
diseases: systematic literature review and data from a physician survey.
Adv Ther. 2021;38(2):854-67.

Natsuizaka M, Chiba H, Kuronuma K, Otsuka M, Kudo K, Mori M, et al.
Epidemiologic survey of Japanese patients with idiopathic pulmonary
fibrosis and investigation of ethnic differences. Am J Respir Crit Care Med.
2014;190(7):773-9.

Kondoh'Y, Suda T, Hongo Y, Yoshida M, Hiroi S, Iwasaki K, et al. Prevalence
of idiopathic pulmonary fibrosis in Japan based on a claims database
analysis. Respir Res. 2022,23(1):24.

Komatsu M, Yamamoto H, Kitaguchi Y, Kawakami S, Matsushita M, Uehara
T, et al. Clinical characteristics of non-idiopathic pulmonary fibrosis, pro-
gressive fibrosing interstitial lung diseases: a single-center retrospective
study. Medicine (Baltimore). 2021;100(13):e25322.

Joung Kl, Park H, Park S, Shin JY, Kim YH. Nationwide epidemiologic study
for fibrosing interstitial lung disease (F-ILD) in South Korea: a population-
based study. BMC Pulm Med. 2023;23(1):98.

Raghu G, Remy-Jardin M, Richeldi L, Thomson CC, Inoue Y, Johkoh T, et al.
Idiopathic pulmonary fibrosis (an update) and progressive pulmonary
fibrosis in adults: an official ATS/ERS/JRS/ALAT clinical practice guideline.
Am J Respir Crit Care Med. 2022,205(9):e18-47.

Walsh SLF, Devaraj A, Enghelmayer JI, Kishi K, Silva RS, Patel N, et al. Role
of imaging in progressive-fibrosing interstitial lung diseases. Eur Respir
Rev. 2018;27(150):180073.

Raghu G, Remy-Jardin M, Myers JL, Richeldi L, Ryerson CJ, Lederer DJ, et al.
Diagnosis of idiopathic pulmonary fibrosis. An official ATS/ERS/JRS/ALAT
clinical practice guideline. Am J Respir Crit Care Med. 2018;198(5):e44-68.
Imakura T, Toyoda Y, Sato S, Koyama K, Nishimura H, Kagawa K, et al. Dis-
tinct improvement of pulmonary function, ground-glass opacity, hypoxia
and physical findings in an idiopathic pulmonary fibrosis patient after
pirfenidone treatment: a case report with a review of the literature. J Med
Invest. 2020;67(3.4):358-61.

Kalchiem-Dekel O, Galvin JR, Burke AP, Atamas SP, Todd NW. Interstitial
lung disease and pulmonary fibrosis: a practical approach for general
medicine physicians with focus on the medical history. J Clin Med.
2018;7(12):476.

Thannickal VJ, Zhou Y, Gaggar A, Duncan SR. Fibrosis: ultimate and proxi-
mate causes. J Clin Invest. 2014;124(11):4673-7.

Samarelli AV, Tonelli R, Marchioni A, Bruzzi G, Gozzi F, Andrisani D, et al.
Fibrotic idiopathic interstitial lung disease: the molecular and cellular key
players. Int J Mol Sci. 2021,22(16):8952.

Chiang GC, Parimon T. Understanding interstitial lung diseases associated
with connective tissue disease (CTD-ILD): genetics, cellular pathophysiol-
ogy, and biologic drivers. Int J Mol Sci. 2023;24(3):2405.

Zhao X, Chen J, Sun H, Zhang Y, Zou D. New insights into fibrosis from the
ECM degradation perspective: the macrophage-MMP-ECM interaction.
Cell Biosci. 2022;12(1):117.

Ruwanpura SM, Thomas BJ, Bardin PG. Pirfenidone: molecular mecha-
nisms and potential clinical applications in lung disease. Am J Respir Cell
Mol Biol. 2020,62(4):413-22.

Zulfikar S, Mulholland S, Adamali H, Barratt SL. Inhibitors of the autotaxin-
lysophosphatidic acid axis and their potential in the treatment of intersti-
tial lung disease: current perspectives. Clin Pharmacol. 2020;12:97-108.
Lederer DJ, Martinez FJ. Idiopathic pulmonary fibrosis. N Engl J Med.
2018;378(19):1811-23.

Reyfman PA, Walter JM, Joshi N, Anekalla KR, McQuattie-Pimentel AC,
Chiu S, et al. Single-cell transcriptomic analysis of human lung provides
insights into the pathobiology of pulmonary fibrosis. Am J Respir Crit
Care Med. 2019;199(12):1517-36.

Adams TS, Schupp JC, Poli S, Ayaub EA, Neumark N, Ahangari F, et al.
Single-cell RNA-seq reveals ectopic and aberrant lung-resident cell popu-
lations in idiopathic pulmonary fibrosis. Sci Adv. 2020;6(28):eaba1983.
Habermann AC, Gutierrez AJ, Bui LT, Yahn SL, Winters NI, Calvi CL,

et al. Single-cell RNA sequencing reveals profibrotic roles of distinct



Nishioka et al. Inflammation and Regeneration

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

(2024) 44:34

epithelial and mesenchymal lineages in pulmonary fibrosis. Sci Adv.
2020;6(28):eaba1972.

MacKenzie B, Korfei M, Henneke |, Sibinska Z, Tian X, Hezel S, et al.
Increased FGF1-FGFRc expression in idiopathic pulmonary fibrosis. Respir
Res. 2015;16(1):83.

Adegunsoye A, Vij R, Noth I. Integrating genomics into management of
fibrotic interstitial lung disease. Chest. 2019;155(5):1026-40.

Juge PA, Lee JS, Ebstein E, Furukawa H, Dobrinskikh E, Gazal S, et al.
MUCS5B promoter variant and rheumatoid arthritis with interstitial lung
disease. N Engl J Med. 2018;379(23):2209-19.

Shirai'Y,Honda S, Ikari K, Kanai M, Takeda Y, Kamatani Y, et al. Association
of the RPA3-UMAD1 locus with interstitial lung diseases complicated with
rheumatoid arthritis in Japanese. Ann Rheum Dis. 2020;79(10):1305-9.
Ley B, Torgerson DG, Oldham JM, Adegunsoye A, Liu S, Li J, et al.

Rare protein-altering telomere-related gene variants in patients with
chronic hypersensitivity pneumonitis. Am J Respir Crit Care Med.
2019;200(9):1154-63.

Kellogg DL, Kellogg DL Jr, Musi N, Nambiar AM. Cellular senescence in
idiopathic pulmonary fibrosis. Curr Mol Biol Rep. 2021;7(3):31-40.

Gallob F, Brcic L, Eidenhammer S, Rumpp F, Nerlich A, Popper H. Senes-
cence and autophagy in usual interstitial pneumonia of different etiol-
ogy. Virchows Arch. 2021;478(3):497-506.

Ghavami S, Yeganeh B, Zeki AA, Shojaei S, Kenyon NJ, Ott S, et al.
Autophagy and the unfolded protein response promote profibrotic
effects of TGF-B; in human lung fibroblasts. Am J Physiol Lung Cell Mol
Physiol. 2018;314(3):L.493-504.

Hill C, Wang Y. Autophagy in pulmonary fibrosis: friend or foe? Genes Dis.
2022,9(6):1594-607.

Bowman WS, Echt GA, Oldham JM. Biomarkers in progressive fibrosing
interstitial lung disease: optimizing diagnosis, prognosis, and treatment
response. Front Med (Lausanne). 2021,8:680997.

Zhong D, Wu C, Bai J, Hu C, Xu D, Wang Q, et al. Comparative diagnostic
efficacy of serum Krebs von den Lungen-6 and surfactant D for connec-
tive tissue disease-associated interstitial lung diseases: a meta-analysis.
Medicine (Baltimore). 2020;99(16):e19695.

Nayak A, Dodagatta-Marri E, Tsolaki AG, Kishore U. An insight into the
diverse roles of surfactant proteins, SP-A and SP-D in innate and adaptive
immunity. Front Immunol. 2012;3:131.

ShaoT, Shi X, Yang S, Zhang W, Li X, Shu J, et al. Interstitial lung disease in
connective tissue disease: a common lesion with heterogeneous mecha-
nisms and treatment considerations. Front Immunol. 2021;12:684699.
Huang E, Peng N, Xiao F, Hu D, Wang X, Lu L. The roles of immune cells in
the pathogenesis of fibrosis. Int J Mol Sci. 2020;21(15):5203.

Christmann RB, Sampaio-Barros P, Stifano G, Borges CL, de Carvalho

CR, Kairalla R, et al. Association of interferon- and transforming growth
factor beta-regulated genes and macrophage activation with sys-

temic sclerosis-related progressive lung fibrosis. Arthritis Rheumatol.
2014;66(3):714-25.

Pellicano C, Vantaggio L, Colalillo A, Pocino K, Basile V, Marino M, et al.
Type 2 cytokines and scleroderma interstitial lung disease. Clin Exp Med.
2023,23(7):3517-25.

Raghu G, Remy-Jardin M, Ryerson CJ, Myers JL, Kreuter M, Vasakova M,
et al. Diagnosis of hypersensitivity pneumonitis in adults. An official
ATS/JRS/ALAT clinical practice guideline. Am J Respir Crit Care Med.
2020;202(3):e36-69.

Desai O, Winkler J, Minasyan M, Herzog EL. The role of immune and
inflammatory cells in idiopathic pulmonary fibrosis. Front Med (Laus-
anne). 2018;5:43.

Shenderov K, Collins SL, Powell JD, Horton MR. Immune dys-

regulation as a driver of idiopathic pulmonary fibrosis. J Clin Invest.
2021;131(2):e143226.

Heukels P, Moor CC, von der Thusen JH, Wijsenbeek MS, Kool M. Inflam-
mation and immunity in IPF pathogenesis and treatment. Respir Med.
2019;147:79-91.

Serezani APM, Pascoalino BD, Bazzano JMR, Vowell KN, Tanjore H,

Taylor CJ, et al. Multiplatform single-cell analysis identifies immune

cell types enhanced in pulmonary fibrosis. Am J Respir Cell Mol Biol.
2022;67(1):50-60.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

Page 10 of 11

Kawasumi H, Gono T, Kawaguchi Y, Yamanaka H. Recent treatment of
interstitial lung disease with idiopathic inflammatory myopathies. Clin
Med Insights Circ Respir Pulm Med. 2015;9(Suppl 1):9-17.

Taniguchi H, Kondoh Y. Acute and subacute idiopathic interstitial pneu-
monias. Respirology. 2016;21(5):810-20.

Faverio P, De Giacomi F, Sardella L, Fiorentino G, Carone M, Salerno F,

et al. Management of acute respiratory failure in interstitial lung diseases:
overview and clinical insights. BMC Pulm Med. 2018;18(1):70.

Kolb M, Bondue B, Pesci A, Miyazaki Y, Song JW, Bhatt NY, et al. Acute
exacerbations of progressive-fibrosing interstitial lung diseases. Eur Respir
Rev. 2018;27(150):180071.

Inoue R, Yasuma T, Fridman D'Alessandro V, Toda M, Ito T, Tomaru A, et al.
Amelioration of pulmonary fibrosis by matrix metalloproteinase-2 over-
expression. Int J Mol Sci. 2023;24(7).6695.

Inoue Y, Kaner RJ, Guiot J, Maher TM, Tomassetti S, Moiseev S, et al. Diag-
nostic and prognostic biomarkers for chronic fibrosing interstitial lung
diseases with a progressive phenotype. Chest. 2020;158(2):646-59.
Boehringer Ingelheim. Ofev (nintedanib) Summary of product character-
istics. https://www.ema.europa.eu/en/documents/product-information/
ofev-epar-product-information_en.pdf. Accessed 28 Feb. 2024.
Boehringer Ingelheim. Highlights for prescribing information OFEV® (nin-
tedanib), for oral use. https://content.boehringer-ingelheim.com/DAM/
b5d67da8-329b-4fa4-a732-af1e011fc0a5/ofev-us-pi.pdf. Accessed 28 Feb.
2024.

Genentech. Highlights of prescribing information ESBRIET® (pirfenidone)
capsules and film-coated tablets, for oral use. https://www.gene.com/
download/pdf/esbriet_prescribing.pdf. Accessed 28 Feb. 2024.

Roche. Esbriet (pirfenidone) Summary of product characteristics. https://
www.ema.europa.eu/en/documents/product-information/esbriet-epar-
product-information_en.pdf. Accessed 28 Feb. 2024.

American College of Rheumatology. Interstitial lung disease guideline.
https://rheumatology.org/interstitial-lung-disease-guideline. Accessed 28
Feb. 2024.

Chen WC, Chen NJ, Chen HP. Yu WK, Su VY, Chen H, et al. Nintedanib
reduces neutrophil chemotaxis via activating GRK2 in bleomycin-induced
pulmonary fibrosis. Int J Mol Sci. 2020;21(13):4735.

Overed-Sayer C, Miranda E, Dunmore R, Liarte Marin E, Beloki L, Rassl D,
et al. Inhibition of mast cells: a novel mechanism by which nintedanib
may elicit anti-fibrotic effects. Thorax. 2020;75(9):754-63.

Schaefer CJ, Ruhrmund DW, Pan L, Seiwert SD, Kossen K. Antifi-

brotic activities of pirfenidone in animal models. Eur Respir Rev.
2011,20(120):85-97.

Parnell E, Smith BO, Palmer TM, Terrin A, Zaccolo M, Yarwood SJ. Regula-
tion of the inflammatory response of vascular endothelial cells by EPACT.
Br J Pharmacol. 2012;166(2):434-46.

Herrmann FE, Hesslinger C, Wollin L, Nickolaus P. BI 1015550 is a PDE4B
inhibitor and a clinical drug candidate for the oral treatment of idiopathic
pulmonary fibrosis. Front Pharmacol. 2022;13:838449.

Sisson TH, Christensen PJ, Muraki Y, Dils AJ, Chibucos L, Subbotina N, et al.
Phosphodiesterase 4 inhibition reduces lung fibrosis following targeted
type Il alveolar epithelial cell injury. Physiol Rep. 2018;6(12):e13753.
Matsuhira T, Nishiyama O, Tabata Y, Kaji C, Kubota-Ishida N, Chiba Y, et al.
A novel phosphodiesterase 4 inhibitor, AA6216, reduces macrophage
activity and fibrosis in the lung. Eur J Pharmacol. 2020,885:173508.
Nathan SD, Behr J, Cottin V, Lancaster L, Smith P, Deng CQ, et al. Study
design and rationale for the TETON phase 3, randomised, controlled clini-
cal trials of inhaled treprostinil in the treatment of idiopathic pulmonary
fibrosis. BMJ Open Respir Res. 2022;9(1):e001310.

Kolb M, Orfanos SE, Lambers C, Flaherty K, Masters A, Lancaster L, et al.
The antifibrotic effects of inhaled treprostinil: an emerging option for ILD.
Adv Ther. 2022;39(9):3881-95.

Corte TJ, Lancaster L, Swigris JJ, Maher TM, Goldin JG, Palmer SM, et al.
Phase 2 trial design of BMS-986278, a lysophosphatidic acid receptor 1
(LPA,) antagonist, in patients with idiopathic pulmonary fibrosis (IPF) or
progressive fibrotic interstitial lung disease (PF-ILD). BMJ Open Respir Res.
2021;8(1):e001026.

Bristol Myers Squibb. Bristol Myers Squibb’s investigational LPAT antago-
nist reduces rate of lung function decline in progressive pulmonary
fibrosis cohort of phase 2 study. https://news.bms.com/news/details/
2023/Bristol-Myers-Squibbs-Investigational-LPA1-Antagonist-Reduc
es-Rate-of-Lung-Function-Decline-in-Progressive-Pulmonary-Fibro


https://www.ema.europa.eu/en/documents/product-information/ofev-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/ofev-epar-product-information_en.pdf
https://content.boehringer-ingelheim.com/DAM/b5d67da8-329b-4fa4-a732-af1e011fc0a5/ofev-us-pi.pdf
https://content.boehringer-ingelheim.com/DAM/b5d67da8-329b-4fa4-a732-af1e011fc0a5/ofev-us-pi.pdf
https://www.gene.com/download/pdf/esbriet_prescribing.pdf
https://www.gene.com/download/pdf/esbriet_prescribing.pdf
https://www.ema.europa.eu/en/documents/product-information/esbriet-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/esbriet-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/esbriet-epar-product-information_en.pdf
https://rheumatology.org/interstitial-lung-disease-guideline
https://news.bms.com/news/details/2023/Bristol-Myers-Squibbs-Investigational-LPA1-Antagonist-Reduces-Rate-of-Lung-Function-Decline-in-Progressive-Pulmonary-Fibrosis-Cohort-of-Phase-2-Study/default.aspx#:~:text=About%20the%20BMS%2D986278%20Phase,matched%20placebo%20orally%20twice%2Ddaily
https://news.bms.com/news/details/2023/Bristol-Myers-Squibbs-Investigational-LPA1-Antagonist-Reduces-Rate-of-Lung-Function-Decline-in-Progressive-Pulmonary-Fibrosis-Cohort-of-Phase-2-Study/default.aspx#:~:text=About%20the%20BMS%2D986278%20Phase,matched%20placebo%20orally%20twice%2Ddaily
https://news.bms.com/news/details/2023/Bristol-Myers-Squibbs-Investigational-LPA1-Antagonist-Reduces-Rate-of-Lung-Function-Decline-in-Progressive-Pulmonary-Fibrosis-Cohort-of-Phase-2-Study/default.aspx#:~:text=About%20the%20BMS%2D986278%20Phase,matched%20placebo%20orally%20twice%2Ddaily

Nishioka et al. Inflammation and Regeneration (2024) 44:34 Page 11 of 11

sis-Cohort-of-Phase-2-Study/default.aspx#:~:text=About%20the%
20BMS%2D986278%20Phase,matched%20placebo%200rally%20twice%
2Ddaily. Accessed 28 Feb. 2024.

79. Pliant Therapeutics. Pliant therapeutics announces positive long-term
data from the INTEGRIS-IPF phase 2a trial demonstrating bexotegrast was
well tolerated at 320 mg with durable improvement shown in FVC and
across multiple measures. https://ir.pliantrx.com/news-releases/news-
release-details/pliant-therapeutics-announces-positive-long-term-data-
integris. Accessed 28 Feb. 2024.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://news.bms.com/news/details/2023/Bristol-Myers-Squibbs-Investigational-LPA1-Antagonist-Reduces-Rate-of-Lung-Function-Decline-in-Progressive-Pulmonary-Fibrosis-Cohort-of-Phase-2-Study/default.aspx#:~:text=About%20the%20BMS%2D986278%20Phase,matched%20placebo%20orally%20twice%2Ddaily
https://news.bms.com/news/details/2023/Bristol-Myers-Squibbs-Investigational-LPA1-Antagonist-Reduces-Rate-of-Lung-Function-Decline-in-Progressive-Pulmonary-Fibrosis-Cohort-of-Phase-2-Study/default.aspx#:~:text=About%20the%20BMS%2D986278%20Phase,matched%20placebo%20orally%20twice%2Ddaily
https://news.bms.com/news/details/2023/Bristol-Myers-Squibbs-Investigational-LPA1-Antagonist-Reduces-Rate-of-Lung-Function-Decline-in-Progressive-Pulmonary-Fibrosis-Cohort-of-Phase-2-Study/default.aspx#:~:text=About%20the%20BMS%2D986278%20Phase,matched%20placebo%20orally%20twice%2Ddaily
https://ir.pliantrx.com/news-releases/news-release-details/pliant-therapeutics-announces-positive-long-term-data-integris
https://ir.pliantrx.com/news-releases/news-release-details/pliant-therapeutics-announces-positive-long-term-data-integris
https://ir.pliantrx.com/news-releases/news-release-details/pliant-therapeutics-announces-positive-long-term-data-integris

	Pathological mechanisms and novel drug targets in fibrotic interstitial lung disease
	Abstract 
	Background 
	Main body 
	Conclusion 

	Background
	Classification and diagnosis of primary diseases in fibrotic ILD
	Pathological mechanisms of fibrotic ILD
	Initiation of the fibrotic process through epithelial cell injury
	Genetic mechanisms and the role of cellular senescence and autophagy
	Potential biomarkers for fibrotic ILDs
	Initiation of the fibrotic process through immune activation
	The role of inflammation
	Pathogenic mechanisms in fibrotic ILD downstream of fibroblast activation
	Mechanisms of action of currently approved antifibrotic therapies
	Novel therapeutic targets in fibrotic ILD

	Conclusions
	Acknowledgments
	References


