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Abstract: Idiopathic pulmonary fibrosis (IPF) is a progressive and often fatal lung disease most
commonly encountered in older individuals. Several decades of research have contributed to a better
understanding of its pathogenesis, though only two drugs thus far have shown treatment efficacy, i.e.,
by slowing the decline of lung function. The pathogenesis of IPF remains incompletely understood
and involves multiple complex interactions and mechanisms working in tandem or separately to
result in unchecked deposition of extracellular matrix components and collagen characteristic of the
disease. These mechanisms include aberrant response to injury in the alveolar epithelium, inappro-
priate communication between epithelial cells and mesenchymal cells, imbalances between oxidative
injury and tissue repair, recruitment of inflammatory pathways that induce fibrosis, and cell senes-
cence leading to sustained activation and proliferation of fibroblasts and myofibroblasts. Targeted
approaches to each of these mechanistic pathways have led to recent clinical studies evaluating the
safety and efficacy of several agents. This review highlights selected concepts in the pathogenesis
of IPF as a rationale for understanding current or future therapeutic approaches, followed by a
review of several selected agents and their recent or active clinical studies. Current novel therapies
include approaches to attenuating or modifying specific cellular or signaling processes in the fibrotic
pathway, modifying inflammatory and metabolic derangements, and minimizing inappropriate
cell senescence.
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1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive and often fatal disease char-
acterized by the accumulation of fibrotic tissue in the lung [1]. While two antifibrotic
medications (nintedanib and pirfenidone) [2,3] have been shown to slow disease progres-
sion and are currently in use, a significant need remains for more effective agents that may
prevent loss of lung function and even reverse fibrosis. Adverse effects and long-term
adherence remain difficult and may confound real-world effectiveness, despite long-term
use demonstrating sustained lung function benefit, decreased exacerbation rate, or better
mortality outcomes in certain studies [4,5]. Over the past two and a half decades, mul-
tiple clinical trials have assessed the efficacy of various agents, including azathioprine
in combination with prednisone (anti-inflammatory) [6], interferon-γ (immune response
regulator) [7], etanercept (tumor necrosis factor-receptor (TNF-α) inhibitor) [8], maciten-
tan [9], bosentan [10], and ambrisentan [11] (endothelin receptor antagonists), sildenafil
(phosphodiesterase-5 inhibitor) [12], imatinib mesylate (tyrosine kinase inhibitor) [13],
N-acetylcysteine (anti-oxidant) [14], warfarin (anti-coagulant) [15], ziritaxestat (autotaxin
inhibitor) [16], simtuzumab (lysyl oxidase inhibitor) [17], and pamrevlumab (human mono-
clonal antibody against connective tissue growth factor (CTGF)) [18], all with little-to-no
impact on lung function or other secondary outcomes. Recent research has focused on
additional molecular targets in the cell signaling of fibrotic pathways [19,20], oxidative

J. Clin. Med. 2024, 13, 6304. https://doi.org/10.3390/jcm13216304 https://www.mdpi.com/journal/jcm

https://doi.org/10.3390/jcm13216304
https://doi.org/10.3390/jcm13216304
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcm
https://www.mdpi.com
https://orcid.org/0000-0003-3329-5717
https://orcid.org/0000-0002-9576-2272
https://doi.org/10.3390/jcm13216304
https://www.mdpi.com/journal/jcm
https://www.mdpi.com/article/10.3390/jcm13216304?type=check_update&version=1


J. Clin. Med. 2024, 13, 6304 2 of 19

stress and inflammatory responses [21], and cell senescence [22,23], with the potential
combination of currently established and novel therapies for synergistic effect. The first
section of this review broadly highlights concepts in the pathogenesis of IPF that underlie
current therapeutic approaches. The second section provides updates on recently tested
medications based on these concepts for a better understanding of current drug rationale
and future therapeutic directions.

2. Selective Overview of IPF Pathogenesis

IPF is characterized by the inappropriate or unchecked deposition of collagen and
extra-cellular matrix (ECM) in lung tissue. This is the result of dysregulated host responses
at the alveolar epithelium [24], excessive proliferation and propagation of pro-fibrotic cells
either by sustained cytokine or chemokine-driven processes and inappropriate cell senes-
cence [23,25], and imbalances between propagating and degrading fibrotic response [26].
Abnormal cell repair or recovery from oxidative stress or inflammation also contribute to
pro-fibrotic processes [27]. An overview of selected pathologic mechanisms is provided in
Table 1.

2.1. Abnormalities at the Alveolar Epithelium and Alveolar Epithelial Cells

Injury to the alveolar epithelium has long been a point of interest as an initial trigger
of parenchymal fibrosis [24,28]. Alveolar epithelial cells (AECs) produce surfactant and
play central roles in maintaining alveolar integrity and directing cell repair after injury [29].
Damage to type II AECs leads to the release of pro-fibrotic mediators, particularly trans-
forming growth factor-beta (TGF-β) [30–32], responsible for multiple downstream fibrotic
effects. Epithelial-mesenchymal transition (EMT), characterized by the transformation of
epithelial cells to mesenchymal phenotypes [33], is another mechanism by which AECs
contribute to lung fibrosis [34–36]. TGF-β signaling is a driver of EMT and leads to fi-
broblast imitation and activation [37,38]. AECs are also susceptible to oxidative damage
from environmental or inflammatory mediators [39,40]. Prior studies have demonstrated
oxidative stress may induce cellular senescence in AECs [41], impairing their regenerative
capacity and promoting a pro-fibrotic environment [42]. The accumulation of senescent
AECs has been associated with mitochondrial dysfunction [43]. Lastly, AECs secrete vari-
ous cytokines and chemokines that influence the behavior of macrophages [44], promoting
their activation and contribution to an inflammatory milieu that promotes fibrotic response.

2.2. TGF-β, Fibroblasts, and Myofibroblasts

TGF-β is a multifaceted cytokine involved in various cellular processes in the lung,
including EMT, fibroblast activation, and ECM deposition [45]. It is primarily secreted by
AECs [30] and activated macrophages [46,47], with its dysregulation leading to unchecked
activation of fibroblasts and myofibroblasts. TGF-β also activates various downstream
pathways including Smad signaling which mediate transcriptional responses involved in
fibroblast proliferation and differentiation [48,49]. Interaction between TGF-β and other
fibroblast growth factor pathways has been shown to influence fibroblast activation and
ECM production [50].

Fibroblasts and myofibroblasts are mesenchymal cells directly involved in the de-
position of ECM and collagen in the lung parenchyma. Fibroblasts may proliferate from
inappropriate cytokine-driven activation or cell senescence [23]. The role of extracellular
vesicles (EVs) in mediating fibroblast dysfunction is an emerging area of research [51,52].
EVs are lipid-bound vesicles secreted by cells into the extracellular space and are derived
from various cell types, including macrophages and epithelial cells [53]. Fibroblasts ex-
posed to EVs containing fibronectin exhibit increased migratory capacity and invasive
behavior [54]. Increased stiffness of the lung may also promote fibroblast activation and
myofibroblast differentiation through mechanotransduction pathways [55,56].
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2.3. Cellular Mediators of Fibrosis

Cyclic adenosine monophosphate (cAMP) is a hydrophilic intracellular secondary
messenger molecule involved in the regulation of multiple cellular processes [57]. Loss or
dysregulation of cAMP signaling has been associated with the development or progression
of fibrosis through fibroblast activation, inflammation, and ECM remodeling [58]. cAMP
primarily exerts its effects via the activation of protein kinase A and other intracellular
pathways which better regulate fibroblast function and reduce ECM deposition [59]. At-
tenuation of fibrosis has also been linked to decreased TGF-β signaling, where increased
cAMP signaling has been shown to inhibit TGF-β production and activation [60]. Elevated
cAMP levels have also been shown to inhibit the production of pro-inflammatory cytokines
and chemokines, reducing inflammation in the lung and potentially attenuating pro-fibrotic
pathways [61,62]. Phosphodiesterase 4 (PDE4) inhibitors, which increase intracellular
cAMP levels, have been shown to decrease fibroblast proliferation and myofibroblast
differentiation [63].

Lysophosphatidic acid (LPA) is a bioactive lipid mediator involved in various cellular
processes including cell proliferation, migration, and survival [64]. It is synthesized by
autotaxin, an enzyme that catalyzes the hydrolysis of lysophosphatidylcholine to LPA, the
latter serving as the primary ligand for lysophosphatidic acid receptor 1 (LPAR1) [65]. The
activation of LPAR1 is associated with several intracellular signaling pathways in fibrosis in-
cluding those promoting cytoskeletal rearrangements, and fibroblast migration and prolifer-
ation [66,67]. LPAR1 also activates TGF-β and other pro-fibrotic mediators [68], with LPAR1
signaling involved in the recruitment and activation of inflammatory macrophages [69].

Integrins are transmembrane glycoprotein receptors that serve as mediators of cell
adhesion, communication, and membrane integrity. Interplay between integrins and TGF-β
has been associated with aberrant induction of pro-fibrotic pathways [70]. Integrin αVβ6,
found predominantly in epithelial cells, induces TGF-β activation after cell injury [71],
while integrin α3β1 has been associated with EMT and myofibroblast proliferation in
murine models of bleomycin-induce fibrosis [72].

2.4. Dysregulation of Extra-Cellular Matrix

Dysregulation of ECM homeostasis with an imbalance between synthesis and degrada-
tion of ECM components may result in inappropriate accumulation of fibrotic tissue [73,74].
Collagen (types I and III) is an essential protein in the ECM of lung tissue and is deposited
by activated fibroblasts and myofibroblasts derived from resident or circulating fibrocytes,
and epithelial cells undergoing EMT [75,76]. Excessive accumulation of collagen leads to
the thickening of alveolar walls and the formation of fibroblast foci. Other ECM proteins
and cytokines, including fibronectin and connective tissue growth factor (CTGF), have been
associated with the formation of fibrotic tissue. Fibronectin is an adhesive glycoprotein
crucial for cell adhesion, migration, and ECM organization, while CTGF is induced by
TGF-β [77] and further promotes fibroblast proliferation and ECM production. ECM may
also contribute to fibroblast proliferation through mechanotransduction pathways [78] and
increased cell senescence [79].

The role of matrix metalloproteinases (MMPs) in ECM remodeling has been associated
with disease progression in IPF. MMPs are enzymes responsible for the breakdown of ECM
components, with their dysregulation leading to imbalances between ECM synthesis and
degradation [80,81]. Elevated levels of MMPs in serum and bronchoalveolar lavage fluid
(BAL) have been correlated with disease severity and progression [82–84]. In one study,
BAL MMP-7 (matrilysin) levels were similarly elevated in IPF and non-IPF interstitial lung
diseases with IPF distinguished by MMP-7 immunoreactivity in areas of parenchymal
fibrosis compared to areas of acute inflammation in non-IPF diseases [84]. TGF-β is a
key regulator of MMP expression in mice models of lung fibrosis, in particular limiting
the activity of MMP-2 and MMP-9, which contributes to the aberrant accumulation of
ECM proteins [85,86]. MMP-9 has also been shown to induce TGF-β production in human
airway epithelium in one in vivo study [87], while MMP-12 acts as a downstream mediator
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of TGF-β-induced inflammation and fibrosis [88]. Its expression appears upregulated
in response to TGF-β [89], though subsequent MMP-12 negative mice models did not
demonstrate attenuated fibrotic responses to bleomycin lung injury [90]. Hyaluronan (HA)
is a major component of the ECM in most organs. It is a glycosaminoglycan previously
believed to be inert, but may play a regulatory role in the ECM of lung submucosa and
alveoli [91]. HA is broken down by lysosomal enzymes known as hyaluronidases with prior
studies demonstrating elevated levels of HA in the BAL of patients with IPF compared
to controls [92,93]. Higher BAL levels of HA were also associated with worse clinical
disease or progression [92]. Prior studies suggest HA-directed pathways may promote
fibroblast proliferation and invasion [94,95], with HA synthases also driving fibroblast
senescence [96].

2.5. Oxidative Stress, Mitochondria, and Macrophages

Imbalances between reactive oxygen species (ROS) production and antioxidants re-
sulting in excessive oxidative injury have been recognized as a significant contributor
to pro-fibrotic pathways [27]. Oxidative injury commonly damages epithelial cells and
enhances TGF-β signaling [97]. Environmental triggers such as cigarette smoke [40] or
cyclic mechanical stretch as seen with mechanical ventilation [98] have been associated
with oxidative injury. Mitochondrial dysfunction is increasingly recognized as a contributor
to profibrotic pathways [99]. While involved in the regulation of apoptosis [43], oxidative
stress, and cellular metabolism, mitochondria also produce ROS as byproducts of oxidative
phosphorylation [100].

Recent studies have highlighted the role of macrophage polarization and pro-inflammatory
responses in IPF. In this setting, macrophages are categorized as either M1 (pro-inflammatory)
or M2 (anti-inflammatory or profibrotic) [101]. M1 macrophages are typically activated in
response to pathogens and tissue damage, releasing pro-inflammatory cytokines that may
further exacerbate lung injury. M2 macrophages are associated with tissue repair and re-
modeling but promote fibrosis through activating the secretion of growth factors and ECM
components by AECs and fibroblasts [102]. An imbalance between these two phenotypes
may play a role in cellular responses to lung injury with activated macrophages also secret-
ing TGF-β [47]. Lastly, macrophages also produce ROS [103] and increase inflammatory
responses associated with fibrosis through activation of AIM2 inflammasomes [104].

2.6. Cell Senescence

Cell senescence in IPF is characterized by irreversible cell cycle arrest and secretion of
pro-inflammatory factors, collectively known as the senescence-associated secretory pheno-
type [105,106]. This phenomenon affects various cells in the lung, including AECs [107],
fibroblasts [23], and macrophages [108], all with particular roles in the progression and
severity of fibrosis. Prior studies have also highlighted the role of specific signaling path-
ways in mediating the effects of cellular senescence in lung fibrosis [107,109]. β-catenin/p53
pathways have been shown to induce senescence in A549 cells (an AEC model) in response
to various stressors [110]. Senescent AECs also exhibit increased expression of p16INK4a
and p21WAF1/CIP1 markers, which have been associated with cell cycle arrest [111].
TGF-β signaling is a significant contributor to AEC senescence [112,113], promoting their
transition to myofibroblast-like phenotypes and enhancing their fibrotic response.

Table 1. Selected mechanisms of fibrosis in idiopathic pulmonary fibrosis.

Mechanism Type Summary Key References

Alveolar epithelial injury and
dysregulation

Damage to the alveolar epithelium and type II alveolar epithelial cells
(AECs) may lead to aberrant pro-fibrotic responses, including excessive
release of TGF-β, epithelial-mesenchymal transition (EMT), and
inappropriate senescence of AECs

[24,28,31,33,35,42]
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Table 1. Cont.

Mechanism Type Summary Key References

TGF-β, Fibroblasts and
Myofibroblast dysfunction

Aberrant and sustained release of TGF-β may promote fibroblast and
myofibroblast activation resulting in excessive extra-cellular matrix
(ECM) deposition

[23,30,45,56]

Cellular Mediators of Fibrosis

Intracellular and extracellular mechanisms of fibrosis involve multiple
pathways, including intracellular messenger molecule cyclic adenosine
monophosphate (cAMP), lipid mediator lysophosphatidic acid (LPA),
and cellular integrins or transmembrane glycoproteins, serving key roles
in aspects of TGF-β release, fibroblast activation, proliferation, or
migration, and inflammation.

[58,59,61,65,67,70]

Dysregulation of
Extra-cellular matrix

Abnormal ECM homeostasis is characterized by an imbalance between
fibroblast and myofibroblast activity with aberrant ECM deposition and
dysregulated matrix metalloproteinases, which are ineffective in the
breaking down of ECM.

[74,79,81,85,94,96]

Oxidative Stress,
Mitochondria, and
Macrophages

Oxidative stress is a common trigger of AEC injury and may result from
mitochondrial dysfunction, which is involved in the creation of reactive
oxygen species through oxidative phosphorylation. Macrophage
polarization is involved in promoting inflammatory and
anti-inflammatory (or pro-fibrotic) pathways, leading to aberrant AEC
and fibroblast responses to injury.

[97,99,101]

Cell Senescence
Inappropriate cell cycle arrest and its related pro-inflammatory
phenotype may involve AECs, fibroblasts, and macrophages, resulting in
persistent and inappropriate fibrotic responses to cell injury and repair.

[23,25,42,107–109]

3. Potential Medical Therapies for IPF

Novel approaches targeting mechanisms of fibrosis, as outlined above, form the basis
of recent clinical studies in IPF. This section highlights selected agents being evaluated in
ongoing or recently completed Phase I or higher comparative trials in the last few years
(Table 2), with a focus on drug mechanism, safety profile, and potential efficacy.

Table 2. Selected study agents and their mechanisms in the treatment of IPF.

NCT Number Phase Drug/Intervention Mechanism Class

NCT05032066 2 HZN-825 LAPR1 receptor modulator, LPA pathway for fibrosis

NCT05321069 3 BI 1015550
(nerandomilast) PDE4 inhibitor, fibrotic pathway reduction

NCT04312594 2 Jaktinib JAK inhibitor, blocks JAK-induced pro-fibrotic cytokines, also
anti-inflammatory

NCT05483907 2 BBT-877 autotaxin inhibitor, LPA pathway for fibrosis

NCT04598919 1 saracatinib tyrosine kinase inhibitor, blocks TGF-β-induced Src kinase activation

NCT05255991 3 inhaled treprostinil prostacyclin analogue, cAMP inhibition which has antifibrotic
properties

NCT05515627 1 atezolizumab immune checkpoint inhibitor, PDL-1 inhibitor for cell cycle

NCT06097260 2 bexotegrast (PLN-74809) integrin inhibitor, blocks TGF-beta pathway

NCT06003426 3 BMS-986278 LPA receptor antagonist

NCT06132256 2 axatilimab targets colony stimulating factor-1 receptor, or CSF-1R,
anti-macrophage and monocyte therapy

NCT05722964 2 SHR-1906 monoclonal antibody against CTGF

NCT03865927 2 GKT137831 (setanaxib) NADPH oxidase inhibitor
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Table 2. Cont.

NCT Number Phase Drug/Intervention Mechanism Class

NCT06331624 2 Tazarotene (GRI-0621) retinoic acid receptors binder, promotes apoptosis or stopping cell
proliferation, iNKT inhibitor

NCT05828953 2 to 3 Anlotinib tyrosine kinase inhibitor of TGF-β pathway, antifibrotic properties

Abbreviations: cAMP = cyclic adenosine monophosphate, CTGF = connective tissue growth factor,
iNKT = invariant natural killer T-cell, LPA = lysophosphatidic acid, LAPR1 = lysophosphatidic acid receptor 1,
NADPH = nicotinamide adenine dinucleotide phosphate, PDE4 = phosphodiesterase 4, PDL-1 = programmed
death-ligand 1, TGF-β = transforming growth factor beta.

3.1. Molecular Targets of Fibrotic Pathways
3.1.1. BI 1015550 (Nerandomilast)

BI 1015550 is an oral phosphodiesterase 4EB (PDE4B) inhibitor that selectively targets
the PDE4B subtype, a regulator of intracellular signaling pathways associated with inflam-
mation and fibrosis [114]. Inhibition of PDE4B is associated with increased cAMP levels, a
secondary messenger known to exert anti-inflammatory and antifibrotic effects [61].

Recent clinical trials have explored the efficacy and safety of BI 1015550 in patients
with both IPF and non-IPF progressive fibrotic disease. FIBRONEER is a phase III, double-
blind, randomized, placebo-controlled study, aiming to evaluate the effects of BI 1015550
over 52 weeks in those with or without concomitant antifibrotic therapies (NCT05321069).
Results from a phase II trial indicate BI 1015550 may stabilize lung function as measured
by forced vital capacity (FVC) at 12 weeks [115]. In addition to its antifibrotic effects,
BI 1015550 may also exert immunomodulatory effects that attenuate fibrotic processes in
the lung [116,117]. Studies have shown that PDE4 inhibitors reduce the production of pro-
inflammatory cytokines, including TNF-α and interleukin-4 [118,119], which are implicated
in the pathogenesis of IPF. The safety profile of BI 1015550 appears to suggest minimal or
tolerable adverse effects. In phase I studies, the drug was relatively well tolerated among
healthy subjects with adverse effects reported in 50% and 90% of those on selected dosing,
dominated by diarrhea and headaches [120]. Adverse effects in the phase II study were
reported in 65% and 73% of those on and not on background antifibrotics, respectively,
again dominated by diarrhea or loose stools [115].

3.1.2. Inhaled Treprostinil

Treprostinil is a stable analogue of prostacyclin, a potent vasodilator involved in the
regulation of vascular tone and inhibition of platelet aggregation. Activation of prostacyclin
receptors by treprostinil leads to increased intracellular cAMP, associated with the inhibition
of fibroblast proliferation and ECM deposition [59]. It is administered specifically in this
setting using a specialized device for inhalation, typically four times a day. This allows the
drug to act directly on the lungs, which can have fewer systemic adverse effects.

Inhaled treprostinil has been shown to attenuate fibrotic responses in various pre-
clinical models, including those induced by bleomycin [121,122]. Treprostinil’s efficacy
in IPF is further supported by its ability to reconstitute mitochondrial organization and
structure in cells affected by the disease [123]. Mitochondrial dysfunction is a recognized
feature of IPF, leading to imbalances in oxidative damage and repair. Inhaled treprostinil
is currently approved for secondary pulmonary hypertension associated with interstitial
lung disease [124]. Post-hoc analysis of the INCREASE trial evaluating efficacy of inhaled
treprostinil in patients with secondary pulmonary hypertension due to fibrotic interstitial
lung disease, found lower incidence of FVC decline [125], six-minute walk distance de-
cline, and cardiopulmonary hospitalizations [126]. Current clinical trials are exploring the
efficacy and safety of inhaled treprostinil in patients with IPF targeting FVC endpoints.
TETON [127] and TETON-PPF are phase 3 randomized controlled trials assessing the im-
pact of inhaled treprostinil on FVC change at 52 weeks in IPF and progressive pulmonary
fibrosis, respectively (NCT05255991 and NCT05943535). The adverse-effect profile of in-
haled treprostinil appears to be tolerable, and manageable with supportive medications
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(cough, throat irritation, and headache). Adverse effects were noted in the majority of
treated patients in the INCREASE study though similar in terms of frequency to placebo
(93% vs. 91%) (predominantly cough (44%) and headache (28%)) [124].

3.1.3. Anlotinib

Anlotinib is a multi-targeted tyrosine kinase inhibitor originally developed for the
treatment of various cancers [128], but has also shown promising antifibrotic effects in
preclinical models of both pulmonary and non-pulmonary fibrosis [129]. Anlotinib exerts
its antifibrotic effects through the inhibition of several key signaling pathways leading
to the attenuation of TGF-β. Anlotinib attenuates TGF-β1 signaling [129] and facilitates
apoptosis of myofibroblasts with slowing of EMT pathways in AECs [130]. Anlotinib has
also been shown to inhibit glycolysis in myofibroblasts decreasing their activation and
proliferation [131]. A current multicenter placebo-controlled phase II to phase III study is
ongoing assessing FVC endpoints and safety outcomes at 52 weeks (NCT05828953). Its
safety profile is derived from its use as monotherapy in extended stage small-cell lung
cancer, highlighted by hypertension, hand-foot syndrome, and fatigue [132].

3.1.4. Saracatinib

Saracatinib, also known as AZD0530, is a dual inhibitor of tyrosine kinases c-Src
and Bcr-Abl, originally developed for the treatment of cancer but granted orphan drug
designation by the US Food and Drug Administration for testing in IPF [133]. Prior research
has demonstrated saracatinib effectively blocks TGF-β-induced Src kinase activation [134]
and reduces α-smooth muscle actin expression, a marker of myofibroblast activation [135].
In preclinical studies, saracatinib has shown promise in reducing lung fibrosis in various
models, including those induced by bleomycin [136]. The safety profile of saracatinib
has been evaluated in early-phase clinical trials for various cancers, suggesting overall
tolerance [137]. A current phase I study is ongoing to assess safety and tolerance outcomes
in patients with IPF at 24 weeks (NCT04598919).

3.1.5. SHR-1906

SHR-1906 is a fully humanized monoclonal antibody targeting CTGF. CTGF is a key
mediator of fibroblast proliferation and ECM deposition with elevated tissue expression
and plasma levels seen in IPF correlating with disease severity and progression [77,138,139].
Notably, pamrevlumab, a recombinant monoclonal antibody against CTGF showed early
promise in a phase II study with a well-tolerated adverse effect profile [140], but did not
meet FVC study endpoints in a large phase III study [18]. SHR-1906 was assessed in healthy
participants in a phase I study, demonstrating a favorable safety profile with manageable
adverse effects [141]. A phase II study is underway to further assess safety and efficacy
over 26 weeks (NCT05722964).

3.1.6. BMS-986278

BMS-986278 is a selective antagonist of LPAR1 involved in the promotion of various
fibrotic pathways. Its ligand, LPA, is associated with fibroblast activation, proliferation,
and deposition of ECM. In addition to its fibrotic effects, LPA also promotes inflamma-
tory pathways that may contribute to fibrosis. In animal models, treatment with BMS-
986278 has been associated with decreased collagen accumulation and improved lung
function [142,143]. The safety profile of BMS-986278 has been assessed in early-phase stud-
ies, noting minimal adverse effects and general tolerability [144]. A phase II study assessing
percent predicted change in FVC over 26 weeks in both IPF and non-IPF progressive ILD
was recently completed [145] (NCT06003426). Preliminary findings presented in abstract
form suggested decreased rate of FVC decline with or without background antifibrotic
use [146].This drug has received Breakthrough Therapy Designation from the US FDA for
the treatment of progressive pulmonary fibrosis.
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3.1.7. HZN-825 (Fipaxalparant)

HZN-825 is a selective allosteric modulator of LPAR1, the primary receptor for LPA-
mediated fibrotic pathways. Dysregulated LPAR1 signaling again has been implicated in
the promotion of fibroblast activation and fibrotic responses to lung injury [67]. The safety
profile of HZN-825 has been evaluated in healthy participants where it showed favorable
tolerances [147]. Adverse events reported were generally mild to moderate. A prior clinical
study in patients with diffuse cutaneous scleroderma assessing Rodnan skin thickness
scores and safety as primary endpoints suggested general tolerance and improvement in
skin scores, though not statistically significant [148]. A multicenter randomized placebo-
controlled phase IIb study is ongoing assessing FVC change at 52 weeks in patients with
IPF (NCT05032066).

3.1.8. BBT-877

BBT-877 is a novel inhibitor of autotaxin, the primary enzyme involved in the synthesis
of LPA. Prior research indicates BBT-877 effectively reduces LPA production in various
models of fibrotic injury [149,150], particularly antifibrotic effects in bleomycin-induced
fibrosis [151]. In vivo studies have demonstrated BBT-877 does not significantly impair cell
viability, even at high concentrations, suggesting a favorable safety profile for potential
clinical use [151]. Notably, a prior novel autotaxin inhibitor ziritaxeset showed promise
in early phase studies for treatment of IPF but did not meet primary or secondary study
endpoints in two large multicenter phase III studies [16]. A phase II study with BBT-
877 is ongoing, targeting absolute change in FVC over 24 weeks in patients with IPF
(NCT05483907)

3.2. Integrin Inhibition
Bexotegrast or PLN-74809

Bexotegrast is an oral dual inhibitor of integrins αvβ6 and αvβ3, involved in several
fibrotic pathways in the lung. Known to activate TGF-β, they play a constitutional role
in promoting fibroblast proliferation and differentiation into myofibroblasts [72,152]. Pre-
clinical studies have demonstrated bexotegrast may effectively inhibit TGF-β activation
and reduce collagen deposition in lung fibroblast cultures and animal models of lung
fibrosis [153]. Notably, a prior study assessing the efficacy of a subcutaneous monoclonal
antibody inhibitor of αvβ6 failed to meet study endpoints due to early termination [154].
A multicenter phase IIb clinical trial assessing absolute change in FVC over 52 weeks in
patients with IPF is ongoing for bexotegrast (NCT06097260).

3.3. Anti-Inflammatory Pathways
3.3.1. Axatilimab

Axatilimab, also known as Niktimvo, is a humanized IgG4 monoclonal antibody that
targets colony stimulating factor-1 receptor (CSF-1R), a cell surface protein thought to
control the survival and function of monocytes and macrophages [155]. Axatilimab is
involved in modulation of macrophage activity, believed to be a contributor in various
fibrotic diseases, including IPF. In pre-clinical models, inhibition of signaling through
the CSF-1 receptor was shown to reduce the number of disease-mediating macrophages
along with their monocyte precursors [156,157]. Axatilimab has been primarily studied in
the context of chronic graft-versus-host disease, showing promise in preclinical models
and controlled studies for ameliorating fibrotic responses associated with this immune-
mediated process [158,159]. A phase II clinical study is ongoing with absolute decline in
FVC over 26 weeks as a primary outcome (NCT06132256).

3.3.2. Jaktinib

The JAK-STAT signaling pathway is associated with the regulation of various cytokines
and growth factors contributing to fibrosis in IPF [160]. Inhibiting JAK activity may
reduce signaling of these profibrotic cytokines, thereby attenuating fibroblast activation
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and collagen deposition in the lungs. Jaktinib is a Janus kinase (JAK) inhibitor with potential
therapeutic applications in various inflammatory and fibrotic diseases [161,162]. Jaktinib
may influence immune response in the lungs and attenuate the activity of immune cells
which contribute to fibrosis [163,164]. The safety profile of Jaktinib has been evaluated in
early-phase clinical trials in myelofibrosis and hepatic fibrosis, where it has demonstrated
a favorable tolerance among participants [161,165]. Common adverse effects associated
with JAK inhibitors include gastrointestinal disturbances, increased risk of infections, and
hematologic abnormalities. A phase II study assessing its anti-inflammatory and antifibrotic
effects in IPF is ongoing, targeting FVC% change over 26 weeks (NCT04312594).

3.4. Oxidative Pathways
GKT137831 (Setanaxib)

GKT137831 is a selective inhibitor of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases 1 (NOX1) and 4 (NOX4), which reduces the production of ROS and ox-
idative injury resulting in the activation of fibroblasts by damaged type II AECs. Preclinical
studies have demonstrated GKT137831 effectively inhibits NOX1 and NOX4, leading to re-
duced oxidative stress and subsequent fibrosis in various fibrosis models [166]. GKT137831
has been shown to attenuate fibrosis associated with primary biliary cholangitis as seen
in a phase II clinical study [167]. Similar NOX inhibitors have been evaluated in animal
models of lung fibrosis, showing reduction in collagen deposition and improved lung func-
tion [168]. The compound’s ability to modulate TGF-β signaling pathways may be a key
mechanism for its antifibrotic effects [169,170]. A current phase II study in patients with IPF
is ongoing targeting a surrogate serum marker of oxidative stress at 24 weeks, along with
secondary outcomes of FVC change, six-minute walk, and safety profile (NCT03865927).

3.5. Immune-Mediated or Cell-Cycle Pathways
3.5.1. Tazarotene (GRI-0621)

Tazarotene, a synthetic retinoid which binds to retinoic acid receptors (RAR) RARβ
and RARγ, was first developed for the topical treatment of plaque psoriasis [171]. Retinoids
play important roles in regulating gene expression related to cell differentiation, prolifera-
tion, and apoptosis [172,173]. Tazarotene has been shown to induce apoptosis in various
cell types, including cancer cells, through pathways that involve caspase activation and gen-
eration of ROS [174]. Tazarotene may also normalize cellular differentiation and counteract
aberrant processes that lead to myofibroblast formation [173,175].

GRI-0621 is an oral formulation of tazarotene being assessed for its inhibitory effect on
natural killer T-cells (NKT). Recent research has highlighted the role of type I NKT or invari-
ant NKT (iNKT) cell types in the propagation of fibrosis [176,177]. Aberrant NKT activity or
its absence in pre-clinical models of fibrosis have suggested both pro- and inhibitory effects
on fibrotic pathways [178]. In a murine bleomycin-induced model of lung fibrosis, manip-
ulation of iNKT-released IFN-γ resulted in ameliorated TGF-β–dependent fibrosis [179].
iNKT also mediates Th2 pathways attenuating the polarization of macrophages towards
pro-fibrotic M2 phenotypes [180]. A phase 2a randomized controlled study is ongoing,
assessing the efficacy of GRI-0621 in iNKT targeting primary and secondary endpoints of
safety and changes in serologic biomarkers of NKT activity at 12 weeks (NCT06331624).

3.5.2. Atezolizumab

Atezolizumab is a monoclonal antibody that inhibits programmed death-ligand 1
(PD-L1), a surface glycoprotein found on immune cells involved in cell proliferation and
apoptosis [181]. The PD-1/PD-L1 pathway is crucial in regulating immune responses,
particularly in the context of T-cell activation and tolerance [182,183]. Elevated serum
levels of PD-1 and PD-L2 have been found in patients with systemic sclerosis and are
associated with severity of lung fibrosis [184]. Elevated PD-L1 activity was detected
in explanted fibroblasts of patients with IPF [185] while alveolar epithelial cells with
increased surface markers of abnormal check-point activity were identified compared
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to normal donors [186]. Humanized murine mesenchymal stem cells were impacted by
PD-1 pathways in ameliorating lung fibrosis [187]. Preclinical studies have indicated
that immune checkpoint inhibitors (ICI), including atezolizumab, may modulate fibrotic
responses in various models of lung injury [188,189].

An important concern for the use of atezolizumab in patients with chronic lung disease
is the known association of ICI with pulmonary toxicity. Grades 1–4 pulmonary toxicity
occurred in 16% of all patients treated with ICI or ICI-containing regimens in one large
systematic review, with 6% being grades 4 or higher [190]. Described risk factors include
underlying lung disease, particularly baseline fibrosis, which has been associated with
higher mortality while on ICI therapy [191]. Risk of pneumonitis in real world settings may
also be increased with combination therapies and radiation [192]. Incidence of pneumonitis
in patients with non-small cell lung carcinoma and underlying interstitial lung disease
treated with atezolizumab as monotherapy was 29.4% in one phase II, with the majority
grade 3 or higher in terms of severity [193]. An assessment of anti-inflammatory and
antifibrotic effects from ICI will need to be weighed against its pulmonary and other organ
toxicity, particularly as long-term use may be necessary for managing chronic fibrosing
diseases. A current Phase I study is ongoing to assess safety and efficacy of atezolizumab
in patients with IPF over 24 weeks (NCT05515627).

4. Conclusions

IPF is a complex disease highlighted by aberrations in alveolar epithelial response
to injury, inappropriate cytokine and chemokine-driven proliferation of fibroblasts and
myofibroblasts, dysregulation of epithelial and mesenchymal interplay, and abnormal
cell senescence. Novel agents targeting these various mechanisms are ongoing with chal-
lenges remaining in translating pre-clinical or molecular studies to in vivo or real-world
effectiveness. A review of current concepts regarding the pathogenesis of IPF suggests
interacting and overlapping pathways with complex up and downstream effects, mak-
ing the manipulation or control of one pathway or target often insufficient for clinical
effect. Current studies are assessing the impact of combination therapy with background
use of approved antifibrotics, though future studies are likely needed to additionally en-
gage additive or synergistic effects of multiple drugs as they become available. Lastly,
adverse effects are common and will also be additive in the setting of future combination
approaches. A multi-faceted approach may have greater therapeutic impact but will need
to be tempered with higher risk of treatment-related toxicity. IPF, as currently diagnosed,
is likely a heterogeneous entity, an aspect that needs further exploration in the search for
optimal therapy.
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Abbreviations

AEC alveolar epithelial cell
cAMP cyclic
CSF-1R colony stimulating factor-1 receptor
CTGF connective tissue growth factor
ECM extracellular matrix
EMT epithelial-mesenchymal transition
EV extracellular vehicles
FVC forced vital capacity
HA hyaluronan
HRCT high resolution chest CT
ICI immune check point inhibitor
IPF idiopathic pulmonary fibrosis
JAK Janus kinase
LPA lysophosphatidic acid



J. Clin. Med. 2024, 13, 6304 11 of 19

LPAR1 lysophosphatidic acid receptor 1
MMP matrix metalloproteinases
NADPH nicotinamide adenine dinucleotide phosphate
NKT natural killer T-cells
NOX NADPH oxidase
PDE phosphodiesterase
PD-L1 programmed death-ligand 1
PFT pulmonary function test
RAR retinoic acid receptors
ROS reactive oxygen species
TGF-β transforming growth factor-beta
TNF-α tumor necrosis factor-alpha
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