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Idiopathic Pulmonary Fibrosis.

Thomas Koudstaal* M.D. PhD, Marlies S. Wijsenbeek1 M.D. PhD
! Center for Interstitial Lung Diseases and Sarcoidosis, Department of Pulmonary Medicine, Erasmus University
Medical Center, Rotterdam, The Netherlands.

Abstract

Idiopathic pulmonary fibrosis (IPF) is a progressive devastating lung disease with substantial morbidity. It is
associated with cough, dyspnea and impaired quality of life. If left untreated, IPF has a median survival of
3 years.
IPF affects ~3 million people worldwide, with increasing incidence in older patients. The current concept of
pathogenesis is that pulmonary fibrosis results from repetitive injury to the lung epithelium, with fibroblast
accumulation, myofibroblast activation, and deposition of matrix. These injuries, in combination with innate and
adaptive immune responses, dysregulated wound repair and fibroblast dysfunction, lead to recurring tissue
remodeling and self-perpetuating fibrosis as seen in IPF.

The diagnostic approach includes the exclusion of other interstitial lung diseases or underlying
conditions and depends on a multidisciplinary team-based discussion combining radiological and clinical features
and well as in some cases histology. In the last decade, considerable progress has been made in the
understanding of IPF clinical management, with the availability of two drugs, pirfenidone and nintedanib, that
decrease pulmonary lung function decline. However, current IPF therapies only slow disease progression and
prognosis remains poor. Fortunately, there are multiple clinical trials ongoing with potential new therapies
targeting different disease pathways.

This review provides an overview of IPF epidemiology, current insights in pathophysiology, diagnostic
and therapeutic management approaches. Finally, a detailed description of current and evolving therapeutic
approaches is also provided.
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1. Introduction
Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive fibrotic lung disease characterized by progressive
lung scarring in the interstitium of the lungs (1). This devastating disease is associated with increasing cough (2),
dyspnea (1, 3), and has a detrimental effect on a patient's quality of life (QoL) as well as on life expectancy, with
a median survival of 3 years when left untreated (4-6).
Diagnosis is based on the combination of clinical and radiological features, with only in a few occasions the need
for histology. IPF is defined by the presence of a radiographic and/or histopathological pattern of (probable)
usual interstitial pneumonia (UIP) in the absence of an alternative etiology for this pattern.
Current IPF therapies slow disease progression, but don’t cure the disease. Lung transplantation (LungTX) is an
option only for a small subgroup of patients and most patients primarily rely on antifibrotic therapy plus
supportive and palliative measures.

For many years, IPF was considered a primarily inflammatory driven disease, considering the increase in
inflammatory cells in IPF lungs. Several negative clinical trials (7) and even a harmful trial (8) for
immunosuppressive drugs have sparked the debate whether the enhanced presence of immune cells locally
might rather be an epiphenomenon than a primary driver of the disease. Recent exciting studies have led to the
discovery of other important key players and pathways. The currently favored concept of pathogenesis proposes
that IPF is characterized by epithelial involvement leading to increased production of fibroblast migration
mediators, proliferation and differentiation into active myofibroblasts. Consequently, this will lead to secretion
of exaggerated amounts of extracellular matrix (ECM) by myofibroblast, ultimately causing remodeling of the
pulmonary architecture.

This review provides a comprehensive view of IPF epidemiology, current insights in pathophysiology,
diagnostic and therapeutic management approaches. Finally, a detailed description of evolving therapeutic
approaches is also provided.

2. Epidemiology

Determination of epidemiology in IPF is a substantial challenge. Owing to diagnostic challenges, updated
diagnostic criteria, and differences in study methodologies there is substantial heterogeneity between studies
providing estimated epidemiology data in IPF (1, 9). In a recent meta-analysis, Maher et al found incidence
estimates (per 10,000 of the population) ranged from 0.35 to 1.30 in Asia—Pacific countries, 0.09 to 0.49 in
Europe, and 0.75 to 0.93 in North America (9). Furthermore, adjusted prevalence estimates ranged from 0.57 to
4.51 in Asia—Pacific countries, 0.33 to 2.51 in Europe, and 2.40 to 2.98 in North America (9). Overall, IPF
affects ~3 million people worldwide, with substantial increase of incidence with age (10).

3. Pathophysiology

Although IPF pathogenesis remains elusive and most likely multifactorial in etiology, many recent advances
have been made in unraveling the underlying driving mechanisms (Figure 1). Histologically, IPF is characterized
by excessive deposition of proteins of the extracellular matrix (ECM), the presence of fibroblast foci, and areas of
fibrosis adjacent to areas of normal lung parenchyma. (11, 12). In IPF, numerous risk factors have been
identified, including environmental exposures, smoking, chronic viral infections and certain comorbidities. In the
past 5 years, many advances have also been made in determination of genetic risk factors. Genetic variants are
estimated to explain up to one-third of the inherent individual risk of disease (13). In IPF, the natural process of
cellular and molecular ageing is exaggerated and occurs prematurely. Alveolar epithelial cells, mainly alveolar
epithelial type 2 cells (AT2s), are primarily affected. The complexity of IPF is also determined by an extensive
number of multidirectional interactions between epithelial cells, mesenchymal cells and the ECM. However, the
exact mechanisms of how these factors interact to cause disease remains largely unclear.
This section will cover in detail the current evidence on the contribution of these factors to IPF pathogenesis.



Journal Pre-proof

3.1 Genetics
To date, genome-wide association studies (14-19) (GWAS) have reported various common variant signals
associated with IPF, stressing the importance of cell proliferation, host defense, lung development, inflammatory
processes or cell-cell adhesion. The most intensely associated variant, rs35705950, in one of these signals that
maps to the promoter region of the MUC5B gene has a much larger effect on disease susceptibility than other
reported risk variants with each copy of the risk allele associated with a fivefold increase in odds of disease (20).
However, in IPF patients on antifibrotic treatment, carriage of the MUC5B rs35705950 T allele was associated
with longer survival (21). MUC5B plays an important part in mucociliary clearance and host defense, but the
mechanisms for its involvement in IPF remain uncertain. This variant rs35705950 has a risk allele frequency of
35% in cases (compared with 11% in the general population) and so does not explain all IPF risk.

Rare variants in telomere-related and surfactant genes have also been implicated in familial pulmonary
fibrosis (FPF) and sporadic IPF (22, 23). Variants in TOLLIP (encoding an inhibitor of the transforming growth
factor-3  (TGFB) pathway and regulator innate immune responses) and OBFCI (encoding
oligonucleotide/oligosaccharide-binding fold-containing 1; also known as STN1) as well as TERC and TERT have
also been implicated in sporadic IPF. In the current guidelines, genetic testing for these variants is recommended
in selected patients with idiopathic interstitial pneumonias (24).

In a recent GWAS meta-analysis, three novel regions were identified implicating the genes DEPTOR, KIF15 and
MAD1L1 of the genome identified with IPF risk, supporting recent research showing mTOR signaling promotes
lung fibrogenesis and also implicating spindle-assembly genes in the development of IPF (25).

Taken together, IPF development and progression is increasingly associated with genetic susceptibility
leading to dysregulated host defense, telomere maintenance, cell—cell adhesion, and signaling with respect to
disease susceptibility. Identifying these crucial regions of the genome contributing to disease risk will lead to
improved understanding of the biological processes underlying IPF and helps in the development of novel
therapeutic drug treatments (26).

3.2 Environmental factors

One of the defining features of IPF is the lack of a clear etiology. Diagnostic criteria in current guidelines advise
the exclusion of secondary causes of ILD, including environmental exposures, connective tissue disease (CTD)
and drug toxicity (1). Numerous studies have shown an association of environmental risk factors to IPF
development, including viral infections, micro aspiration, tobacco smoke, air pollution and occupational
exposures (27). One intrinsic environmental factor, gastro-esophageal reflux disease (GERD), is a well-known
comorbidity in individuals with IPF and has been proposed as a cause of disease development and progression
(28, 29). Interestingly, some studies reported survival benefits for patients with IPF who were receiving antacid
therapy (30, 31). However, In the latest update, current guidelines based on the latest studies advise against the
use of antacid therapy to treat IPF (1).

Another important risk factor is the lung microbiota, including bacteria, fungi, viruses and bacteriophages, and
has also become an interesting field of scientific interest and has led to important studies regarding therapeutic
interventions. Bacteria and viruses are known for causing direct airway epithelial cells injury and indirect damage
by activation of host immune responses after infection (32). The crucial importance of a well-functioning host
defense was suggested in the PANTHER-IPF (Prednisone, Azathioprine, and N-acetylcysteine: a Study that
Evaluates Response in IPF) study, which showed worse outcomes in patients with IPF who were treated with a
combination of immunosuppressive drugs (33).

Studies provided evidence for an altered microbiome with higher bacterial burden in IPF. The etiology of these
changes to the microbial environment is unknown, but might be caused by recurrent gut micro aspiration or a
defective immune defense, or a consequence of the distorted parenchymal architecture from fibrosis (32).
However, in a recent study among adults with idiopathic pulmonary fibrosis, the addition of co-trimoxazole or
doxycycline to usual care, compared with usual care alone, did not significantly improve time to nonelective
respiratory hospitalization or death (34, 35). This demonstrates the complex nature of IPF pathobiology in which
a single intervention to environmental factors might not be sufficient to alter the disease development and
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outcome. Viral infections, especially the human herpes virus and the adenovirus, are suggested to be involved as
either exacerbating agents or initiators of disease. An increased incidence of human herpes viruses, such as
cytomegalovirus, is seen in the lung samples of patients with IPF, acute IPF exacerbations and asymptomatic
individuals who are at risk for familial IPF (36).

Taken together, occult intrinsic and extrinsic environmental factors affect the lung microenvironment
and may contribute to the development and progression of IPF.

3.3 Epithelial cells, myofibroblasts and the immune system
Alveolar epithelial cells, mainly alveolar epithelial type 2 cells (AT2s), are primarily affected in IPF pathogenesis.
AT2s secrete surfactant and have crucial metabolic and immunological functions and are progenitor cells for
alveolar epithelial type 1 cells (AT1s), which are known for maintaining alveolar epithelial turnover. In IPF, AT2s
demonstrate genomic instability, telomere attrition, epigenetic changes, loss of proteostasis, deregulated
nutrient sensing, mitochondrial dysfunction, cellular senescence and altered intercellular communication (37). A
leading concept is that AT2 depletion through repetitive micro-injuries could be the underlying cause of lung
fibrosis (38). Indeed, targeted deletion of AT2 cells is sufficient to induce a fibrotic response in the lungs, but it is
not sustained (39, 40). Additional data supporting this idea of stem cell exhaustion is that the number of AT2
cells are diminished in IPF lungs (41, 42). However, the depletion of this vital progenitor cell is not only a function
of the distorted lung architecture but may also be a precursor to fibrosis [39]. Since the advent of single-cell RNA
sequencing (scRNA-Seq), several studies in the past five years have revolutionized the concept of epithelial cell
populations in IPF. Over time, scRNA-seq studies identified up to 10 distinct clusters of epithelial cells. Although
all studies identified most classical epithelial cell types, i.e., AT1s, AT2s, basal, ciliated, and secretory cells by
similar expression signatures, there are some differences in subcategorization of the described cell type clusters
(43).

Another key effector cell, the myofibroblast, is a central mediator of fibrotic diseases, including IPF. In
response to injury, fibroblasts migrate to the site of damage and differentiate into myofibroblasts. in IPF,
interstitial fibroblasts and myofibroblasts organize in lesions known as fibroblastic foci (FF). Myofibroblasts are
thought to be responsible for synthesizing extracellular matrix (ECM) components via a TGF-b—dependent
mechanism (44). In the wound healing process, myofibroblasts undergo apoptosis and re-epithelialization occurs
(45-47). Conversely, myofibroblast accumulation and impaired re-epithelialization are the pathologic hallmarks
of fibrotic disease (48-50). Persistent myofibroblast activation/accumulation in injured tissues and the inability to
terminate host reparative functions, may be responsible for the progressive nature of fibrotic diseases such as
IPF (51, 52). Accumulating studies support the concept that senescence may promote profibrotic effects via
impaired myofibroblast dedifferentiation and apoptosis resistance, which contributes to myofibroblast
accumulation and ultimately persistent fibrosis in aging (53). This might suggest that targeting myofibroblast
dedifferentiation or apoptotic clearance of senescent cells may be more effective than strategies that block
fibrosis development (54).

Although the exact etiology in IPF is unknown and probably diverse, all stages of fibrosis are
accompanied by innate and adaptive immune responses. New insights have provided further evidence that
innate and adaptive immune system are involved during the development of fibrosis (7).

Innate immunity is our swift first-line defense against microorganisms and foreign pathogens, which is
very broad and nonspecific. Innate immune responses are usually initiated and executed by macrophages,
neutrophils, natural killer (NK) cells and dendritic cells (DCs). Recruitment and differentiation of monocytes is
driven by the surrounding microenvironment, with circulating monocytes having the potential to become
interstitial or airway macrophages or dendritic cells (35-38). Strikingly, elevated monocyte count was associated
with increased risks of IPF progression, hospitalization, and mortality (55). Over the past decade, macrophage
have also been recognized to play a significant role in IPF pathogenesis. Macrophages are known for their central
role in tissue repair and immunity. Two subsets exist; activated (M1) macrophages and alternatively activated
(M2) macrophages. In IPF, macrophages, dependant of the local cytokine environment, may exhibit anti-fibrotic,
pro-fibrotic and tissue-regenerating functions. M2 macrophages appear to play a crucial role in regulation of
fibrosis (56) and could even be involved in acute exacerbations of IPF (AE-IPF) (57).
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In parallel to activation of our innate immune system, adaptive immune responses are initiated, which allows for
more specific responses executed by T and B lymphocytes. T-cells have been identified in active-disease regions
and tertiary lymphoid organs (TLOs) in lungs and BAL of patients with IPF (58-61). Over the past decade,
evidence has been found for the involvement of several T helper subsets, such as Th1, Th2, Th9 and Th17 cells.
However, the potential mechanism of pathologic involvement of T cells in the IPF lung parenchyma remains
uncertain and T cells may have both negative and positive roles. Indeed, previous studies have some subsets of T
cells in the lung might be protective, whereas others accelerate disease progression (62). B cells represent
another arm of the adaptive immune system. In IPF, increased numbers of B-cells are found in the lung of IPF
patients (58, 60). Further evidence for B cell involvement was provided with enhanced levels of a B lymphocyte
stimulator, which is also known as B-cell-activating factor (BAFF), in the lungs and blood of patients with IPF (63).
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Figure 1. Schematic overview of current insights in IPF pathogenesis.

4. Diagnostic and therapeutical management

4.1 Diagnosis
Diagnostic delay is unfortunately common in IPF, considering that a median length in time was reported to be
between 0.6 and 2.3 years from onset of symptoms until a final diagnosis was made (64-70). A recent study
demonstrated that a diagnostic delay of more than 1year negatively impacts progression-free survival, quality of
life and hospitalisation rates in patients with IPF, highlighting the importance of an early diagnosis for proper
management of IPF (71).
When interstitial lung disease is suspected in a patient, a focused history taking and physical examination should
be performed to identify disorders that can present in a similar way as IPF, such as chronic hypersensitivity
pneumonitis or connective-tissue diseases. Patients should be meticulously questioned about domestic and
work exposures, medication or other substance use as well as previous medical history, family history and
complaint of extra pulmonary disease. Physical examination may reveal signs of CTD, early aging, clubbing and
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crepitations on auscultation of the lungs. Guidelines also recommend serological testing to exclude connective
tissue diseases. It is generally accepted to include at least testing for antinuclear antibodies; rheumatoid factor;
anti—cyclic citrullinated peptide antibodies; antibodies against Scl-70, SS-A, and Jo-1. In selected cases, a more
extensive panel of anti-synthetase antibodies, systemic sclerosis panel and myositis antibodies should be
considered according to the guidelines (10). Input from an immunologist or rheumatologist should be
considered when the history, physical examination, or serologic testing suggests autoimmune disease.

high-resolution CT scan of the chest is mandated in the work-up of IPF and other interstitial lung
diseases (1). In IPF, the term UIP is used to describe a high-resolution CT pattern characterized (Figure 2). A
“definite UIP” pattern is characterized by bilateral reticulation and honeycombing that is predominantly
peripheral and in the lower lobes. A “probable UIP” pattern is defined as bilateral reticulation that is
predominantly peripheral and in the lower lobes, with traction bronchiectasis but without honeycombing can
also suggestive of an underlying histologic UIP pattern (72) and can be sufficient for the diagnosis of IPF in the
current guidelines (1). Lastly, an “indeterminate” UIP pattern, consists of atypical features on high-resolution CT
such as upper-lung or midlung predominance, peri-bronchovascular predominance, subpleural sparing
predominant consolidation, extensive ground-glass opacities, extensive mosaic attenuation, and diffuse nodules
or cysts, and should raise suspicion of an interstitial lung disease other than IPF (72).

Figure 2. High-resolution computed tomography (CT) images demonstrating a definite (A), probable (B), and
indeterminate (C) usual interstitial pneumonia pattern (UIP).

Identifying these different patterns can be difficult, and referral to a ILD expertise center could help
establish an accurate diagnosis without a lung biopsy. When the combination of clinical and imaging data is not
diagnostic, a thoracoscopic lung biopsy or transbronchial lung cryobiopsy (TLBC) can be considered if the results
are expected to influence therapy. It is important to always discuss the risks — consequence balance with
patients .The procedure should not be performed in high-risk patients, including those with high oxygen
requirements (e.g., >2 liters per minute), pulmonary hypertension, rapid disease progression, severely reduced
FVC or DLCO, multiple coexisting conditions, or frailty (73). Transbronchial lung cryobiopsy may be preferred to
surgical lung biopsy (SLB) in centers with appropriate expertise and/or in some patient populations (74). The
diagnostic yield of TBLC in patients with ILD of undetermined type was 79% (1). In TBLC, pooled incidences of
complications were 9.9% (95% Cl 6.8—14.3) for significant bleeding (6.9% for centres with =70 TBLC), 5.6% (95%
Cl 3.8-8.2) for pneumothorax treated with a chest tube and 1.4% (95% Cl 0.9-2.2) for acute exacerbation of ILD
after TBLC. The mortality rates were 0.6% and 1.7% for TBLC and VATS, respectively (75). Further advances have
also been made in this field, with development of a gene-expression signature developed to enhance the
identification of a UIP pattern (1); this approach has been extended to transbronchial lung-biopsy samples
(76). Currently, it remains unclear how such molecular approaches will be integrated into clinical practice (1).

Multi-disciplinary team discussion is currently considered the “gold standard” in the diagnosis of IPF,
though even in that setting a subgroup of patients will remain unclassified (U-ILD).
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4.2 non-pharmacological management

Nonpharmacologic management strategies are equally important as pharmacological interventions and can
profoundly aid IPF patients to cope with their disease and strive to maintain quality of life for as long as possible.
Smoking cessation should be a priority for patients who are actively using tobacco products. Moreover, current
guidelines suggest that Influenza, pneumococcal, and other age-appropriate vaccines should be administered.

Supplemental oxygen

Clinical practice guidelines recommend supplemental oxygen for patients with IPF (77). Oxygen administration
has shown to reduce exertional dyspnea and improve exercise tolerance (78). An oxyhemoglobin saturation of
88% or less at rest, 6-minute walk tests or treadmill testing, or during sleep should prompt discussion with the
patient about initiation of (ambulatory) oxygen therapy.

Pulmonary rehabilitation

Pulmonary rehabilitation, a structured exercise program designed for adults with advanced lung disease, has
been shown to improve exercise capacity and health-related quality of life for patients with IPF (79, 80).
However, long-term effect often weans out, though nowadays continued support via digital solutions may help
improve maintaining training effects. Timely referral to pulmonary rehabilitation programs is associated with
more yield of the programme (81).

Advanced Care planning.

Advance care planning (ACP) is the ongoing communication process for patients to determine their expectancies
and preferences for medical care, and to discuss them with family and health care providers. Lack of ACP
discussions are a known patient-clinician communication gap in IPF (82). Identified barriers are health care
professional (HCP) reluctance, an unpredictable disease trajectory, insufficient communication training,
prioritization, and patient readiness (83). Another challenge is that timely initiation of palliative care is often
lacking. Interestingly, the surprise question "Would you be surprised if this patient died within the next year?"
was shown to be an accurate predictor of 1-year mortality in IPF (84). This relatively simple tool could enable
more timely focus on palliative care for patients with IPF.

Lung transplantation

Over 4600 lung transplantations are performed worldwide each year, approximately half of which are performed
for interstitial lung disease (85). Lung transplantation (LungTx) can be a life-extending treatment option for
patients with advanced and/or progressive fibrotic interstitial lung disease (ILD), including idiopathic pulmonary
fibrosis (IPF) (86). IPF is now the most common indication for LungTx worldwide. In appropriate cases, IPF
disease progression should prompt early referral to a LungTx centre concurrent with care at an ILD centre to
guide slowing the fibrotic lung disease, stabilising overall clinical status and optimising a candidate for LungTx
(87).

4.3 Current pharmacological management

Over the last decade, considerable advances have been made in pharmacotherapeutic approaches to IPF (1),
(Figure 3). Two antifibrotic drugs, nintedanib and pirfenidone, are safe and efficacious in IPF treatment and are
recommended in current guidelines for use in patients with IPF (1). In placebo-controlled, randomized trials,
each drug has shown an approximate 50% reduction in the rate of FVC decline over the course of 1 year (88, 89).
Both have shown some efficacy in reducing severe respiratory events, such as acute exacerbations, and
hospitalization for respiratory events (90, 91). Furthermore, subsequent meta-analyses suggest that these
agents also reduce mortality (92, 93).

Nintedanib is a tyrosine kinase inhibitor that targets growth factor pathways such as vascular
endothelial growth factor receptors 1, 2, and 3, fibroblast growth factor receptors 1, 2, and 3, and platelet-
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derived growth factor receptor (94-96). Patients should initially be prescribed an oral dose of 150 mg twice daily
of nintedanib. The most reported side effect is diarrhea, which can often be managed with antidiarrheal agents
(89). The dose can be decreased to 100 mg twice daily if unmanageable side effects occur. Historically, some
cases of drug-induced liver injury have been reported. Therefore, close monitoring of liver function should be
tested at baseline, monthly for the first 3 months, and then monitored as clinically indicated. Considering that
nintedanib is associated with a small increase in the risk of bleeding, this drug should be used cautiously in
patients receiving a therapeutic dosage of anticoagulant therapy.

Pirfenidone has a number of anti-inflammatory and antifibrotic effects, including inhibition of collagen
synthesis, down-regulation of TGF-B and tumor necrosis factor alpha, and a reduction in fibroblast proliferation
(97). Pirfenidone is prescribed in an escalating-dose fashion over a 14-day period: 267 mg (one capsule) by
mouth three times daily for 1 week, 534 mg (two capsules) three times daily for 1 week, and 801 mg (three
capsules) three times daily thereafter. Patients can subsequently be transitioned to an 801-mg tablet three times
daily. Well-known side effects, such as anorexia, nausea, and vomiting (88), can often be successfully treated
with antacids and antiemetic agents. In some cases, side effects are severe enough to require a lower total daily
dose (six to eight capsules daily). Caution is advised with exposure to sunlight, as a photosensitive rash can also
occur during pirfenidon treatment. Similar to nintedanib, close monitoring of liver functions should be
performed periodically.

It is difficult to recommend one agent over the other, since no head-to-head comparison and
superiority trial is available. A network meta-analysis concluded that pirfenidone and nintedanib provide similar
benefits (98, 99). Currently, no good data are available to guide clinicians regarding how a response should be
defined, and when the therapy should be discontinued. Factors as tolerability, quality of life and life expectancy
should weigh in when discussing treatment decisions with patients. (100). In clinical practice, regular follow-up
(3-6 months) and assessing tolerability and lung function are recommended (1).

4.4, Potential novel IPF therapies
Significant advances in understanding IPF pathobiology have led to exciting clinical trials with novel drugs,
targeting different compartments/cells involved in the pathogenesis of IPF. Below we describe a selection of
compounds that are currently investigated in phase two and three clinical trials, or have recently been
terminated.

Extracellular matrix

4.4.1 Pamreviumab
Pamvrevlumab is an intravenous human monoclonal antibody targeting connective tissue disease growth factor
(CTGF). A phase 2 trial of pamrevlumab, showed a decreased decline in FVC, as compared with placebo, over a
period of 48 weeks (101). Currently, these findings are being investigated in a Phase Ill clinical trial
(NCT03955146).

4.4.2 Autotaxin inhibiters
Autotaxin (ATX) is the enzyme responsible for the production of extracellular lysophosphatidic acid (LPA). LPA1
has been implicated in the development of IPF, given its role in mediation of fibroblast recruitment, vascular
leak, and endothelial barrier dysfunction in animal models. GLPG1690, a selective ATX inhibitor, reduced
circulating LPA levels and influenced lung function and functional respiratory imaging findings in a 12-week,
randomized placebo-controlled phase Il clinical trial (NCT02738801). However, the parallel phase three studies
ISABELA 1 and 2 were prematurely discontinued due to lack of efficacy and potential increased risks.
(NCT03711162, NCT03733444). Related to this pathway, several ATX inhibitors have been discovered and are in
early stage of clinical and pre-clinical development (102, 103). Most importantly, BMS-986,020, a
lysophosphatidic acid receptor antagonist has been tested in a phase Il clinical trial, which terminated early due
to the development of cholecystitis in treated patients. Both regimens of BMS-986020 were associated with
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elevations in hepatic enzymes. (NCT01766817), however, in the treatment period of 26 weeks BMS-986,020,
there was a significant reduction in the rate of FVC decline (104).

4.4.3 TGF- B pathway
The transforming growth factor B (TGF B) is a well-studied cytokine involved in fibrotic processes.
Two drugs targeting the TGF B pathway are under evaluation in IPF. A phase Il study with BG00011, a humanized
subcutaneously administered monoclonal antibody that inhibits avB6, (NCT01371305) reached an early
termination due unclarified safety concerns. An inhaled integrin av antagonist GSK3008348, has been tested in
healthy individuals in a Phase | trial and was well-tolerated (105) (NCT02612051). The drug was also tested in a
limited number of IPF patients, in a pharmacokinetic/target engagement study using Positron Emission
Tomography (PET) Imaging (NCT03069989).

4.4.4 Prostacyclin pathway
Treprostinil, a prostacyclin analogue, promotes vasodilation of pulmonary and systemic arterial
vascular beds and has inhibitory effects on platelet aggregation. In addition to its effects on the pulmonary
vasculature, there are data to suggest that Treprostinil has antifibrotic properties by interfering with fibroblast
biology. In the INCREASE trial (106), pulmonary hypertension due to IPF (PH-ILD) patients received inhaled
Treprostinil. A post-hoc analysis showed an increase in FVC from baseline versus FVC decline in placebo treated
patients. A current phase lll trial (TETON-1 and TETON-2) will investigate if these effects are also seen in IPF
patients (107).

Targeting inflammation and immunity

Current treatment guidelines for IPF include a strong recommendation against the use of high dose
immunosuppression. This is based on the results of Panther trial where prednisone in combination with
azathioprine and oral N-acetylcysteine was associated with increased mortality (8). Although it is still common
practice to use high dose of immune suppression in case of acute exacerbations of IPF(108), this practice is not
supported by good evidence. Furthermore a recent French multicenter trial showed that cyclophosphamide for
acute exacerbations of IPF was associated with increased mortality (109). Different retrospective studies also
report on a potential harmful effect on the use of high dose immunosuppression in AE-IPF, underlining the
importance for further clinical studies.

Antifibrotic therapies

4.4.5 Phosphodiesterase-4 pathway
Phosphodiesterase-4 (PDE4) is a key enzyme class which is responsible for the hydrolysis of cyclic adenosine
monophosphate (CAMP). Phosphodiesterase 4 (PDE4) inhibition is associated with antifibrotic effects by
restoration of apoptosis of myofibroblasts and anti-inflammatory properties (110, 111). In a 12-week phase 2
trial, BI1015550, an oral preferential inhibitor of the PDE4B subtype, completely prevented decrease in lung
function in patients with idiopathic pulmonary fibrosis . Currently, a two parallel phase Ill trials are ongoing to
further study BI1015550 both in IPF (NCT05321069) as well as in patients with progressive pulmonary fibrosis
other than IPF (NCT05321082).

4.4.6 Recombinant Pentraxin 2
Pentraxin-2 (PTX-2) is a circulating plasma protein and a soluble pattern recognition receptor of the innate
immune system, that regulates monocyte/macrophage differentiation, acting as an antifibrotic and anti-
inflammatory agent (112). In a 28-week, phase Il clinical trial recombinant human Pentraxin-2 exhibited safety
was studies which showed no major adverse events (113) (NCT01371305) and was found to be effective in
reducing the rate of FVC decline in IPF patients (NCT02550873) and results of the phase IlI trial (NCT04552899)
are still awaited.
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4.4.7 Galectin inhibitors
Cellular responses to TGF B are speculated to be altered by the Galectin protein family which are synthesized on
free ribosomes in the cytosol and then relocated to the extracellular space. TD139 is an inhaled, dry powder
targeting galectin-3 that has been tested in a phase 1b/2a clinical trial (NCT02257177). The study evaluated
TD139 safety, tolerability, pharmacodynamics and pharmacokinetics in healthy volunteers and IPF patients. The
drug was administered using an inhaler device testing 3 separate doses for 14 days. Drug effects were evaluated
by measurement of galectin-3 expression in alveolar macrophages before and after therapy. The results suggest
a good safety profile of the drug and galectin-3 suppression in alveolar macrophages post treatment. Currently,
a Phase Ilb trial is recruiting patients with IPF to test efficacy (114).

4.4.8 GPR84 inhibitor/GLPG1205
GPR84 is a fatty acid receptor expressed in immune cells and is involved in promoting chronic inflammation,
considering its overexpressing during inflammation. Prior studies have linked GRP84 receptors to renal fibrosis,
with amelioration after ablation (115). However, the PINTA trial (NCT03725852), studying the GPR84 inhibitor
GLPG1205, was negative for its primary endpoint of FVC change from baseline:

4.4.9 JNK inhibitors
As a member of the mitogen activated kinase (MAP-kinases) family, C-Jun Nh2-terminal kinase (JNK) is involved
in cell proliferation, differentiation and apoptosis. JNK inhibitor CC-930 was evaluated in a phase I/l study in
healthy subjects and IPF patients and was found to be safe. Moreover, biomarkers related to fibrosis were found
to be reduced in a dose dependent manner (116). CC-90,001, a second generation JNK inhibitor is currently
under evaluation in a phase Il trial (NCT03142191).

4.4.10 ROCK-2 inhibitors
Rho-associated coiled-coil-forming protein kinases (ROCK) 1 and 2 are downstream GTPases of multiple
pathways involved in pulmonary fibrosis including LPA and TGF-B pathways (117). The KD025, selective ROCK2
inhibitor is currently under evaluation for the treatment of IPF in an ongoing phase 2 study (NCT02688647).
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Figure 3. Schematic figure of the approved and most promising emerging drug targets for IPF treatment.

5. Future directions
Despite encouraging breakthroughs and advances that have been made in the last decade in the IPF field,
prognosis remains poor and IPF is still characterized by a high burden of disease. Our understanding of IPF
pathobiology is improving profoundly. Technologies such as large-scale single cell RNA sequencing and
bioinformatics analysis will help identify new treatment targets and guide future drug development. Despite
disappointing results from recent large phase three trials, several compounds are under investigation, hopefully
leading to (combination) therapies that are more effective than current mono therapies , or even halt or reverse
disease progression. Furthermore, techniques such as deep learning has been applied to HRCT imaging as well
biomarkers with promising results to predict disease course (118). Such technique may help trial design by



Journal Pre-proof

including patients with more progressive disease. Whilst many of these technique and biomarkers are still in
research setting, translation to clinical practice may help treatment decisions and evaluate response to therapy.
it remains important that besides physiological outcome measures patient centered outcomes are structurally
incorporated not only in clinical trials but also in daily care (119). Digital tools and wearables could provide
means to more structurally assess patient’s experiences, values and wishes to provide truly personalised care.
recent studies in other forms of progressive pulmonary fibrosis have shown similar disease behaviour and
response to therapy as in IPF (120), which opens the door to a management approach that is more based on
communalities of disease behaviour and underlying pathobiology, than of diagnostic labelling. Where for now
the diagnosis of IPF is still a separate entity (1), it could be envisioned that in future IPF no longer stays
“idiopathic” , and patients will be grouped based on common features such as HRCT patterns, pathobiological
factors or disease behaviour, or a combination of those (121).

As currently, there are no curative pharmacological treatments for patients with IPF, supportive care aimed at
quality of life remains an area that deserves more attention. Equal access to diagnosis and care for all around the
world affected by IPF is currently a dream, but healthcare providers should collaborate with patients,
policymakers, pharmaceutical companies and other stakeholders to make progress in the care for all patients
with IPF. Taken together, IPF is a rare uncurable disease characterized by a high burden of disease, with evolving
encouraging unraveling of the underlying pathobiology, hopefully leading to-novel therapeutic options in the
future.
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