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Abstract

Idiopathic pulmonary fibrosis (IPF) is a devastating disease, with
amedian survival as short as 3 years from the time of diagnosis and no
pharmacological therapies yet approved by the U.S. Food and Drug
Administration. To address the great unmet need for effective IPF
therapy, a number of new drugs have recently been, or are now being,
evaluated in clinical trials. The rationales for most of these therapeutic
candidates are based on the current paradigm of IPF pathogenesis, in
which recurrent injury to the alveolar epithelium is believed to drive
aberrant wound healing responses, resulting in fibrosis rather than repair.
Here we discuss drugs in recently completed or currently ongoing phase

IT and IIT IPF clinical trials in the context of their putative mechanisms of
action and the aberrant repair processes they are believed to target: innate
immune activation and polarization, fibroblast accumulation and
myofibroblast differentiation, or extracellular matrix deposition and
stiffening. Placed in this context, the positive results of recently completed
trials of pirfenidone and nintedanib, and results that will come from
ongoing trials of other agents, should provide valuable insights into the
still-enigmatic pathogenesis of this disease, in addition to providing
benefits to patients with IPF.
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Idiopathic pulmonary fibrosis (IPF) is

a chronic lung disease in which normal lung
parenchyma is progressively replaced with
fibrotic tissue, leading to dyspnea, cough,
impaired lung function, and death (1). The
annual U.S. incidence has been estimated to
be between 6.8 and 16.3 cases per 100,000
persons (2). IPF has a poor prognosis, with

a median survival of approximately 3 years
from the time of diagnosis (1), and great
associated morbidity, with wide-ranging
negative effects on quality of life (3).
Despite promising preclinical data for

a variety of therapeutic approaches, clinical
trials conducted over more than a decade

yielded negative or inconsistent results.
More recently, evolving understanding of
the pathogenesis of IPF has led to the
identification of a new set of potential
therapies, two of which, pirfenidone and
nintedanib, have recently been shown to
be effective at slowing disease progression
(4, 5) and have New Drug Applications
under review at the U.S. Food and Drug
Administration. Here we review drugs
evaluated as treatments for IPF in recently
completed or ongoing phase II or III
clinical trials, discussing their proposed
mechanisms of action in the context of the
current paradigm of IPF pathogenesis.

Multiple other therapies targeting the
repetitive lung injury or aberrant repair
processes believed to drive IPF are in earlier
stages of development, but this review
focuses on those therapies that have already
progressed to phase II or III trials.

Current Paradigm of IPF
Pathogenesis

According to the prevailing paradigm of
IPF, fibrosis develops as a consequence
of aberrant wound healing responses to
repetitive lung injury (6). This injury
appears to primarily target alveolar
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epithelial cells (AECs), and their death
triggers wound healing responses including
vascular leak and extravascular coagulation;
innate immune activation; fibroblast
recruitment, proliferation, and activation;
and extracellular matrix synthesis and
cross-linking (Figure 1). When these
responses are appropriate in duration and
magnitude, reepithelialization, fibroblast
apoptosis, and matrix reabsorption restore
normal lung structure and function.
However, when these injury responses are
deregulated or overexuberant, persistent
fibroblast activation and matrix synthesis
result in progressive lung fibrosis and loss
of function. Fibrosis in IPF appears to
predominantly expand the interstitial
compartment, but the aberrant repair
processes driving IPF progression, and
the fibrosis they produce, may occur in
both the interstitium and the airspaces.
Although the synthetically active
fibroblasts in fibroblastic foci are typically
covered by poorly adherent hyperplastic
alveolar epithelium in IPF lungs,
immunohistochemical and electron

microscopy studies indicate that these foci
are frequently located distal to the original
alveolar basal laminae or their remnants
(7, 8). When followed by alveolar collapse
and the coalescence of alveolar septal walls
(Figure 1), airspace fibrosis can produce
the thickened fibrotic bands characteristic
of IPF. For purposes of figure clarity, we
have depicted the development of fibrosis
in the airspaces in Figure 1, but the same
processes can occur in the interstitium.

Epithelial Cell Injury and Vulnerability
to Injury due to Aging and Genetics
The consequences of AEC injury in IPF
are manifest as increased AEC death and
phenotypic alterations of surviving cells that
may reflect a “reprogramming” of these
cells that predisposes them to further injury
and to promote abnormal repair (9-12).
The causes of AEC injury in IPF remain
to be identified, but viral infections,
gastroesophageal reflux, cigarette

smoke, inhaled particulates, or other
environmental exposures may contribute
(6, 13, 14). IPF occurs in only a small
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Figure 1. Investigational therapies for idiopathic pulmonary fibrosis (IPF): targeting aberrant
responses to injury. This schematic indicates the sequential profibrotic processes implicated in the
currently prevailing paradigm of IPF pathogenesis, in which recurrent or persistent injury to the
alveolar epithelium is believed to drive aberrant wound-healing responses, resulting in fibrosis rather
than repair. Drug candidates evaluated in recently completed or ongoing phase Il and Il clinical trials
in IPF are placed in the context of the profibrotic process(es) they are believed to target. Although
fibrosis in IPF appears to predominantly expand the interstitial compartment, the aberrant repair
processes driving IPF progression, and the fibrosis they produce, may occur in both the interstitium
and the airspaces. For purposes of figure clarity, we have depicted the development of fibrosis in
the airspaces in this figure. NAC = N-acetylcysteine. Inspired by Reference 6.
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fraction of persons subject to such common
injurious stimuli, however, suggesting that
these exposures may only cause fibrosis in
individuals who are particularly vulnerable
(15), possibly due to aging and/or genetic
predisposition. Multiple hallmarks of
aging have been identified, including
genomic instability, telomere attrition,
epigenetic alterations, loss of proteostasis,
deregulated nutrient sensing, mitochondrial
dysfunction, cellular senescence, stem

cell exhaustion, and altered intercellular
communication (16), each of which may
plausibly contribute to alveolar epithelial
vulnerability to injury (17). As recently
pointed out, many of these same
hallmarks of aging could contribute to

the development of chronic obstructive
pulmonary disease rather than IPF in older
persons’ lungs that are injured by smoking,
suggesting that genetic mutations and/or
epigenetic modifications that augment
alveolar epithelial injury may also be
needed for IPF development (18).
Mutations causing misfolding of surfactant
protein C and A2 have been identified in
kindreds with familial pulmonary fibrosis
and persons with sporadic IPF (19-22).
Accumulation of these misfolded proteins
in the endoplasmic reticulum of AECs can
produce endoplasmic reticulum stress,
making AECs more susceptible to apoptosis
when exposed to other insults, such as viral
infections (23). Mutations in the genes
encoding the two principle components

of telomerase, the telomerase reverse
transcriptase (TERT) and the telomerase
RNA component (TERC), have also

been identified in familial and sporadic
pulmonary fibrosis (24-26). Loss of
telomerase function accelerates the
telomere shortening that occurs with aging,
and telomere erosion triggers DNA damage
responses leading to cell senescence or
apoptosis (27).

Vascular Leak and

Extravascular Coagulation

The early phases of wound healing after
tissue injury are characterized by increased
vascular permeability (28). Extravascular
coagulation produced by the resulting
extravasation of clotting factors into tissues
provides a provisional wound matrix of
fibrin, fibronectin, and platelets, into which
inflammatory cells, new blood vessels, and
fibroblasts migrate (28). Consistent with
the occurrence of repetitive lung injury

in patients with IPF, alveolar-capillary
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permeability is abnormally increased in
the lungs within IPF and predicts disease
progression and mortality (29, 30).
Potentially consistent with a role for
extravascular coagulation in the
pathogenesis of IPF, the presence of

a prothrombotic state, defined as the
presence of an inherited or acquired
mechanism of hypercoagulability or

a marker of ongoing fibrinolysis, adversely
affects survival in patients with IPF (31).
Additionally, this type of profibrotic state is
more than four times more common in
patients with IPF than in matched control
subjects (31). Intraalveolar fibrin deposition
does not itself appear to be required for
pulmonary fibrosis, at least in animal
models, because fibrinogen-null mice
develop lung fibrosis after bleomycin lung
injury (32, 33). Coagulation proteases,
including thrombin and Factor Xa, appear
to have important profibrotic activities
independent of their fibrin-generating
ability, however, through the activation of
proteinase-activated receptors on epithelial
cells and fibroblasts. Proteinase-activated
receptor signaling promotes lung fibrosis
in animal models (34-36) by inducing
activation of latent transforming growth
factor-B (TGF-B) and the expression of
other profibrotic mediators (35, 37, 38), and
may provide a mechanistic link between
vascular leak, extravascular coagulation,
and fibrosis in IPF.

Immune System Activation

After injury, activation of the innate
immune system by danger-associated
molecular patterns produced by dead or
dying cells is well recognized (39), and
macrophages, which are central to innate
immune responses, have well-established
roles in wound healing (40). Different
classes of macrophages have functions that
would be expected to be pro- or antifibrotic
in IPE. Alternatively activated M2a-like
macrophages have several functions

that would be expected to promote

IPF progression (41-43). M2a-like
macrophages secrete large amounts of
profibrotic cytokines and growth factors,
including TGF-B, platelet-derived growth
factor (PDGF), fibroblast growth factor
(FGF) 2, insulin-like growth factor-binding
protein 5, CCL18, and Galectin-3. In
addition, arginase expressed by these

cells promotes the production of
hydroxyproline, enabling fibroblasts to
increase collagen synthesis. Classically
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activated M1 macrophages can also
promote fibrosis by extending tissue injury
through reactive oxygen species (ROS)
production and by the elaboration of
profibrotic cytokines as well (43). In
contrast, regulatory macrophages (Mreg/
M2c-like macrophages) can promote the
resolution of fibrosis through multiple
mechanisms, including the production of
suppressive cytokines such as IL-10 (43).
The pace of IPF progression therefore may
be strongly influenced by the prevailing
macrophage phenotype(s) present in

the lung (41, 42). Whether induced by
recognition of danger-associated molecular
patterns or pathogen-associated molecular
patterns, innate immune activation
promotes the development of adaptive
immune responses (44). The role of
adaptive immunity in pulmonary fibrosis is
complex: Th2- and Th17-type immunity
may be profibrotic, whereas Thl-type
immunity and regulatory T cells may

have antifibrotic activities (45). Although
glucocorticoid and cytotoxic therapy
directed at adaptive immune responses was
recently demonstrated to worsen outcomes
in patients with IPF (46), beneficial
manipulation of adaptive responses in

IPF may be possible with more selective
strategies.

Fibroblast Activation, Myofibroblast
Differentiation, Matrix Accumulation,
and Cross-Linking

In wound healing, the accumulation and
activation of fibroblasts transforms cellular,
edematous “granulation tissue” into
paucicellular scar tissue composed largely
of dense collagen (28). In pathological
fibrosis, these cells similarly are the
principle source of collagens and other
extracellular matrix components.
Fibroblasts in both wound healing and
fibrotic diseases characteristically
differentiate into myofibroblasts (47),
which are distinguished by their acquisition
of contractile features of smooth muscle
cells, such as the expression of a-smooth
muscle actin (48), and are marked by
their ability to secrete increased levels of
matrix components (49). Myofibroblast
differentiation is driven by both
biochemical mediators and biomechanical
signals (50). Biochemical mediators that
induce myofibroblast differentiation are
activated or produced by earlier steps in
the pathogenesis of fibrosis (Figure 1),
including epithelial injury, activation of

coagulation proteases, and innate immune
activation. Biomechanical signals that
induce myofibroblast differentiation are
delivered by the increased rigidity, or
stiffness, that characterizes fibrotic tissues
(51-55). Increased matrix stiffness in
fibrosis may result from quantitative
differences in matrix components

(i.e., increased accumulation of matrix
proteins), qualitative differences in matrix
components (i.e., accumulation of different
matrix proteins), or differences in the
structural ordering of matrix components
(i.e., increased cross-linking of matrix
proteins) (56). The ability of increased
matrix stiffness to amplify myofibroblast
differentiation, coupled to the ability of
myofibroblasts to increase matrix stiffness
through collagen synthesis and cross-
linking, creates a feed-forward loop that by
itself might drive fibrosis progression (55).

Therapeutic Targets in IPF

Many compounds with apparent promise as
treatments for IPF have not shown efficacy
when evaluated in phase II and III clinical
trials (summarized in Table 1), and
consequently a great need for effective

IPF therapy has remained. Ongoing and
recently completed phase II and III
clinical trials (Table 2) have focused on
drug candidates that target epithelial cell
injury and death, or aberrant wound
healing responses, including immune
system dysregulation, fibroblast
accumulation and myofibroblast
differentiation, and extracellular matrix
deposition and stiffening (Figure 1). Recent
positive results of phase III trials of
pirfenidone and nintedanib demonstrate
that agents targeting the biologic processes
that drive fibrosis can be effective in IPF
(4, 5). Below we discuss the biologic targets
and putative mechanisms of action of drug
candidates evaluated in ongoing or recently
completed phase II or III trials in IPF,

in terms of the aberrant wound healing
responses they are believed to address.
Developing therapies to target different
biologic processes believed to contribute
to IPF pathogenesis may be needed to
create effective treatment options for all
patients with this disease, as IPF likely

has significant biological heterogeneity

(10, 57, 58) (i.e., different profibrotic
pathways may be more or less activated

in individual patients with IPF).
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Table 1. Products That Have Failed in Phase II/lll Trials in Idiopathic Pulmonary Fibrosis

Hypothesized Clinical Trial, Name Study Design/Sample
Mechanism of and clinicaltrials.gov Size, Planned or Primary Outcome
Agent Action Identifier Enrolled Endpoint (Reference)
Warfarin Anticoagulant ACE-IPF Phase Ill, randomized, Composite of time Terminated due to
NCT00957242 double-blind, to death, increased deaths in
placebo-controlled hospitalization or warfarin arm at interim
trial; n = 256 =10% decline FVC analysis (134)
Bosentan Dual endothelin- BUILD-1 Phase Ill, randomized, A 6MWD at 12 mo No significant difference
receptor antagonist NCTO00071461 double-blind, between groups (135)
placebo-controlled
trial; n = 158
BUILD-3 Phase lll, randomized, Time to IPF worsening® No significant difference
NCT00391443 double-blind, or death at 8-32 mo between groups (136)
placebo-controlled
trial; n = 616
Macitentan Dual endothelin- MUSIC NCT00903331 Phase Il, randomized, A FVC at 12 mo No significant difference
receptor antagonist double-blind, between groups (137)
placebo-controlled
trial; n = 178
Ambrisentan Endothelin A receptor ARTEMIS-IPF Phase lll, randomized, Time to disease Terminated due to
antagonist NCT00768300 double-blind, progression’ or futility at interim
placebo-controlled death over 4 yr analysis (138)
trial; n = 660
Interferon Immunoregulatory NCT00047645 Phase Ill, randomized, Progression-free No significant difference
(IFN-y1b) cytokine double-blind, survival* over 48 wk  between groups (139)
placebo-controlled
trial; n = 330
INSPIRE Phase lll, randomized, Overall survival at Terminated due to
NCT00075998 double-blind, 90-96 wk futility at second
placebo-controlled interim analysis (140)
trial; n = 826
Sildenafil Phosphodiesterase-5 STEP-IPF Phase Ill, randomized, Proportion subjects No significant difference
inhibitor NCT00517933 double-blind, with =20% increase  between groups (141)
placebo-controlled in 6BMWD at 12 wk
trial; n = 180
Imatinib Tyrosine kinase Imatinib-IPF Phase Il Time to disease No significant difference
mesylate inhibitor NCT00131274 randomized, progression$ or between groups (142)
double-blind death over 96 wk
placebo-controlled
trial; n = 119
Octreotide Somatostatin analog FIBROSAND Phase Il, open-label Treatment failure! or  Trend decline in FVC
NCT00463983 study of octreotide death over 48 wk and DLgo compared
only; n =25 with historical control
subjects (143)
Etanercept TNF-« inhibitor NCT00063869 Phase Il, randomized, A FVC, DLco% No significant difference
double-blind, predicted corrected between groups (144)
placebo-controlled for Hb and P(A-a)O,
trial; n = 87 at rest at 48 wk
Carlumab Anti-CCL2 antibody = NCT00786201 Phase Il, randomized, A FVC /4-wk interval Terminated due to
(CNTO 888) double-blind, over 52 wk futility at interim
placebo-controlled analysis at 24 wk (145)
trial; n = 126
QAX576 Anti-IL-13 monoclonal NCT01266135 Phase Il, randomized, Safety, tolerability and Terminated; no
antibody double-blind, A FVC at 52 wk information available
placebo-controlled
trial; n = 60
CC-930 JNK inhibitor NCT01203943 Phase Il, randomized, Type, frequency, Terminated as benefit/
double-blind, severity and risk profile did not
placebo-controlled relationship of support continuation
trial; n = 28 adverse events over
4 wk
(Continued)
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Table 1. (Continued)

Hypothesized Clinical Trial, Name Study Design/Sample
Mechanism of and clinicaltrials.gov Size, Planned or
Agent Action Identifier Enrolled
Prednisone/ Immunosuppression  PANTHER-IPF Phase Ill, randomized, A FVC at 60 wk
azathioprine/ NCT00650091 double-blind,
NAC placebo-controlled
trial; n = 77 on triple
therapy vs.n =78 on
placebo
NAC Antioxidant PANTHER-IPF Phase lll, randomized, A FVC at 60 wk
NCT00650091 double-blind,

placebo-controlled
trial; n = 133 on NAC
vs.n =131 o0on
placebo

Outcome
(Reference)

Primary
Endpoint

Interim analysis showed
excess numbers of
deaths, hospitalizations,
and serious adverse
events in the triple
therapy group (46)

No significant difference
between groups (64)

Definition of abbreviations: BMWD = 6-minute-walk distance; ACE-IPF = Anticoagulant Effectiveness in Idiopathic Pulmonary Fibrosis; ARTEMIS-IPF =
A Placebo-Controlled Trial of Ambrisentan in Idiopathic Pulmonary Fibrosis; BUILD = Bosentan Use in Interstitial Lung Disease; Digo = diffusing
capacity of the lung for carbon monoxide; FIBROSAND = Treatment of Idiopathic Pulmonary Fibrosis with Long Acting Octreotide; INSPIRE = Effect
of Interferon Gamma-1b on Survival in Patients with Idiopathic Pulmonary Fibrosis; IPF = idiopathic pulmonary fibrosis; JNK = c-Jun N-terminal kinase;
MUSIC = Macitentan for the Treatment of Idiopathic Pulmonary Fibrosis; NAC = N-acetylcysteine; P(A-a)O, = alveolar to arterial oxygen pressure
difference; PANTHER-IPF = Prednisone, Azathioprine, and N-Acetylcysteine: A Study That Evaluates Response in Idiopathic Pulmonary Fibrosis;
STEP-IPF = Sildenafil Trial of Exercise Performance in Idiopathic Pulmonary Fibrosis; TNF = tumor necrosis factor.

*Acute exacerbation of IPF or =10% decrease in FVC plus =15% decrease in absolute Dico from baseline (confirmed by two tests conducted =4 wk apart).
TRespiratory hospitalization or categorical decrease in lung function from baseline (=10% decrease in FVC plus =5% decrease in DL or a =15%

decrease in DLgo plus =5% decrease in FVC).

*Progression defined as =10% decrease in FVC or =5 mm Hg increase in P(A-a)O, at rest from baseline (confirmed by a second test 4-14 wk later).

SAt least 10% decrease in FVC from baseline.

llAt least 10% decrease in FVC from baseline between consecutive measurements (with a =12-wk interval between them).

Targeting Lung Injury and
Epithelial Cell Death

Antioxidant Therapy

Oxidative stress, the imbalance between

a tissue’s burden of ROS and its ability

to detoxify ROS or repair the damage
they produce, may contribute to the
nonresolving lung epithelial injury believed
to drive IPF. ROS may promote AEC
apoptosis through the mitochondria-
mediated “intrinsic” pathways or the death
receptor-mediated “extrinsic” pathways
(59). Oxidative stress can have profound
effects on gene expression. For example, at
least some pathways leading to activation
of the transcription factor nuclear factor
(NF)-kB are ROS dependent, and at least
some NF-kB-dependent profibrotic gene
expression could therefore be mitigated by
antioxidants (60). Lungs of patients with
IPF exhibit a high oxidant burden and

are deficient in glutathione, the major
antioxidant of the lung (61), providing

a rationale for augmenting lung antioxidant
defenses with N-acetylcysteine (NAC) as

a therapeutic strategy in IPF (62). The
IFIGENIA (Idiopathic Pulmonary

Fibrosis International Group Exploring
N-Acetylcysteine I Annual) trial had
demonstrated that NAC added to
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prednisone and azathioprine reduced
decline in lung function in patients with
IPF compared to treatment with prednisone
and azathioprine alone (63). Subsequent
evaluation of NAC, azathioprine, and
prednisolone compared with placebo in the
PANTHER-IPF (Prednisone, Azathioprine,
and N-Acetylcysteine: A Study That
Evaluates Response in Idiopathic Pulmonary
Fibrosis) trial, however, found that this
triple combination therapy was associated
with a significant increase in mortality,
hospitalizations, and serious adverse events,
but no differences in lung function (46),
leading to early termination of this arm of the
trial. The comparison of NAC monotherapy to
placebo was completed, but NAC did not
demonstrate evidence of benefit (64) (Table 1).

Targeting Immune Activation
and Polarization

IL-13 Inhibition

IL-13, the predominant profibrotic cytokine
of Th2-type immunity (45), is one of the
drivers of profibrotic alternative M2a-like
macrophage activation. IL-13 induces
macrophage TGF-3 expression both
directly (65) and indirectly by stimulating
macrophage CCL2 (66). In addition to its
effects on macrophages, IL-13 directly

induces profibrotic gene expression by
normal human lung fibroblasts, including
CCL2 and IL-6 (67). IL-13 also directly
increases fibroblast a-smooth muscle actin
and collagen expression, and this effect

was dramatically increased in fibroblasts
isolated from IPF lungs compared with
control lungs (68). IL-13 is overexpressed

in patients with IPF (69), and therefore
therapies targeting IL-13 could be effective in
IPF by inhibiting alternative macrophage
activation and TGF-B production as well as
by directly inhibiting fibroblast activation and
myofibroblast differentiation. Although prior
phase II trials of an anti-IL-13 antibody
(QAX576) and an anti-CCL2 antibody
(CNTO888) were negative (Table 1), two
phase II randomized, double-blind, placebo-
controlled trials of different monoclonal
antibodies against IL-13, tralokinumab
(MedImmune, Gaithersburg, MD) and
lebrikizumab (Roche, Basel, Switzerland) are
recruiting subjects (Table 2).

Targeting Fibroblast
Accumulation and
Myofibroblast Differentiation

Fibroblasts are the cells most commonly
targeted by the therapies currently under
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Table 2. Ongoing and Recently Completed Phase II/lll Trials in Idiopathic Pulmonary Fibrosis

Clinical Trial, Name Study Design/ Estimated
Hypothesized and clinicaltrials.gov Sample Size, Primary Primary
Agent Mechanism of Action Identifier Planned or Enrolled Endpoint Status Completion
Tralokinumab  IL-13 monoclonal NCT01629667 Phase Il, randomized, A FVC % predicted Recruiting January 2016
antibody double-blind, at 72 wk
dose-ranging,
placebo-controlled
trial; n = 302
Lebrikizumab  IL-13 monoclonal NCT01872689 Phase Il, randomized, Progression-free  Recruiting  August 2016
antibody double-blind, survival at 130 wk
placebo-controlled
trial; n = 250
Pirfenidone Antifibrotic, ASCEND Phase lll, randomized, A FVC % predicted Completed N/A
antiinflammatory, NCTO01366209 double-blind, at 52 wk )
antioxidant placebo-controlled
trial; n = 555
Nintedanib Tyrosine kinase INPULSIS-1 Phase lll, randomized, Annual rate of Completed N/A
inhibitor targeting NCT01335464, double-blind, decline in FVC (4)
VEGFR, FGFR, INPULSIS-2 placebo-controlled over 52 wk
PDGFR NCT01335477 trials; n = 1,066
STX-100 Integrin avB6 NCT01371305 Phase Il, randomized, Incidence and Recruiting  Unknown
monoclonal antibody double-blind, severity of
dose-escalation adverse events
study; n = 32
FG-3019 CTGF inhibitor NCT01262001 Phase Il, open-label, Safety and Ongoing April 2018
(FibroGen) dose-escalation tolerability (fully
study; n = 42 recruited)
NCT01890265 Phase Il, randomized, A FVC % predicted Recruiting July 2016
double-blind, at 48 wk
placebo-controlled
trial; n = 90
BMS-986020 Lysophosphatidic acid NCT01766817 Phase Il, randomized, A FVC % predicted Recruiting  April 2016
receptor antagonist double-blind, at 26 wk
placebo-controlled
trial; n = 300
Simtuzumab LOXL2 monoclonal NCTO01769196 Phase Il, randomized, Progression-free  Recruiting February 2018
antibody double-blind, survival* up to
placebo-controlled 182 wk
trial; n = 500

Definition of abbreviations: ASCEND = Assessment of Pirfenidone to Confirm Efficacy and Safety in Idiopathic Pulmonary Fibrosis; CTGF = connective
tissue growth factor; FGFR = fibroblast growth factor receptor; INPULSIS = Efficacy and Safety of BIBF 1120 at High Dose in Idiopathic Pulmonary Fibrosis
Patients; PDGFR = platelet-derived growth factor receptor; VEGFR = vascular endothelial growth factor receptor.

*Progression defined as a categorical decrease in FVC % predicted (>10% relative decrease in FVC or >5% absolute decrease in FVC).

evaluation as potential treatments for IPF.
These therapies aim to inhibit the processes
that contribute to the accumulation of
fibroblasts (e.g., their recruitment and
proliferation) and/or the differentiation

of these cells into myofibroblasts.

Pirfenidone

Pirfenidone (InterMune, Brisbane, CA) has
been licensed in multiple countries (but not
in the United States) for the treatment

of IPF. It has pleiotropic antifibrotic,
antiinflammatory, and antioxidant effects in
animal and cell-based models (70, 71), but
its mechanism of action is unknown. In
animal models of lung fibrosis, pirfenidone
has been shown to decrease the production
of profibrotic cytokines, chemokines, and
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growth factors, including TGF-@, basic
fibroblast growth factor, tumor necrosis
factor-a, IL-1B, IL-6, CXCLI12, and CCL2
(72, 73). Pirfenidone has also been
demonstrated to reduce markers of oxidative
stress in animal models, including lipid
peroxidation and advanced lipoxidation end
products, and superoxide dismutase and
myeloperoxidase activity (74, 75). In studies
on cells in vitro, pirfenidone has been shown
to inhibit multiple profibrotic behaviors of
fibroblasts, including their proliferation,
differentiation to myofibroblasts, and
synthesis of collagen, suggesting that at least
some of pirfenidone’s antifibrotic activity is
attributable to its actions on these cells (70, 72,
75-77). Four phase III studies of pirfenidone
in IPF have now been completed—one in

Japan (78), and three multinational trials:
CAPACITY (Clinical Studies Assessing
Pirfenidone in Idiopathic Pulmonary Fibrosis:
Research of Efficacy and Safety Outcomes)

1 and 2 (79), and ASCEND (Assessment of
Pirfenidone to Confirm Efficacy and Safety
in Idiopathic Pulmonary Fibrosis) (5)—of
which three were positive. The Japanese,
CAPACITY 2, and ASCEND trials showed
reductions in IPF progression with
pirfenidone, although CAPACITY 1 did not.

Tyrosine Kinase Inhibition

Many of the mediators believed to drive
fibroblast recruitment, proliferation,
activation, and collagen synthesis in IPF
signal through receptor tyrosine kinases.
Nintedanib (formerly known as BIBF
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1120; Boehringer Ingelheim, Ingelheim,
Germany) is a tyrosine kinase inhibitor that
targets the PDGF receptors /B3, FGF
receptors 1 to 3, and vascular endothelial
growth factor (VEGF) receptors 1 to 3 (80,
81), which have been implicated in the
pathogenesis of IPF (82). Although PDGF
and FGF drive profibrotic behaviors of
fibroblasts, VEGF affects the endothelial
compartment. VEGF increases lung
vascular permeability (83), which can
contribute to fibrosis as described above.
VEGEF also drives angiogenesis, which is
involved in the vessel remodeling that is
present in the fibrotic lung. The roles and
consequences of dysregulated angiogenesis
in pulmonary fibrosis, however, appear to
be quite complex and remain to be fully
elucidated (84). Nintedanib has been shown
to have antifibrotic and antiinflammatory
activity in animal models of lung fibrosis
and to inhibit the proliferation and
differentiation to myofibroblasts of primary
human lung fibroblasts in vitro (81).

Two multinational phase III studies of
nintedanib 150 mg twice daily in IPF
(INPULSIS [Efficacy and Safety of BIBF
1120 at High Dose in Idiopathic Pulmonary
Fibrosis Patients]-1 and -2) have recently
been completed (4), after evidence of
efficacy with this dose in the phase II
TOMORROW (To Improve Pulmonary
Fibrosis with BIBF 1120) trial. Both these
trials were positive, showing reductions in
IPF progression with nintedanib.

TGF-B Inhibition

The pleiotropic cytokine TGF-p has long
been implicated as a central mediator in
the pathogenesis of IPF and other fibrotic
diseases (85-89). Because TGF-f is also
believed to participate in homeostatic
functions such as tumor suppression and
regulation of inflammation (90), global
TGEF-B inhibition may have adverse effects,
and a more focused approach targeting
TGEF-f only at sites of progressive fibrosis
may be desirable. The activity of this
cytokine is primarily regulated by the
post-translational activation of latent
TGF-B complexes (91), through several
mechanisms including interaction with cell-
surface integrins (92). The av6 integrin
is required for the activation of latent
TGF-B during the development of
pulmonary fibrosis, and genetic deficiency
or antibody inhibition of this integrin
protects against the development of fibrosis
in animal models (92-94). av36 expression
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is minimal in normal lungs and
up-regulated specifically at sites of lung
injury, suggesting that targeting this
integrin produces local blockade of TGF-f3
activation in IPF lungs without global
TGEF-B inhibition (93). A humanized
monoclonal antibody against avf36,
STX-100 (Biogen Idec, Cambridge, MA),
is being evaluated in a phase II study in
patients with IPF (Table 2).

Connective Tissue Growth

Factor Inhibition

Connective tissue growth factor (CTGF) is
a matricellular protein that serves as an
adaptor molecule connecting cell surfaces
and extracellular matrix. As such, CTGF
regulates fibroblast behaviors that are
directly dependent on their attachment to
the matrix, such as migration, as well as
their proliferation, differentiation, matrix
production, and apoptosis (95). CTGF is
minimally expressed in adult tissues under
homeostatic conditions but is strongly up-
regulated in tissues subjected to mechanical
stresses (96, 97), which are believed to be
present in fibrotic tissues (55). Activation of
fibroblasts by TGF-f also induces CTGF
expression, and CTGF appears responsible
for at least some of TGF-B’s effects on
these cells (98). There is increased CTGF
expression in the lung tissue and
bronchoalveolar lavage (BAL) fluid of
patients with IPF, and tissue expression
localizes to proliferating type II alveolar
epithelial cells and activated fibroblasts (99,
100). The efficacy of a CTGF-neutralizing
antibody, FG-3019 (FibroGen, San
Francisco, CA), is being evaluated in

a phase II, randomized, double-blind,
placebo-controlled trial (Table 2).

Lysophosphatidic Acid

Receptor-1 Inhibition

Lysophosphatidic acid (LPA) is a bioactive
lipid mediator that promotes multiple
wound-healing responses that are believed
to contribute to pulmonary fibrosis,
including fibroblast migration, activation,
and persistence, as well as epithelial cell
apoptosis and loss of endothelial cell barrier
function (101). LPA signals through
multiple specific receptors, several of which
may be involved in its profibrotic effects.
Targeting LPA’s signaling specifically
through LPA; has been shown to confer
significant protection in animal models

of multiple fibrotic diseases, including
pulmonary fibrosis (102-105). LPA levels

are increased in BAL fluid from patients
with IPF, and LPA-LPA; signaling appears
to be responsible for most of the fibroblast
chemoattractant activity of BAL fluid (102).
An LPA, receptor antagonist, BMS-986020
(Bristol-Myers Squibb, New York City,
NY), is being evaluated in a phase II trial
in IPF (Table 2).

Targeting the Matrix

Lysyl Oxidase-like 2 Inhibition

In addition to increases in their quantity or
changes in their composition, the increased
cross-linking of matrix proteins could
contribute to the pathologically increased
matrix stiffness present in fibrotic diseases,
including IPF (50). This increase in
matrix stiffness promotes myofibroblast
differentiation and matrix production,
further driving fibrosis progression. Matrix
protein cross-linking can be catalyzed by

a series of enzymes including lysyl oxidases,
transglutaminases, and prolyl hydroxylases
(106). Expression of the cross-linking
enzyme lysyl oxidase-like 2 (LOXL2) is
increased in the lungs of patients with IPF
(107), and simtuzumab (Gilead, Foster City,
CA), a monoclonal antibody directed
against LOXL2, is being evaluated in

a phase II trial in IPF (Table 2).

Comorbidities in the Context
of IPF Pathogenesis

Pending U.S. Food and Drug
Administration approval of drugs for IPF,
the care of patients with this disease in the
United States focuses on supportive care,
lung transplantation for patients who
are candidates, and the treatment of
comorbidities. Several comorbidities that
are frequently associated with IPF, including
gastroesophageal reflux disease (GERD),
obstructive sleep apnea (OSA), and
pulmonary hypertension (PH) (108-110),
can also be understood in the context of
the recurrent injury and aberrant repair
paradigm of IPF pathogenesis, in terms
of contributing to and/or resulting from
recurrent injury to the alveolar epithelium.
GERD is frequently present in patients
with IPF, with a prospective study
finding reflux in 87% of patients (111).
Although it is possible that GERD may
occur in patients with IPF as a consequence
of decreases in intrathoracic pressure,
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microaspiration of refluxed gastric acid
may be a cause of repetitive lung injury.
Evidence consistent with GERD having

a causal or exacerbating role in fibrosis in
at least some patients with IPF includes
correlation between fibrosis and reflux
severity (112), increased levels of pepsin
in the BAL of patients with an acute
exacerbation of IPF (113), several case
series demonstrating that medical or
surgical treatment of GERD is associated
with stabilization or even improvement

of lung function in patients with IPF
(114-116), and a retrospective analysis
showing that lung function of patients with
IPF taking anti-GERD therapy declines
more slowly than that of patients not taking
antireflux medications (117).

OSA is also prevalent in patients with
IPF, being present, for example, in 88% in
a representative sample of 50 patients from
the IPF clinic population at a major U.S.
center. In this population, body mass index
did not correlate strongly with OSA severity
(118). Rather, the severity of OSA in
patients with IPF has been correlated with
their degree of lung restriction (119).
Whether mechanistic links exist between
OSA and IPF is unknown, but hypothetical
connections include: (1) repetitive forced
inspirations against a closed glottis in
OSA leading to excessive alveolar stretch and
injury (120, 121), and/or (2) cyclic hypoxia-
reoxygenation during OSA leading to
increased oxidative stress (121). Nocturnal
oxygen desaturation has been associated
with decreased survival in IPF (122), but the
effects of treating OSA on IPF prognosis
have not yet been determined.

PH is estimated to be present in one-
third to one-half of patients with advanced
IPF when evaluated for lung transplantation
(123, 124) and has been associated with
increased morbidity and mortality (124, 125).
Although regional hypoxia due to destruction

of lung parenchymal architecture may
contribute to PH in IPF through hypoxic
vasoconstriction, many of the biological
processes believed to drive IPF may similarly
drive PH (126, 127). The increased oxidative
stress present in the IPF lung may induce
endothelial cell as well as AEC apoptosis.
Apoptotic endothelial cells in turn may
release growth factors active on vascular
smooth muscle cells, augmenting pulmonary
artery muscularization. Mediators
contributing to the progression of fibrosis in
the surrounding lung, including TGF-8,
PDGF, FGF-2, and angiotensin II, could
contribute to pathological changes in all three
vascular layers of pulmonary arteries,
including intima proliferation and fibrosis,
media thickening, and adventitia fibrosis
(127). Therapies inhibiting these mediators
may be able to concurrently target both lung
fibrosis and PH.

Conclusions

IPF remains a disease with a poor prognosis
and an incompletely understood
pathogenesis. However, recent progress in
unraveling IPF pathogenesis has led to the
identification of specific biological processes
and mediators that can serve as rational
targets for drug therapies. As we have
reviewed, multiple drug candidates based on
the prevailing paradigm of IPF pathogenesis
have recently been or are currently being
evaluated in phase II and III clinical trials.
The recent positive results of the pirfenidone
and nintedanib phase III trials demonstrate
that agents targeting the biologic processes
that drive fibrosis can reduce the
progression of IPF. Many other therapies are
in earlier phases of development for IPF, and
the rationales for many if not most of these
can similarly be understood in terms of the
prevailing paradigm of IPF pathogenesis

(i.e., in terms of the abilities of these
therapies to reduce epithelial cell injury, or
reduce one or more of the aberrant repair
processes induced by that injury). For
example, to reduce epithelial injury, drugs
are being developed to inhibit one of the key
sources of epithelial cell-injuring ROS in
IPF, the ROS-generating nicotinamide
adenine dinucleotide phosphate reduced
oxidase (NOX) enzymes, in particular
NOX4 (128-130). Another example of

a therapeutic strategy to selectively
manipulate immune activation in IPF that
is at an early stage of development, having
recently completed a phase I study, is
recombinant Pentraxin-2 (PRM-151;
Promedior, Lexington, MA), which
promotes monocyte differentiation into
Mreg/M2c-like macrophages while
inhibiting M2a-like or M1 macrophage
differentiation (131). The rationale for cell-
based therapies being explored for IPF may
also be understood in terms of their effects
on epithelial injury and aberrant repair. For
example, human bone marrow-derived
mesenchymal stem cells may be found to
have beneficial effects in IPF due to their
ability to facilitate lung epithelial cell
wound closure (132, 133).

The prevailing paradigm of IPF
pathogenesis can thus provide IPF researchers,
caregivers, and patients with this disease
a framework for understanding new therapies
being developed and evaluated for IPF. We
believe that the positive results already
produced in the pirfenidone and nintedanib
trials, coupled to the strong biological
rationales for drug candidates in ongoing trials
or at earlier phases of development, give
strong grounds for optimism that new IPF
therapies will improve the outlook for patients
with this devastating disease.

Author disclosures are available with the text
of this article at www.atsjournals.org.
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