Review: Clinical Trial Outcomes

CLINICAL

INVESTIGATION

Clinical trials in idiopathic pulmonary fibrosis: update and

perspectives

Clin. Invest. (2011) 1(12), 1669-1680

Idiopathic pulmonary fibrosis (IPF) is an increasingly prevalent and
devastating disease with high mortality and poor treatment options. Major
advances in understanding its underlying pathogenesis have changed the
traditional concept of IPF being a chronic inflammatory condition to it
being a disordered wound healing and repair process, and have enabled
the development of novel therapeutic drug strategies. Over the last decade,
a number of well-designed clinical trials have been conducted without
any tremendous breakthrough to date. Nevertheless, the activities have
dramatically improved clinical and basic understanding of IPF and resulted
in approval of the first IPF-specific therapy. This review summarizes the most
important clinical trials in IPF and outlines both novel drug targets and
challenges for future trials.
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Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive fibrosing interstitial
lung disease of unknown cause occurring primarily in older adules [1]. It is restricted
to the lung and associated with the histopathologic and radiologic pattern of usual
interstitial pneumonia (UIP) [1-4]. The diagnosis of IPF requires exclusion of other
forms of interstitial pneumonias such as those associated with environmental expo-
sure (e.g., asbestosis or hypersensitivity pneumonia), drugs or connective tissue
disease [3]. The incidence is slightly higher for men at 10.7 cases per 100,000 per
year, versus 7.4 cases per 100,000 per year for women [s]. Comparing incidence
and prevalence data, estimated between 14 and 42.7 per 100,000 [6], median sur-
vival is approximately 3 years after diagnosis, which exceeds the mortality rates
of many cancers [7]. The dismal prognosis of IPF and lack of efficient therapies
highlights the need for new treatment options and explains the current activity in
drug development in this area.

Several factors and pathways have been implicated into the pathogenesis of IPF, but
the exact pathomechanism has not yet been elucidated, making the development of
new therapeutic strategies challenging. Anti-inflammatory and immunomodulatory
agents have been used for IPF for years, but have proved to be largely ineffective. This
has led to questioning of the concept of an active inflammatory process as a major
underlying pathogenetic factor. More recently, IPF has been considered as a primarily
fibrotic condition characterized by alveolar epithelial cell injury and aberrant wound
healing, resulting in proliferation and migration of mesenchymal cells that accumu-
late in characteristic fibroblastic foci. Extensive extracellular matrix (ECM) produc-
tion causes progressive destruction of the lung architecture and eventually respiratory
functional impairment, with development of clinical symptoms and death.

The need for new treatment options targeting different pathophysiological
pathways has led to a careful evidence-based approach over the past decade with
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completion of a number of high-quality clinical trials.
This article provides an overview of historical treatment
approaches for IPF and of evidence on therapeutic strat-
egies currently under evaluation, and reviews novel drug
targets. The current challenges in designing clinical tri-
als and the need for new outcome parameters are also
discussed.

Traditional therapy for IPF: corticosteroids &
anti-inflammatory agents

IPF was originally considered as a disorder in which
fibrosis was a consequence of chronic inflammatory
processes, similar to rheumatoid arthritis. Based on this
assumption, corticosteroids and other immunomodula-
tory agents such as azathioprine and cyclophosphamide
were used in the treatment of IPF for several decades.
While this was conceptually acceptable at the given
time, one has to acknowledge that the use of these
drugs was not based on strong scientific evidence and
was pursued despite disappointingly poor response
rates. It is difficult to interpret the existing evidence
of clinical trials with anti-inflammatory agents in IPF.
Many studies had been performed before establishing
the current guidelines on diagnosis and classification
of IPF and likely included patients with heterogeneous
causes of interstitial lung disease, which are now known
to respond more favorably to immunosuppression [s].
Inconsistent methodology with variable dosage regimen
and end points, and the lack of sufficiently powered,
placebo-controlled trials, complicate an evidence-based
analysis. Of note, this is true for both concluding that
immunosuppressant drugs are effective or ineffective
for IPF. A thorough analysis of clinical trials explor-
ing the efficacy of corticosteroids for IPF has recently
been published in a Cochrane review, concluding that
there is no evidence for corticosteroids alone in the
treatment of IPF [9]. Interestingly, this analysis did not
include clinical trials performed since 2003, which
illustrates the expert opinion that corticosteroids are
not effective in IPF. Similar conclusions were drawn
from a second Cochrane review, focused on nonsteroid
agents for IPF. There was one randomized placebo-
controlled trial assessing the efficacy of azathioprine
versus placebo in combination with prednisone in both
arms [10]. In this study, no significant benefit between
the groups was found, except a small survival benefit
at up to 9 years follow-up after adjustment for age,
albeit of questionable clinical significance [10]. There
was a trend to improvement in change of lung func-
tion with azathioprine. Only one study met the crite-
ria for analysis of cyclophosphamide: Johnson ez /.
compared prednisone alone with cyclophosphamide
in combination with low-dose prednisone and found
a significantly longer period to respiratory failure or
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death favoring the treatment arm [11]. Survival was
not significantly different and the results were weak-
ened overall by the inclusion of patients that did not
meet recent diagnostic criteria of IPF. Cyclosporin A
is widely used as an immunosuppressive regimen after
transplantation has been investigated in smaller stud-
ies, suggesting a possible benefit [12,13], however no ran-
domized placebo-controlled trials have been performed
to date. The observation that patients with single lung
transplantation who receive a cyclosporine-containing
immunosuppressive regimen show progression of IPF
in the native lung does not speak in favor of this drug
for IPF [14].

Recently completed clinical trials in IPF

m IFN-y

IEN-y 1b is a cytokine that is predominantly gener-
ated by natural killer cells and activated T-helper cells
(15]. It has broad immunomodulatory, antifibrotic and
antiproliferative properties. IFN-y has been shown
to inhibit fibroblast proliferation and ECM deposi-
tion 77 vitro 16,17] and to attenuate bleomycin-induced
fibrosis in mouse models [18]. A first study by Ziesche
et al. reported a significant beneficial effect of IFN-y
in 18 patients with IPF [19] and had been the rationale
for initiating the first large clinical trials in IPF. Two
randomized, placebo-controlled trials have been per-
formed to assess the efficacy of IFN-y, but had rather
disappointing results. The first study in 330 patients
found no significant effect on disease progression, mor-
tality and functional deterioration, but showed a trend
towards better survival of the IFN-y group [20]. This was
enough incentive to perform an even larger Phase III
multicenter trial enrolling 800 patients (INSPIRE).
The study was terminated after an interim analysis
demonstrating no difference in mortality [21]. Given
this evidence, IFN-y should not be considered as a
suitable treatment for patients with IPF according to
the new American Thoracic Society (ATS)/European
Respiratory Society (ERS)/Japanese Respiratory Society
(JRS) guidelines [1].

m Etanercept

Etanercept is a recombinant soluble antagonist of
human TNF-a being used successfully for the treat-
ment of rheumatoid arthritis and chronic inflam-
matory bowel disease. TNF-a is a prototypical pro-
inflammatory cytokine and is increased in the lungs
of patients with IPF [22-24], especially in macrophages
and alveolar epithelial cells. Overexpression of TNF-a
in lungs of mice [25] results in accumulation of fibro-
blasts and deposition of ECM and it has been shown
that TNF-a is capable of mediating the transition
from inflammation to fibrosis [2¢]. Animal models of
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bleomycin-induced lung fibrosis have shown promis-
ing results in attenuating fibrosis by blocking TNF-a..
However, a recent randomized double-blind study of
etanercept for IPF proved disappointing and failed to
affect the outcomes of disease progression and change
in the percent of predicted forced vital capacity (FVC)
from baseline [27].

m Bosentan

Bosentan is an orally available dual endothelin-recep-
tor antagonist developed for the treatment of pulmo-
nary arterial hypertension. Endothelin has strong
vasoconstrictory properties and appears to also be
involved in the pathogenesis of pulmonary fibrosis
by promoting fibroblast proliferation and differen-
tiation into myofibroblasts [28-31], and stimulating
collagen synthesis [32]. Elevated levels of endothelin
have been found in serum and bronchoalveolar lavage
fluid (BALF) of patients with IPF [33]. The effect of
bosentan in IPF was evaluated in several appropriately
designed trials. The first study (BUILD 1) failed to
prove the primary end point of improvement in 6-min
walk distance (6MWD), but showed a trend favor-
ing bosentan in respect to time to disease progression
and/or death in a subgroup of patients with biopsy-
confirmed UIP 34]. These findings triggered a second
large clinical trial on bosentan that has recently been
published (BUILD 3). In this study, the primary end
point of reduction in mortality was not met; however,
there was a trend in delay of disease progression and
lung function deterioration in favor of the treatment
group [35]. Macitentan is a new endothelin-receptor
antagonist achieving higher tissue levels and its effi-
cacy in IPF is currently being explored in a clinical
trial (MUSIC) [201]. Ambrisentan, another selective
endothelin-receptor antagonist, was evaluated in a
randomized, double-blind, placebo-controlled trial,
which was terminated after an interim analysis due
to lack of efficacy [202].

= Pirfenidone

Pirfenidone is an orally available pyridine derivative
with antifibrotic, anti-inflammatory and antioxidative
properties. The exact molecular mechanism of this drug
is still unclear, but it has been shown to inhibit TGF-
B-driven fibroblast proliferation and collagen synthe-
sis 77 vivo [36,37]. It also has some anti-inflammatory
properties related to attenuation of TNF-a and IFN-y
activity [38-40]. Promising results from animal models
and smaller, open-label clinical studies [41.42] have pro-
vided the rationale to perform a number of large clinical
trials. The first study was performed in Japan and had
to be stopped prematurely because of a positive effect
on disease exacerbations in favor of pirfenidone [43].
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Although this study was incomplete, the decreasing
oxygen desaturation (6MWD test) and vital capac-
ity (VC) in the treatment group was lower compared
with placebo. The following Phase III study reported
a significant reduction in the annual decline of vital
capacity and a difference in progression-free survival
in favor of pirfenidone [44]. Two parallel, randomized,
double-blind, placebo-controlled multicenter studies
were performed to reproduce the effects of pirfenidone
on reduction of FVC decline (CAPACITY I and II)
(45]. The first of these studies reached the primary end
point of change in predicted FVC at week 72 favoring
the treatment arm. In contrast, the second study did
not meet the primary end point although a significant
change in the percentage predicted FVC was observed
at all time points during the first year [45]. Overall, the
results from the CAPACITY studies were consistent
compared with the Phase III Japanese trial [44.45]. The
difference in the FVC outcome between CAPACITY
1 and 2 may partially be related to the lower than
expected decline in FVC. While the pirfenidone arm
in both studies showed a similar magnitude of decline
in %FVC over 72 weeks, the decline in the placebo
arms differed between the studies. The percentage pre-
dicted FVC decline in the placebo arm of the ‘positive’
CAPACITY 2 study was similar to the placebo group
of the large IFN-y trial, whereas the placebo arm of
the ‘negative’ CAPACITY 1 performed better than
expected from past experience. This supported the
hypothesis that the placebo group of the second study
included patients with a more stable course of disease.
A survival benefit was not established for all-cause on-
treatment mortality, and pirfenidone did not prevent
acute exacerbations of IPF [45]. The pirfenidone data
has also been reviewed in a recent Cochrane meta-ana-
lysis, even prior to the publication of the CAPACITY
trials, suggesting an overall benefit for pirfenidone over
placebo (the authors had access to the CAPACITY data
for their analysis) (46].

In summary, the results from preclinical and clini-
cal studies regarding pirfenidone look encouraging,
but include some inconsistencies and findings that are
difficult to explain. One of these is that the natural
course of patients with IPF at a relatively early stage
may not be as easily predictable as hoped, as seen by the
(unexpected) relative stability of IPF in CAPACITY
1. Nevertheless, the efforts have led to approval of
this compound as the first IPF-specific therapy in
Japan (2008) and Europe (2011) (47], while approval
has not been granted by the US FDA in the USA,
where another Phase III trial is currently underway
(203]. The recently published ATS/ERS/JRS guidelines
have summarized the pirfenidone data to date as ‘weak
— no recommendation for use in IPF’. By looking into
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the details of the guideline panel process, one can see
that the experts are more divided in their interpreta-
tion of the pirfenidone data than for other drugs [1].
Pirfenidone seems to be a safe and reasonably well tol-
erated medication, but is associated with gastrointesti-
nal side effects, liver enzyme elevation and significant
photosensitivity [45]. It will be very interesting to see
the impact of pirfenidone in clinical practice and if/
how it might change the management and outcome
of IPF patients.

m Imatinib

Imatinib is a tyrosine kinase inhibitor (TKI) devel-
oped as an anticancer drug and successfully used
in the treatment of chronic myelogenous leukemia.
With its activity against platelet-derived growth factor
receptors (PDGFR) suggested as being one of the bio-
logically relevant pathway in fibrosis, it is reasonable
to assume antiproliferative and antifibrotic properties
for imatinib in IPF. Studies of imatinib in preclini-
cal animal models have shown mixed results [48-51],
but imatinib seems to have the ability to ameliorate
bleomycin-induced fibrosis by inhibition of down-
stream TGF-B pathways when given early [49]. In
contrast, when administered during the post-injury
phase, imatinib has failed to alter fibrotic changes in
the lungs [51]. A well-designed, multicenter, random-
ized, placebo-controlled clinical trial over 96 weeks
on patients with mild-to-moderate IPF failed to
prove a benefit on progression-free survival and lung
function [52].

m N-acetylcysteine

N-aetylcysteine (NAC) is a derivative of the amino acid
cysteine and a precursor of the antioxidant glutathi-
one. The rationale for NAC in the therapy of IPF is
based on a putative imbalance of oxidant—antioxidant
components in inflammatory and fibrotic tissue. We
have recently shown that fibrogenic cytokines such
as TGF-P are constantly activated in fibrotic lungs
and that replenishment of the antioxidative system is
antifibrotic through reduction of active growth factor
levels [53]. Glutathione levels are reduced in tissue and
BALF of IPF lungs [54.55] and can be normalized by oral
NAC [56]. The IFIGENIA trial assessed the effect of
high-dose NAC versus placebo in IPF patients receiving
combination therapy of prednisone and azathioprine.
The 12-month decline in FVC and diffusing capacity
of the lung for carbon monoxide (DL ) were signifi-
cantly reduced in the NAC arm, without a resulting
survival benefit during the study period (9% NAC vs
11% placebo) [5758]. In this study the combination of
NAC plus azathioprine plus prednisone is widely used
for IPF, although the recent ATS/ERS/JRS guidelines
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on IPF summarized the evidence regarding this therapy
with a ‘weak recommendation’ against its use [1]. The
major limitations of IFIGENIA were a relatively large
dropout rate, the unclear clinical significance of the
treatment effect and the fact that there was no true
placebo arm. For that reason, a multicentered, random-
ized, double-blind clinical trial assessing the efficacy
of prednisone, azathioprine and NAC compared with
NAC alone and compared with placebo is currently
underway under the direction of the NIH-sponsored
IPF network [204]. Recently, one arm of this study has
been stopped after an interim analysis showed that
patients receiving prednisone, azathioprine and NAC
had greater mortality, more hospitalizations, more seri-
ous adverse events and no changes in lung function.
The other two study arms, NAC alone and placebo
alone will continue [205].

= Anticoagulants

Anticoagulants have also been investigated as anti-IPF
drugs. It has been shown that the coagulation cas-
cade is highly active in IPF lungs, for example with
increased expression of tissue factor in alveolar epi-
thelium [59] and increased levels of thrombin in the
BALF ([60]. Scotton et al. recently reported increased
expression of coagulation Factor X in the intra-alveolar
compartment of IPF tissue and in the lungs of bleomy-
cin-induced pulmonary fibrosis [61]. There seems to be
a central role for the high-affinity thrombin receptor,
PAR-1 [62], which is expressed on fibroblast, epithelial
cells and macrophages. Activation of this receptor leads
to increased release of proinflammatory and profibrotic
cytokines, such as PDGF and CTGF, by fibroblasts
(63.64], and PAR-1 signaling in fibroblast promotes
differentiation into myofibroblasts via the TGF-f
pathway (61]. Anticoagulants have been shown to be
effective in attenuating fibrosis in experimental animal
models [61.65.66]. Given the preclinical data, therapeu-
tic anticoagulation with low-molecular-weight heparin
and warfarin has been evaluated in combination with
prednisone in a small clinical trial in Japan (67]. The
study showed a significant difference in overall sur-
vival favoring the treatment arm, and the frequency of
acute exacerbations was significantly reduced. While
these results look encouraging, there were major
methodological limitations with this study, including
the absence of blinding, lack of a true placebo arm,
varying dropout rates, inconsistent diagnostic criteria
and the lack of exclusion of pulmonary embolism as a
potential cause of deterioration. The NIH-sponsored
IPF network conducted a properly designed study to
investigate the effect of anticoagulants in IPF (ACE-
IPF [206]), which was recently terminated due to lack
of efficacy after an interim analysis.
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m Sildenafil

Sildenafil is an oral phosphodiesterase-5 inhibitor that
is approved for the treatment of pulmonary arterial
hypertension. It stabilizes CGMP, a second messenger
of nitric oxide, and leads to pulmonary vasodilatation
predominantly in well-ventilated areas of the lung.
Patients with severe IPF and a markedly reduced DL
frequently develop pulmonary vascular disease with
pulmonary hypertension [68]. Systemic vasodilatation
can increase blood flow into poorly ventilated areas
of the IPF lung by interacting with the physiological
hypoxic vasoconstrictor mechanism, thereby decreas-
ing shunt flow and gas exchange [69.70]. Avoiding
increased shunt flow by lung-selective and ‘supra-
selective’ vasodilator (active only in well-ventilated and
not whole lung) could improve ventilation—perfusion
mismatching and gas exchange in IPF [71). Sildenafil
has shown some promise after a few small cohort stud-
ies reported an improvement in exercise tolerance, a
reduced degree of dyspnea and quality of life (QOL)
in patients with advanced IPF [72.73]. These observa-
tions were the initiator for another NIH-sponsored
IPF network trial (STEP-IPF) that evaluated sildenafil
in patients with IPF and severely reduced DL_ . The
study failed to prove the primary end point of 20%
change in 6MWD at 12 weeks, but showed significant
effects on secondary end points, including dyspnea,
DL, partial pressure of oxygen and QOL favoring
sildenafil [74]. The association of symptomatic improve-
ment with sildenafil may be of value to patients with
advanced fibrosis, but further studies are required to
obtain conclusive evidence.

Supplementary Table 1 provides a summary of
recently published and completed, but not yet pub-
lished clinical trials that followed the current ATS/
ERS diagnostic criteria for IPF.

Ongoing clinical trials & future drug targets

The improved understanding of the pathogenesis
underlying IPF resulted in a number of novel drug
targets with high activity in preclinical and clinical
research. Many of the agents tested in those studies
are aimed at upregulated mechanisms in the fibrotic
process of IPF, including inhibition of growth fac-
tors, cytokines and signaling pathways. The extensive
research over the past decade clearly demonstrated that
there is a significant redundancy of the underlying
pathways involved in wound repair and fibrosis.
Therefore, targeting more than one ligand—receptor
interaction seems to be a reasonable approach for devel-
opment of new treatment options. As already discussed,
the TKI imatinib, which blocks PDGF via the c-abl
tyrosine kinase, did not prove to be effective in IPF.
The molecule BIBF 1120 is a newer TKI, originally
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developed as an anti-angiogenic drug for cancer treat-
ment. It blocks tyrosine kinase signaling by inhibiting
VEGFR, FGFR and PDGFR, each of which is involved
in fibrogenesis. This approach was able to reduce bleo-
mycin-induced lung fibrosis, notably not only at the
time of injury in a preventative model, but also in a
genuinely therapeutic manner when fibrosis was present
(75]. The results of a multicenter, randomized, placebo-
controlled trial designed to evaluate safety and efficacy
of oral BIBF1120 on decline in FVC in patients with
IPF have recently been published. The data suggest
that BIBF1120 may be able to reduce lung function
decline in IPF and was also associated with fewer acute
exacerbations similar to those that have been reported
for pirfenidone (76). The compound also had a posi-
tive impact on QOL as assessed by the St George’s
Respiratory Questionnaire [76].

Several new and promising approaches are targeting
the redox equilibrium, the ECM homeostasis and the
coagulation cascade. As already mentioned, the results
from the IFIGENIA trial [57] provided some stimulus
to investigate the oxidant—antioxidant imbalance in
IPF in-depth. NOX-4 is an enzyme that catalyzes the
reduction of O, to reactive oxygen species and target-
ing this pathway was shown to ameliorate fibrosis by
interfering with TGF-B-induced myofibroblast differ-
entiation [77.78]. Laleu ez al. developed a new class of
selective and orally available NOX-4 inhibitors as new
treatments for IPF, which might have the potential for
evaluation in clinical trials [79].

The excessive accumulation of ECM is a key phe-
nomenon in the pathogenesis of IPF and targeting
the complex pathways involved in ECM synthesis,
maturation and degradation seems to be a promis-
ing approach for treatment. LOXL-2 belongs to a
family of five enzymes containing an extracellular
copper-dependent amine oxidase that modulates the
formation of ECM by catalyzing the crosslinking of
fibrillar collagen I and elastin [80]. LOXL-2 expression
has been implicated in tumor biology and liver fibro-
sis with a possible role in promoting cancer invasion
(81-83]. It has also been shown that LOXL-2 is upreg-
ulated in human IPF tissue [84]. Targeting LOXL-2
with an allosteric, monoclonal antibody AB0023
markedly improved fibrosis in the bleomycin model,
with a significant reduction of activated fibroblasts
and crosslinked fibrillar collagens, decreased produc-
tion of growth factors, cytokines and TGF- pathway
signaling [84]. LOXL-2 expression is relatively low in
normal tissue so that targeting this mechanism seems
a very promising and encouraging way for the devel-
opment of new therapeutic interventions. A Phase I
dose-escalating study to evaluate the safety, toler-
ability, pharmacokinetics and pharmacodynamics of

Clin. Invest. (2011) 1(12)
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ABO0024 in IPF has recently been registered and will
be one of the most interesting to follow due to the
unique approach that it takes, targeting mature and
not newly synthesized collagen [207].

Myofibroblasts are key effector cells in the fibrotic
process and as such obvious targets in IPF drug develop-
ment. Proliferation of resident fibroblasts and epithe-
lial-mesenchymal transition are potential sources for
myofibroblasts. Recent evidence has also suggested that
the recruitment of fibrocytes (mesenchymal cell progen-
itors) from the circulation may be a contributing factor
to the increased presence of myofibroblasts in fibrotic
lungs [85). The short pentaxin SAP is a circulating pro-
tein belonging to the acute-phase proteins. It binds to
apoptotic cells, clears cellular debris (86-88] and affects
remodeling processes in a variety of organs [89-91]. It
has gained some interest since it has been shown to
inhibit fibrosis in a number of preclinical disease models
through inhibition of peripheral blood mononuclear
cells (and fibrocytes) [90,92.93]. Its antifibrotic effects are
mediated through Fcy receptors, which affect mono-
cyte differentiation and activation [88,89]. Murray ez a/.
described a reduction of bleomycin-induced lung fibro-
sis in mice by SAP through inhibition of macrophage
accumulation in the lung (94]. They later showed in a
mouse model of chronic TGF-B1 overexpression that
SAP inhibits TGF-f driven pathologies, including epi-

thelial apoptosis, airway inflammation, macrophage

Lung microinjuries

activity, fibrocyte accumulation and collagen deposition
by interfering with TGF-f activation, without affect-
ing the actual levels of TGF-P1 [9s]. SAP is already in a
Phase I clinical trial [208]. Recent ongoing clinical trials
are summarized in Supplementary Table 2.

Challenges to drug development & trial design
in IPF

The design and development of novel drugs and clini-
cal trials in IPF remains difficult and challenging for
several reasons:

m Despite considerable progress in understanding the
underlying mechanisms involved in the fibroprolif-
erative process, many unanswered questions remain.
The complex interplay of cellular and signaling mech-
anisms will most likely require a multitargeting
approach and combination therapy, with compounds
that could be used in parallel or sequentially. It is
plausible that the relative role of the different patho-
genetic pathways involved varies across individuals,
highlighting the need for identifying subgroups of
phenotypes that are more likely to respond to a given
drug regimen;

® The natural history and intrinsic behavior of IPF is
usually unpredictable, varying between slow progres-
sion, frequent exacerbations, and rather dramatic and
rapid worsening with respiratory
failure (Figure 1) [1.9¢]. The heteroge-
neity in disease progression makes
recruiting the right patients for clin-
ical trials challenging, as seen in the
CAPACYTY trial (45) where the pla-
cebo group in one of the two trials
contained more stable patients than
would have been expected from past
clinical trials;

® Animal models have proven help-
ful in identifying molecules and cells
involved in the fibrotic process in
IPF. However, preclinical drug

Time (years)

Onset

_ of symptoms Acute

&2 exacerbations

®

>

2

=]

(7}
Rapld IPF and .
progressive emphysema Slow progressive
course \ gourse

L Asymptomatic period . : : : : : : : \‘. : .

(months to years) 0 1 2 3 4 5 6 7 8 9 10

development still suffers from the
fact that there are no good models
that mimic all pathologic changes

Figure 1. Clinical phenotypes of idiopathic pulmonary fibrosis. The majority of patients
experience a slow but steady clinical and functional decline (slow progressive) after diagnosis.
Approximately 10% of these patients present with acute exacerbations. A minority of patients
may experience a rapidly progressive clinical course while patients with IPF and emphysema
due to cigarette smoke have a shorter survival compared with IPF patients alone.

IPF: Idiopathic pulmonary fibrosis.
Reproduced with permission from [96].

seen in IPF, they only show certain
features of the disease. For example,
the bleomycin model is inexpensive,
well-established, well-characterized
and widely used in preclinical stud-
ies in pulmonary fibrosis [97], but it
has far more often failed to provide
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convincing correlative preclinical
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data for new therapeutic interventions than it has been
successful. Most drugs that have been proposed to be
‘promising’ for the treatment of IPF following success-
ful intervention in the bleomycin model have not held
up to their promise after evaluation in the clinical
setting [98]. Some exceptions may finally become true
for pirfenidone and BIBF 1120. Furthermore, drug
intervention studies in the bleomycin model using a
preventive strategy are difficult to translate to the
natural scenario of human disease since patients pres-
ent with established fibrosis [98]. Developing a model
that reflects the features and developmental process
of UIP would provide a powerful tool for further drug
development in this devastating disease, but is still far
from reality;

® One of the most demanding issues in designing
clinical trials in IPF is choosing the appropriate out-
come parameters as end points allowing statistical
assessment of clinically meaningful effects. Looking
at the clinical trial activity of the past 10 years, one
has to notice a lack of consensus about the best end
points. This inconsistency poses a slight problem in
comparing the trials and their results. While impact
on mortality in a fatal disease, such as IPF, is in the-
ory the best outcome, it is not feasible to perform such
trials as they would need to be either too long or
require too many patient numbers. Box 1 demon-
strates the heterogeneity of outcomes used in recent
trials. Meaningful clinical end points have to be reli-
able, valid, responsive to changes in disease status and
treatment effects and, furthermore, be predictive of
clinical outcome. FVC is the most widely used and
accepted end point to assess disease status in patients
with IPF [3]. Recent data have shown that when FVC
was assessed for reliability, validity and responsiveness
to disease changes it correlates with other functional
o> QOL and dyspnea, thus

representing a clinically useful measure for disease

parameters including DL,

status and valid end point for clinical trials [99]. The
last few trials have suggested that a 10% decline in
FVC over 1 year may be an appropriate surrogate for
disease progression and increased risk of mortality
(100-102]. Therefore, most trials nowadays use the
potential effect of a drug on reducing the 10% FVC
annual decline as a primary end point. Recent work
suggests that even smaller changes may be of clinical
significance in IPF patients [103,99]. The 6MWD test
is an inexpensive and practical test to assess the exer-
cise capacity in IPF and is widely used as an end point
in pulmonary arterial hypertension [104]. The suit-
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Box 1. Primary end points of clinical trials in

idiopathic pulmonary fibrosis.

m Pirfenidone
- Noble et al. [45] FVC
- Taniguchi et al. [44] VC
- Azuma et al. [43) 6MWD, P(Aa)O,
Interferon
- Raguh et al. [20] PFS'
- King et al. [21] Survival
m Etanercept
- Raguh et al. [271FVC, DL, P(Aa)O,
m Bosentan
- King et al. [34] 6MWD
- King et al. [35] Survival
m NAC
- Demedts et al. [s7]VC, DL,
Anticoagulant
- Kubo et al. [67) Survival
m Sildenafil
- Zisman et al. [74)6MWD
BIBF 1120
- Richeldi et al. [76] FVC
m Imatinib
- Daniels et al. [52] PFS*

"More than 10% decline from baseline of predicted VC or an
increase 5 mmHg in the alveolar-arterial oxygen tension difference
at rest.

*Time to disease progression defined as decline in FVC (%) from
baseline predicted FVC or death.

6MWD: 6-min walk distance; DL_: Diffusing capacity of the lung
for carbon monoxide; FVC: Forced vital capacity; P(Aa)O,: Alveolar-
aterial oxygen tension difference; PFS: Progression-free survival;
VC: Vital capacity.

reliable, valid and responsive measure of disease status
and may be a reasonable end point for clinical trials
(10s]. However, patients with severe physiologic
impairment were excluded from this trial and patients
with advanced disease might not be able to complete
a full walk test. Besides FVC [8,102,106,107] and 6MWD
test (105,108,109, a number of other end points have
been suggested to be predictive for mortality, includ-
ing DL, [101,106,107], alveolar—arterial gradient [8,106],
6MWD test desaturation [110], high-resolution com-
puted tomography fibrosis score [111], dyspnea [8] and
biomarkers such as circulating fibrocytes [112] or
CCL18 [113]. Since there is increasing awareness about
parallels in biology and clinical course between IPF
and cancer, the primary end point of progression-free
survival, which is usually assessed in cancer trials,
may be a potentially suitable end point for IPF as well
as QOL.

ability of the 6GM'WD as a surrogate marker in patients ~ Future perspective
with IPF was assessed similar to FVC using data from  [PF is an increasingly prevalent and devastating dis-
the large INSPIRE trial and revealed that it is a  ease with high mortality rates and poor treatment
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options. Major advances in understanding its underly-
ing pathogenesis have changed the traditional concept
of IPF being a chronic inflammatory condition to it
being a disordered wound healing and repair process,
and have enabled the development of novel therapeu-
tic drug strategies. Over the past decade a number
of well-designed clinical trials have been conducted,
without a tremendous breakthrough to date. However,
the clinical research has dramatically enhanced the
existing knowledge about IPF, which resulted in the
first evidence-based guideline on diagnosis and clinical
management of IPF. While this document, edited by
several of the major international respiratory societ-
ies, provides detailed algorithms on the required diag-
nostic steps and has strong recommendations against
certain therapies (e.g., prednisone monotherapy, inter-
feron and bosentan), it remains relatively vague in its
statement on the newer and more promising medical
treatments [1]. Nevertheless, the recent approval of
a first IPF-specific drug, pirfenidone, has to be seen
as a major stepping-stone in the management of IPF,
although not necessarily because of its efficacy, which
some consider marginal despite being statistically sig-
nificant. The approval will hopefully encourage clini-
cians and basic scientists, industry and patients that
with further collaboration there is a light at the end of
the tunnel and improving outcomes, QOL and sur-
vival in this devastating disease may finally be within
reach. Based on the complexity of IPF, a profoundly

successful treatment strategy will eventually require
combination therapy targeting multiple pathways.
The clinical trial activity of the past 10 years did not
only help to improve our understanding of IPF and
its natural progression, it also allowed the determina-
tion of a solid outcome for future trials, such as FVC
decline of 10%, or maybe even less. Finally, the joint
efforts in IPF drug development have formed a close
collaborative interplay between academic institutions,
international clinical networks and the pharmaceu-
tical industry, which will be a major bonus for the
coming years and, hopefully, result in much improved
medication for IPF patients.

Supplementary data

Supplementary data accompanies this paper and can
be found at www.future-science.com/doi/suppl/10.4155/
CLI.11.155
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Executive summary

m Major advances in understanding the underlying pathogenesis have changed the traditional concept away from idiopathic
pulmonary fibrosis (IPF) being a chronic inflammatory condition to a disordered wound healing and repair process; this has
enabled the development of novel therapeutic drug strategies.

m The need for new treatment options targeting different pathophysiological pathways has led to a careful evidence-based
approach in IPF over the past decade with a number of high-quality clinical trials.

m To date, no scientific breakthrough has been achieved despite encouraging developments.

m The clinical trial activity has improved basic and clinical understanding of IPF and resulted in the first evidence-based guideline
on diagnosis and clinical management.

m Based on the scientific evidence there is a strong recommendation against the use of prednisone monotherapy or in combination
with immunomodulatory agents, IFN-y, etanercept and bosentan.

m The clinical trial activity resulted in the recent approval of the first IPF-specific drug pirfenidone in Europe and Japan.

m [t can be expected that the approval of pirfenidone will encourage clinical scientists and industry to further research, however,
the impact of pirfenidone in clinical practice and management has to be established.

m Based on the complexity of IPF, we speculate that a successful treatment strategy will eventually require combination therapy
targeting multiple pathways.

m The unpredictable natural history of IPF with its heterogeneity in disease progressing is a challenge for the clinical trial design
and recruitment of appropriate patients. Identifying different phenotypes that are more likely to respond to a given drug
regimen might improve clinical trial outcomes.

m New animal models reflecting the features and developmental process of usual interstitial pneumonia are required for further
drug development.

m The clinical trial activity over the past decade suggested forced vital capacity decline of 10% or even less as solid outcome for
future trials.

= With further collaboration between clinicians, basic scientists, industry and patients it can be anticipated that further drug
development will result in much improved outcomes, quality of life and survival in this devastating disease.

1676

www.future-science.com

future science group



Clinical trials in idiopathic pulmonary fibrosis

References

1

10

11

Raghu G, Collard HR, Egan JJ ez al. An
official ATS/ERS/JRS/ALAT statement:
idiopathic pulmonary fibrosis: evidence-based
guidelines for diagnosis and management.
Am. ]. Respir. Crit. Care Med. 183, 788-824
o11).

Visscher DW, Myers JL. Histologic spectrum
of idiopathic interstitial pneumonias. Proc. Am.
Thorac. Soc. 3, 322-329 (2006).

American Thoracic Society. Idiopathic
pulmonary fibrosis: diagnosis and treatment.
International consensus statement. American
Thoracic Society and the European Respiratory
Society (ERS). Am. J. Respir. Crit. Care Med.
161, 646-664 (2000).

American Thoracic Society/European
Respiratory Society International
Multidisciplinary Consensus Classification of
the Idiopathic Interstitial Pneumonias. This
joint statement of the American Thoracic
Society (ATS), and the European Respiratory
Society (ERS) was adopted by the ATS board of
directors, June 2001 and by the ERS Executive
Committee, June 2001. Am. J. Respir. Crit.

Care Med. 165, 277-304 (2002).

Coultas DB, Zumwalt RE, Black WC,
Sobonya RE. The epidemiology of interstitial
lung diseases. Am. J. Respir. Crit. Care Med.
150, 967-972 (1994).

Raghu G, Weycker D, Edelsberg ], Bradford
WZ, Oster G. Incidence and prevalence of
idiopathic pulmonary fibrosis. Am. /. Respir.
Crit. Care Med. 174, 810—816 (2006).

Hunninghake GW. Antioxidant therapy for
idiopathic pulmonary fibrosis. V. Engl. . Med.
353, 2285-2287 (2005).

Collard HR, King TE Jr, Bartelson BB.
Changes in clinical and physiologic variables
predict survival in idiopathic pulmonary
fibrosis. Am. J. Respir. Crit. Care Med. 168,
538-542 (2003).

Richeldi L, Davies HR, Ferrara G, Franco F.
Corticosteroids for idiopathic pulmonary
fibrosis. Cochrane Database Syst. Rev. 3,
CDO002880 (2003).

Raghu G, Depaso W], Cain K ez 4l.
Azathioprine combined with prednisone in the
treatment of idiopathic pulmonary fibrosis: a
prospective double-blind, randomized,

placebo-controlled clinical trial. Am. Rev.

Respir. Dis. 144, 291-296 (1991).
Johnson MA, Kwan S, Snell NJ ez al.

Randomized controlled trial comparing
prednisolone alone with cyclophosphamide and
low dose prednisolone in combination in

cryptogenic fibrosing alveolitis. 7horax 44,
280-288 (1989).

17

20

21

22

23

Alton EW, Johnson M, Turner-Warwick M.
Advanced cryptogenic fibrosing alveolitis:
preliminary report on treatment with
cyclosporin A. Respir. Med. 83, 277-279
(1989).

Moolman JA, Bardin PG, Rossouw DJ,
Joubert JR. Cyclosporin as a treatment for
interstitial lung disease of unknown aetiology.

Thorax 46, 592-595 (1991).
Elicker BM, Golden JA, Ordovas KG et al.

Progression of native lung fibrosis in lung
transplant recipients with idiopathic
pulmonary fibrosis. Respir. Med. 104,
426-433 (2010).

Murphy KM, Ouyang W, Farrar JD et al.
Signaling and transcription in T helper
development. Annu. Rev. Immunol. 18,

451-494 (2000).

Clark JG, Dedon TF, Wayner EA,

Carter WG. Effects of interferon-gamma

on expression of cell surface receptors for
collagen and deposition of newly synthesized

collagen by cultured human lung fibroblasts.
J. Clin. Invest. 83, 1505-1511 (1989).

Narayanan AS, Whithey J, Souza A, Raghu
G. Effect of gamma-interferon on collagen
synthesis by normal and fibrotic human lung

fibroblasts. Chest 101, 1326-1331 (1992).
Gurujeyalakshmi G, Giri SN. Molecular

mechanisms of antifibrotic effect of interferon
gamma in bleomycin-mouse model of lung
fibrosis: downregulation of TGF-beta and
procollagen I and III gene expression.

Exp. Lung Res. 21, 791-808 (1995).

Ziesche R, Hofbauer E, Wittmann K, Petkov
V, Block LH. A preliminary study of
long-term treatment with interferon
gamma-1b and low-dose prednisolone in
patients with idiopathic pulmonary fibrosis.

N. Engl. ]. Med. 341, 1264-1269 (1999).
Raghu G, Brown KK, Bradford WZ ez al.

A placebo-controlled trial of interferon
gamma-1b in patients with idiopathic
pulmonary fibrosis. V. Engl. J. Med. 350,
125-133 (2004).

King TE, Albera C, Bradford WZ ez al. Effect
of interferon gamma-1b on survival in
patients with idiopathic pulmonary fibrosis
(INSPIRE): a multicenter, randomised,
placebo-controlled trial. Lancer 374, 222-228
(2009).

Nash JR, McLaughlin PJ, Butcher D, Corrin
B. Expression of tumour necrosis factor-alpha
in cryptogenic fibrosing alveolitis.
Histopathology 22, 343-347 (1993).

Piguet PF, Ribaux C, Karpuz V, Grau GE,
Kapanci Y. Expression and localization of
tumor necrosis factor-alpha and its mRNA in

Review: Clinical Trial Outcomes

24

25

26

27

28

29

30

31

32

33

34

35

idiopathic pulmonary fibrosis. Am. J. Pathol.
143, 651-655 (1993).

Ziegenhagen MW, Schrum S, Zissel G ez al.
Increased expression of proinflammatory
chemokines in bronchoalveolar lavage cells of
patients with progressing idiopathic
pulmonary fibrosis and sarcoidosis. /. Investig.

Med. 46, 223-231 (1998).

Piguet PF, Collart MA, Grau GE, Kapanci Y,
Vassalli P. Tumor necrosis factor/cachectin
plays a key role in bleomycin-induced
pneumopathy and fibrosis. /. Exp. Med.

170, 655-663 (1989).

Oikonomou N, Harokopos V, Zalevsky J et al.
Soluble TNF mediates the transition from
pulmonary inflammation to fibrosis. PLoS

ONE 1(1), €108 (2006).

Raghu G, Harokopos V, Zalevsky J ez al.
Treatment of idiopathic pulmonary fibrosis
with etanercept: an exploratory, placebo-
controlled trial. Am. /. Respir. Crit. Care Med.
178, 948-955 (2008).

Peacock AJ, Brown KK, Costabel U et a/.
Endothelin-1 and endothelin-3 induce
chemotaxis and replication of pulmonary
artery fibroblasts. Am. J. Respir. Cell Mol. Biol.
7, 492-499 (1992).

Shahar I Fireman E, Topilsky M ez al. Effect of
endothelin-1 on alpha-smooth muscle actin
expression and on alveolar fibroblasts
proliferation in interstitial lung diseases. /nz. /.
Immunopharmacol. 21, 759-775 (1999).

McAnulty R]. Fibroblasts and myofibroblasts:
their source, function and role in disease.

Int. J. Biochem. Cell Biol. 39, 666—671 (2007).

Ross B, D’Orléans-Juste P, Giaid A. Potential
role of endothelin-1 in pulmonary fibrosis:
from the bench to the clinic. Am. /. Respir. Cell
Mol. Biol. 42, 16-20 (2010).

Xu S, Denton CP, Holmes A ez al.
Endothelins: effect on matrix biosynthesis and
proliferation in normal and scleroderma
fibroblasts. /. Cardiovasc. Pharmacol.
31(Suppl. 1), S360-S363 (1998).

Thannickal VJ, Flaherty KR, Martinez FJ,
Lynch JP. Idiopathic pulmonary fibrosis:
emerging concepts on pharmacotherapy. Expert
Opin Pharmacother. 5, 1671-1686 (2004).

King TE, Behr J, Brown KK ez a/. BUILD-1: a
randomized placebo-controlled trial of
bosentan in idiopathic pulmonary fibrosis.
Am. J. Respir. Crit. Care Med. 177, 7581
(2008).

King TE, Brown KK, Raghu G ez al.
BUILD-3: a randomized, controlled trial of
bosentan in idiopathic pulmonary fibrosis.
Am. J. Respir. Crit. Care Med. 184, 92-99
(2011).

future science group

Clin. Invest. (2011) 1(12)

1677



Review: Clinical Trial Outcomes

Baroke, Maharaj & Kolb

36 Hewitson TD. Pirfenidone reduces in vitrorat 50 Chaudhary NI, Schnapp A, Park JE. 63 Blanc-Brude OP, Chambers RC, Leoni P, Dik
renal fibroblast activation and mitogenesis. Pharmacologic differentiation of WA, Laurent GJ. Factor Xa is a fibroblast
J. Nephrol. 14, 453—460 (2001). inflammation and fibrosis in the rat mitogen via binding to effector-cell protease

37 Di Sario A. Effect of pirfenidone on rat bleomycin model. Am. J. Respir. Crit. Care receptor-1 and autocrine release of PDGF.
hepatic stellate cell proliferation and collagen Med. 173, 769-776 (2006). Am] P/:vy.riol. Cel/Ph)/:m/ 281, C681-C689
production. /. Hepatol. 37, 584-591 (2002). 51 Vittal R. Effects of the protein kinase (2001).

38 Iyer SN, Hyde DM, Giri SN. Anti- inhibitor, imatinib mesylate, on epithelial/ 64 Chambers RC, Leoni P, Blanc-Brude OP,
inflammatory effect of pirfenidone in the mesenchymal phenotypes: implications for Wembridge DE, Laurent GJ. Thrombin is a
bleomycin-hamster model of lung treatment of fibrotic diseases. J. Pharmacol. potent inducer of connective tissue growth
inflammation. Inflammation 24, 477-491 Exp. Ther. 321, 35-44 (2007). factor production via proteolytic activation of
(2000). 52 Daniels CE. Imatinib treatment for idiopathic protease-activated receptor-1. /. Biol. Chem.

39 Nakazato H, Oku H, Yamane S, Tsuruta Y, pulmonary fibrosis: randomized placebo- 275, 35584-35591 (2000).

Suzuki R. A novel anti-fibrotic agent controlled trial results. Am. J. Respir. Criz. 65 Howell DC. Direct thrombin inhibition
pirfenidone suppresses tumor necrosis Care Med. 181, 604—610 (2010). reduces lung collagen, accumulation, and
factor-alpha at the translational level. 53 Cui Y. Oxidative stress contributes to the connective tissue growth factor mRNA levels
Eur. J. Pharmacol. 446, 177-185 (2002). induction and persistence of TGF-B1 induced in bleomycin-induced pulmonary fibrosis.

40 Oku H, Nakazato H, Horikawa T, Tsuruta Y, pulmonary fibrosis. /nt. J. Biochem. Cell Biol. Am. ]. Pathol. 159, 1383-1395 (2001).
Suzuki R. Pirfenidone suppresses tumor 43, 1122-1133 (2011). 66 Giinther A. Prevention of bleomycin-induced
necrosis factor-alpha, enhances interleukin-10 54 Cantin AM, Hubbard RC, Crystal RG. lung fibrosis by acrosolization of heparin or
and protects mice from endotoxic shock. Glutathione deficiency in the epithelial lining urokinase in rabbits. An. /. Respir. Crit. Care
Eur. J. Pharmacol. 446, 167-176 (2002). fluid of the lower respiratory tract in Med. 168, 1358-1365 (2003).

41 Raghu G, Johnson WC, Lockhart D, idiopathic pulmonary fibrosis. Am. Rev. 67 Kubo H. Anticoagulant therapy for idiopathic
Mageto Y. Treatment of idiopathic pulmonary Respir. Dis. 139, 370-372 (1989). pulmonary fibrosis. Chest 128, 1475-1482
fibrosis with a new antifibrotic agent, 55 Behr J, Maier K, Degenkolb B, Krombach F, (2005).
pirfenidone: results of a prospective, Vogelmeier C. Antioxidative and clinical 68 Nathan SD, Noble PW, Tuder RM.
open-label Phase II study. Am. J. Respir. Crit. effects of high-dose NV-acetylcysteine in Idiopathic pulmonary fibrosis and pulmonary
Care Med. 159, 1061-1069 (1999). fibrosing alveolitis. Adjunctive therapy to hypertension: connecting the dots.

42 Nagai S. Open-label compassionate use one maintenance immunosuppression. Am. ]. Respir. Crit. Care Med. 175, 875-880
year-treatment with pirfenidone to patients Am. ]. Respir. Crit. Care Med. 156, 1897-1901 (2007).
with chronic pulmonary fibrosis. Intern. Med. (1997). 69 Agusti AG, Rodriguez-Roisin R. Effect of
41, 1118-1123 (2002). 56 Meyer A, Buhl R, Magnussen H. The effect pulmonary hypertension on gas exchange.

43 Azuma A. Double-blind, placebo-controlled of oral N-acetylcysteine on lung glutathione Eur. Respir. J. 6, 1371-1377 (1993).
trial of pirfenidone in patients with idiopathic levels in idiopathic pulmonary fibrosis. 70 Olschewski H. ez al. Inhaled prostacyclin and
pulmonary fibrosis. Am. J. Respir. Crit. Care Eur. Respir. . 7, 431-436 (1994). iloprost in severe pulmonary hypertension
Med. 171, 1040-1047 (2005). 57 Demedts M. High-dose acetylcysteine in secondary to lung fibrosis. Am. J. Respir. Crit.

44 Taniguchi H. Pirfenidone in idiopathic idiopathic pulmonary fibrosis. N. Engl. Care Med. 160, 600607 (1999).
pulmonary fibrosis. Eur. Respir. J. J. Med. 353, 2229-2242 (2005). 71 Ghofrani HA. Sildenafil for treatment of lung
35, 821-829 (2010). 58 Behr J. Lung function in idiopathic fibrosis and pulmonary hypertension: a

45 Noble PW. Pirfenidone in patients with pulmonary fibrosis — extended analyses of the randomized controlled trial. Lancer 360,
idiopathic pulmonary fibrosis (CAPACITY): IFIGENIA trial. Respir. Res. 10, 101 (2009). 895-900 (2002).
two randomised trials. Lancer 377, 1760-1769 59 Imokawa S. Tissue factor expression and 72 Collard HR, Anstrom KJ, Schwarz M1,
(2011). fibrin deposition in the lungs of patients with Zisman DA. Sildenafil improves walk

46 Spagnolo P Del Giovane C, Luppi F, e al. idiopathic pulmonary fibrosis and systemic distance in idiopathic pulmonary fibrosis.
Non-steroid agents for idiopathic pulmonary sclerosis. Am. J. Respir. Crit. Care Med. 156, Chest 131, 897—-899 (2007).
fibrosis. Cochrane Database Syst. Rev. 9, 631-636 (1997). 73 Madden BP, Allenby M, Loke T-K, Sheth A.
CDO003134 (2010). 60 Herndndez-Rodriguez NA. Role of thrombin A potential role for sildenafil in the

47 Schaefer CJ, Ruhrmund DW, Pan L, Seiwert in pulmonary fibrosis. Lancer 346, 1071-1073 management of pulmonary hypertension in
SD, Kossen K. Antifibrotic activities of (1995). patients with parenchymal lung disease.
pirfenidone in animal models. Eur. Respir. 61  Scotton CJ. Increased local expression of Vascul. Pharmacol. 44, 372-376 (2006).

Rev. 20, 85-97 (2011). coagulation factor X contributes to the 74 Zisman DA. A controlled trial of sildenafil in

48 Aono Y. Imatinib as a novel antifibrotic agent fibrotic response in human and murine lung advanced idiopathic pulmonary fibrosis.
in bleomycin-induced pulmonary fibrosis in injury. /. Clin. Invest. 119, 2550-2563 (2009). N. Engl. ]. Med. 363, 620—-628 (2010).
mice. Am. J. Respir. Crit. Care Med. 171, 62 Chambers RC. Procoagulant signalling 75  Chaudhary NI. Inhibition of PDGF, VEGF
1279-1285 (2005). mechanisms in lung inflammation and and FGF signalling attenuates fibrosis.

49 Daniels CE. Imatinib mesylate inhibits the fibrosis: novel opportunities for Eur. Respir. ]. 29, 976-985 (2007).
profibrogenic activity of TGF-beta and pharmacological intervention? 76 Richeldi L. Efficacy of a tyrosine kinase
prevents bleomycin-mediated lung fibrosis. Br. ]. Pharmacol. 153 (Suppl. 1), $367-5378 inhibitor in idiopathic pulmonary fibrosis.

J. Clin. Invest. 114, 13081316 (2004). (2008). N. Engl. ]. Med. 365, 1079-1087 (2011).

1678 www.future-science.com future science group



77

78

79

80

81

82

83

84

85

86

87

88

89

Clinical trials in idiopathic pulmonary fibrosis

Hecker L. NADPH oxidase-4 mediates
myofibroblast activation and fibrogenic
responses to lung injury. Nat. Med.

15, 1077-1081 (2009).

Amara N. NOX4/NADPH oxidase
expression is increased in pulmonary
fibroblasts from patients with idiopathic
pulmonary fibrosis and mediates TGF-
betal-induced fibroblast differentiation into
myofibroblasts. Thorax 65, 733-738 (2010).

Laleu B. First in class, potent, and orally
bioavailable NADPH oxidase isoform 4
(Nox4) inhibitors for the treatment of
idiopathic pulmonary fibrosis. J. Med.
Chem. 53, 7715-7730 (2010).

Kagan HM, Li W. Lysyl oxidase: properties,
specificity, and biological roles inside and
outside of the cell. /. Cell. Biochem. 88,
660—672 (2003).

Payne SL, Hendrix MJC, Kirschmann DA.
Paradoxical roles for lysyl oxidases in
cancer — a prospect. /. Cell. Biochem. 101,
1338-1354 (2007).

Akiri G. Lysyl oxidase-related protein-1
promotes tumor fibrosis and tumor
progression in vivo. Cancer Res. 63,

1657-1666 (2003).

Fong SFT. Lysyl oxidase-like 2 expression is
increased in colon and esophageal tumors
and associated with less differentiated colon
tumors. Genes Chromosomes Cancer 46,

644-655 (2007).

Barry-Hamilton V. Allosteric inhibition of
lysyl oxidase-like-2 impedes the
development of a pathologic
microenvironment. Nat. Med. 16,

1009-1017 (2010).

Andersson-Sjsland A. Fibrocytes are a
potential source of lung fibroblasts in
idiopathic pulmonary fibrosis.

Int. . Biochem. Cell Biol. 40, 2129-2140
(2008).

Familian A. Chromatin-independent
binding of serum amyloid P component to
apoptotic cells. J. Immunol. 167, 647-654
(2001).

Mold C, Gresham HD, Du Clos TW.
Serum amyloid P component and C-reactive
protein mediate phagocytosis through
murine Fc gamma Rs. /. Immunol. 166,

1200-1205 (2001).

Lu J. Structural recognition and functional
activation of Fc gamma R by innate

pentraxins. Nature 456, 989-992 (2008).

Haudek SB. Fc receptor engagement
mediates differentiation of cardiac fibroblast
precursor cells. Proc. Natl Acad. Sci. USA
105, 10179-10184 (2008).

90

91

92

93

94

95

96

97

98

99

100

101

102

Haudek SB. Bone marrow-derived fibroblast
precursors mediate ischemic cardiomyopathy
in mice. Proc. Natl Acad. Sci. USA 103,
18284-18289 (20006).

Castafio AP. Serum amyloid P inhibits
fibrosis through Fc gamma R-dependent
monocyte-macrophage regulation in vivo.

Sci. Transl Med. 1, 5ral3 (2009).

Pilling D, Buckley CD, Salmon M, Gomer
RH. Inhibition of fibrocyte differentiation
by serum amyloid P. J. Immunol. 171,
5537-5546 (2003).

Pilling D. Reduction of bleomycin-induced
pulmonary fibrosis by serum amyloid P.

J. Immunol. 179, 4035-4044 (2007).

Murray LA. Serum amyloid P
therapeutically attenuates murine
bleomycin-induced pulmonary fibrosis via
its effects on macrophages. PLoS ONE 5,
€9683 (2010).

Murray LA. TGF-beta driven lung fibrosis is
macrophage dependent and blocked by
Serum amyloid P. Inz. J. Biochem. Cell Biol.
43, 154-162 (2011).

King TE, Pardo A, Selman M. Idiopathic
pulmonary fibrosis. Lancer doi:10.1016/
S0140-6736(11) 60052-60054 (2011)
(Epub ahead of print).

Moore BB, Hogaboam CM. Murine models
of pulmonary fibrosis. Am. J. Physiol. Lung
Cell Mol. Physiol. 294, L152-L160 (2008).

Moeller A, Ask K, Warburton D, Gauldie J,
Kolb M. The bleomycin animal model: a
useful tool to investigate treatment options
for idiopathic pulmonary fibrosis?

Int. ]. Biochem. Cell Biol. 40, 362-382
(2008).

du Bois R.M. Forced vital capacity in
patients with idiopathic pulmonary fibrosis:
test properties and minimal clinically
important difference. Am. J. Respir. Crit.
Care Med. d0i:10.1164/rccm.201105—
08400C (2011) (Epub ahead of print).

King TE, Tooze JA, Schwarz MI, Brown
KR, Cherniack RM. Predicting survival in
idiopathic pulmonary fibrosis: scoring

system and survival model. Am. /. Respir.

Crit. Care Med. 164, 1171-1181 (2001).

Latsi PI. Fibrotic idiopathic interstitial
pneumonia: the prognostic value of
longitudinal functional trends.

Am. J. Respir. Crit. Care Med. 168, 531-537
(2003).

Flaherty KR. Prognostic implications of
physiologic and radiographic changes in
idiopathic interstitial pneumonia.

Am. J. Respir. Crit. Care Med. 168, 543-548
(2003).

Review: Clinical Trial Outcomes

103

104

105

106

107

108

109

110

111

112

113

Zappala CJ. Marginal decline in forced vital
capacity is associated with a poor outcome in
idiopathic pulmonary fibrosis. Eur. Respir. ].
35, 830-836 (2010).

Snow JL, Kawut SM. Surrogate end points in
pulmonary arterial hypertension: assessing
the response to therapy. Clin. Chest Med.

28, 75-89, viii (2007).

du Bois RM. Six-minute-walk test in
idiopathic pulmonary fibrosis: test validation
and minimal clinically important difference.
Am. ]. Respir. Crit. Care Med. 183,
1231-1237 (2011).

King TE. Analyses of efficacy end points in a
controlled trial of interferon-gammalb for
idiopathic pulmonary fibrosis. Chesr 127,
171-177 (2005).

Jegal Y. Physiology is a stronger predictor of
survival than pathology in fibrotic interstitial
pneumonia. Am. J. Respir. Crit. Care Med.
171, 639-644 (2005).

Lederer D]J. Six-minute-walk distance
predicts waiting list survival in idiopathic
pulmonary fibrosis. Am. J. Respir. Crit. Care
Med. 174, 659-664 (20006).

Caminati A, Bianchi A, Cassandro R,
Mirenda MR, Harari S. Walking distance on
6-MWT is a prognostic factor in idiopathic
pulmonary fibrosis. Respir. Med. 103,
117-123 (2009).

Lama VN. Prognostic value of desaturation
during a 6-minute walk test in idiopathic
interstitial pneumonia. Am. J. Respir. Crit.
Care Med. 168, 1084-1090 (2003).

Lynch DA. High-resolution computed
tomography in idiopathic pulmonary
fibrosis: diagnosis and prognosis.

Am. J. Respir. Crit. Care Med. 172, 488-493
(2005).

Moeller A. Circulating fibrocytes are an
indicator of poor prognosis in idiopathic
pulmonary fibrosis. Am. J. Respir. Crit. Care
Med. 179, 588-594 (2009).

Prasse A. Serum CC-chemokine ligand 18
concentration predicts outcome in idiopathic

pulmonary fibrosis. Am. J. Respir. Crit. Care
Med. 179, 717-723 (2009).

m Websites

201

202

Macitentan use in an idiopathic pulmonary
fibrosis clinical study (MUSIC).
www.clinicaltrials.gov/ct2/show/

NCT00903331
(ARTEMIS-IPF) Randomized, placebo-

controlled study to evaluate safety and
effectiveness of ambrisentan in IPF.
www.clinicaltrials.gov/ct2/show/NCT00768
3002term=NCT007683008&rank=1

future science group

Clin. Invest. (2011) 1(12)

1679



Review: Clinical Trial Outcomes

203

204

Efficacy and safety of pirfenidone in patients
with idiopathic pulmonary fibrosis (IPF)
(ASCEND).
www.clinicaltrials.gov/ct2/show/

NCT01366209

Evaluating the effectiveness of prednisone,
azathioprine, and N-acetylcysteine in people
with idiopathic pulmonary fibrosis
(PANTHER-IPE).
www.clinicaltrials.gov/ct2/show/NCT00650
0912term=NCT00650091&rank=1

Baroke, Maharaj & Kolb

205 Commonly used 3-drug regimen for
idiopathic pulmonary fibrosis found harmful.

www.curekalert.org/pub_releases/2011-10/
nhla-cut102111.php

206 Anticoagulant effectiveness in idiopathic

pulmonary fibrosis (ACE-IPF).
www.clinicaltrials.gov/ct2/show/NCT00957
2422term=NCT00957242&rank=1
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Safety and pharmacokinetics study with
AB0024 in patients with idiopathic
pulmonary fibrosis.
www.clinicaltrials.gov/ct2/show/NCT012421
892term=NCT01242189&rank=1

A study of the safety, tolerability,
pharmacokinetics, and pharmacodynamics of
IV PRM151 in patients with idiopathic
pulmonary fibrosis (IPF).
www.clinicaltrials.gov/ct2/show/NCT01254
4092term=NCT01254409&rank=1

1680

www.future-science.com

future science group



