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Abstract: Over the past decade, there has been a cohesive effort from patients, physicians, 

clinical and basic scientists, and the pharmaceutical industry to find definitive treatments for 

idiopathic pulmonary fibrosis (IPF). As understanding of disease behavior and pathogenesis has 

improved, the aims of those treating IPF have shifted from reversing the disease to slowing or 

preventing progression of this chronic fibrotic illness. It is to be hoped that by slowing disease 

progression, survival will be improved from the current dismal median of 3.5 years following 

diagnosis. In Europe and Asia, a milestone has recently been reached with the licensing of the 

first IPF-specific drug, pirfenidone. This review assesses the current treatment modalities avail-

able for IPF, including pirfenidone. It also turns an eye to the future and discusses the growing 

number of promising compounds currently in development that it is hoped, in time, will make 

their way into the clinic as treatments for IPF.

Keywords: interstitial lung disease, pirfenidone, clinical trials, usual interstitial pneumonia, 

acute exacerbations

Introduction
Idiopathic pulmonary fibrosis (IPF) is a relentlessly progressive scarring dis-

order of the lungs characterized by dyspnea, cough, and ultimately respiratory 

failure. The disease has a median age at diagnosis of 66 years, and shows a male 

 predominance. The prevalence of IPF is estimated at between 14 and 42.7 per 

100,000.1,2 The incidence of IPF is 6.8 to 16.3 per 100,000, and this figure has 

been rising decade after decade for the last 30 years.3 As such, IPF now accounts 

for over 4000 deaths annually in the United Kingdom. With a median survival 

from diagnosis of 2.8–4.2 years and a 5-year survival approaching 20%, IPF is 

more lethal than many cancers.

The rising incidence and poor prognosis of IPF has resulted in the discovery of 

new therapies becoming an increasing priority for the academic community and the 

pharmaceutical industry. The last decade has seen a huge rise in clinical trial activity 

in IPF. While these trials have produced a number of negative results, they have also 

led to the recent licensing in Europe and Asia of the first drug developed specifically 

for the treatment of IPF, pirfenidone (InterMune Inc, Brisbane, CA). This review will 

discuss the data underpinning the use of pirfenidone as a treatment for IPF and will 

assess the evidence supporting the growing number of compounds, all in varying 

phases of development, which may in the future revolutionize the treatment of this 

devastating condition.
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The challenge of treating IPF
The histological correlate of IPF, usual interstitial pneumonia 

(UIP), is characterized by spatially and temporally hetero-

geneous fibrosis, with honeycombing and the presence of 

fibroblastic foci. The fibrosis in UIP/IPF results in marked 

architectural distortion and destruction of the lung with loss 

of alveolar spaces. The nature of the destruction wrought on 

the lung by UIP is such that even if a therapy were capable of 

reversing fibrosis, it would not restore normal lung structure 

or function. With this in mind, the aim of treatment in IPF 

is not to improve lung function or reduce symptoms, but is 

instead targeted at reducing or ideally preventing further 

disease progression. This approach to treatment requires a 

paradigm shift in the expectations of both patients and their 

physicians. Stability in lung function with therapy should 

be viewed a considerable success and not as failure, as is 

often the case. It is to be hoped that stabilization of lung 

function will result in improved survival for individuals 

with the disease.

Current approaches to managing and monitoring indi-

viduals with IPF have been greatly informed by observations 

made in clinical trials.4 The first multicenter randomized 

control trial in IPF was published as recently as 2004.5 

Since then however, there has been an exponential increase 

in the numbers of subjects enrolling in IPF clinical trials 

 worldwide. At the same time, there has been a quiet evolution 

in the choice and interpretation of end-points in these studies. 

Change in the rate of decline of forced vital capacity (FVC) 

has now come to be accepted as the primary end-point of 

choice in current IPF clinical trials, and is viewed by many 

as a surrogate, albeit unproven, for survival. Given that IPF 

is a disease causing considerable morbidity and  mortality, it 

has been increasingly recognized that therapies that improve 

symptoms without necessarily improving survival are also 

of value in the management of the condition. There is there-

fore an increasing focus on measures of quality of life and 

health-care utilization as surrogate end-points for reduced 

morbidity.

Despite the growth in clinical trials for IPF, the rate of 

change in clinical practice has been much slower. A number 

of compounds, many of which showed early promise, include 

interferon-γ, endothelin antagonists, the tyrosine kinase 

inhibitor imatinib, the antitumor necrosis factor (TNF)-α 

monoclonal antibody etanercept, and warfarin, have all 

been effectively discounted as potential therapies for IPF.6–9 

Furthermore, the combination of high-dose corticosteroids 

and the immunosuppressant azathioprine (treatment that was 

recommended by international guidelines10 that remained 

 current until 2011)11 has been shown in the recently published 

National Institutes of Health-sponsored PANTHER-IPF 

study to be potentially deleterious for individuals with IPF.12 

Notwithstanding these setbacks, there have been a number of 

important developments for individuals with IPF. Foremost 

amongst these is the licensing of pirfenidone, a novel, first 

in-class, antifibrotic agent in Europe and Asia.

An approach to the treatment  
of IPF
Clinically, IPF is characterized by the development of pro-

gressive exertional dyspnea that almost inevitably results in 

respiratory failure. In a significant proportion of individuals, 

dyspnea is associated with a troublesome cough. As well as 

respiratory failure, IPF also gives rise to a number of disease-

related complications. These include acute exacerbations 

(unheralded episodes of rapid disease progression occurring 

in the absence of infection), recurrent infection, pulmonary 

hypertension, and a markedly increased incidence of lung 

cancer. When approaching the management of individuals 

with IPF, clinicians have three potential goals: (1) to pre-

vent or at least slow disease progression through the use 

of antifibrotic therapies, (2) the alleviation of symptoms, 

and (3) the identification and treatment of disease-specific 

complications. This review will focus specifically on the 

pharmacological interventions that can or may in the future 

be used to achieve the first of these goals.

Pirfenidone
Pirfenidone (5-methyl-1-phenyl-2-[1H]-pyridone) is a pleio-

tropic molecule that has antifibrotic, anti-inflammatory and 

antioxidant effects.13 In vitro pirfenidone inhibits transform-

ing growth factor (TGF)-β–stimulated collagen synthesis, 

decreases synthesis by fibroblasts of extracellular matrix 

proteins, and blocks the proliferative effects of platelet-

 derived growth factor (PDGF) on fibroblasts isolated from IPF 

lung.14–16 In animal models of pulmonary fibrosis, pirfenidone 

attenuates a range of profibrotic mediators while downregulat-

ing histological markers of cellular proliferation.15–17

The first large-scale trial of pirfenidone was a Japanese 

multicenter randomized placebo-controlled Phase II study of 

107 subjects who received either pirfenidone 600 mg three 

times daily (n = 72) or placebo (n = 35).18 The primary end 

point of the study was change in lowest arterial oxygen satu-

ration measured by pulse oximetry during a 6-minute walk 

(6MW). The trial was designed to run for 1 year;  however, 

9-month interim results revealed that five subjects in the 

placebo group had suffered acute exacerbations, compared 
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to none in the pirfenidone group (P , 0.0031). The study’s 

data and safety monitoring board (DSMB) therefore recom-

mended early termination of the study on ethical grounds and 

advised the initiation of pirfenidone in the placebo group. 

The primary end-point was not achieved; however, there was 

a significant attenuation in decline of FVC in the pirfenidone 

group when compared to the placebo group. At the time of 

the trial, there was no consensus on the most appropriate 

end-point to use for the therapeutic effect of IPF. In light of 

the difficulty of interpreting the primary end-point in this 

trial, the utilization of lowest saturation in a steady-exercise 

test has been abandoned in subsequent trials.

The trial by Azuma et al18 led to the development of a 

Japanese multicenter double-blind placebo-controlled ran-

domized phase III clinical trial conducted over 52 weeks.19 

A total of 275 patients were randomized to either high- 

(1800 mg/day) or low-dose (1200 mg/day) pirfenidone 

or placebo in the ratio 2:1:2. Significant differences were 

observed in FVC decline (primary end-point) between 

the placebo group (-0.16 L) and the high-dose group 

(-0.09 L) (P , 0.0416). Among the secondary end-points, 

the progression-free survival time (with disease progression 

defined as more than 10% decrease in FVC and/or death) 

was significantly prolonged in the high-dose group compared 

to the placebo group (P , 0.0280). The study has been 

criticized because the primary end-point was changed after 

completion of the study but prior to unbinding, and because 

of the statistical methods used to handle missing values (last 

observation carried forward).

The CAPACITY trials consisted of two concurrent 

multi-national randomized double-blind placebo-controlled 

phase III trials (004 and 006), designed to evaluate the 

safety and efficacy of pirfenidone in IPF patients with mild 

to moderate impairment in lung function (FVC $ 50% of 

predicted values and a diffusing capacity [DL
CO

] $35% of 

predicted value).20 In study 004, 174 patients were assigned 

to high-dose pirfenidone (2403 mg/day), 87 patients to low-

dose pirfenidone (1197 mg/day), and 174 to placebo. In study 

006, 171 patients were assigned to high-dose pirfenidone 

(2403 mg/day), and 173 patients to placebo. The primary end-

point of both CAPACITY studies was change in percentage 

predicted FVC after 72 weeks of treatment. The trials were 

not powered to assess survival.

In study 004, the higher dose of pirfenidone met the 

primary end-point, significantly decreasing the fall in FVC 

at week 72 (difference between groups of 4.4%, P = 0.001). 

By contrast, study 006 failed to meet the primary end-point 

(FVC difference between groups of 0.6%, P = 0.501). 

 However, in 006 pirfenidone did significantly reduce decline 

in the secondary end-point of 6MWT distance (absolute 

difference of 32 meters, P = 0.0009). The reason for the dif-

ferent outcomes in the two studies remains unclear. Of note, 

however, is the observation that while the rate of decline in 

FVC in the pirfenidone group was the same in both studies, 

the individuals in the 006 placebo group had a slower rate 

of decline compared to those in 004.

A recent Cochrane review21 encompassing the two 

Japanese trials and CAPACITY 004 and 006 has shown that 

across the four studies pirfenidone improved progression-

free survival by 30% (hazard ratio 0.70, 95% confidence 

interval 0.56–0.88). In light of these studies, the European 

Medicines Agency approved the use of pirfenidone based on 

 CAPACITY 004 and the Japanese phase III trial. However, 

in the US the FDA declined to approve the medication, given 

the failure of 006 to meet its primary end-point. As a result, 

a phase III study (the ASCEND trial, NCT0136629) spanning 

52 weeks is currently under way in the US. Pirfenidone has 

also been licensed for use in Japan and India.

Dosing and side effect profile
In Europe, the recommended dosage of pirfenidone is 

2403 mg/day, delivered in three divided doses. The most 

common reported side effects for pirfenidone are gastroin-

testinal symptoms and photosensitivity.18–20,22 Hepatic dys-

function has been noted, with rises in aspartate transaminase 

and alanine transaminase,18–20 which in clinical trials has 

always been reversible following pirfenidone cessation. 

 Administration of pirfenidone after meals has been shown 

to reduce gastrointestinal side effects. Limiting exposure to 

sunlight and using sunblock minimizes the risk of photosensi-

tive reactions. The manufacturers of pirfenidone recommend 

that blood tests of liver function should be monitored prior 

to commencement of therapy, monthly for the first 6 months, 

and then every 3 months thereafter.

N-acetylcysteine
A number of studies in in vitro and in vivo animal models of 

fibrosis and in human disease point toward reactive oxygen 

species being key players in the establishment and progres-

sion of pulmonary fibrosis. There is evidence of disruption 

of the normal oxidant/antioxidant balance in the lungs of IPF 

patients.23 The lungs of individuals with IPF show deficiency 

of key antioxidants, including glutathione and superoxide dis-

mutase proteins, when compared to healthy individuals.24

N-acetylcysteine (NAC), a tripeptide (γ-glutamyl-

cysteinyl-glycine) precursor of the antioxidant glutathione, 
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acts as a scavenger of oxygen free radicals.25 Interestingly, 

increasing glutathione levels with NAC inhibits growth of 

artery endothelial cells induced by TGF-β.26 Furthermore, 

NAC can directly alter the structure of TGF-β,27 thus attenuat-

ing the profibrotic properties of TGF-β.28 NAC has also been 

shown to increase bronchoalveolar lavage (BAL) glutathione 

levels in the BAL fluid.29

A pilot proof-of-concept study of 12 weeks’ duration30 

demonstrated that oral NAC significantly increased BAL 

 levels of glutathione and decreased the oxidative stress 

marker methionine sulfoxide. This pilot study led to the 

development of the IFIGENIA study. This was a double-

blind, randomized, multicenter study that assessed the 

effectiveness over 1 year of high-dose oral NAC (600 mg 

three times daily) together with prednisone and azathioprine 

compared to prednisone and azathioprine alone.31 The pri-

mary end point was change in FVC and DL
CO

. At 12 months, 

NAC significantly slowed the deterioration of FVC by 9%. 

The lack of a true placebo arm in the study led many to 

question whether triple therapy offers genuine benefit to 

patients compared with no treatment. Consequently, the 

PANTHER-IPF study was designed to evaluate whether the 

combination of prednisone, azathioprine, and NAC could 

slow disease progression and improve lung function in people 

with moderate IPF.12 Interim results showed that compared to 

both placebo and NAC alone, those randomized to the triple-

therapy regimen had greater mortality (11% versus 1%), 

more hospitalizations (29% versus 8%), and more serious 

adverse events (31% versus 9%), with no difference in lung 

function. As a result, the DSMB recommended terminating 

the triple-therapy arm of the study. The DSMB has not found 

any safety issues with NAC or placebo and has recommended 

that these arms of the trial continue to recruit participants, 

facilitating an analysis of the benefits and safety of NAC 

over placebo once the study is completed.12

Lung transplantation
While lung transplantation is currently the only treatment 

available for IPF that has been shown to improve survival, the 

benefits of treatment need to be carefully balanced against the 

many downsides of transplantation. These downsides include 

the limited availability of donor organs, the ever-present risk 

of both infection and rejection, and the lifelong need for 

immunosuppressant therapy. In the UK, IPF accounts for 

20% of all lung transplants;32 however, individuals with IPF 

have the highest death rate for all diagnostic groups on the 

transplant waiting list.32,33 The 5-year survival rate following 

lung transplantation for IPF is similar to other disease groups 

and stands at 45%–50%.32,34 Timing of referral for transplant 

is frequently challenging; however, criteria to address this 

have been produced by the International Society for Heart and 

Lung Transplant.33 The society’s guidelines recommend that 

individuals with IPF should be considered for transplantation 

if their DL
CO

 is ,40% of predicted, if they have suffered a 

decrement in FVC . 10% during the preceding 6 months, 

or if they show a decrease in pulse oximetry , 88% satura-

tion during a 6MW.

Acute exacerbations
An acute exacerbation (AE) of IPF has been defined as 

an unexpected, accelerated phase of symptomatic decline 

occurring in the absence of infection, pulmonary embolism, 

pneumothorax, heart failure, or any other identifiable cause 

of acute lung injury.35–37 In clinical trials, AEs have been 

observed in 5%–8% of individuals with IPF per year.18,38,39 The 

in-hospital mortality associated with AEs is as high as 50%.39 

An ATS/ERS consensus group proposed the following 

diagnostic criteria for an AE-IPF: (1) worsening of dyspnea 

within 30 days, (2) severe decrease of PaO
2
 in arterial blood, 

(3) absence of pulmonary infection by endotracheal aspirate or 

BAL, and (4) radiographic findings of bilateral ground-glass 

opacities and consolidation superimposed on a pattern typical of 

usual interstitial pneumonia on high-resolution computed tomog-

raphy.37 On biopsy, AE-IPF shows a lesion of diffuse alveolar 

damage or organizing pneumonia on a background of UIP.40

There is no consensus regarding the treatment of patients 

suffering an AE. Even though there is a lack of data validat-

ing efficacy, most centers empirically treat patients with 

broad-spectrum antibiotics and pulsed doses of methylpred-

nisolone (1–2 g per day) or high-dose oral glucocorticoids 

 (prednisolone 1 mg/kg per day orally).5,37 Cytotoxic agents 

including azathioprine, cyclosporin A, and cyclophosph-

amide have been studied, but no convincing evidence of 

benefit has been demonstrated.

In AEs, it has been shown that a prothrombotic milieu, 

generated by abundant neointimal tissue factors and 

endothelial injury, exists in the lungs.36,41 In keeping with 

this observation, an increased incidence of death due to 

thromboembolic disease has been documented in IPF.35 

A Japanese study published in 2005 noted that anticoagulant 

therapy (with low-molecular-weight heparin for hospitalized 

patients and warfarin for those in a domiciliary setting) in 

combination with prednisolone therapy showed an improved 

overall survival at 3 years and reduced mortality associ-

ated with acute exacerbation (63% vs 35%) compared with 

patients receiving prednisolone alone.38 However, the study 
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has been criticized for lack of blinding, failure to account for 

differential dropout of 25% in the treatment group in further 

intention-to-treat analysis, and lack of clarity concerning 

case definition and inclusion criteria. The ACE-IPF trial, 

a phase III, randomized, double-blind, placebo-controlled 

study of warfarin as a treatment for IPF (NCT00957242), 

was suspended by the recommendation of the DSMB due to 

excess side effects and mortality in the warfarin arm, thus 

making the benefit unlikely.6 Warfarin should therefore only 

be used in IPF patients for whom there exists an alternative 

indication (eg, documented thromboembolic disease).

Gastroesophageal reflux disease
The presence of gastroesophageal reflux (GERD) in IPF 

patients has been documented in multiple studies. It is 

notable that almost half of patients with IPF and GERD are 

asymptomatic.42,43 A growing body of evidence suggests that 

chronic tracheobronchial aspiration of gastric contents over 

long periods of time may contribute to the progression of IPF. 

Both acute and chronic animal models44–47 of gastric fluid 

aspiration result in a profibrotic environment developing in 

the lungs, via production of TGF-β and TNF-α with increased 

expression of collagen III/IV and fibronectin.48 In vitro studies 

using human epithelial cells have shown that bile salts increase 

TGF-β production via a p38-MAP kinase–dependent pathway 

and that they also induce fibroblast proliferation.49

In an elegant retrospective study, a relationship was 

observed between disease severity, GERD, sleeping position, 

and acute exacerbations of IPF pathogenesis in IPF patients 

with asymmetric disease.50 A retrospective study showed that 

treatment of GERD was associated with lower radiological 

fibrosis scores on high-resolution computed tomography and 

was an independent predictor of longer survival time.51 Two 

retrospective case series showed stabilization of pulmonary 

function and oxygen requirements with medical and surgical 

management of GERD.52,53 While prospective studies are 

required to validate these findings, the available evidence 

suggests that individuals with IPF and demonstrable GERD 

should be commenced on appropriate antireflux therapy.

Promising future therapies
The last decade has seen dramatic strides being made in the 

understanding of the molecular pathogenesis of IPF. Insights 

gained from preclinical studies are now beginning to translate 

into therapies targeted at specific key pathways involved in 

the development and progression of fibrosis. A number of 

novel molecules have begun to enter early phase clinical 

 trials, and with luck, it is to be hoped that some of these may 

begin to appear in the clinic in the next few years.54 Some of 

the more promising approaches to the treatment of IPF are 

summarized in Figure 1 and are discussed in greater detail 

in the remainder of this manuscript.

Tyrosine receptor kinase inhibitors
Phosphorylation represents the most common form of post-

translational protein modification. Protein function can be 

altered by the addition of a negatively charged phosphate 

group to a serine, threonine, or tyrosine amino acid residue. 

Tyrosine kinases are a group of enzymes responsible for phos-

phorylation of tyrosine residues. They exert their effects at 

various levels in the signal-transduction pathway.55 Receptor 

tyrosine kinase (RTKs) may exist as single-unit receptors or 

as multimeric complexes. They are transmembrane proteins 

with extracellular ligand-binding domain, a transmembrane 

domain, and an intracellular tyrosine kinase domain. At 

 present, 58 RTKs have been identified and they have been 

grouped into 20 subfamilies.56 Binding by ligands results 

in dimerization, autophosphorylation, and a cascade of down-
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Figure 1 Current understanding of the pathogenesis of idiopathic pulmonary fibrosis 
(IPF) suggests that repetitive alveolar epithelial injury results in basement membrane 
denudation and activation of key pathways involved in the wound-healing response. 
Notes: This in turn leads to fibroblast proliferation, transformation of fibroblasts 
to myofibroblasts, and expansion of the extracellular matrix. These effects are 
augmented by the influx of circulating inflammatory cells, including the putative bone 
marrow–derived fibroblast precursor – the fibrocyte. Various treatments are in 
development targeting different aspects of IPF disease pathogenesis through inhibition 
of fibrogenesis, promotion of antifibrotic pathways, or reduction of alveolar injury.
Copyright© 2012. Reprinted with permission from Elsevier. Maher TM. Idiopathic 
pulmonary fibrosis: pathobiology of novel approaches to treatment. Clin Chest Med. 
2012;33:69–83.54

Abbreviations: FXa, factor Xa; PAR, protease-activated receptor; HGF, hepatocyte 
growth factor; KGF, keratinocyte growth factor; IL, interleukin; TGF, transforming 
growth factor; CTGF, connective tissue growth factor; vEGF, vascular endothelial 
growth factor; NOX4, NADPH Oxidase 4. EP, E prostanoid; LPA, Lysophosphatidic 
acid; CCL-2, Chemokine (C-C motif) ligand 2.
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stream cellular effects that result in changes in gene expression, 

cell growth, metabolism, differentiation, and apoptosis.

Ligands for RTKs, including TGF-β, PDGF-B,  connective 

tissue growth factor, fibroblast growth factor, and vascular 

endothelial growth factor, have been implicated in driving lung 

fibrosis. On this basis, investigators have developed selective 

tyrosine kinase inhibitors that target key fibrogenic pathways. 

Imanitib mesylate, a tyrosine kinase inhibitor with activity 

against PDGF receptors, c-kit, and c-ABL tyrosine kinases, 

was originally developed for the treatment of chronic myelog-

enous leukemia. Imanitib was shown to protect against fibrosis 

in rodent models of lung injury.56–58 However, in a placebo-

controlled phase II trial that included mild to moderate IPF 

patients, imatinib showed no effect on the primary end point of 

progression-free survival (defined by a 10% decline in percent 

predicted FVC or survival over a 96-week period).59

BIBF 1120 is an inhibitor of PDGF, vascular endothelial 

growth-factor, and fibroblast growth-factor receptors, all of 

which have been implicated in the development of fibrosis.60 

Inhibition of these receptors has been shown to prevent lung 

fibrosis in a bleomycin-induced rat lung fibrosis model.61 

BIBF 1120 was assessed in the phase II TOMORROW trial.62 

A total of 432 patients were assigned to four different doses 

of BIBF 1120 or placebo. The highest dose (150 mg twice 

daily) reduced the decline in FVC (0.06 L/year vs 0.19 L/year 

in the placebo group), reduced the rate of acute exacerbations, 

and improved quality of life. The highest dose of BIBF 1120 

was associated with moderate gastrointestinal side effects and 

hepatoxicity. This molecule is now being assessed in parallel 

phase III trials (NCT 01335464 and NCT01335477).

Anti-IL-13
Interleukin (IL)-13 is a potent stimulator of fibroblast prolifera-

tion and extracellular matrix synthesis.63,64 IL-13 induces profi-

brotic cytokines, including TGF-β, PDGF, insulin-like growth 

factor 1, matrix metallopeptidase 9, chemokine (C-C motif) 

ligand (CCL) 18, connective  tissue growth factor  collagen 1, 

and fibronectin production. Increased levels of IL-13 have been 

noted in BAL from IPF patients.65  Overexpression of IL-13 in 

mice induces lung fibrosis,66 while immunoneutralization of 

IL-13 in  bleomycin-induced lung injury attenuates lung fibro-

sis.67 QAX576, a human monoclonal antibody against IL-13, 

is currently being tested in a multicenter phase II, randomized, 

double-blind, placebo-controlled study (NCT01266135).

Anti-CCL2
CCL2, also known as monocyte chemotactic protein 1, 

displays chemotactic activity for monocytes, basophils, T 

cells, immature dendritic cells,68 and fibrocytes.69 CCL2 is 

elevated in the BAL of IPF patients.70 CCR2 (the murine 

homologue of CCL2) knockout mice are protected from 

fluorescein isothiocyanate–induced pulmonary fibrosis.71 In 

pulmonary fibroblasts, CCL2 signaling promotes the expres-

sion of the profibrotic cytokine TGF-β.72 CNTO-888, an 

anti-CCL2 antibody, is being studied in a randomized double-

blinded placebo-controlled phase II trial (NCT00786201).

Anti-TGF-β
A profibrotic cytokine par excellence, TGF-β exists in three 

isoforms – TGF-β1, TGF-β2, and TGF-β3 – and is produced 

by most cells in the lung. TGF-β1 has been implicated in the 

pathogenesis of pulmonary fibrosis.73 It has been localized 

in fibroblasts/myofibroblasts and within extracellular matrix 

of fibroblastic foci and areas of dense fibrous connective 

tissue.74–76 TGF-β has multiple functions:77 it promotes 

chemotaxis and proliferation of fibroblasts,78 differentia-

tion of fibroblasts into myofibroblasts,79 transformation of 

epithelial cells into myofibroblasts (epithelial–mesenchymal 

transition),80 and it protects myofibroblasts from apoptosis.81 

In turn, myofibroblasts, an important source of extracellular 

matrix, further produce TGF-β1 and perpetuate the fibrotic 

response.82 TGF-β promotes the production of a range of 

profibrotic cytokines (TNF-α, PDGF) and tissue inhibi-

tors of metalloproteinases and inhibits matrix-degrading 

proteases.83,84

The homeostatic role of TGF-β includes regulating 

the inflammatory response and involvement in tumor-

suppression pathways. Targeting TGF-β is a potential means 

of attenuating the fibrosis; however, complete inhibition 

of TGF-β could potentially, as seen in the TGF-β1 null 

mutation mouse model, lead to excessive inflammation and 

early death.85 TGF-β1’s homeostatic role may be adversely 

affected by inhibitory strategies, and in IPF patients, for 

whom there is an increased risk of developing lung cancer, 

this may be further potentiated. For this reason, a variety of 

strategies other than direct blockade of TGF-β have been 

considered.

TGF-β1 is secreted with a latency-associated protein 

that prevents it binding to TGF-β receptors.86 The integrin,  

αvβ6 activates TGFβ by cleaving off the latency-associated 

protein. In the lung, αvβ6 is expressed at a low level in 

normal epithelium and is upregulated after injury.87 It is 

also  present in the activated epithelium of IPF.88 Mice that 

do not express the β6 subunit cannot form the receptor and 

are protected from bleomycin-induced pulmonary fibrosis.89 

 Monoclonal antibody directed at this integrin prevents murine 
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radiation-induced lung fibrosis.90 Partial inhibition of TGF-

β, without affecting its homeostatic role, using monoclonal 

antibodies has been shown to be effective in blocking murine 

fibrosis without exacerbating inflammation.88 A humanized 

monoclonal antibody against αvβ6 (STX-100) is currently 

being assessed in a phase II randomized, double-blind, 

placebo-controlled, multiple-dose, dose-escalation study in 

patients with IPF (NCT 01371035).

Binding of active TGF-β1 to type II TGF transmembrane 

receptors results in the recruitment of type I receptors that 

together form a tetrameric complex.73 Receptor activation 

then occurs via phosphorylation of this tetrameric complex by 

activin receptor–like kinase 5 (ALK-5), which in turn leads to 

activation via phosphorylation of intracellular SMADs. These 

SMADs then migrate to the nucleus and initiate or inhibit the 

transcription of TGF-β–regulated genes.73 An ALK-5 inhibi-

tor (SD-208) has been shown to inhibit the induction of fibro-

sis adenovirus TGF-β1 transfection rat models of progressive 

fibrosis.91 In mice models of bleomycin-induced fibrosis, the 

oral ALK-5 inhibitor SB-525334 attenuates the progression 

of pulmonary fibrosis.92 Thus far, the use of ALK-5 inhibitors 

has been limited by potential cardiac toxicity.

Lysyl oxidase–like protein
The lysyl oxidases (LOX) are a group of enzymes that cata-

lyze the oxidative deamination reaction between a lysyl or 

a hydroxylysyl residue, thus facilitating the cross-linking 

of type 1 collagen molecules.93,94 Although the alignment 

of collagen molecules into their specific supramolecular 

organization occurs spontaneously, these fiber structures do 

not attain the necessary tensile strength until the molecules 

have been covalently linked together by specific intra- and 

intermolecular cross-links, and this is facilitated by LOX. 

Five additional LOX-like (LOXL) enzymes have been 

implicated in a variety of disease processes. LOXL2 has been 

reported to enhance the in vivo accumulation and deposition 

of collagen in breast tumors and glioma tumors formed by 

LOXL2 overexpressing cancer cells.95,96 LOXL2 levels have 

been noted to be upregulated in IPF96 and in other fibrotic 

diseases, including fibrotic liver disease.97 Increased LOXL2 

expression is observed in fibroblasts during replicative- and 

stress-induced premature senescence98,99 and also plays a role 

in promoting cell proliferation.95,97 In the murine bleomycin-

induced lung fibrosis model, LOXL2 upregulation is attenu-

ated by an anti-LOXL2 monoclonal antibody (AB0024), with 

a reduction seen in fibrillar collagen, activated fibroblasts, 

and inflammatory cytokines, including TGF-β1.96 AB0024 

is now entering early trials in IPF (NCT01362231).

MicroRNA
There is growing evidence that regulation of gene tran-

scription is more complex than hitherto suspected. One 

mechanism of transcriptional regulation involves microRNAs 

(miRNA); these are small noncoding endogenous RNAs 

approximately 20–25 nucleotides long. It is estimated that 

up to one-third of the human genome may be subject to 

regulation by miRNAs.100 These molecules play a critical 

role in various physiological processes, including tissue 

development, differentiation, cellular proliferation, and tis-

sue repair.101,102 Dysregulation of miRNAs may contribute to 

disease pathology103 and has been implicated in cancer, heart 

disease, diabetes, and inflammation.104

miRNAs negatively regulate gene expression at a 

posttranscriptional level105 directly by inducing mRNA 

 degradation or translation inhibition and indirectly through 

global effects on methylation.106 Pandit et al examined 

miRNA levels in IPF and observed that let-7d, miR-26, and 

members of the miR-30 family were all decreased in IPF 

biopsies compared with normal biopsies.105 TGF-β inhibits 

let-7d expression, thereby driving epithelial–mesenchymal 

transition and increasing collagen deposition. In vitro, inhibi-

tion of let-7d induces an increase in mesenchymal markers. 

In vivo inhibition of let-7d in mouse lungs causes alveolar 

septal thickening and increased expression of collagen. 

Liu et al noted an increase in the oncogenic miR-21 in both 

IPF patients and in the bleomycin-induced fibrotic mouse 

 model.107 Enhanced miR-21 is observed in pulmonary fibro-

blasts treated with TGF-β. Inhibition of miR-21 using anti-

sense probes attenuates fibrosis in murine bleomycin- induced 

fibrosis. miR-21 targets SMAD7 and reduces SMAD2 

phosphorylation, causing an increase in TGF-β signaling 

that promotes fibrosis. Cushing et al showed miR-29 levels 

are reduced in fibrotic lungs.108 This corresponded to an 

increase in collagens, laminins and integrins. Recently, 

Oak et al showed that miRNA profiling in surgical lung 

biopsies differentiated normal lungs from IPF and rapidly 

progressive IPF from slowly progressive IPF.109

miRNAs offer an interesting new avenue for therapeutic 

development, both in IPF and in a range of other diseases. 

Antagomirs, single-stranded nucleic acids that bind and inhibit 

endogenous miRNA, may be useful in inhibiting upregulated 

pathogenic miRNA. Similarly, replacement of downregulated 

miRNA may be an effective treatment strategy.110

Antiviral therapy
Multiple viruses have been implicated in the development 

of IPF, including Epstein–Barr virus (EBV), hepatitis C, 
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human herpesvirus 7 and 8, cytomegalovirus (CMV), and 

parvovirus. It is postulated that that viruses can precipitate 

and worsen lung fibrosis by inducing alveolar endothelial 

cell injury, by triggering inflammation, and through the 

induction of proinflammatory cytokines112,113 and other 

profibrotic mediators.113–115 CMV is a double-stranded DNA 

that belongs to the β-herpesvirus family. Yonemaru et al 

found CMV immunoglobulin G and complement-fixation 

titers were elevated in IPF patients (n = 43) compared to 

 controls.116 CMV immunoglobulin M was negative, suggest-

ing that latent CMV infections may be prominent in IPF. 

Using polymerase chain reaction (PCR), Tang et al showed 

an increased prevalence of CMV in IPF patients.117 Using 

serological and molecular analysis (reverse- transcriptase 

PCR and solution PCR), CMV RNA was found in 

 endothelium, pneumocytes, and alveolar macrophages in 

lung-biopsy material from IPF patients with serologic evi-

dence of active or recent CMV infection.118

EBV, belonging to the Gammaherpesvirus subfamily, has 

also been implicated in IPF. Vergnon et al showed seroposi-

tivity to EBV in IPF patients.119 Using immunocytochemistry, 

Egan et al demonstrated EBV replication (viral caspid coat 

and gp 340/200) in 70% of IPF patients’ biopsies in contrast 

to 9% of control patients.120 The presence of EBV DNA was 

also confirmed in IPF biopsies117,121,122 and BAL.123

Animal studies suggest that EBV alone does not cause 

pulmonary fibrosis but may be a cofactor in disease progres-

sion or act as a source of injury in a predisposed host.124 

EBV in lung epithelial cells has been reported to increase 

transcription of TGF-β1.114 EBV-infected cells express 

latent membrane protein (LMP-1). LMP-1 is a six-pass 

transmembrane protein that mimics a constitutively active 

member of the TNF-receptor superfamily, and activates, 

among others, the nuclear factor kappa B125 and extracel-

lular signal–regulated kinase (ERK).126 In vitro data show 

that LMP-1 in epithelial cells synergizes with TGF-β1 to 

induce epithelial–mesenchymal transformation.126 Activation 

of the ERK pathway was shown to be critical for aspects of 

TGF-β1–induced epithelial–mesenchymal  transformation. 

LMP-1 accentuated the TGF-β1 activation of ERK. 

 Interestingly, LMP-1 positivity in the epithelium was associ-

ated with increased disease progression and poor prognosis in 

IPF patients.122 Together, these data demonstrate that the pres-

ence of LMP-1 in lung epithelial cells synergizes with TGF-β1 

to induce epithelial mesenchymal transformation and creates 

an environment for rapid progression of the illness.

Mora et al have developed a model of chronic herpes-

virus-induced pulmonary fibrosis infection using murine 

herpesvirus 68, a natural pathogen of rodents that has a 

high homology to EBV.112 They explored this model in 

interferon-γ receptor–deficient mice. This model results in 

marked impairment in the control of acute viral infections. 

The interferon-γ receptor–deficient mice showed persistent 

lyric viral infection, inflammation, and pulmonary fibrosis. 

These authors further showed that antiviral therapy begin-

ning 45–60 days after initial infection controlled virus 

replication during chronic infection and attenuated lung 

fibrosis. Vanella et al have shown that mice transfected 

with murine herpesvirus 68 following the development 

of bleomycin-induced pulmonary fibrosis develop diffuse 

alveolar damage analogous to that seen in acute exacerba-

tions of IPF.124 In a small observational study, Egan et al 

used intravenous ganciclovir for 2 weeks in fourteen 

advanced IPF patients who had failed standard therapy. 

Nine patients showed an improvement in symptoms and 

6MWT distance. Appropriate randomized studies are 

required before ganciclovir can be considered as a therapy 

for IPF.127

Conclusion
IPF is a devastating and progressive disease that has until 

recently lacked any effective therapies. In the past, symptom 

control and the treatment of disease-related complications 

have been the only therapeutic avenues open to clinicians 

and their patients. The licensing in Europe, India, and 

Japan of the novel antifibrotic agent pirfenidone therefore 

represents an important and exciting step forward in the 

management of IPF. However, pirfenidone slows but does 

not halt progression of disease in individuals with IPF. There 

remains, therefore, considerable scope for the development 

of further antifibrotic treatments with the hope that in the 

future it may become possible to arrest disease progression 

completely in individuals diagnosed with IPF. Improved 

understanding of the pathogenetic mechanisms underlying 

the development of fibrosis has resulted in a rapid expansion 

in the number of compounds entering early phase clinical 

trials for IPF. It is to be hoped that this influx of compounds 

will ultimately lead, over the course of the next decade, to 

improvements in the standard of care available to individu-

als with IPF.
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