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    Abstract

Currently, there are no approved pharmacological treatments for the management of patients with idiopathic pulmonary fibrosis (IPF) in the USA or Europe. Pirfenidone is an orally bio-available small molecule that exhibits antifibrotic and anti-inflammatory properties in a variety of in vitro and animal models.

Pirfenidone has been evaluated in four randomised, double-blind, placebo-controlled clinical trials conducted in Japan, North America and Europe. The totality of the data from these trials indicates that pirfenidone is able to reduce the rate of decline in lung function, measured as change in per cent predicted forced vital capacity (FVC) or vital capacity. There was also an effect on secondary end-points of progression free survival, categorical change in per cent predicted FVC, and the 6-min walk test.

A recent meta-analysis of the three phase III studies in IPF demonstrated that pirfenidone significantly reduced the risk of disease progression by 30%. The efficacy of pirfenidone is associated with an acceptable tolerability and safety profile.


	Idiopathic pulmonary fibrosis
	meta-analysis
	N-acetylcysteine
	pirfenidone
	progression-free survival
	vital capacity

Idiopathic pulmonary fibrosis (IPF) is a progressive, debilitating and currently incurable disease [1], affecting 80,000–85,000 people in Europe [2, 3]. IPF follows an insidious clinical course with progressive decline in pulmonary function that increasingly restricts routine physical activity [4, 5]. Median survival time from diagnosis is usually between 2 to 5 yrs, with a 5-yr survival rate of ∼20% [5, 6]. Biologically, IPF behaves similarly to cancer in terms of patient decline [7]. Patients’ short survival time, high mortality and rapid decline highlight the necessity of early diagnosis and more optimal treatment [1].

PHARMACOLOGICAL THERAPIES FOR IPF: CURRENT STATUS

There are currently no approved pharmacological therapies for IPF in Europe (refer to footnote) or the USA and treatment traditionally consists of corticosteroids and immunosuppressants, as proposed by the joint American Thoracic Society (ATS)/European Respiratory Society (ERS) consensus statement on IPF in 2000 [1]. However, recent guidelines, including an evidence-based update from the ATS/ERS joint task force, make a strong recommendation against the use of corticosteroids plus immunomodulator therapy in patients with IPF because of drug-related adverse effects and lack of clinically proven efficacy [8, 9].

Partly based on the poor outcomes associated with corticosteroids and immunosuppressant therapy, it is now thought that the underlying process in IPF may be associated with repeated epithelial cell injury and a resulting fibroproliferative process [10–12]. Recent clinical trials have evaluated a number of new therapeutic approaches for IPF including the dual endothelin receptor antagonist bosentan [13], imatinib [14], sildenafil [15], etanercept [16] and interferon-γ-1b [17]. These studies utilised a number of different outcome measures but none met their primary end-point (table 1).

View this table:	View inline
	View popup



Table 1. 
Selected recent clinical trials in idiopathic pulmonary fibrosis





TRIPLE THERAPY WITH PREDNISONE, AZATHIOPRINE AND N-ACETYLCYSTEINE

One of the first studies to report a positive outcome in patients with IPF was the European IFIGENIA trial [18]. IFIGENIA was a double-blind, randomised, placebo-controlled, multicentre study evaluating the effects of additional N-acetylcysteine (NAC) high-dose in patients under treatment with prednisone plus azathioprine. Patients were randomly assigned to recieve NAC or placebo. In this study, patients receiving NAC for 12 months demonstrated slower deterioration of vital capacity (VC) and diffusing capacity of the lung for carbon monoxide (DL,CO) than patients receiving prednisone and azathioprine therapy alone [18]. These results suggest that the addition of NAC to low-dose prednisone and azathioprine may help to preserve pulmonary function in patients with IPF [18]. However, in view of a drop-out rate of ∼30% (including deaths) questions have been raised regarding the clinical relevance and robustness of the treatment effect.

A further exploratory analysis from the IFIGENIA trial using a composite physiological index (CPI) suggests that NAC may be more effective in less advanced disease [19]. The CPI was calculated according to Wells et al. [20] (CPI  =  91.0−0.65 × DL,CO (% pred) − 0.53 VC (% pred) + 0.34 forced expiratory volume in 1 s (% pred)). CPI is between 20 and 80 points with higher points indicating more fibrosis and poorer prognosis [20]. In this analysis baseline CPI appears to influence the outcome of therapy. Patients with less advanced disease (baseline CPI ≤50 points) showed effects favouring NAC on changes in forced vital capacity (FVC) and DL,CO. In contrast, only small, nonsignificant trends favouring NAC were observed in patients with a baseline CPI >50 points (fig. 1). The authors highlighted how these results suggest an influence of disease stage on treatment efficacy with NAC [19]. An ongoing trial evaluating the effectiveness of prednisone, azathioprine and NAC in IPF (PANTHER-IPF) is currently recruiting patients [21].

[image: Figure 1.]
[image: Figure 1.]


	Download figure
	Open in new tab
	Download powerpoint


Figure 1. 
Effects of N-acetylcysteine (▒) and placebo (░) on vital capacity (VC) and diffusing capacity of the lung for carbon monoxide (DL,CO) depending on baseline composite physiological index (BL-CPI) being lower or higher than 50 points. #: p = 0.0031; ¶: p = 0.0015; +: p = 0.067. Reproduced from  [19] with permission from BioMed Central.






PIRFENIDONE

Pirfenidone, an orally active small molecule, is the first substance for which more than one positive phase III randomised, placebo-controlled trial has been reported with a statistically significant effect on a primary end-point in patients with IPF.

Pirfenidone exhibits antifibrotic and anti-inflammatory properties in a variety of in vitro and animal models [22–25], although the molecular target is not known. Pirfenidone has been shown to ameliorate drug-induced lung fibrosis in animal models [23]. In vitro studies have demonstrated that pirfenidone inhibits transforming growth factor (TGF)-β-stimulated collagen synthesis, decreases extracellular matrix deposition [22, 24] and blocks the mitogenic effects of platelet-derived growth factor in lung fibroblasts derived from patients with IPF [23]. Pirfenidone has demonstrated broad antifibrotic activity in several animal models of fibrosis in lung and other organs. In lung, pirfenidone reduced fibrosis in response to bleomycin, lung transplant and repeated allergen exposure. In these studies, treatment-related reductions in fibrosis were associated with modulation of several fibrogenic mediators including TGF-β [25].

Pirfenidone has been evaluated in a number of clinical trials which have reported on the efficacy and safety of pirfenidone in patients with IPF.



JAPANESE PHASE II AND III TRIALS

Following an open-label phase II pilot study [26] and an open-label 1-yr study [27], a double-blind, placebo-controlled clinical trial of pirfenidone was conducted in 107 Japanese patients with IPF [28]. This study was terminated early due to a higher number of acute exacerbations in the placebo group than in the pirfenidone group [28]. Based on the positive results from this trial, which demonstrated a reduced decline in VC at 9 months (p = 0.036) in patients receiving pirfenidone [28], a phase III trial was conducted in Japanese patients with well-defined IPF and mild-to-moderate impairment in lung function.

This three-armed phase III, multicentre, double-blind, placebo-controlled study randomised patients to either high-dose pirfenidone (600 mg three times per day; n = 108), low-dose pirfenidone (400 mg three times per day; n = 55) or placebo (n = 104) in the ratio 2:1:2. The pirfenidone dose was increased in a stepwise manner up to the full dose over 4 weeks. A total of 267 patients were evaluated for efficacy of pirfenidone [29]. The primary end-point was decline in VC from baseline at 52 weeks, which was changed from lowest arterial oxygen saturation measured by pulse oximetry (Sp,O2) during the 6-min, steady-state exercise test (6MET) prior to unblinding. Secondary end-points included progression-free survival (PFS; decline in VC ≥10% and/or death) and change in the lowest Sp,O2 during the 6MET [29].

Significant differences were observed in the primary end-point of VC decline between the placebo group (-0.16 L) and the high-dose pirfenidone group (-0.09 L), representing a 44% reduction in VC decline compared to placebo favouring pirfenidone (p = 0.042) (fig. 2). A significant difference was also seen between the low-dose pirfenidone and placebo groups (p = 0.0394). Pirfenidone was also associated with a significant increase in the secondary end-point of PFS, defined as the period until a first progressive event (either categorical decrease of >10% in FVC or death; p = 0.028). Pirfenidone was relatively well-tolerated, with photosensitivity being the major adverse event (observed in 51% and 53% of patients in the high-dose and low-dose group, respectively), although this was rated mild in the majority of patients (∼70% and 80% in the high-dose and low-dose groups, respectively). Discontinuation rates were 37% in the high-dose pirfenidone group and 29.8% in the placebo group [27]. Based on these studies pirfenidone was approved for IPF patients in Japan in 2008.
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Figure 2. 
Effects of pirfenidone on vital capacity (VC) at week 52 in a Japanese phase III trial. The last observation carried forward method was used for drop-outs in each group. Data are presented as mean±se. Placebo group: n = 103; high-dose group: n = 104; low-dose group: n = 54. #: p<0.1, comparison of adjusted means based on ANCOVA (negative and positive of the changes represent deterioration and improvement from baseline, respectively). Reproduced from [31].






STUDIES 004 AND 006: EUROPEAN AND NORTH AMERICAN PHASE III TRIALS

Two concurrent, multinational, randomised, double-blind controlled trials with pirfenidone in IPF patients have been conducted in Europe and North America. Results from these two phase III studies were first presented at the 2009 International Conference of the ATS [30], the 2009 and 2010 ERS Annual Congress [31–33] and during an FDA Pulmonary-Allergy Drugs Advisory Committee in 2010 [34]. Final results were published in early 2011 [35].

Given the generally limited understanding of end-points in IPF trials, a relevant spectrum of clinical outcomes were assessed to investigate different aspects of the disease process. Patient eligibility required a confident diagnosis of IPF, baseline FVC % pred ≥50% and DL,CO % pred ≥35%. Exclusion criteria included significant obstructive lung disease and patients on medications for IPF. The primary end-point in both studies was absolute change in FVC % pred from baseline to week 72 (intention to treat analysis, rank ANCOVA). Secondary end-points included categorical change in FVC % pred, PFS, 6-min walk test (6MWT) distance, lowest Sp,O2 during 6MWT, DL,CO % pred and time to worsening. Pre-specified exploratory analyses across both studies were also conducted to estimate the magnitude of the treatment effect in the combined population [30].

In study 004, 435 patients were randomised 2:2:1 to receive a total daily dose of 2,403 mg pirfenidone, placebo or a total daily dose of 1,197 mg pirfenidone, respectively, for 72 weeks. The lower dose of pirfenidone in study 004 was included to explore dose–effect relationships. In study 006, 344 patients were randomised to treatment with either 2,403 mg pirfenidone orally or placebo for 72 weeks with a 1:1 randomisation [35]. Patient demographics and baseline characteristics were well balanced across treatment groups in the two trials, although there were more US patients and more patients on supplemental oxygen in study 006 than in study 004 [35].

Results from study 004 showed that pirfenidone was statistically significantly superior compared to placebo in the primary end-point (ΔFVC % pred) at week 72 (p = 0.001). Secondary end-points of PFS (defined as death or decline ≥10% of FVC or ≥15% in DL,CO; p = 0.023) and categorical change in FVC (decline in FVC ≥10%; p = 0.001) were also statistically significant [35].

However, in study 006 pirfenidone was not statistically significantly superior compared to placebo for the primary end-point (p = 0.501), although the results were generally consistent with and supportive of the results from study 004 [30]. Interestingly, there was not the clinically expected decline in FVC % pred in the placebo arm of study 006 that was seen in study 004 (fig. 3) [35]. In study 006, pirfenidone treatment was associated with a significant beneficial effect on the secondary end-point of the 6MWT distance when compared to placebo (p = 0.001) [35]. A temporal analysis of FVC % pred decline over time during the 72 weeks showed that the reduction in FVC decline with pirfenidone was also statistically significant through week 48 in study 006 (fig. 4). Overall, the treatment effect observed in these two studies was generally consistent with that observed in the phase III study of pirfenidone in IPF patients conducted in Japan [29, 35].
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Figure 3. 
Change in forced vital capacity (FVC) % predicted (% pred) in study 004 and study 006 comparing pirfenidone or placebo in patients with idiopathic pulmonary fibrosis [29, 35]. ▪: study 004 pirfenidone 2,403 mg·day−1; •: study 006 pirfenidone 2,403 mg·day−1; ▴: study 006 placebo; ▾: study 004 placebo.
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Figure 4. 
Temporal analysis of change in forced vital capacity per cent predicted with pirfenidone in patients with idiopathic pulmonary fibrosis [34].





As stated previously, a low-dose pirfenidone group (1,197 mg·day−1; n = 87) was included in study 004 for exploratory descriptive purposes. Exploratory analyses of clinical efficacy parameters in the three treatment arms in study 004 revealed a clear dose–response relationship, with low-dose pirfenidone having a more modest treatment effect compared with high-dose pirfenidone. The observed dose–response relationship provides additional support for the overall clinical efficacy observations in studies 004 and 006 [32].



EXPLORATORY POOLED ANALYSIS OF STUDIES 004 AND 006

An exploratory analysis of pooled primary end-point data from both studies was also conducted to provide more precise estimates of treatment effect [30, 33]. This was considered valid since study 004 and study 006 were designed as nearly identical studies to facilitate pooling of data and was supported by the fact that the overall results were directionally similar with no treatment affected by study interaction [34, 35].

The results of this exploratory pooled analysis, assessing treatment effect over the full duration of the study, showed that pirfenidone (n = 345) significantly (p = 0.005) reduced decline in FVC % pred compared to placebo (n = 347) (fig. 5) [30, 33]. Exploratory analyses of pooled data for the secondary end-points also demonstrated a statistically significant treatment benefit of pirfenidone on PFS (p = 0.029), categorical FVC change (p = 0.003) and 6MWT distance (p = 0.001) (fig. 6) [30, 33]. The exploratory pooled analysis of categorical FVC change showed that 30% fewer patients experienced >10% decrease in FVC at week 72 in the pirfenidone group than in the placebo group [30]. This magnitude of decline is considered clinically meaningful as a 10% decline in FVC % pred has been shown to be an independent predictor of mortality in patients with IPF in multiple studies [33].
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Figure 5. 
Exploratory pooled analysis (studies 004 and 006 combined) of change in forced vital capacity (FVC) with pirfenidone 2,403 mg·day−1 (□: n = 345) or placebo (▪: n = 347) in patients with idiopathic pulmonary fibrosis [29, 35]. #: p = 0.005, rank ANCOVA (pirfenidone 2,403 mg·day−1 versus placebo at week 72).
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Figure 6. 
Exploratory pooled analysis (studies 004 and 006 combined) of a) categorical forced vital capacity change at week 72 and b) 6-min walk test distance decrement >50 m (p = 0.03 Cochran–-Haenszel row mean score test based on five categories) [28, 31]. ▒: pirfenidone 2,403 mg·day−1 (n = 345); ░: placebo (n = 347). *: p<0.05; #: p = 0.003; ¶: p≤0.001.






SAFETY AND TOLERABILITY OF PIRFENIDONE IN STUDIES 004 AND 006

Results from studies 004 and 006 showed that pirfenidone 2,403 mg·day−1 was safe and generally well tolerated [35]. There were fewer treatment-emergent deaths observed among patients treated with pirfenidone 2,403 mg than with placebo during the treatment periods. In study 004, 5.7% of patients in the pirfenidone group died during the treatment period, compared with 8.0% in the placebo group. In study 006, 5.3% of patients in the pirfenidone group died during the treatment period, compared to 8.7% in the placebo group [30]. This difference appeared to be driven by a significant reduction in IPF-related deaths among pirfenidone-treated patients. Specifically, the incidence of IPF-related deaths was 3.5% in patients treated with pirfenidone compared with 7.2% in those treated with placebo (51% relative reduction, p = 0.031) [30].

There was no difference between pirfenidone and placebo in the percentage of patients who experienced a treatment emergent serious adverse event [35]. As previously reported, gastrointestinal discomfort and photosensitivity were the commonest side-effects [35]. Nausea and diarrhoea were the most commonly reported gastrointestinal adverse events in all three treatment groups. Grade 3 or 4 nausea or diarrhoea was uncommon, as was treatment discontinuation due to either nausea or diarrhoea. Gastrointestinal adverse events were generally mild to moderate and rarely resulted in treatment discontinuation [35]. Rash and photosensitivity occurred with a greater frequency in patients treated with pirfenidone 2,403 mg·day−1. These events were generally mild to moderate in severity and rarely resulted in treatment discontinuation. A dose–response relationship was observed on a number of adverse events although relatively few adverse events resulted in treatment discontinuations [35].



META-ANALYSIS OF PHASE III STUDIES

The Cochrane Collaboration recently published the results of a meta-analysis to assess the efficacy of nonsteroid agents in adults with IPF, including pirfenidone [36]. Four trials involving 1,155 patients were reviewed comparing pirfenidone with placebo, including the three phase III pirfenidone trials that reported PFS as an outcome. The result of the meta-analysis suggested that pirfenidone significantly reduced the risk of disease progression by 30% (fig. 7) [36]. In this Cochrane review the effect of pirfenidone on pulmonary function could be assessed based on two studies [28–30] analysing 314 patients. Results showed that pirfenidone significantly reduced the decline in VC from baseline (p = 0.0006) [36].
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Figure 7. 
Forest plot of pirfenidone versus placebo in improving progression-free survival in patients with idiopathic pulmonary fibrosis. Reproduced with modification from [36].






PROGNOSTIC FACTORS FOR IPF AND ASSESSMENT OF NEW TREATMENT OPTIONS

The variable clinical course of patients with IPF underscores the heterogeneous nature of the disease and the inherent challenges associated with the design of clinical trials in IPF. One outcome shown to be a reliable predictor of disease progression and mortality is change in FVC. FVC is widely used and accepted as a clinically meaningful measure of IPF disease status [1]. In a large study by du Bois et al. [37] utilising prospectively collected data, notable predictors of mortality were age, FVC change, baseline DL,CO and respiratory hospitalisation. In terms of FVC change, patients experiencing a >10% decline in FVC during the preceding 24 weeks were at a greater than four-fold increased risk of death over the next 24 weeks compared to patients with an FVC decline of <5% [37].

These data further emphasise that agents which affect the rate of change in FVC, such as pirfenidone, may be expected to play an important role in the management of patients with IPF through delaying disease progression and the risk of death.



SUMMARY

IPF is an inevitably progressive fatal lung disease and effective treatment options are urgently needed. The current treatment paradigm utilising corticosteroids and immunosuppressants is associated with adverse effects and the efficacy is not clinically proven. To date there is some evidence that the combination of corticosteroid, azathioprine and NAC may be beneficial in patients with mild to moderate disease but this is based on a single study with a number of limitations.

The only agent that has proven to be clinically effective in several randomised, double-blind, placebo-controlled studies is pirfenidone. Pirfenidone has demonstrated a statistically significant and clinically meaningful effect on change in FVC % pred or VC, as well as on PFS and categorical change in FVC % pred. Although one of these studies did not achieve statistical significance on the primary end-point, because there was a less than expected decline in FVC in the placebo group, results are generally consistent and supportive of the other trials with pirfenidone. The efficacy of pirfenidone is also associated with an acceptable tolerability and safety profile.
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