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Roflumilast is a selective once daily, oral phosphodiesterase-4 inhibitor that has recently been registered in all European Union countries as novel targeted therapy for COPD, while FDA approval for the USA market is expected in 2011. In several phase III trials in patients with moderate to (very) severe COPD and in patients with symptoms of chronic bronchitis and recurrent exacerbations, roflumilast showed sustained clinical efficacy by improving lung function and by reducing exacerbation rates. These beneficial effects have also been demonstrated when added to long-acting bronchodilators (both LABA and LAMA), underscoring the anti-inflammatory activity of roflumilast in COPD. Pooled data analysis showed overall mild to moderate, mostly self-limiting adverse events, mainly consisting of nausea, diarrhea and weight loss. In this review we discuss the results of the 4 registration studies showing promising effects of roflumilast in COPD and provide an overview of the topics that still need to be addressed.

Introduction

Chronic obstructive airways disease (COPD) represents a heterogeneous group of disorders, characterized by chronic inflammation of the proximal and the distal airways with features of airway remodeling and destruction [START_REF] Han | Prevalence and clinical correlates of bronchoreversibility in severe emphysema[END_REF][START_REF] Rodriguez-Roisin | Global Strategy for the Diagnosis, Management, and Prevention of Chronic Obstructive Pulmonary Disease[END_REF]. These features present as fixed airway obstruction, hyperinflation, dyspnea, mucus hypersecretion and chronic cough. In addition, there is an impairment of the overall health status [START_REF] Rodriguez-Roisin | Global Strategy for the Diagnosis, Management, and Prevention of Chronic Obstructive Pulmonary Disease[END_REF]. The morbidity and mortality due to COPD is increasing worldwide [START_REF] Rodriguez-Roisin | Global Strategy for the Diagnosis, Management, and Prevention of Chronic Obstructive Pulmonary Disease[END_REF]. The major cause of COPD is cigarette smoking, although other environmental pollutants may also serve as triggers in susceptible individuals. These insults induce chronic inflammation and remodeling, including structural changes and destruction of alveolar tissue, within the lung [START_REF] Rodriguez-Roisin | Global Strategy for the Diagnosis, Management, and Prevention of Chronic Obstructive Pulmonary Disease[END_REF][START_REF] Hogg | The nature of small-airway obstruction in chronic obstructive pulmonary disease[END_REF][START_REF] Barnes | Mediators of chronic obstructive pulmonary disease[END_REF][START_REF] Barnes | The cytokine network in asthma and chronic obstructive pulmonary disease[END_REF].

The key effector cells within the airway tissue of COPD patients include macrophages, CD8+ T lymphocytes and neutrophils, releasing toxic mediators [START_REF] Rodriguez-Roisin | Global Strategy for the Diagnosis, Management, and Prevention of Chronic Obstructive Pulmonary Disease[END_REF][START_REF] Barnes | The cytokine network in asthma and chronic obstructive pulmonary disease[END_REF]. The destruction of alveolar tissue (emphysema) is thought to be caused by the release of proteinase (such as matrix metalloproteinase from alveolar macrophages) or as a consequence of an autoimmune response (e.g. CD8+ T lymphocytes) [START_REF] Tetley | Inflammatory cells and chronic obstructive pulmonary disease[END_REF]. Chronic airway inflammation may induce several aspects of airway remodeling, exemplified by goblet cell hyperplasia and enlargement of submucosal glands, which contribute to the excessive mucus production in subjects with chronic bronchitis. Peribronchiolar fibrosis in distal airways is another feature of remodeling, which can induce disruption of the parenchymal attachments to small airways promoting collapse on expiration and hyperinflation [START_REF] Hogg | The nature of small-airway obstruction in chronic obstructive pulmonary disease[END_REF]. More recently, evidence was provided that the abnormalities seen in COPD are not only restricted to the airways, but also systemically present [START_REF] Sinden | Systemic inflammation and comorbidity in COPD: a result of 'overspill' of inflammatory mediators from the lungs? Review of the evidence[END_REF].

There is a longstanding consensus that cigarette smoking is the most common etiological factor in COPD [START_REF] Rodriguez-Roisin | Global Strategy for the Diagnosis, Management, and Prevention of Chronic Obstructive Pulmonary Disease[END_REF], and hence, smoking cessation is still the cornerstone in the treatment of COPD.

Alternatively, pharmacotherapeutic options for the treatment of COPD are still limited. Whilst the currently advocated treatment with long-acting muscarinic antagonists (LAMA) and/or long acting beta-adrenoceptor agonists (LABA) with or without inhaled corticosteroids (ICS) have been shown to produce temporary improvements in lung function, exercise tolerance and quality of life, the evidence for reducing exacerbations [START_REF] Singh | An overview of the benefits and drawbacks of inhaled corticosteroids in chronic obstructive pulmonary disease[END_REF] and, consequently, the rate of decline in lung function, is less convincing [START_REF] Rodriguez-Roisin | Global Strategy for the Diagnosis, Management, and Prevention of Chronic Obstructive Pulmonary Disease[END_REF][START_REF] Celli | Gender Differences in Mortality and Clinical Expressions of Patients with COPD: The TORCH Experience[END_REF]. Nor do these drugs improve the systemic features of COPD [START_REF] Cazzola | The scientific rationale for combining long-acting beta2-agonists and muscarinic antagonists in COPD[END_REF]. In contrast, several studies showed that LABAs may increase morbidity and mortality due to cardiac comorbidity in susceptible patients [START_REF] Hawkins | Baseline characteristics and outcomes of patients with heart failure receiving bronchodilators in the CHARM programme[END_REF][START_REF] Hawkins | Primary care burden and treatment of patients with heart failure and chronic obstructive pulmonary disease in Scotland[END_REF]. Consequently, despite maximal treatment, too many COPD patients still remain symptomatic and experience exacerbations [START_REF] Rodriguez-Roisin | Global Strategy for the Diagnosis, Management, and Prevention of Chronic Obstructive Pulmonary Disease[END_REF], indicating that the current treatment options lack sustained efficacy or disease-modifying properties. Hence, there is a large need of therapeutic modalities producing sustained clinical efficacy for a more optimal treatment of COPD.

Phosphodiesterase inhibition is an old concept in the treatment of COPD which has been already described by Hirsch and colleagues in 1922 [START_REF] Diamant | Summing up 100 years of asthma[END_REF]. However, the application of the prototypic non-selective phosphodiesterase (PDE)-inhibitors, aminophylline and theophylline, has been limited by many drug-interactions and a narrow dose-range, causing many dose-dependent, mostly cardiovascular and gastrointestinal side effects. Whilst theophylline may non-selectively target PDE, albeit at high concentrations, recent evidence points to inhibition of phosphoinositide 3 kinase as a target for the anti-inflammatory action of this drug [START_REF] To | Targeting phosphoinositide-3-kinase-delta with theophylline reverses corticosteroid insensitivity in chronic obstructive pulmonary disease[END_REF]. In the past decade, interest in PDE-inhibitors has revived due to the identification of 11 different isoenzymes (PDE1-11) within the PDEsuperfamily. Each isoenzyme has different tissue subdivision and different properties, hence enabling targeted therapy with potentially fewer (systemic) side effects. In particular, in contrast to nonselective PDE-inhibition, there is considerable interest in selectively targeting the PDE4-isoenzyme, which is expressed in inflammatory cells (e.g. neutrophils, macrophages) and structural cells (e.g. fibroblasts, epithelium, sensory nerves, smooth muscle cells) within the lung [START_REF] Page | PDE inhibitors in the treatment of inflammatory diseases[END_REF] (Table 1). The presence of the PDE4-isoenzyme in many of the cell types implicated in COPD would make it a promising target for disease modifying therapy, given the strong relationship between chronic airway inflammation and mucus hypersecretion with increased decline in lung function [START_REF] Vestbo | Association of chronic mucus hypersecretion with FEV1 decline and chronic obstructive pulmonary disease morbidity. Copenhagen City Heart Study Group[END_REF]. Most of the (long-term) studies in COPD so far have been performed with the second generation of oral PDE4inhibitors, cilomilast (Glaxo Smith Kline) and roflumilast (Nycomed), of which roflumilast possesses the best pharmacological profile (once daily dosing) combined with good clinical efficacy with overall mild and self limiting side effects [START_REF] Compton | Cilomilast, a selective phosphodiesterase-4 inhibitor for treatment of patients with chronic obstructive pulmonary disease: a randomised, dose-ranging study[END_REF]. In this review we will focus on the most recent clinical trials with the PDE4-inhibitor, roflumilast, showing clinical efficacy in patients with COPD.

Early clinical trials with PDE4-inhibitors

The functional consequences of inhibiting PDE4 have consistently shown a reduction in activity of several pro-inflammatory and structural cells, involved in the pathophysiology of COPD with several illustrated in Table 1. Translating these observations into disease, PDE4-inhibition could offer a novel approach to anti-inflammatory and/or disease-modifying therapy. Whilst animal models of COPD are limited, there is some evidence showing that inhibition of PDE4 can suppress pro-inflammatory cell recruitment, cytokine and chemokine production and emphysematous changes to the lung [START_REF] Martorana | Roflumilast fully prevents emphysema in mice chronically exposed to cigarette smoke[END_REF][START_REF] Leclerc | Involvement of MMP-12 and phosphodiesterase type 4 in cigarette smoke-induced inflammation in mice[END_REF][START_REF] Fortin | A multi-target antisense approach against PDE4 and PDE7 reduces smoke-induced lung inflammation in mice[END_REF].

However, early clinical trials with PDE4-inhibitors were met with mixed success.

Orally active PDE4-inhibitors, including CDP840 [START_REF] Harbinson | The effect of a novel orally active selective PDE4 isoenzyme inhibitor (CDP840) on allergen-induced responses in asthmatic subjects[END_REF] offered some degree of protection against allergen-induced late asthmatic responses. This effect was comparable to previous reports on the ability of chronic treatment with low dose theophylline to inhibit allergen-induced late phase reactions [START_REF] Sullivan | Anti-inflammatory effects of low-dose oral theophylline in atopic asthma [published erratum appears in[END_REF]. However, clinical efficacy of the PDE4-inhibitors cilomilast and roflumilast has mainly been studied in COPD.

The PDE4-inhibitor cilomilast was evaluated in a dose finding study in patients with moderate to severe COPD over a relatively short treatment period of 6 weeks, significantly increasing baseline FEV1 by 11% at the end of the study [START_REF] Compton | Cilomilast, a selective phosphodiesterase-4 inhibitor for treatment of patients with chronic obstructive pulmonary disease: a randomised, dose-ranging study[END_REF] (Table 2). The improvement in baseline lung function developed gradually, suggesting that, unlike current bronchodilators used in COPD, PDE4-inhibitors may modulate lung function by mechanisms unrelated to airway smooth muscle relaxation per se. Indeed, in contrast to salbutamol or ipratropium bromide, administration of cilomilast failed to produce an immediate bronchodilator response [START_REF] Grootendorst | Does a single dose of the phosphodiesterase 4 inhibitor, cilomilast (15 mg), induce bronchodilation in patients with chronic obstructive pulmonary disease?[END_REF]. This is also consistent with numerous in vitro studies using isolated human bronchial tissues. In these studies, various PDE4-inhibitors appeared to be poor functional antagonists and produced modest relaxation of airway smooth muscle [START_REF] Schmidt | The effect of selective and non-selective phosphodiesterase inhibitors on allergen-and leukotriene C(4)-induced contractions in passively sensitized human airways[END_REF][START_REF] Billington | A major functional role for phosphodiesterase 4D5 in human airway smooth muscle cells[END_REF][START_REF] Rabe | Phosphodiesterase isozymes modulating inherent tone in human airways: identification and characterization[END_REF][START_REF] Torphy | Identification, characterization and functional role of phosphodiesterase isozymes in human airway smooth muscle[END_REF][START_REF] Grootendorst | Does a single dose of the phosphodiesterase 4 inhibitor, cilomilast (15 mg), induce bronchodilation in patients with chronic obstructive pulmonary disease?[END_REF].

Another longer-term study with cilomilast confirmed the previously observed improvements in lung function and additionally showed a significant reduction in COPD exacerbations and improvements in quality of life scores [START_REF] Rennard | Cilomilast for COPD: results of a 6-month, placebo-controlled study of a potent, selective inhibitor of phosphodiesterase 4[END_REF]. The mechanism for these improvements can likely be attributed to an antiinflammatory activity. In this respect, cilomilast has been shown to reduce the number of several pro-inflammatory cells, implicated in the pathogenesis of COPD, including CD8+T lymphocytes, CD86+ monocytes/macrophages and neutrophils in lung biopsies from subjects with COPD by approximately 40-50% [START_REF] Gamble | Antiinflammatory effects of the phosphodiesterase-4 inhibitor cilomilast (Ariflo) in chronic obstructive pulmonary disease[END_REF]. This incomplete inhibition might account why the improvements in lung function were not maintained over the 12 week course of this study. Other possible explanations for the improvements in lung function, exacerbation rates and quality of life additional to the indirect bronchodilator effect of cilomilast seen in a majority of these clinical trials could be partly attributed to a modulation of sensory nerve function [START_REF] Undem | Inhibition of neurally mediated nonadrenergic, noncholinergic contractions of guinea pig bronchus by isozyme-selective phosphodiesterase inhibitors[END_REF][START_REF] Spina | Regulation by phosphodiesterase isoenzymes of non-adrenergic non-cholinergic contraction in guinea-pig isolated main bronchus[END_REF]. A consequence of reduced sensory input to the central nervous system would be a decrease in parasympathetic outflow to the airways, a reduction in contraction of airway smooth muscle and submucosal gland secretion, both leading to improvements in airflow and symptoms. Alternatively, the activation of the cystic fibrosis transmembrane receptor (CFTR) via elevating the level of cyclic AMP in airway epithelial cells could promote rehydration of the epithelial periciliary layer thereby facilitating mucociliary clearance of mucus and bacteria [START_REF] Liu | Dynamic activation of cystic fibrosis transmembrane conductance regulator by type 3 and type 4D phosphodiesterase inhibitors[END_REF]. Indeed, PDE4 inhibitors can reduce mucus production and increase ciliary beat frequency of airway epithelial cells [START_REF] Cervin | The effect of selective phosphodiesterase inhibitors on mucociliary activity in the upper and lower airways in vitro[END_REF][START_REF] Mata | Phosphodiesterase 4 inhibition decreases MUC5AC expression induced by epidermal growth factor in human airway epithelial cells[END_REF].

A number of Phase III studies with cilomilast were conducted to provide further clinical efficacy and safety data for regulatory approval by the FDA. However, these large multicentre phase III trials failed to meet their pre-defined efficacy endpoints, showing no significant improvement in lung function following 24 weeks of treatment. In addition, treatment with cilomilast was frequently associated with gastrointestinal side effects, mainly occurring within the first 2 weeks of treatment.

Based on these data, approval was not granted and the development of cilomilast was terminated [START_REF] Rennard | The efficacy and safety of cilomilast in COPD[END_REF].

Two conclusions can be drawn from the failure of cilomilast. Either the hypothesis that targeting PDE4 will be clinically beneficial for the treatment of COPD is flawed or sustained PDE4inhibition in the lung is required in order to produce any meaningful clinical benefit to the patient.

The authors are convinced that the former statement can only be accepted once the second statement has been rejected following rigorous exploration. Evaluation of the clinical efficacy of the PDE4-inhibitor roflumilast, a highly potent, once daily PDE4-inhibitor, provides a useful tool to test this hypothesis.

Roflumilast: pharmacokinetics, clinical efficacy from phase III clinical trials

Following oral ingestion, roflumilast is rapidly absorbed with a tmax of approx 1 h and a bioavailability of around 80%. Over a dose-range of 250-1000 mcg, roflumilast shows linearly doseproportional pharmacokinetics and the plasma disposition half-life ranges from 10 to 20 h, warranting a once-daily administration. Roflumilast is rapidly metabolized by CYP3A4 and CYP1A2 enzymes. N-oxide, being the major metabolite of roflumilast, possesses selectivity for the PDE4 isoenzymes (but not for PDE4 subtypes) and largely accounts for its effects in humans in vivo. Both roflumilast and N-oxide are mainly excreted via the urine. There are no major drug interactions reported between roflumilast and other (COPD-related) pharmacological treatments [START_REF] Hatzelmann | The preclinical pharmacology of roflumilast--a selective, oral phosphodiesterase 4 inhibitor in development for chronic obstructive pulmonary disease[END_REF][START_REF] Gross | Treatment of chronic obstructive pulmonary disease with roflumilast, a new phosphodiesterase 4 inhibitor[END_REF].

The various clinical studies are summarized in Table 2. In the first, double-blind, parallel trial (M2-107), 1411 patients with moderate to severe COPD were randomized to either roflumilast 250 µg (n=576) or roflumilast 500 µg (n=555) or placebo (n=280) once daily during 24 weeks. As compared to placebo, patients in both roflumilast-arms showed improvements in terms of postbronchodilator FEV1 (p <0.014), health-related quality of life (NS) and the number of COPD-exacerbations (p=0.0114) [START_REF] Rabe | Roflumilast--an oral anti-inflammatory treatment for chronic obstructive pulmonary disease: a randomised controlled trial[END_REF]. In another study, subjects with moderate to (very) severe COPD (GOLD stages II to IV) received roflumilast for one year, resulting in a small but significant improvement in baseline FEV1, a modest reduction in exacerbation rates in GOLD-stage IV patients, but quality of life scores did not reach statistical significance [START_REF] Calverley | Effect of 1year treatment with roflumilast in severe chronic obstructive pulmonary disease[END_REF].

Recently, the results of 4 pivotal randomized controlled trials (RCT) with roflumilast in large groups of patients with moderate to severe COPD have been published [START_REF] Calverley | Roflumilast in symptomatic chronic obstructive pulmonary disease: two randomised clinical trials[END_REF]. Apart from the effect on lung function, the focus of these trials was on the longer-term clinical efficacy of roflumilast based on GOLD-criteria: i.e. prevention and treatment of COPD-exacerbations in addition to safety/tolerability. The paper by Fabbri et al. reports the results of 2 clinical studies in COPD evaluating the effects of treatment with roflumilast versus placebo in addition to salmeterol (M2-127) or tiotropium (M2-128), respectively [START_REF] Fabbri | Roflumilast in moderate-to-severe chronic obstructive pulmonary disease treated with longacting bronchodilators: two randomised clinical trials[END_REF]. In the first study (M2-127), after a placebo-run-in period of 4 weeks, patients with moderate to severe COPD were randomized to either roflumilast (n=466) or placebo (n=467) treatment in combination with salmeterol during 24 weeks. In the second study (M2-128), patients received either roflumilast (n=371) or placebo (n=372) in combination with tiotropium for 24 weeks [START_REF] Fabbri | Roflumilast in moderate-to-severe chronic obstructive pulmonary disease treated with longacting bronchodilators: two randomised clinical trials[END_REF]. Both studies included patient populations of chronic smokers or ex-smokers (≥10 packyears), none of them using inhaled corticosteroids at randomization. In the M2-128 (tiotropiumcombination) study, symptomatic patients with chronic cough and sputum production with frequent use of short-acting bronchodilators were included. In both studies, roflumilast was associated with consistent and sustained improvements in both the pre-and post-bronchodilator FEV1. In the salmeterol-combination, the mean increase in pre-bronchodilator FEV1 versus placebo was 49 mL, while in the tiotropium-combination the mean increase mounted to 80 mL, respectively (p<0.0001). Furthermore, in both studies, patients on roflumilast tended to have fewer exacerbations. In both studies, the drop-out rate was larger in the roflumilast-arm with significantly more withdrawals in the salmeterol-roflumilast-arm (p=0.0019). The most frequently reported, roflumilast-related side effects consisted of nausea, diarrhea and mild weight loss (mean 1.8 and 2 kg), respectively.

The studies reported by Calverley et al (M2-124 and M2-125, respectively) used an identical study design including chronic smokers or ex-smokers (≥20 packyears) with symptomatic, (very) severe COPD characterized by chronic cough, sputum production and exacerbations [START_REF] Calverley | Roflumilast in symptomatic chronic obstructive pulmonary disease: two randomised clinical trials[END_REF]. The inclusion criteria were based on a post-hoc analysis of a previous study, suggesting a decrease in exacerbations by roflumilast in this COPD-phenotype [START_REF] Calverley | Effect of 1year treatment with roflumilast in severe chronic obstructive pulmonary disease[END_REF]. Initially, 44% of the patients were using ICS or LAMA or both: these drugs have been discontinued for the duration of the study (1 year).

Concomitant use of short-acting beta2-agonists, short-acting muscarinic antagonists and LABA was allowed and at randomization; patients were stratified according to initial LABA use to allow a prespecified subgroup analysis. In both studies, after a 4 week placebo-run in period, patients received either roflumilast or placebo for 52 weeks on top of their existing anti-COPD medication. Based on pooled data analysis, in the roflumilast treated-patients, there was a mean increase in prebronchodilator FEV1 of 48 mL versus placebo (p<0.0001). Furthermore, compared to placebo, roflumilast produced a substantial decrease in both moderate and severe exacerbations by on mean 17% (p<0.0003). The improvement in lung function and reduction in exacerbations were independent of concomitant use of LABA or short-acting muscarinic antagonists or prior ICS-use or smoking behaviour. The mortality due to COPD was similar in both treatment-arms in both studies (2-3%). Similar adverse events as in the study by Fabbri et al. were reported: i.e. mainly CNS (head ache, insomnia and nausea) and gastrointestinal (diarrhea) complaints. Although mostly selflimiting, these adverse events resulted in premature withdrawal in both roflumilast-arms during the first 4-12 weeks of the study. In addition, roflumilast produced a sustained, mean weight loss of 2.1 kg in mainly obese patients during the first 6 months of use. Roflumilast awaits FDA approval in the USA in 2011 and European registration was obtained mid 2010.

The mechanism of the improvements in lung function, exacerbation rates and quality of life scores cannot be attributed to a direct bronchodilating action of this drug class, as we have previously discussed for cilomilast. It is more likely that these beneficial actions are secondary to an anti-inflammatory activity of roflumilast, although the reduction in pro-inflammatory cell numbers found in two other studies was modest, reflecting a 30-50% suppression of inflammatory cell numbers [START_REF] Grootendorst | Reduction in sputum neutrophil and eosinophil numbers by the PDE4 inhibitor roflumilast in patients with COPD[END_REF][START_REF] Hohlfeld | Roflumilast attenuates pulmonary inflammation upon segmental endotoxin challenge in healthy subjects: a randomized placebo-controlled trial[END_REF] and reduced the number of airway CD8+ T lymphocytes and CD68+ macrophages by approximately 40-50% [START_REF] Gamble | Antiinflammatory effects of the phosphodiesterase-4 inhibitor cilomilast (Ariflo) in chronic obstructive pulmonary disease[END_REF]. Other evidence of an anti-inflammatory mechanism stems from in vitro studies which reported that cilomilast reduced the level of TNF-alpha (25% decrease), GMCSF (46% decrease) and neutrophil chemotactic factors (35% decrease) with no effect on IL-8 released by epithelial cells from COPD patients [START_REF] Profita | Effect of cilomilast (Ariflo) on TNF-alpha, IL-8, and GM-CSF release by airway cells of patients with COPD[END_REF]. It remains to be established, whether greater inhibition of the inflammatory response would lead to more impressive improvements in clinical endpoints, including lung function and exacerbation rates.

It is noteworthy that current bronchodilator drugs used in the treatment of COPD have minimal impact on the inflammatory response within the airways. The reduction in exacerbations in COPD-patients treated with tiotropium bromide was not accompanied by a reduction in inflammatory cells or sputum cytokine or chemokine levels [START_REF] Powrie | Effect of tiotropium on sputum and serum inflammatory markers and exacerbations in COPD[END_REF][START_REF] Perng | Anti-inflammatory effects of salmeterol/fluticasone, tiotropium/fluticasone or tiotropium in COPD[END_REF]. Following treatment with this LAMA, sputum levels of pro-inflammatory mediators tended to rise, which could be a consequence of a reduction in mucus secretion, thereby concentrating the levels of these mediators. However, these changes are unlikely to be clinically relevant in view of their small magnitude (less than 2 fold) and improvements in lung function and reduction in exacerbations seen in large trials (Table 1). In contrast, there is evidence that glucocorticosteroids can reduce airway inflammation in COPD. The number of pro-inflammatory cells (CD3+, CD4+, CD8+ T lymphocytes, macrophages, mast cells) in biopsies from 101 patients previously steroid-naïve (GOLD stages II and III) but who were treated with fluticasone showed a significant reduction in inflammatory cell numbers over a 2.5 year treatment period. As compared to placebo, the magnitude of the reduction in the number of COPDrelevant inflammatory cells in bronchial biopsies was approximately 25% at 6 months and 45 % at 30 months of treatment [START_REF] Lapperre | Effect of fluticasone with and without salmeterol on pulmonary outcomes in chronic obstructive pulmonary disease[END_REF]. More importantly, in this long-term study, there was no evidence of any additive or synergistic anti-inflammatory effect with combination therapy (salmeterol and fluticasone) [START_REF] Lapperre | Effect of fluticasone with and without salmeterol on pulmonary outcomes in chronic obstructive pulmonary disease[END_REF]. In contrast, following combination therapy, there was an improvement in lung function, which was not seen with fluticasone monotherapy [START_REF] Lapperre | Effect of fluticasone with and without salmeterol on pulmonary outcomes in chronic obstructive pulmonary disease[END_REF]. Therefore, the improvements in FEV1 seen with combination therapy of ICS and LABA can be explained by relaxation of airway smooth muscle rather than a consequence of a synergistic or additive anti-inflammatory action, as evidenced by the comparable changes in rates of decline in lung function between salmeterol versus combination therapy [START_REF] Calverley | Salmeterol and fluticasone propionate and survival in chronic obstructive pulmonary disease[END_REF]. Although earlier studies showed that combination therapy was associated with anti-inflammatory activity [START_REF] Barnes | Antiinflammatory Effects of Salmeterol/Fluticasone Propionate in Chronic Obstructive Lung Disease[END_REF] after 12-13 weeks of treatment, which may be superior to monotherapy with fluticasone [START_REF] Bourbeau | Effect of salmeterol/fluticasone propionate on airway inflammation in COPD: a randomised controlled trial[END_REF], the clinical relevance of these effects is debatable in light of the lack of effect of this treatment on lung function parameters [START_REF] Bourbeau | Effect of salmeterol/fluticasone propionate on airway inflammation in COPD: a randomised controlled trial[END_REF]. Interestingly, the effect of fluticasone monotherapy on airway neutrophil numbers is conflicting, with both reports of a reduction [START_REF] Lapperre | Effect of fluticasone with and without salmeterol on pulmonary outcomes in chronic obstructive pulmonary disease[END_REF] and increase [START_REF] Gizycki | Effects of fluticasone propionate on inflammatory cells in COPD: an ultrastructural examination of endobronchial biopsy tissue[END_REF] and again, the differences could be due to the relatively short duration of treatment in a limited number of patients in these studies. Alternatively, there is evidence of a (relative) corticosteroid resistance in patients with COPD. Although recent studies yielded a number of possible mechanisms to explain this insensitivity, the central hypothesis implies the increase in oxidant burden within the lungs, resulting in reduction in the activity of histone deacetylase (HDAC)-2. Accordingly, increasing the HDAC2-activity by PDE-inhibitors, phosphoinositide 3 kinase-delta inhibitors and macrolides could result in a reversal of corticosteroid resistance [START_REF] Barnes | Mechanisms and resistance in glucocorticoid control of inflammation[END_REF].

Beyond Roflumilast

One of the major issues facing systemically administered PDE4-inhibitors is the potential to also produce nausea and headache as side-effects which have shunted off cilomilast and have not been entirely eliminated for roflumilast. Several strategies are available to avoid such problems. One possibility might be to develop subtype-selective PDE4-inhibitors since it has become dogma that side-effects like nausea are due exclusively to inhibition of the PDE4D isoenzymes -however, this viewpoint in not universally shared [START_REF] Page | PDE inhibitors in the treatment of inflammatory diseases[END_REF] and the recent discovery of selective brain-penetrant PDE4-inhibitors that are devoid of emesis [START_REF] Burgin | Design of phosphodiesterase 4D (PDE4D) allosteric modulators for enhancing cognition with improved safety[END_REF] adds further weight against avoiding the targeting of PDE4D, particularly as this enzyme subtype is expressed in cells of interest to COPD.

An alternative approach is to develop topically active inhibitors which have limited systemic exposure and consequently, side-effects could be avoided and the tolerated dose could be increased to achieve more substantial PDE4-inhibition in the lung. Thus far, two inhaled PDE4-inhibitors have been evaluated in respiratory disease. A highly potent PDE4-inhibitor, UK-500,001 failed to demonstrate any improvement in baseline FEV1 in patients with moderate to severe COPD after 6 weeks of treatment [START_REF] Vestbo | A controlled trial of 6-weeks' treatment with a novel inhaled phosphodiesterase type-4 inhibitor in COPD[END_REF]. In contrast, the inhaled PDE4-inhibitor, GSK256066, with low systemic exposure, was shown to attenuate the acute and late phase allergic airway response after 1 week of treatment [START_REF] Singh | The inhaled phosphodiesterase 4 inhibitor GSK256066 reduces allergen challenge responses in asthma[END_REF], and whether this drug is clinically effective in COPD remains to be established.

Another approach worth considering is the possibility of using mixed PDE-inhibitors for the treatment of COPD. This stems from the notion that PDE4-inhibitors per se are relatively poor at inhibiting macrophage function (Table 1), that PDE3 is also present in epithelium and airway smooth muscle and that PDE3-inhibition can produce bronchodilator effects and also promote chloride ion secretion [START_REF] Liu | Dynamic activation of cystic fibrosis transmembrane conductance regulator by type 3 and type 4D phosphodiesterase inhibitors[END_REF]. Mixed PDE-inhibitors can serve to have additive or potentially synergistic actions on cell function [START_REF] Torphy | Identification, characterization and functional role of phosphodiesterase isozymes in human airway smooth muscle[END_REF][START_REF] Liu | Dynamic activation of cystic fibrosis transmembrane conductance regulator by type 3 and type 4D phosphodiesterase inhibitors[END_REF][START_REF] Selige | Cytokine-dependent balance of mitogenic effects in primary human lung fibroblasts related to cyclic AMP signaling and phosphodiesterase 4 inhibition[END_REF] and whilst early mixed PDE3/4 inhibitors evaluated by the inhaled route showed limited activity [START_REF] Brunnee | Bronchodilatory effect of inhaled zardaverine, a phosphodiesterase III and IV inhibitor, in patients with asthma[END_REF][START_REF] Ukena | Effects of the mixed phosphodiesterase III/IV inhibitor, zardaverine, on airway function in patients with chronic airflow obstruction[END_REF] this was attributed to their short retention time within the lung. The development of mixed PDE3/4 inhibitors with long duration of action coupled with anti-inflammatory activity could be of greater utility in COPD [START_REF] Boswell-Smith | dimethoxy-2(2,4,6trimethylphenylimino)-3-(n-carbamoyl-2-aminoethyl) -3,4,6,7-tetrahydro-2H-pyrimido[6,1a]isoquinolin-4-one] and RPL565 [6,7-dihydro-2-(2,6-diisopropylphenoxy)-9,10-dimethoxy-4Hpyrimido[6,1-a]i soquinolin-4-one][END_REF].

In a similar fashion, it has been suggested that targeting PDE7 may also be beneficial in view of its widespread distribution in various inflammatory and structural airway cell types implicated in the pathogenesis of COPD [START_REF] Wright | Phosphodiesterase expression in human epithelial cells[END_REF][START_REF] Smith | Ubiquitous expression of phosphodiesterase 7A in human proinflammatory and immune cells[END_REF]. However, targeting PDE7 with a chemical inhibitor failed to modify cell function in vitro, but when used in combination appeared to enhance the inhibitory action of a PDE4 selective inhibitor [START_REF] Smith | Ubiquitous expression of phosphodiesterase 7A in human proinflammatory and immune cells[END_REF]. Targeting both PDE4 and PDE7 with antisense oligonucleotides suppressed various indices of airway inflammation in mice exposed to cigarette smoke [START_REF] Fortin | A multi-target antisense approach against PDE4 and PDE7 reduces smoke-induced lung inflammation in mice[END_REF], and whilst combination treatment was not compared with component oligonucleotides against the inflammatory response, it appears that simultaneous targeting of PDE4 and PDE7 provided a greater inhibitory activity than targeting PDE4 only and warrants the development of mixed PDE-inhibitors for the treatment of COPD.

Adverse events during long-term PDE4-inhibition

In contrast to the non-selective PDE-inhibitor theophylline, the second generation selective PDE4inhibitors cilomilast and roflumilast have been shown to cause substantially less side effects in terms of incidence and severity. In all 6-12 months randomized controlled trials, the most commonly roflumilast-related adverse events, reported by COPD-patients, included central adverse events (nausea, headache, insomnia), gastro-intestinal side effects (diarrhea) and (modest) weight loss [START_REF] Rabe | Roflumilast--an oral anti-inflammatory treatment for chronic obstructive pulmonary disease: a randomised controlled trial[END_REF][START_REF] Calverley | Effect of 1year treatment with roflumilast in severe chronic obstructive pulmonary disease[END_REF][START_REF] Calverley | Roflumilast in symptomatic chronic obstructive pulmonary disease: two randomised clinical trials[END_REF][START_REF] Fabbri | Roflumilast in moderate-to-severe chronic obstructive pulmonary disease treated with longacting bronchodilators: two randomised clinical trials[END_REF]. Adverse events mostly became evident during the first 4-12 weeks and although usually subsiding with continued treatment, these events caused an increased patient withdrawal in the roflumilast-arms. In addition, no clinically relevant cardiac toxicity was reported in none of the patients [START_REF] Rabe | Roflumilast--an oral anti-inflammatory treatment for chronic obstructive pulmonary disease: a randomised controlled trial[END_REF][START_REF] Calverley | Effect of 1year treatment with roflumilast in severe chronic obstructive pulmonary disease[END_REF][START_REF] Calverley | Roflumilast in symptomatic chronic obstructive pulmonary disease: two randomised clinical trials[END_REF][START_REF] Fabbri | Roflumilast in moderate-to-severe chronic obstructive pulmonary disease treated with longacting bronchodilators: two randomised clinical trials[END_REF].

In the pooled data analysis of the M2-124/125 studies, the most common side effects were diarrhea and weight loss. The incidence of adverse events was 67% in the roflumilast arm and 65% in the placebo-arm, while serious side effects were noted in 19% and 22% of the patients, respectively.

Overall, drop-outs due to side effects occurred more frequently in the roflumilast (14%) versus the placebo-arm (11%). In all 4 registration trials (M2-124/125 and M2-127/128) weight loss was reported, with a mean of 2.1 kg, mostly occurring in the first 6 months of the M2-124/125 studies [START_REF] Calverley | Roflumilast in symptomatic chronic obstructive pulmonary disease: two randomised clinical trials[END_REF] and with a similar mean weight loss of 2.0 and 1.8 kg, respectively, in the M2-127/128 studies [START_REF] Fabbri | Roflumilast in moderate-to-severe chronic obstructive pulmonary disease treated with longacting bronchodilators: two randomised clinical trials[END_REF]. The largest absolute weight loss was seen in patients with a BMI >30. Based on a subanalysis from M2-128, this weight loss could be ascribed primarily to fat loss; how this relates to the systemic anti-inflammatory potential of roflumilast, needs to be clarified [START_REF] Wouters | Effects of roflumilast, a phosphodiesterase 4 inhibitor, on body composition in chronic obstructive pulmonary disease[END_REF].

In the COPD safety pooled analysis, including over 12,000 COPD patients from several RCT trials (797 patients on roflumilast 250 µg, 5766 patients on roflumilast 500 µg, 5491 patients on placebo), 3 cases of suicides were reported, all receiving roflumilast treatment (1 on 250 µg, and 2 on 500 µg) [Food and Drug Administration. www.fda.gov/downloads/advisory committees/committeesmeetingmaterials/drugs/pulmonaryallergydrugsadvisorycommittee/UCM207377.pdf]. Despite relatively small numbers and a potentially pre-existent depression among these patients, these findings obviously require close monitoring.

It has recently been highlighted in cell culture experiments that roflumilast, albeit at concentrations that would never be achieved clinically, promoted IL-8 secretion from human endothelial cells and induced neutrophil recruitment to the lungs when administered to mice [START_REF] Mccluskie | Phosphodiesterase type 4 inhibitors cause proinflammatory effects in vivo[END_REF].

Similarly, PDE4-inhibition promoted chemokine expression in monocyte/macrophage in culture [START_REF] Hertz | Elevated cyclic AMP and PDE4 inhibition induce chemokine expression in human monocyte-derived macrophages[END_REF] suggesting that this drug class might be anticipated to potentially promote inflammation. However, these data are not consistent with numerous studies documenting anti-inflammatory effects of PDE4-inhibitors (Table 1). Indeed, roflumilast treatment alone failed to significantly increase macrophage and neutrophil cell number in the lung in a preclinical model of smoke-induced inflammation, but reduced the rise in macrophage and neutrophil cell numbers caused by cigarette smoke exposure [START_REF] Martorana | Roflumilast fully prevents emphysema in mice chronically exposed to cigarette smoke[END_REF][START_REF] Martorana | Effect of roflumilast on inflammatory cells in the lungs of cigarette smoke-exposed mice[END_REF]. Similarly, human clinical data shows that the PDE4-inhibitors, cilomilast and roflumilast, reduce inflammatory cell numbers in the lung compartment [START_REF] Grootendorst | Reduction in sputum neutrophil and eosinophil numbers by the PDE4 inhibitor roflumilast in patients with COPD[END_REF][START_REF] Gamble | Cilomilast reduces CD8+ T-lymphocytes and macrophages in patients with chronic obstructive pulmonary disease (COPD): a double-blind placebo-controlled, parallel-group quantitiative study of bronchial biopsies[END_REF]. In conclusion, ample evidence has been provided that the PDE4-inhibitors cilomilast and roflumilast, at a clinically relevant dose, are capable of reducing airway inflammation.

Conclusions

COPD imposes an increasing burden on mankind, health care and resources. Smoking is the pivotal inducer of COPD, and therefore smoking cessation is the cornerstone in the prevention and treatment of COPD. Despite Global Initiative for COPD, current pharmacological approach to COPD fails to provide sustained efficacy, while still too many patients experience frequent exacerbations with poor quality of life due to impairment of their general health status and an accelerated decline in lung function. These events contribute to the increasing morbidity and mortality among COPD patients.

In mid 2010, a novel, targeted approach to COPD, has been registered in several European countries, consisting of roflumilast, a once daily oral PDE4-inhibitor. In several 6-12 months RCTs, this selective PDE4-inhibitor has shown sustained clinical efficacy, in terms of clinically relevant bronchodilation and decreases in COPD-exacerbations. In patients with symptomatic (very) severe COPD with chronic cough, sputum and prone to frequent exacerbations, roflumilast caused relief through improvements in lung function and, more importantly, through decrease in exacerbation rates, in addition to their existing anti-COPD therapy. Since the improvements in lung function by roflumilast have been additive to concomitant use of LABA or LAMA, this suggests anti-inflammatory activity. A pooled data analysis showed that the side effects associated with roflumilast (nausea, headache, diarrhea and weight loss) were mostly mild to moderate and usually self-limiting, although resulted in an increased patient withdrawal across the studies.

There are still some outstanding questions that need to be addressed Combination, budesonide, formoterol and placebo (-3.9, -1.9, -3.6, -0.03 respectively). Combination significantly better than placebo (P = 0.009) [START_REF] Dunkern | Inhibition of TGF-beta induced lung fibroblast to myofibroblast conversion by phosphodiesterase inhibiting drugs and activators of soluble guanylyl cyclase[END_REF] Unless otherwise specified all comparisons are statistically significant. †SGRQ scores above 4 are considered clinically relevant ‡ FEV1/FVC average across groups; SGRQ: St George's Respiratory Questionnaire; SOBQ; shortness of breath questionnaire; RR = rate ratio

Values in parentheses represented number of subjects randomized to each treatment group (assigned/completed).

TDI; transition dyspnea index

  = 150 ml above placebo Combination treatment reduced mean severe exacerbation rate vs placebo and formoterol (24 % and 23 %, respectively)

Table 1 . PDE-distribution within human cells of interest for the treatment of chronic obstructive airway disorders, including COPD and persistent asthma

 1 roflumilast and ICS. In addition, studies with roflumilast as monotherapy in other (milder (smoking?)) COPD phenotypes should test its preventive potential. This approach should consequently allow evidence-based positioning of roflumilast in the guidelines of pharmacological COPD management.

	. First: what are the

to (very) severe GOLD-stages. Future trials in these patients should be directed to test clinical efficacy of roflumilast on top of inhaled corticosteroids and to compare clinical efficacy of (LABA-combinations of)

Table 2 . A summary of the most important clinical trials with PDE4 inhibitors and long acting bronchodilators in COPD.
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	of	Treatment Groups	Severity ‡ Endpoints	Results	Reference
	treatment					
	6 weeks	Placebo (106/89)	54 %	Prebronchodilator FEV1	160 mL increase over placebo	[16]
		Cilomilast 5 mg bid (109/92)		SGRQ score	3.9 units cf placebo † (NS)	
		Cilomilast 10 mg bid (102/85)				
		Cilomilast 15 mg bid (107/89)				
	24 weeks	Placebo (216/208)	49 %	Prebronchodilator FEV1	40 mL increase over placebo	[27]
		Cilomilast 15 mg bid (431/394)		SGRQ score	4.1 units cf placebo	
				Exacerbations	39% decrease	
	24 weeks	Placebo (280/248)	50 %	Prebronchodilator FEV1	64 and 88 ml increase over placebo,	
		Roflumilast 0.25 mg (578/478)			respective to dose.	
		Roflumilast 0.5 mg (555/431)		Postbronchodilator FEV1		
				SGRQ score