Direct Inhibitory Effect of the Phosphodiesterase-4 Inhibitor, Roflumilast, on Neutrophil Migration in COPD 
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Abstract 
Neutrophilic inflammation is characteristic of COPD, yet there are no effective anti-inflammatory therapies. The phosphodiesterase (PDE)4 inhibitor, roflumilast is approved for use in COPD and suppresses sputum neutrophilia. The mechanism underlying this observation is unclear and therefore this study addressed whether roflumilast directly affected neutrophil migration.
Blood-derived neutrophils were isolated from non-smokers, smokers and COPD patients and chemotaxis measured using Boyden chambers. Intracellular calcium ion concentration ([Ca2+]i) was measured by fluorimetry and shape change and CD11b expression by flow cytometry.
Neutrophils from COPD patients showed enhanced chemotactic responses towards both CXCL1 and LTB4 compared with control cells. Chemotaxis was inhibited by both the active metabolite, roflumilast-N-oxide, and rolipram in a concentration-dependent manner with no difference in responsiveness between subjects. Roflumilast-N-oxide and rolipram were less efficacious against CXCL1 and LTB4-mediated [Ca2+]i  suggesting that inhibition was not via this pathway. Both PDE4 inhibitors attenuated chemoattractant-mediated shape change and CD11b up-regulation suggesting common mechanisms. The stable cAMP analogue, 8-Br-cAMP, inhibited chemotaxis, as did the direct Epac1 activator 8-pCPT-2’-O-Me-cAMP but not the direct PKA activator, 6-Bnz-cAMP. 
These data suggest that roflumilast inhibits neutrophil chemotaxis directly via a cAMP-mediated mechanism requiring activation of Epac1, and that Epac1 activators could reduce COPD neutrophilic inflammation.
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Introduction
Chronic obstructive pulmonary disease (COPD) is defined as airflow limitation that is not fully reversible and is associated with an underlying pulmonary inflammation (1). It is increasing in prevalence worldwide and is thought to affect ~10% of the global population over the age of 40 years (2). The mechanisms underlying the pathology of COPD remain elusive, with no therapeutic interventions available currently that can prevent the progressive decline in lung function seen in these patients (3). Inflammation in COPD is associated with increased neutrophilia in the airways (3) and can be assessed by an increase in neutrophil numbers in sputum (4). This increase in neutrophil numbers can be explained by a concomitant increase in neutrophil chemotactic factors, including CXCL1 (growth-related oncogene α, GROα), CXCL8 (interleukin-8, IL-8) and leukotriene (LT)B4 (5-7), yet most anti-inflammatory approaches, including glucocorticosteroids, have failed to suppress this abnormal inflammatory response in COPD (8). 
More recently, administration of a phosphodiesterase (PDE)-4 inhibitor, roflumilast, showed benefit in a sub-section of COPD patients to reduce the frequency of exacerbations (9-11), but may also have additional effects on lung function (12) and inflammatory indices including sputum neutrophilia (13).  The mechanisms of this anti-inflammatory effect of roflumilast are not clear, although may be via elevation of intracellular cyclic adenosine 3’,5’-monophosphate (cAMP) and suppression of epithelial-derived chemokines (14), alternatively, roflumilast could be acting directly on neutrophils to suppress function. The latter is consistent with studies that have shown that roflumilast can alter expression of adhesion molecules and will inhibit adhesion of human neutrophils to endothelial cells and up regulation of fMLP-stimulated CD11b expression (15). Roflumilast has also been shown to suppress reactive oxygen species production from human neutrophils stimulated with f-MLP, murine neutrophil chemotaxis to C5a (16) and human neutrophil chemotaxis to both CXCL8 and LTB4 (17).  Moreover, PDE4 inhibition can also suppress human neutrophil degranulation in vitro (18). These data are further supported by a proof-of-concept study whereby healthy human volunteers were given 28 days of oral roflumilast (500 µg once daily) or matched placebo followed by segmental endotoxin challenge and bronchoscopy (19). In subjects who had been given the PDE4 inhibitor, there was a significant reduction in the numbers of neutrophils and eosinophils accumulating in the lungs compared with placebo (19). These studies provide support that PDE4 inhibition may be affecting anti-inflammatory responses via suppression of neutrophil migration. This could be important in the context of COPD as there is evidence that neutrophil migration is abnormal in this disease (20-22), and could contribute the destructive pathophysiology observed in these patients.
The mechanism by which PDE4 inhibition could suppress neutrophil migration is thought to be via elevation of cAMP (23, 24) and subsequent activation of target enzymes, such as protein kinase A (PKA). Activation of PKA leads to inhibition of cell surface expression of integrins, and via inhibition of Ras homolog gene family, member A (RhoA), modulation of Ca2+-mediated regulation of the actin cytoskeleton (25).  cAMP is also known to activate Epac (exchange protein directly activated by cAMP)-1 in neutrophils (26), and this stimulates the Ras GTPases homologue Rap1 (26, 27). The expression of Epac-2 has not been observed in these cells. Translocation of Rap1 and its effector protein RAPL to the leading edge of the migrating leukocyte leads to up-regulation of β2 integrins for increased adhesion and motility and highlights the duality of cAMP activity (25). However, Epac-1 dependent activation of Rap1 in human neutrophils fails to increase expression of β2 integrins and therefore may have a differential effect in these cells (26).  
The aim of this study was to examine the effect of the active metabolite of roflumilast, roflumilast-N-oxide, on neutrophil migration and compared efficacy between cells from COPD patients and control subjects. This study also examined the putative mechanisms of action of roflumilast-N-oxide using the cAMP analogue, 8-Br-cAMP, and to see if the mechanism was independent of activation of PKA using the activator 6-Bnz-cAMP and the Epac activator, 8-pCPT-2’-O-Me-cAMP.
Methods
Subject selection
Healthy, non-smoking, subjects (n=25), smokers without COPD (n=13) and COPD patients (both current and ex-smokers) (n=20) were recruited from the NHLI, Royal Brompton Hospital, London, UK.  COPD was defined according to GOLD criteria (1). All subjects gave written informed consent as approved by the London-Chelsea National Research Ethics Committee. COPD patients were required to have been free from exacerbation or antibiotic or steroid treatment for the preceding 6 weeks. Demographic data are presented in supplementary Table E1.  COPD patients were significantly older than the control groups but there were no differences in smoking history between COPD patients and the smoking controls (Table E1).

Chemotaxis
Neutrophils were isolated from whole blood as described using Percoll density gradients as described previously (28) and migration evaluated using a 48-well Boyden chamber (28, 29) following incubation in the absence or presence of the active metabolite of roflumilast, roflumilast-N-oxide or rolipram. 

Intracellular Ca2+ measurement
Calcium measurements were performed as described previously. Briefly, cells were resuspended at 10x106 cells/ml in calcium buffer (20mM HEPES, 138mM NaCl, 6mM KCl, 1mM MgCl2, 5.2mM glucose, 1mM CaCl2, 1% (w/v) BSA, pH7.4), and incubated with 4µM FURA2/AM and 0.02% (v/v) pluronic acid, in the presence or absence of roflumilast-N-oxide, rolipram or vehicle for 30 min at 37°C in the dark.  Excess dye was removed by centrifugation and cells resuspended at 10x106 cells/ml in calcium buffer with the appropriate drug or vehicle.  FURA2 loaded cells (1x106 cells) were added to each well of a 96-well black plate, and the cells equilibrated for 10 min at 37°C. Cells were stimulated with agonist or calcium buffer. Excitation (340/380nm), and emission (510nm) were recorded using a FLUOstar Optima plate reader (BMG Labtech Ltd, Buckinghamshire, UK), at 2.8 s intervals. The Ca2+ concentration was calculated using the Grynkiewicz equation (30).  Rmax was obtained using 0.25mg/ml digitonin and Rmin using 25mM EDTA.

Whole blood shape-change assay and CD11b up-regulation
Whole blood from all subjects was stimulated with chemoattractants following incubation with formoterol (1µM) for 10 min at 37°C and rolipram or roflumilast-N-oxide for 10 min and shape change assessed by flow cytometry (31). 

Neutrophil expression of Epac1 and Epac2
RNA was extracted from neutrophils using the RNAeasy kit (Qiagen, Manchester, UK) and Taqman qRT-PCR assays performed (Epac1: Hs01030417_m1; Epac2: Hs00199754_m1) and normalised to the housekeeping gene HPRT (Hs0200695_m1) (Applied Biosystems, Life Technologies, Foster City, CA). 

Cell viability 
[bookmark: _Hlk528239468][bookmark: _Hlk528239732]Cell viability was measured Trypan blue exclusion. Isolated neutrophils were >99% viable and none of the drugs altered cell viability.

Statistical Analysis
Data are presented as mean ± SEM for ‘n’ observations. Differences in ‘n’ between experiments is due to differences in the yield of neutrophils in each sample.  Comparisons between subject groups were performed using either two-way ANOVA followed by Bonferroni correction or Kruskal-Wallis analysis using GraphPad Prism software followed by Dunn’s multiple comparison test (GraphPad Software Inc., San Diego, CA) or a Mann-Whitney test where appropriate. Differences were considered significant where p<0.05. 
Results
Neutrophil response to chemoattractants
[bookmark: OLE_LINK6]Initial experiments were performed using neutrophils from COPD patients and control subjects in order to determine the concentrations of chemoattractants to use in subsequent experiments. Neutrophils showed a bell-shaped chemotactic response to CXCL1 (Fig. 1A) with an increased migration of cells from COPD patients when compared with cells from non-smokers. Similar experiments were performed to determine the chemotactic response to LTB4 and again a significant increase in the response of neutrophils from COPD patients to LTB4 was observed (Fig. 1B). These data suggested that neutrophils from COPD patients show a heightened response to chemotactic stimuli. From these data, 3 nM CXCL1 and 1.3 nM LTB4 were selected for future chemotaxis experiments. Activation of chemoattractant receptors and subsequent migration is thought to require elevations in [Ca2+]i and therefore concentration responses were performed for CXCL1 (Fig. 1C) and LTB4 (Fig. 1D). From these experiments, 10 nM CXCL1 and 30 nM LTB4 were selected to examine the effects of PDE4 inhibitors on [Ca2+]i.

Effect of PDE4 inhibitors on neutrophil migration
[bookmark: OLE_LINK2]The PDE4 inhibitors, roflumilast-N-oxide and rolipram, both inhibited migration of neutrophils towards CXCL1 (3nM) and LTB4 (1.3nM) in a concentration-dependent manner (Fig. 2). There were no significant differences in the inhibitory effects of either of these PDE4 inhibitors on neutrophils from non-smokers, smokers or patients with COPD (Fig. 2 and Table 1); however, roflumilast-N-oxide was more potent than rolipram at inhibiting migration towards both chemoattractants (Table 1). The chemoattractant did not alter the potency or efficacy of the inhibitors (Table 1). This suggests that neither roflumilast-N-oxide nor rolipram were acting at a specific chemoattractant receptor or pathway. Therefore, in order to investigate where in the chemoattractant signalling pathway the PDE4 inhibitors were exerting their effects, experiments were devised whereby measures of intracellular calcium transients were performed in the presence of both inhibitors. 

Effect of PDE4 inhibitors on neutrophil calcium transients
Both roflumilast-N-oxide and rolipram inhibited CXCL1 mediated [Ca2+]i in a concentration-dependent manner (Fig. 3). Again, there was no difference in the response of neutrophils from non-smokers, smokers or patients with COPD to either of the inhibitors (Fig. 3 and Table 1), however the EC50 concentrations for the inhibition of chemotaxis and [Ca2+]i differed by at least one order of magnitude (Table 1). In contrast to the effects on CXCL1 mediated [Ca2+]i, both PDE4 inhibitors had limited effect on LTB4-induced [Ca2+]i with maximum inhibition of the peak response of ~25% by both roflumilast-N-oxide and rolipram (Fig. 4). This limited inhibition was lost in neutrophils from patients with COPD suggesting a difference in sensitivity in these cells (Fig. 4D and Table 1). 

Effect of PDE4 inhibitors on CD11b expression
These data suggested that the effects of PDE4 inhibitors on chemotaxis and [Ca2+]i may occur by differing mechanisms. Therefore, the effects of these inhibitors on surrogate measures of neutrophil activation were also examined. The effects of roflumilast-N-oxide and rolipram on CXCL1 and LTB4-mediated shape change and CD11b up-regulation in neutrophils from non-smokers, smokers and COPD patients were evaluated using whole blood assays. However, neither of these inhibitors altered any of the parameters measured (data not shown). It was possible that the lack of effect of PDE4 inhibitors on these responses might be due to low levels of intracellular cAMP, therefore whole blood was pre-treated with 1µM formoterol, a β2-adrenergic receptor agonist, and prior to exposure to PDE4 inhibitors. Under these conditions, both roflumilast-N-oxide and rolipram inhibited CXCL1-mediated neutrophil shape change and CD11b cell surface expression in a concentration-dependent manner (Fig. 5 and Table E2). Again, there was no difference in the responses of neutrophils from non-smokers, smokers or patients with COPD to these agents.  However, the EC50 concentrations of these responses (Table E2) were again higher than those required to elicit an EC50 response for chemotaxis (Table 1). 

Effect of cAMP analogues on neutrophil responses	
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Having established the effect of PDE4 inhibitors on neutrophil migratory responses, it was important to understand whether this could be due to elevation of intracellular cAMP. Therefore, as the responses to agonists and PDE4 inhibitors were similar in all cells examined, neutrophils from healthy subjects were incubated with the stable cAMP analogue, 8-Br-cAMP or the selective Epac activator, 8-pCPT-2'-O-Me-cAMP or the PKA-activator, 6-BnZ-cAMP, and migration and [Ca2+]i  responses to CXCL1 and LTB4 measured. Both 8-Br-cAMP and 8-pCPT-2'-O-Me-cAMP inhibited migration to both CXCL1 and LTB4 completely in a concentration-dependent manner (Figs. 6A and Fig. 6B and Table 2). However, both compounds failed to inhibit the [Ca2+]i response to CXCL1 (Fig. 6C) but significantly inhibited the LTB4 response at 1µM and 10µM by 40-50% respectively (Fig. 6D). In contrast, the PKA activator failed to inhibit the migratory responses of neutrophils to either agonist (Figs. 6A and 6B) and appeared to enhance the migration towards CXCL1 (Fig. 6A), nor was there any effect on the [Ca2+]I responses. To confirm that this effect was mediated via Epac1 and not Epac2 the level of expression of these isoforms was compared in neutrophils. The level of Epac2 was almost undetectable by RT-qPCR but Epac1 could be detected. However, there were no differences in expression between the subject groups (Fig. S1). In an attempt to discriminate as to whether 8-pCPT-2'-O-Me-cAMP is acting via Epac1 or Epac2, selective Epac inhibitors were used to investigate whether the inhibitory effect of roflumilast could be reversed. The pan Epac inhibitor, ESI-09 reversed roflumilast mediated inhibition of CXCL1 induced neutrophil migration, but the selective Epac2 inhibitor, CE3F4 did not (Fig. 6E). In contrast, the selective Epac1 inhibitor, HJC-0350 also reversed roflumilast mediated inhibition of chemotaxis suggesting that Epac1 may be mediating this activity.




Discussion
[bookmark: _Hlk528229414][bookmark: _Hlk528235529]Increased neutrophilia is a hallmark of COPD and is thought to drive many of the pathological features of the disease due to increased release of proteases, including neutrophil elastase and other serine proteases. This study shows that neutrophils from COPD patients exhibit increased migratory activity towards various chemotactic stimuli confirming our earlier observation with respect to LTB4 (21), but we now demonstrate that this enhanced migratory response also occurs with the chemokine CXCL1. This is similar to the responses we have reported for peripheral blood mononuclear cells from patients with COPD to this agonist (29), suggesting that there may be a general alteration in the response of leukocytes to chemotactic stimuli in COPD. Aberrant neutrophil migration by cells from COPD patients has been reported by others (20, 22), although this is associated with a lack of directional cell movement rather than an increased chemotactic response, but these cells have an increased velocity (22). These differences may reflect the types of assays used (Boyden chambers vs. video microscopy) but both types of assays suggest alterations in neutrophil behaviour in COPD. Neutrophil function and migration also alters with age (32) and the COPD patients used in this study were older than the control groups, however this is reported to impair migration and not increase migration. Nevertheless, it is possible that COPD neutrophils are ‘primed’ in the circulation and therefore respond differently to stimuli.   
	There is a lack of novel anti-inflammatory therapies for the treatment of COPD, although roflumilast has shown some promise.  However, there are side-effects associated with administration including nausea, diarrhoea, headaches and weight loss (9, 33, 34), which appear to be directly linked to PDE4 inhibition (35). Studies in COPD patients have demonstrated inhibition of sputum neutrophilia (13) and shown that this effect is sustained in patients selected for chronic bronchitis (9).  Furthermore, a recent study showed that roflumilast was of benefit in acute exacerbations of COPD and also reduced sputum neutrophilia (36). There have been several mechanisms proposed as to how roflumilast may be mediating anti-inflammatory activity in COPD, including inhibition of inflammatory mediator release from airway cells (14, 37, 38) or inhibition of prolyl endopeptidase activity and hence a reduction in the breakdown of extracellular matrix to the neutrophil chemotactic factor, N-acetyl-proline-glycine-proline (39). 
[bookmark: _Hlk528591084][bookmark: _Hlk528590888][bookmark: _Hlk528243042]The present study proposes a mechanism whereby roflumilast may be exerting some of these anti-inflammatory effects by suppressing neutrophil chemotaxis directly. Previously, others have demonstrated that roflumilast can reverse the corticosteroid insensitivity observed in neutrophils from patients with COPD (40), indicating that these cells can be direct targets for PDE4 inhibitors. This is supported by other data indicating that PDE4 inhibition leads to suppression of degranulation and adhesion to endothelial cells (18). The present study directly addressed whether neutrophil migration can be suppressed by PDE4 inhibition. The effects of roflumilast on neutrophil migration have been reported previously (17) but not in the context of COPD. Here, we demonstrate that roflumilast suppressed neutrophil migration to both LTB4 and CXCL1 in cells from COPD patients with similar potency and efficacy to that seen in cells from controls and is more potent than another PDE4 inhibitor, rolipram. Classically, chemotactic receptors signal via G-protein coupled receptors that lead to increased [Ca2+]i and we show clearly that PDE4 inhibition also suppresses this intracellular signalling pathway, although the concentration-response curve was shifted to the right, indicating that the relationship between migration and changes in [Ca2+]i  are not necessarily direct. This is most apparent when the cellular response to LTB4 was examined and showed that in COPD neutrophils, both roflumilast and rolipram failed to suppress [Ca2+]i. Such diversity in the relationship between changes in migration and [Ca2+]i has implications for screening assays whereby inhibition of [Ca2+]i is often used as a surrogate for chemotaxis. Similarly, the response of cells to both shape change and expression of CD11b were also shifted to the right compared with the effect of PDE4 inhibition on chemotaxis. However, these effects on shape change and up-regulation of CD11b are compatible with data from other studies (15) and may reflect binding of chemokine or drugs to other proteins in the blood sample e.g. duffy antigen. Although, the shape change assays required the addition of formoterol to increase intracellular cAMP and maybe a reflection of sensitivity of this assay. Taken together, these data suggested the possibility that the effect of PDE4 inhibition on neutrophil chemotaxis towards CXCL1 and LTB4 may be partially independent of any effect on [Ca2+]i, and therefore alternative mechanisms were investigated.
[bookmark: _Hlk528592007]	The suppression of migration by PDE4 inhibition appeared to be due to increased intracellular cAMP, as 8-Br-cAMP, also inhibited chemotaxis to both CXCL1 and LTB4.  As cAMP directly activates Epac1, it was possible that 	the effects of roflumilast were via activation of this protein. This was confirmed by the suppression of chemotaxis by the Epac activator 8-pCPT-2’-O-Me-cAMP and further substantiated by reversal of roflumilast mediated inhibition of chemotaxis by the Epac inhibitor ESI09 and the selective Epac1 inhibitor CE3F4 but not the selective Epac2 inhibitor HJC0350.  The role of Epac1 in this response differs from a murine model of cigarette smoke induced pulmonary inflammation, whereby inflammation was suppressed in the Epac2 knockout mice but not in the Epac1 knockout mice (41). The mechanism underlying this discrepancy is not known, but we have demonstrated little expression of Epac2 in human neutrophils and as such the data in the animal model may be due to reduced chemokine expression rather than changes in leukocyte migration. Elevation of cAMP can also lead to activation of PKA and in neutrophils this leads to a reduction in phagocytosis. However, activation of Epac, can overcome this effect (42), as well as suppressing oxidative burst (43), thereby suggesting that a direct activator of this protein could have multiple beneficial effects in COPD. These data were further supported by the observation that the direct PKA activator, 6-Bnz-cAMP, which does not activate Epac1, did not elicit similar reduction in migratory responses in these cells. 
[bookmark: _Hlk528243579][bookmark: _Hlk528070294]	This study offers a possible mechanism for the reduction of airway neutrophilia observed in patients with COPD that have taken roflumilast by directly attenuating recruitment of cells into the lungs. The inhibitory effect of roflumilast-N-oxide is entirely consistent with plasma concentrations that are achieved by oral administration of roflumilast (44). The clinical effect of roflumilast in COPD patients is consistent with oral administration that may prevent recruitment of neutrophils from the circulation into the lungs and this may also explain why inhaled PDE4 inhibitors have proved to be ineffective in COPD patients (45) and have been unable to inhibit the inflammatory profile in sputum including neutrophilia (46). It appears that for PDE4 inhibitors to act as anti-inflammatory agents, these drugs must be systemic and act directly on neutrophils. We have shown that the inhibitory effect of PDE4 inhibitors on neutrophil function may be occurring via direct activation of Epac1, thereby suggesting a novel target for drug therapy that would be independent of PDE4 inhibition and the associated side effect profile, as well as the deleterious effect on neutrophil function associated with elevation of intracellular cAMP. Such a drug could have benefit in disease such as COPD where there is considerable neutrophilic inflammation that is currently untreated by common anti-inflammatory therapies.
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Table 1. EC50 values of inhibitory effects of roflumilast-N-oxide and rolipram on neutrophil chemotaxis and [Ca2+]i towards CXCL1 and LTB4.
	[bookmark: OLE_LINK1]
	
	Chemotaxis (EC50 nM)
	[Ca2+]i (EC50 nM)

	
	Drug
	CXCL1
	LTB4
	CXCL1
	LTB4

	Non-smokers
	Roflumilast-N-oxide
	0.40±0.2
n=10
	0.55±0.29
n=6
	70.2±30.9
n=8
	17.8±10.1
n=5

	
	Rolipram
	4.2±1.4
n=10
	3.1±2.5
n=6
	980±253
n=7
	657±424
n=5

	Smokers
	Roflumilast-N-oxide
	1.5±0.9
n=9
	1.4±1.4
n=6
	52.9±36.9
n=7
	325±322
n=4

	
	Rolipram
	37.0±27.2
n=9
	78±52.5
n=6
	1779±1014
n=8
	2623±1504
n=4

	COPD
	Roflumilast-N-oxide
	4.8±3.2
n=7
	7.9±3.9
n=3
	39.1±13.7
n=7
	NC

	
	Rolipram
	15.8±11.2
n=7
	172±119
n=3
	93.4±59.5
n=7
	NC



Data are presented as means ± SEM for ‘n’ observations. NC = not calculated


Table 2. EC50 values of inhibitory effects of 8-Br-cAMP or 8-pCPT-2′-O-Me-cAMP on neutrophil chemotaxis and [Ca2+]i towards CXCL1 and LTB4.
	
	CXCL1
	LTB4

	
	Chemotaxis
	[Ca2+]i
	Chemotaxis
	[Ca2+]i

	8-Br-cAMP
	4.8 ± 3.8 nM
n=5
	NC
	3.0 ± 2.2 nM
n=4
	238 ± 157 nM
n=7

	8-pCPT-2′-O-Me-cAMP
	13.7 ± 6.6 nM
n=5
	NC
	3.3 ± 2.0 nM
n=4
	16.3 ± 10.3 nM
n=8



Data are presented as means ± SEM for ‘n’ observations. NC = not calculated


Figure Legends
[bookmark: _Hlk528075330]Figure 1. Effect of CXCL1 and LTB4 on neutrophil chemotaxis and [Ca2+]i. Panels A and B: Neutrophils were isolated from the blood of non-smokers (, n=4), smokers (○, n=4) and patients with COPD (▲, n=5) and chemotaxis performed towards either CXCL1 (panel A) or LTB4 (panel B). Cells were counted and data are presented as means ± SEM where * represents p<0.05 and **p<0.01 for differences between neutrophils from non-smokers and COPD patients and + p<0.05 and ++ p<0.01 for differences between neutrophils from smokers and COPD patients using two-way ANOVA followed by Bonferroni correction. Panels C and D depict typical calcium transients for CXCL1 (panel C) and LTB4 (panel D) where the black line is basal (no agonist) and the agonist concentrations are represented by different color lines as follows: red 1nM; orange 3nM; green 10nM; purple 30 nM; blue 100 nM. 
[bookmark: OLE_LINK7]Figure 2. Effect of roflumilast-N-oxide and rolipram on neutrophil chemotaxis towards CXCL1 and LTB4. Neutrophils were isolated from the blood of healthy subjects (, n=6-10), smokers (○, n=6-9) and patients with COPD (▲, n=3-7) and pre-incubated in either roflumilast-N-oxide (panels A and C) or rolipram (panels B and D) for 1h prior to chemotaxis towards either CXCL1 (3nM) (panels A and B) or LTB4 (1.3nM) (panels C and D). Cells were counted and data are presented as mean ± SEM as a percentage of cells migrated in the absence of drug. There is no difference in the responsive of neutrophils from the three groups (Kruskall-Wallis test).
[bookmark: _Hlk528076325][bookmark: _Hlk528075413]Figure 3.  Effect of roflumilast-N-oxide and rolipram on neutrophil CXCL1-induced [Ca2+]i. Neutrophils were isolated from the blood of healthy subjects (, n=6), smokers (○, n=6) and patients with COPD (▲, n=6) and pre-incubated in either roflumilast-N-oxide (panels A and C) or rolipram (panels B and D) for 1h prior to measurements of [Ca2+]i towards CXCL1 (10 nM). Panels A and B depict typical calcium transients ) where the black line is CXCL1 and the PDE4 inhibitor concentrations are represented by different color lines as follows: red 10-5M; orange 10-6M; green 10-7M; purple 10-8M; blue 10-10M and panels C and D present data as means ± SEM as a percentage of the peak calcium response in the absence of drug. There is no difference in the responsive of neutrophils from the three groups (Kruskall-Wallis test).
Figure 4.  Effect of roflumilast-N-oxide and rolipram on neutrophil LTB4-induced [Ca2+]i. Neutrophils were isolated from the blood of healthy subjects (, n=5), smokers (○, n=4) and patients with COPD (▲, n=3) and pre-incubated in either roflumilast-N-oxide (panels A and C) or rolipram (panels B and D) for 1h prior to measurements of [Ca2+]i towards LTB4 (30 nM). Panels A and B depict typical calcium transients where the black line is LTB4 and the PDE4 inhibitor concentrations are represented by different color lines as follows: red 10-5M; orange 10-6M; green 10-7M; purple 10-8M; blue 10-10M and panels C and D present data as mean ± SEM as a percentage of the peak calcium response in the absence of drug. There is no difference in the responsive of neutrophils from the three groups (Kruskall-Wallis test).
Figure 5.  Effect of roflumilast-N-oxide and rolipram on neutrophil CXCL1-induced shape change and CD11b expression. Whole blood from healthy subjects (, n=7), smokers (○, n=5) and patients with COPD (▲, n=5) was pre-incubated with either 1µM formoterol for 10 min followed by roflumilast-N-oxide (panels A and C) or rolipram (panels B and D) for 10 min prior to measurements of neutrophil shape change towards CXCL1 (30 nM) (panels A and B) or expression of CD11b (panels C and D) using flow cytometry. Data are presented as mean ± SEM as a percentage of the maximum stimulation in the absence of roflumilast-N-oxide or rolipram. 
[bookmark: OLE_LINK5][bookmark: _GoBack]Figure 6.  Effect of 8-Br-cAMP, 6-Bnz-cAMP or 8-pCPT-2′-O-Me-cAMP on neutrophil migration and [Ca2+]i to CXCL1 and LTB4. Neutrophils were isolated from the blood of control subjects and pre-incubated with either 8-Br-cAMP (●), 8-pCPT-2′-O-Me-cAMP (○) or 6-Bnz-cAMP (■) for 1h prior to measurements of chemotaxis towards CXCL1 (3nM) (panel A) or LTB4 (1.3 nM) (panel B) or [Ca2+]i towards CXCL1 (10nM) panel C or  LTB4 (30 nM) (panel D). Data are presented as mean ± SEM as a percentage of the maximum chemotactic or peak calcium response in the absence of drug, n=4-9 and *p<0.05 from control. Panel E neutrophils migrated towards CXCL1 in the absence or presence of roflumilast (1nM) and either ESI-09 (10µM), CE3F4 (20µM) or HJC-0350 (20µM) for 1h.  Data are presented as mean±SEM n=4 and ***p<0.001 for differences from CXCL1 using ANOVA followed by Dunnett’s post-test.


References

[bookmark: _ENREF_1]1.	GOLD. 
Executive summary: Global strategy for the diagnosis, management, and prevention of copdglobal initiative for chronic obstructive pulmonary disease: Global strategy for the diagnosis, management, and prevention of copd. https://goldcopdorg/gold-reports/;2018.
[bookmark: _ENREF_2]2.	Buist A, McBurnie M, Vollmer W, Gillespie S, Burney P, Mannino D, Menezes A, Sullivan S, Lee T, Weiss K, et al. International variation in the prevalence of copd (the bold study): A population-based prevalence study. Lancet 2007;370:741 - 750.
[bookmark: _ENREF_3]3.	Barnes PJ. Cellular and molecular mechanisms of chronic obstructive pulmonary disease. Clin Chest Med 2014;35(1):71-86.
[bookmark: _ENREF_4]4.	Keatings VM, Jatakanon A, Worsdell YM, Barnes PJ. Effects of inhaled and oral glucocorticoids on inflammatory indices in asthma and copd. American journal of respiratory and critical care medicine 1997;155(2):542-548.
[bookmark: _ENREF_5]5.	Keatings VM, Collins PD, Scott DM, Barnes PJ. Differences in interleukin-8 and tumor necrosis factor-alpha in induced sputum from patients with chronic obstructive pulmonary disease or asthma. American journal of respiratory and critical care medicine 1996;153(2):530-534.
[bookmark: _ENREF_6]6.	Traves SL, Culpitt SV, Russell RE, Barnes PJ, Donnelly LE. Increased levels of the chemokines groa and mcp-1 in sputum samples from patients with copd. Thorax 2002;57(7):590-595.
[bookmark: _ENREF_7]7.	Woolhouse IS, Bayley DL, Stockley RA. Sputum chemotactic activity in chronic obstructive pulmonary disease: Effect of alpha(1)-antitrypsin deficiency and the role of leukotriene b(4) and interleukin 8. Thorax 2002;57(8):709-714.
[bookmark: _ENREF_8]8.	Culpitt SV, Maziak W, Loukidis S, Nightingale JA, Matthews JL, Barnes PJ. Effect of high dose inhaled steroid on cells, cytokines, and proteases in induced sputum in chronic obstructive pulmonary disease. American journal of respiratory and critical care medicine 1999;160(5 Pt 1):1635-1639.
[bookmark: _ENREF_9]9.	Calverley P, Rabe K, Goehring U, Kristiansen S, Fabbri L, Martinez F. Roflumilast in symptomatic chronic obstructive pulmonary disease: Two randomised clinical trials. Lancet 2009;374:685 - 694.
[bookmark: _ENREF_10]10.	Rennard SI, Calverley PM, Goehring UM, Bredenbroker D, Martinez FJ. Reduction of exacerbations by the pde4 inhibitor roflumilast--the importance of defining different subsets of patients with copd. Respir Res 2011;12:18.
[bookmark: _ENREF_11]11.	Martinez FJ, Calverley PM, Goehring UM, Brose M, Fabbri LM, Rabe KF. Effect of roflumilast on exacerbations in patients with severe chronic obstructive pulmonary disease uncontrolled by combination therapy (react): A multicentre randomised controlled trial. Lancet 2015;385(9971):857-866.
[bookmark: _ENREF_12]12.	Fabbri L, Calverley P, Izquierdo-Alonso J, Bundschuh D, Brose M, Martinez F, Rabe K. Roflumilast in moderate-to-severe chronic obstructive pulmonary disease treated with longacting bronchodilators: Two randomised clinical trials. Lancet 2009;374:695 - 703.
[bookmark: _ENREF_13]13.	Grootendorst DC, Gauw SA, Verhoosel RM, Sterk PJ, Hospers JJ, Bredenbr+Âker D, Bethke TD, Hiemstra PS, Rabe KF. Reduction in sputum neutrophil and eosinophil numbers by the pde4 inhibitor roflumilast in patients with copd. Thorax 2007;62(12):1081-1087.
[bookmark: _ENREF_14]14.	Giembycz MA, Newton R. How phosphodiesterase 4 inhibitors work in patients with chronic obstructive pulmonary disease of the severe, bronchitic, frequent exacerbator phenotype. Clinics in Chest Medicine 2014;35(1):203-217.
[bookmark: _ENREF_15]15.	Sanz MJ, Cortijo J, Taha MA, Cerda-Nicolas M, Schatton E, Burgbacher B, Klar J, Tenor H, Schudt C, Issekutz AC, et al. Roflumilast inhibits leukocyte-endothelial cell interactions, expression of adhesion molecules and microvascular permeability. Br J Pharmacol 2007;152(4):481-492.
[bookmark: _ENREF_16]16.	Moretto N, Caruso P, Bosco R, Marchini G, Pastore F, Armani E, Amari G, Rizzi A, Ghidini E, De Fanti R, et al. Chf6001 i: A novel highly potent and selective phosphodiesterase 4 inhibitor with robust anti-inflammatory activity and suitable for topical pulmonary administration. The Journal of pharmacology and experimental therapeutics 2015;352(3):559-567.
[bookmark: _ENREF_17]17.	Suzuki O, Goto T, Yoshino T, Nakamura S, Maeda H. The role of phosphodiesterase 4b in il-8/ltb4-induced human neutrophil chemotaxis evaluated with a phosphodiesterase 4b inhibitor. Acta pharmaceutica (Zagreb, Croatia) 2015;65(2):191-197.
[bookmark: _ENREF_18]18.	Jones NA, Boswell-Smith V, Lever R, Page CP. The effect of selective phosphodiesterase isoenzyme inhibition on neutrophil function in vitro. Pulmonary Pharmacology & Therapeutics 2005;18(2):93-101.
[bookmark: _ENREF_19]19.	Hohlfeld JM, Schoenfeld K, Lavae-Mokhtari M, Schaumann F, Mueller M, Bredenbroeker D, Krug N, Hermann R. Roflumilast attenuates pulmonary inflammation upon segmental endotoxin challenge in healthy subjects: A randomized placebo-controlled trial. Pulmonary Pharmacology & Therapeutics 2008;21(4):616-623.
[bookmark: _ENREF_20]20.	Burnett D, Chamba A, Hill SL, Stockley RA. Neutrophils from subjects with chronic obstructive lung disease show enhanced chemotaxis and extracellular proteolysis. Lancet 1987;2(8567):1043-1046.
[bookmark: _ENREF_21]21.	Culpitt SV, De Matos C, Russell RE, Donnelly LE, Rogers DF, Barnes PJ. Effect of theophylline on induced sputum inflammatory indices and neutrophil chemotaxis in chronic obstructive pulmonary disease. AmJRespirCrit Care Med 2002;165(10):1371-1376.
[bookmark: _ENREF_22]22.	Sapey E, Stockley JA, Greenwood H, Ahmad A, Bayley D, Lord JM, Insall RH, Stockley RA. Behavioral and structural differences in migrating peripheral neutrophils from patients with copd. American journal of respiratory and critical care medicine 2011;183(9):176-186.
[bookmark: _ENREF_23]23.	Hill HR, Estensen RD, Quie PG, Hogan NA, Goldberg ND. Modulation of human neutrophil chemotactic responses by cyclic 3′,5′-guanosine monophosphate and cyclic 3′,5′-adenosine monophosphate. Metabolism 1975;24(3):447-456.
[bookmark: _ENREF_24]24.	Ariga M, Neitzert B, Nakae S, Mottin G, Bertrand C, Pruniaux MP, Jin S-LC, Conti M. Nonredundant function of phosphodiesterases 4d and 4b in neutrophil recruitment to the site of inflammation. The Journal of Immunology 2004;173(12):7531-7538.
[bookmark: _ENREF_25]25.	Lorenowicz MJ, Fernandez-Borja M, Hordijk PL. Camp signaling in leukocyte transendothelial migration. Arteriosclerosis, Thrombosis, and Vascular Biology 2007;27(5):1014-1022.
[bookmark: _ENREF_26]26.	Dash-Koney M, Deevi RK, McFarlane C, Dib K. Exchange protein directly activated by camp 1 (epac1) is expressed in human neutrophils and mediates camp-dependent activation of the monomeric gtpase rap1. Journal of Leukocyte Biology 2011;90(4):741-749.
[bookmark: _ENREF_27]27.	Cullere X, Shaw SK, Andersson L, Hirahashi J, Luscinskas FW, Mayadas TN. Regulation of vascular endothelial barrier function by epac, a camp-activated exchange factor for rap gtpase. Blood 2005;105(5):1950-1955.
[bookmark: _ENREF_28]28.	Allport JR, Donnelly LE, Hayes BP, Murray S, Rendell NB, Ray KP, MacDermot J. Reduction by inhibitors of mono(adp-ribosyl)transferase of chemotaxis in human neutrophil leucocytes by inhibition of the assembly of filamentous actin. British Journal of Pharmacology 1996;118(5):1111-1118.
[bookmark: _ENREF_29]29.	Traves SL, Smith SJ, Barnes PJ, Donnelly LE. Specific cxc but not cc chemokines cause elevated monocyte migration in copd: A role for cxcr2. Journal of Leukocyte Biology 2004;76:441-450.
[bookmark: _ENREF_30]30.	Grynkiewicz G, Poenie M, Tsien RY. A new generation of ca2+ indicators with greatly improved fluorescence properties. Journal of Biological Chemistry 1985;260(6):3440-3450.
[bookmark: _ENREF_31]31.	Bryan SA, Jose PJ, Topping JR, Wilhelm R, Soderberg C, Kertesz D, Barnes PJ, Williams TJ, Hansel TT, Sabroe I. Responses of leukocytes to chemokines in whole blood and their antagonism by novel cc-chemokine receptor 3 antagonists. American journal of respiratory and critical care medicine 2002;165(12):1602-1609.
[bookmark: _ENREF_32]32.	Sapey E, Greenwood H, Walton G, Mann E, Love A, Aaronson N, Insall RH, Stockley RA, Lord JM. Phosphoinositide 3-kinase inhibition restores neutrophil accuracy in the elderly: Toward targeted treatments for immunosenescence. Blood 2014;123(2):239-248.
[bookmark: _ENREF_33]33.	Yuan L, Dai X, Yang M, Cai Q, Shao N. Potential treatment benefits and safety of roflumilast in copd: A systematic review and meta-analysis. Int J Chron Obstruct Pulmon Dis 2016;11:1477-1483.
[bookmark: _ENREF_34]34.	Giembycz MA. Phosphodiesterase-4: Selective and dual-specificity inhibitors for the therapy of chronic obstructive pulmonary disease. Proc Am Thorac Soc 2005;2(4):326-333; discussion 340-321.
[bookmark: _ENREF_35]35.	Contreras S, Milara J, Morcillo E, Cortijo J. Selective inhibition of phosphodiesterases 4a, b, c and d isoforms in chronic respiratory diseases: Current and future evidences. Curr Pharm Des 2017.
[bookmark: _ENREF_36]36.	Mackay AJ, Patel AR, Singh R, Sapsford RJ, Donaldson GC, Prasad N, Goehring UM, Nip TK, Wedzicha JA. Randomized double-blind controlled trial of roflumilast at acute exacerbations of copd. American journal of respiratory and critical care medicine 2017.
[bookmark: _ENREF_37]37.	Hatzelmann A, Morcillo EJ, Lungarella G, Adnot S, Sanjar S, Beume R, Schudt C, Tenor H. The preclinical pharmacology of roflumilast – a selective, oral phosphodiesterase 4 inhibitor in development for chronic obstructive pulmonary disease. Pulmonary Pharmacology & Therapeutics 2010;23(4):235-256.
[bookmark: _ENREF_38]38.	Victoni T, Gleonnec F, Lanzetti M, Tenor H, Valenca S, Porto LC, Lagente V, Boichot E. Roflumilast n-oxide prevents cytokine secretion induced by cigarette smoke combined with lps through jak/stat and erk1/2 inhibition in airway epithelial cells. PLoS One 2014;9(1):e85243.
[bookmark: _ENREF_39]39.	Wells JM, Jackson PL, Viera L, Bhatt SP, Gautney J, Handley G, King RW, Xu X, Gaggar A, Bailey WC, et al. A randomized, placebo-controlled trial of roflumilast. Effect on proline-glycine-proline and neutrophilic inflammation in chronic obstructive pulmonary disease. American journal of respiratory and critical care medicine 2015;192(8):934-942.
[bookmark: _ENREF_40]40.	Milara J, Lluch J, Almudever P, Freire J, Xiaozhong Q, Cortijo J. Roflumilast n-oxide reverses corticosteroid resistance in neutrophils from patients with chronic obstructive pulmonary disease. Journal of Allergy and Clinical Immunology 2014;134(2):314-322.e319.
[bookmark: _ENREF_41]41.	Oldenburger A, Timens W, Bos S, Smit M, Smrcka AV, Laurent AC, Cao J, Hylkema M, Meurs H, Maarsingh H, et al. Epac1 and epac2 are differentially involved in inflammatory and remodeling processes induced by cigarette smoke. FASEB journal : official publication of the Federation of American Societies for Experimental Biology 2014;28(11):4617-4628.
[bookmark: _ENREF_42]42.	Scott J, Harris GJ, Pinder EM, Macfarlane JG, Hellyer TP, Rostron AJ, Conway Morris A, Thickett DR, Perkins GD, McAuley DF, et al. Exchange protein directly activated by cyclic amp (epac) activation reverses neutrophil dysfunction induced by beta2-agonists, corticosteroids, and critical illness. J Allergy Clin Immunol 2016;137(2):535-544.
[bookmark: _ENREF_43]43.	Cerny O, Anderson KE, Stephens LR, Hawkins PT, Sebo P. Camp signaling of adenylate cyclase toxin blocks the oxidative burst of neutrophils through epac-mediated inhibition of phospholipase c activity. J Immunol 2017;198(3):1285-1296.
[bookmark: _ENREF_44]44.	Bethke TD, Bohmer GM, Hermann R, Hauns B, Fux R, Morike K, David M, Knoerzer D, Wurst W, Gleiter CH. Dose-proportional intraindividual single- and repeated-dose pharmacokinetics of roflumilast, an oral, once-daily phosphodiesterase 4 inhibitor. J Clin Pharmacol 2007;47(1):26-36.
[bookmark: _ENREF_45]45.	Vestbo J, Tan L, Atkinson G, Ward J. A controlled trial of 6-weeks' treatment with a novel inhaled phosphodiesterase type-4 inhibitor in copd. Eur Respir J 2009;33(5):1039-1044.
[bookmark: _ENREF_46]46.	Watz H, Mistry SJ, Lazaar AL. Safety and tolerability of the inhaled phosphodiesterase 4 inhibitor gsk256066 in moderate copd. Pulm Pharmacol Ther 2013;26(5):588-595.

21

