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A B S T R A C T

Background: We compared the anti-inflammatory effects of phosphodiesterase type 4 (PDE4) inhibitor ro-
flumilast with CHF6001, a novel PDE4 inhibitor designed for inhaled administration, using human alveolar
macrophages (AM) and lung tissue explants models.
Methods: AM from 13 chronic obstructive pulmonary disease (COPD) patients and 10 smoking controls and lung
tissue from 7 COPD patients were stimulated with LPS following preincubation with roflumilast
(0.000001–10 µM), CHF6001 (0.000001–0.1 µM), or vehicle. After 24 h, supernatants were analysed for cyto-
kines by ELISA. The effects of both compounds on the phosphorylation and cellular localisation of cAMP re-
sponse element binding protein (CREB) were assessed by immunofluorescence and Western blot analysis.
Extracted RNA was used for quantitative PCR analysis of PDE4 A, B and D mRNA.
Results: PDE4 A, B and D expression were increased in alveolar macrophages and lung tissue of COPD patients
compared to controls. Roflumilast and CHF6001 significantly reduced TNF-α production in AM and lung tissue.
CHF6001 was more potent than roflumilast with lower EC50s of 0.02, 0.01 and 0.31 nM compared to 0.87, 0.47
and 10.8 nM in respective samples. PDE4 inhibition also inhibited secretion of the chemokines CCL2 and CCL4
from macrophages. Both compounds increased nuclear levels of phosphorylated CREB.
Conclusion: PDE4 inhibitors caused a robust anti-inflammatory effect on TNF-α production from COPD AM, with
inhibition of selective chemokines also observed. CHF6001 caused more potent inhibition of TNF-α production
from COPD AM and lung tissue compared to roflumilast.

1. Background

Airway inflammation in chronic obstructive pulmonary disease
(COPD) involves a network of different immune cells, including mac-
rophages which secrete a broad range of inflammatory mediators and
proteases. Cyclic adenosine monophosphate (cAMP) is a second mes-
senger that negatively regulates many cellular immune responses [1].
Increased cAMP levels in macrophages decrease inflammatory cytokine
release, reduce the activity of reactive oxygen species and inhibit
phagocytosis [2]. Phosphodiesterase (PDE) enzymes metabolise cAMP
[3]; the PDE4 isoenzyme is expressed in immune cells, and reduces
cAMP levels thereby activating inflammatory responses [4–6]. There
are four subtypes of the PDE4 enzyme; animal studies have shown PDE4
A, B and D but not C to be involved in cytokine production [7–9].
Furthermore, macrophages and monocytes express subtypes A, B and D

but have little to no expression of subtype C. Using semiquantitative
polymerase chain reaction (PCR), it has been reported that the gene
expression levels of PDE4 A4 but not PDE4 B or PDE4 D are upregulated
in COPD alveolar macrophages compared to controls [10], but no re-
cent data with more quantitative technology have been published.

The orally administered PDE4 inhibitor roflumilast reduces ex-
acerbation rates in severe COPD patients with chronic bronchitis
[11–13]. However, the clinical dosage and efficacy of the only oral
PDE4 inhibitor currently approved for COPD treatment (roflumilast) is
limited by target‐related side effects, such as nausea, diarrhoea and
weight loss that make it intolerable for some patients [14].

With the aim of limiting systemic exposure and the associated side
effects, novel PDE4 inhibitors to be administered directly into the lung
by inhalation have been developed [15]. CHF6001, in particular, is a
highly potent and selective PDE4 inhibitor designed for inhaled
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administration characterized by high lung retention, low plasma levels
and potent effects in vivo rodent models in suppressing pulmonary in-
flammation [16]. CHF6001 is 7- and 923-fold more potent than other
PDE4 inhibitors roflumilast and cilomilast, respectively, in inhibiting
PDE4 enzymatic activity (IC50= 0.026 ± 0.006 nM). CHF6001 in-
hibits PDE4 isoforms A-D with equal potency, showed an elevated ratio
of high-affinity rolipram binding site versus low-affinity rolipram
binding site (i.e., > 40) and displays> 20,000-fold selectivity versus
PDE4 compared with a panel of several PDEs [15]. In vitro, CHF6001
displays potent (subnanomolar IC50 values) anti-inflammatory effects
resulting in the inhibition of tumor necrosis factor (TNF)-α release from
human peripheral blood mononuclear cells, rhinovirus (RV1B)-induced
cytokines release from bronchial epithelial cells [17], the activation of
oxidative burst in neutrophils and eosinophils and the release of in-
terferon-γ (IFN-γ) from CD4(+) T- cells [15].

Given that the novel PDE4 inhibitor CHF6001 is currently under-
going phase 2b clinical trials (clinicaltrials.gov/ct2/show/
NCT02986321) in COPD patients as an inhaled agent, we sought to
compare it's anti-inflammatory effects with roflumilast by using COPD
alveolar macrophages and whole tissue explants cultured ex-vivo. We
also used quantitative PCR to determine PDE4 subtype expression in
COPD alveolar macrophages and whole tissue, in order to verify pre-
vious findings [10] that used semi-quantitative methods.

2. Methods

2.1. Study subjects

114 patients undergoing surgical resection for suspected or con-
firmed lung cancer were recruited for different experiments; the de-
mography of these subjects is shown in Table 1, and the number of
samples used in each experiment is stated in the results text. COPD was
diagnosed using GOLD criteria [18]. Controls were either smokers (S)
with normal lung function or lifelong non-smokers (NS). All subjects
gave written informed consent. This research was approved by the local
research ethics committee (South Manchester Research Ethics Com-
mittee).

2.2. Macrophage culture

Alveolar macrophages were isolated from resected lung tissue as
previously described [19]. To measure cytokine production, macro-
phages were stimulated for 24 h with LPS (1 µg/ml) after a 1 h pre-
incubation with roflumilast or CHF6001 [reconstituted in dimethyl
sulphoxide (DMSO)] at concentrations stated in the results text or
matched DMSO vehicle control. ELISAs for TNF-α, interleukin-6 (IL-6),
CXCL8, CCL2 (MCP-1), CCL3 (MIP-1α), CCL4 (MIP-1β), CXCL9 (MIG)
and CXCL10 (IP-10) (R&D Systems, Abingdon, UK) and multiplex
analysis for IL-1ra, IL-10, G-CSF, IFN-γ and CCL5 (RANTES) (Bio-Rad,
UK) were performed on supernatants as per manufacturers’ instruc-
tions. Cells were lysed for RNA extraction or Western blot analysis (see

on-line supplement).

2.3. Whole lung tissue culture

Lung tissue (prepared as previously described [20] and in the on-
line supplement) was stimulated for 24 h with LPS (1 µg/ml) after a 1 h
pre-incubation with roflumilast (0.005–10 μM) or CHF6001
(0.000001–0.1 μM) [reconstituted in DMSO] or matched DMSO vehicle
control. Supernatants were stored at−20 °C until analysis by ELISA and
multiplex as already described.

2.4. Quantitative PCR

Extracted RNA was used for PCR analysis of PDE4 A, PDE4 B, PDE4
D (Thermo Scientific), TNF-α, CXCL8, (Applied Biosystems) expression
using Taqman gene expression assays as described in the on-line sup-
plement.

2.5. Cellular fractionation

Alveolar macrophages were harvested and washed with PBS. Cells
were lysed and separated into cytoplasmic and nuclear extracts by using
NE-PER kit (NE-PER Nuclear and Cytoplasmic Extraction Reagents
(NER and CER), Thermo Scientific). 100 µl of CER was added to cells
and vortexed vigorously 15 s, then incubated on ice for 10min. 5.5 µl of
ice cold CER II was added to cell lysates, vortexed twice for 5 s followed
by 5min maximum speed spin. Supernatants were transferred into new
tubes as cytoplasmic extraction. Insoluble pellet which contained nuclei
were suspended into 50 µl NER buffer, followed by vortexing for 15 s
every 10min for a total of 40min. Nuclear lysates were centrifuged at
maximum speed for 10min. Immediately the supernatants (nuclear
extract) were transfered into new tubes.

2.6. Western blot analysis

Western blot analysis was performed using the following antibodies;
rabbit anti-β actin (Abcam, Cambridge, UK), rabbit anti-phospo-NF-κB
p65, total-cAMP response element binding protein (CREB) antibody,
phospho-CREB primary antibody, cyclophilin A, histone-3 (Cell
Signaling technology, MA, USA) and horseradish peroxidise-conjugated
goat anti-rabbit (DakoCytomation, California, USA) (see on-line sup-
plement).

2.7. Immunofluorescence

Alveolar macrophages from COPD patients were treated with and
without roflumilast (0.1-1 µM) or CHF6001 (0.1µM) for 15 mins. Cells
were washed in PBS before staining with anti-human phospho-CREB
primary antibody (Cell Signalling) and detected with Alexa-488 con-
jugated goat-anti rabbit antibody (Invitrogen). Cells were counter-
stained with DAPI, analysed by microscope (Nikon ECLIPSE 80i) and
images were taken using Image-Pro Plus (MediaCybernetics).

2.8. Statistical analysis

Normality was assessed using the Kolmogorov-Smirnov test. All
ELISA and multiplex data that were normally distributed were com-
pared between all subject groups using one-way ANOVA followed by
unpaired t-tests. Data were compared within subject groups using re-
peated measures ANOVA followed by Dunnett’s multiple comparisons
tests. Percentage inhibition of cytokines TNF-α, IL-6 and CXCL8 be-
tween compounds were compared using two-way ANOVA followed by
paired t-tests. All ELISA and multiplex data that were not normally
distributed were compared between all subject groups using Kruskal-
Wallis followed by Mann-Whitney tests. Data were compared within
subject groups using Friedman followed by Dunn’s multiple

Table 1
Lung subject demography.

NS S COPD

Sex (M/F) 5/13 13/16 31/23
Age (years) 67 (38–82) 65 (39–80) 67 (50–76)
FEV1 2.17 ± 0.7 2.35 ± 0.6 1.80 ± 0.5
FEV1 predicted 102 ± 24 93 ± 17 69 ± 14
FEV1/FVC % 73 ± 9.5 75 ± 7.9 61 ± 9.6
Pack year history 0 (0–1) 32 (12–119) 50 (10–1204)
ICS use (%) 0 0 33
Current smokers (%) 0 93 76

Data presented as mean ± SD or median (range). Forced expratory volume
(FEV), forced vital capacity (FVC), inhaled corticosteroids (ICS).
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comparisons tests. PDE4 subtype mRNA expression data were not
normally distributed. Data were compared between all subject groups
using Kruskal-Wallis followed by Mann-Whitney tests. All mRNA ex-
pression data were normally distributed and compared within groups
using repeated measures ANOVA followed by paired t-tests. P < 0.05
was considered significant.

3. Results

3.1. Effects of roflumilast on alveolar macrophage cytokine production

3.1.1. ELISA analysis
LPS significantly increased TNF-α production above basal levels in

alveolar macrophages from 11 COPD patients, 11 S and 6 NS (Fig. 1)
with no significant difference between groups (p > 0.05). Roflumilast

inhibited TNF-α production, with maximal effects (defined as the
lowest concentration at which the top of the inhibition curve is
reached) observed at 1 µM; 37% in NS, 46% in S and 44% in COPD
patients (Fig. 1A-C), with no difference between the groups at any
concentration (ANOVA p > 0.05 at each concentration).

As roflumilast had maximal inhibitory effectiveness on TNF-α at
1 µM, then the effects of 0.1 and 1 µM on LPS stimulated IL-6 and
CXCL8 production were investigated; Fig. 1D (1 µM) and Supplement
Table 2 (both 0.1 and 1 µM) show that roflumilast had no effect on
these cytokines in either COPD patients or S. There were insufficient
supernatants left to perform IL-6 or CXCL8 analysis on NS samples.

3.1.2. Multiplex analysis
LPS increased IL-1ra, IL-10, G-CSF, IFN-γ and CCL5 production in

alveolar macrophages from 9 COPD patients and 10 S (Supplement

Fig. 1. The effects of roflumilast on LPS stimulated mediators in alveolar macrophages. Alveolar macrophages were treated with roflumilast (0.005–10 µM or
1 µM A-C and D respectively) or vehicle control (DMSO) for 1 h prior to stimulation with LPS (1 µg/ml) for 24 h. Culture supernatants were analysed for TNF-α (A-C),
IL-6, CXCL8, IL-1ra, IL-10, G-CSF, IFN-γ and RANTES (D). Data shown are mean ± SEM of TNF- α production (A-C) from 6 non-smoking controls (NS), 11 smoking
controls (S) and 11 COPD patients. Percentage inhibitions of LPS stimulated TNF-α are shown above each bar. D shows mean ± SEM of percentage inhibition of LPS
stimulated mediators by roflumilast from 10 S and 9 COPD patients. ##, ###= significantly above unstimulated control (p < 0.01 and p < 0.001 respectively). *,
** = significant inhibition below vehicle control (p < 0.05, and p < 0.01 respectively).
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Table 1). Roflumilast did not inhibit the production of any of these
proteins (Fig. 1D -1 µM and Supplement Table 2–0.1–1 µM).

3.1.3. Cytokine gene expression
LPS increased TNF-α and CXCL8 mRNA expression in alveolar

macrophages from 8 patients (COPD; n=4, S; n= 4) (Fig. 2); TNF-α
was upregulated at 6 h, returning to baseline levels at 24 h, while
CXCL8 expression was upregulated at both timepoints. Roflumilast
significantly reduced TNF-α expression at 6 h (p < 0.001) but had no
effect on CXCL8 expression at either time point. There were no differ-
ences between the effects of roflumilast in S and COPD patients, so the
pooled data is shown in Fig. 2.

3.2. Effects of roflumilast on whole lung tissue cytokine production

3.2.1. ELISA analysis
LPS significantly increased TNF-α, IL-6 and CXCL8 production in

whole lung tissue from 9 COPD patients and 10 S (Fig. 3A, 3B and
Supplement Table 3). Roflumilast caused concentration dependent in-
hibition of TNF-α in both groups, with the maximal inhibitory effect
reached at a concentration of 5 and 0.5 µM in COPD patients and S
(73% and 73% inhibition respectively); The effects in COPD patients
and S were similar (p > 0.05 at each concentration).

Fig. 3C and Supplement Table 4 show that roflumilast (1 µM and
0.1–1 µM respectively) did not significantly reduce LPS stimulated IL-6
or CXCL8 production in S or COPD patients.

3.2.2. Multiplex analysis
LPS increased production of all mediators apart from CCL-5 above

basal levels in whole lung tissue from 7 COPD patients and 7 S (See on-
line supplement and Supplement Table 3). Roflumilast (1 µM) sig-
nificantly inhibited IFN-γ in S (p < 0.05) (Fig. 3C), and also inhibited
IFN-γ and IL-10 production at 0.1 µM in COPD patients (Supplement
Table 4).

3.3. Anti-inflammatory effects of CHF6001 compared to roflumilast

3.3.1. Cytokines
As TNF-α was the cytokine most sensitive to the effects of PDE4

inhibition, we compared roflumilast to CHF6001 using this endpoint in
LPS stimulated alveolar macrophages from 13 COPD patients and 10 S.
The effects of CHF6001 and roflumilast are shown in Fig. 4. The max-
imum inhibitory effect of CHF6001 was reached at 0.001 µM (35% and
42% inhibition in S and COPD patients respectively) with no differences
between groups at any concentration (ANOVA p > 0.05). The in-
hibitory effect of CHF6001 was significantly greater than roflumilast at
concentrations≤ 0.01 and≤ 0.001 µM in COPD and S respectively.
CHF6001 was more potent than roflumilast with lower EC50s of 0.02
and 0.01 nM compared to 0.87 and 0.47 nM in COPD patients and S
respectively. The maximal effect of CHF6001 was similar to roflumilast
in both groups, although the maximal effect was achieved at a 100
times higher concentration for roflumilast (0.1 µM).

The effects of CHF6001 and roflumilast on TNF-α production from
LPS stimulated whole lung tissue from 7 COPD patients are shown in
Fig. 5. The maximum effect of CHF6001 (approximately 70% inhibi-
tion) was reached at 0.01 µM. The maximal inhibitory effect of ro-
flumilast was similar, but reached at a 100-fold higher concentration
(1 µM). The inhibitory effect of CHF6001 was significantly greater than
roflumilast at 0.001 – 0.01 µM. CHF6001 was more potent than ro-
flumilast with a lower EC50 of 0.3 compared to 10.6 nM.

3.3.2. Chemokines
In a further 10 COPD patients we compared the effects of roflumilast

to CHF6001 on LPS induced chemokine release from alveolar macro-
phages. LPS induced significant production of CCL2, CCL3, CCL4,
CXCL9 and CXCL10. Both drugs reduced CCL-2 production, although
only CHF6001 reached statistical significance with inhibition up to 60%
observed (Fig. 6A). Both drugs had modest (< 40% inhibition), but
statistically significant effects on CCL4 production (Fig. 6C). Neither
drug had any significant effect on LPS induced CCL3, CXCL9 or CXCL10
production (Supplement Fig. 1A-C).

LPS stimulation of whole lung tissue from 10 COPD patients sig-
nificantly induced CCL2 and CCL4; neither drug had any effect on these
chemokines (Fig. 6C-D). CCL3, CXCL9 and CXCL10 were not sig-
nificantly induced by LPS stimulation (Supplement Fig. 1D-F).

3.4. The effect of roflumilast on LPS-induced phosphorylation of p65

LPS increased the expression of phospho-p65 in alveolar macro-
phages from 3 COPD patients and 3 smokers; Supplement Fig. 2 is a
representative Western blot. Maximum phospho-p65 expression was at
30–60 mins. Roflumilast did not alter the LPS-induced phosphorylation
of p65 – see densitometry in Supplement Fig. 2 which shows the
combined data from the 6 patients.

3.5. The effect of PDE4 inhibition on CREB nuclear localisation

Unstimulated macrophages showed staining for phosphorylated
CREB (green) in either the cytoplasm, the nucleus (counter stained with
DAPI-blue) or in both the cytoplasm and nucleus (Fig. 7A); staining was
predominantly cytoplasmic only. Roflumilast (0.1 and 1 μM) or
CHF6001 (0.1 μM) treatment for 15min significantly increased the
percentage of cells with phosphorylated CREB staining in the nucleus

Fig. 2. The effects of roflumilast on LPS stimulated TNF-α and CXCL8
mRNA expression. Alveolar macrophages from 8 patients of mixed demo-
graphies (4 smokers 4 COPD patients) were treated with roflumilast (1 µM) or
vehicle control (DMSO) for 1 h prior to stimulation with LPS (1 µg/ml) or un-
stimulated for 6 and 24 h. mRNA was extracted for PCR analysis of TNF-α (A)
and CXCL8 (B). Data shown are mean ± SEM relative expression of TNF-α (A)
and CXCL8 (B) mRNA. ### = Significant difference in relative mRNA ex-
pression compared to LPS stimulated without roflumilast (p < 0.001).
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only or in both the cytoplasm and nucleus (Fig. 7B-D); representative
images of 4 experiments are shown in Fig. 7E.

Western blot analysis showed an increase in total CREB protein in
the nuclear fraction of alveolar macrophages treated with roflumilast
(0.1 and 1 μM) or CHF6001 (0.1 μM) for 15min compared to untreated
cells (Fig. 8B). There was also a decrease in total CREB in the cyto-
plasmic fraction (Fig. 8A). Roflumilast and CHF6001 also increased
phosphorylated CREB levels in the nuclear fraction compared to con-
trols, reaching significance for CHF6001 0.1 μM and roflumilast 1 μM
(p < 0.05 for both comparisons).

3.6. PDE4 gene expression

3.6.1. Alveolar macrophages
The mRNA levels of PDE4 subtypes A, B and D were significantly

increased in macrophages from patients with COPD (n= 11) compared
to NS (n= 8) (Fig. 9 A-C). PDE4 subtype mRNA levels were numeri-
cally increased in COPD patients compared to S (n= 8), with this dif-
ference reaching statistical significance for PDE4 A (p=0.04) but not
PDE4 B (p= 0.055) or D (p=0.13). PDE4 A was the most abundant
subtype in macrophages, with PDE4 D being least abundant.

3.6.2. Whole lung tissue
The mRNA levels of PDE4 subtypes B and D were significantly in-

creased in whole lung tissue from patients with COPD (n= 10)

compared to NS (n=10); p= 0.02 and p=0.04 respectively (Fig. 9 D-
F). There were no differences between groups for PDE4 A mRNA levels.
The PDE4 subtypes were expressed at similar levels in whole lung
tissue.

4. Discussion

Pharmacological inhibition of PDE4 reduced TNF-α production
from alveolar macrophages and whole lung tissue from COPD patients
and controls. CHF6001 was more potent compared to roflumilast for
TNF-α inhibition. We also demonstrated inhibition of the chemokines
CCL2 and CCL4 from alveolar macrophages by both PDE4 inhibitors.
Overall, these results indicate selective inhibition of LPS induced innate
immune inflammatory mediators in COPD lung macrophages and
tissue.

We also demonstrate that PDE4 inhibition activates CREB but has no
effect on NF-κB translocation in COPD alveolar macrophages, and that
PDE4 A, B and D gene expression levels are increased in alveolar
macrophages and whole lung tissue from COPD patients compared to
controls. These experiments support the case for the pharmacological
targeting of PDE4 in COPD, as there is increased expression of this PDE
isoform in COPD lungs. Furthermore, the CREB results demonstrate the
ability of both roflumilast and CHF6001 to modulate the activity of the
PDE4 pathway in alveolar macrophages.

TNF-α is capable of playing different roles in COPD inflammation,

Fig. 3. The effects of roflumilast on LPS stimulated mediators in whole lung tissue. Lung tissue were treated with roflumilast (0.005–10 µM or 1 µM A-B and C
respectively) or vehicle control (DMSO) for 1 h prior to stimulation with LPS (1 µg/ml) for 24 h. Culture supernatants were analysed for TNF-α (A-B), IL-6, CXCL8, IL-
1ra, IL-10, G-CSF, and IFN-γ (C). Data shown are mean ± SEM of TNF- α production from 10 smokining controls (S) and 9 COPD patients (A-B). Percentage
inhibitions of LPS stimulated TNF-α are shown above each bar. C shows mean ± SEM of percentage inhibition of LPS stimulated mediators by roflumilast from 10 S
and 9 COPD patients. #, ## = significantly above unstimulated control (p < 0.05 and p < 0.01 respectively). *, **, *** = significant inhibition below vehicle
control (p < 0.05, p < 0.01 and p < 0.001 respectively).

S. Lea, et al. Cytokine 123 (2019) 154739

5



as it is associated with muscle disease, while there are increased levels
of sputum TNF-α during acute exacerbations [21]. The production of
TNF-α from human lung tissue appears to be an important regulator for
the secretion of other inflammatory cytokines, as experiments using LPS
stimulated human lung explants have shown that antibody blockade of
the effects of TNF-α inhibits the release of IL-6 and CXCL8 [22]. The
selective effect of PDE4 inhibition on TNF-α production from COPD
alveolar macrophages and lung tissue may therefore have important
further downstream anti-inflammatory effects on a range of cytokines

and chemokines. This may be an important mechanism that contributes
to the effect of PDE4 inhibitors on exacerbation prevention.

CHF6001 more potently inhibited TNF-α production compared to
roflumilast. The same maximal effect (“efficacy”) was observed for both
drugs. The implications of these findings are that CHF6001 achieves the
same pharmacological effects on lung cells as roflumilast but at lower
concentrations. The use of roflumilast in clinical practice is limited by
side effects due to systemic exposure after oral administration.
CHF6001 has been developed for inhaled delivery in order to restrict

Fig. 4. The effects of roflumilast and CHF6001 on LPS induced TNF-α in alveolar macrophages. Alveolar macrophages from 11 smoking controls (S) (A-B) and
13 COPD patients (C-D) were treated with roflumilast (0.000001–10 µM), CHF6001 (0.000001–0.1 µM), or vehicle control (DMSO) for 1 h prior to stimulation with
LPS (1 µg/ml) for 24 h. Culture supernatants were analysed for TNF-α. Data shown are mean ± SEM absolute concentrations (A and C) and percentage inhibition (B
and D) of TNF-α production. *, **, *** = significantly below vehicle control (p < 0.05, 0.01, 0.001 respectively). #, ##, ### = significant inhibition above co-
responding concentration of roflumilast (p < 0.05, 0.01, 0.001 respectively).

Fig. 5. The effects of roflumilast and CHF6001 on LPS induced TNF-α in whole lung tissue. Whole lung tissue from 7 COPD patients was treated with roflumilast
(0.000001–10 µM), CHF6001 (0.000001–0.1 µM), or vehicle control (DMSO) for 1 h prior to stimulation with LPS (1 µg/ml) for 24 h. Culture supernatants were
analysed for TNF-α. Data shown are mean ± SEM absolute concentrations (A) and percentage inhibition (B) of TNF-α production. *, **, *** = significantly below
vehicle control (p < 0.05, 0.01, 0.001 respectively). #, ##= significant inhibition above co-responding concentration of roflumilast (p < 0.05, 0.01 respectively).
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systemic exposure, and the low concentrations needed for pharmaco-
logical activity in the lungs further reduce the potential for side effects
due to systemic exposure.

In response to the extracellular environment macrophages exhibit a
degree of plasticity [23] which can be described by the M1/M2 model
of macrophage polarisation [23]. M1 macrophages have pro-in-
flammatory and cytotoxic properties, and M2 macrophages have anti-
inflammatory and tissue repair functions [24]. This model however is
simplistic, as macrophages may have both M1 and M2 characteristics,
and Chana et al reported that COPD macrophages can have both M1 and
M2 properties [25]. Furthermore, distinct subpopulations of macro-
phages exist in the lower airways of COPD patients and controls [19];
Small interstitial macrophages that are pro-inflammatory, small al-
veolar macrophages that are highly phagocytic and large alveolar
macrophages with low pro-inflammatory and phagocytic ability have
been identified [19].

LPS stimulation of COPD alveolar macrophages mimics the pro-in-
flammatory effects of bacteria in the lungs. LPS stimulation of TLR4
activates signalling cascades including NF-κB and MAP kinases, in-
creasing inflammatory mediator secretion. LPS stimulation also in-
creases PDE4 activity and subsequent cAMP hydrolysis in human al-
veolar macrophages. PDE4 inhibitors reduce LPS stimulated TNF-α
production close to baseline levels from human peripheral blood
monocytes [9]. In contrast, it has previously been shown that ro-
flumilast inhibits LPS stimulated TNF-α production by only approxi-
mately 40% in human lung macrophages, with no effect on CXCL8
production [26]. This may be due to the down regulation of PDE4
during monocyte to macrophage differentiation. We also observed

similar partial inhibition of TNF-α production from COPD and control
alveolar macrophages, and no effect on CXCL8 production. Similarly,
roflumilast inhibited TNF-α but not CXCL8 at the level of transcription.

It has been reported that roflumilast increased CREB phosphoryla-
tion in LPS stimulated PBMCs at a concentration that also inhibited
TNF-α production [27]. We also show that CHF6001 and roflumilast
increased phosphorylation of CREB in alveolar macrophages and in-
hibited TNF-α production. There was no suppression of other cytokines,
suggesting that CREB activation in alveolar macrophages has a specific
effect on TNF-α transcription. CREB is a transcription factor involved in
cell differentiation, proliferation and macrophage survival [28,29].
cAMP causes CREB activation through protein kinase A (PKA). Acti-
vated CREB associates with CREB-binding protein (CBP) or p300, and
subsequently binds to cAMP-responsive elements (CREs) to initiate
transcription [30,31]. CBP/p300 is a co-factor for optimal NF-κB acti-
vation of target genes [32,33] including TNF-α [34]. Activated CREB
may deplete the amount of available CBP/p300, thereby leading to
inhibition of NF-κB activity [28,35]; this may explain the selective ef-
fect of roflumilast on TNF-α.

Roflumilast inhibited LPS induced activation of NF-κB in the murine
macrophage cell line RAW268.7 cells [36]. We did not observe any
modulation of the phosphorylation of the p65 subunit, which stimulates
transcriptional activity, nuclear localisation of the NF-κB complex, by
roflumilast in human alveolar macrophages. It cannot be ruled out the
possibility that roflumilast could modulate NF-κB activity through other
mechanisms. Moreover, results from cell lines or animal cells may not
reflect human lung cells.

Buenestado et al. (2012) [26] showed that roflumilast inhibited the

Fig. 6. The effects of roflumilast and CHF6001 on LPS induced CCL2 and CCL4 in alveolar macrophages. Alveolar macrophages from 10 COPD patients were
treated with roflumilast (0.000001–10 µM), CHF6001 (0.000001–0.1 µM), or vehicle control (DMSO) for 1 h prior to stimulation with LPS (1 µg/ml) for 24 h. Culture
supernatants were analysed for CCL2 and CCL4. Data shown are median ± interquartile range absolute concentrations (A and C) and mean ± SEM percentage
inhibition (B and D) of CCL2 or CCL4 production. # = significantly above unstimulated control (p < 0.05). *, ** = significantly below vehicle control (p < 0.05,
0.01 respectively).
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production of the chemokines CCL2, CCL3, CCL4 and CXCL10 from
human alveolar macrophages. We also showed inhibition of both CCL2
and CCL4 in alveolar macrophages with maximum inhibition levels
comparable to those reported by Buenestado et al (∼60% and ∼30%
for CCL2 and CCL4 respectively). We did not observe inhibition of CCL3
and CXCL10; this may be due to methodological differences such as the
higher LPS concentration in the present study. In whole lung tissue,
none of these chemokines were inhibited, but we found some incon-
sistent evidence of an inhibitory effect on IFN-γ, and IL-10 production
e.g. there was significant inhibition of IFN-γ using roflumilast 0.1 µM
but not 1 µM. These inconsistent results are likely to be due to a modest
anti-inflammatory effect coupled with methodological variability that
occurs when using COPD lung tissue i.e. the nature of the tissue cannot
be harmonised in different experiments. Nevertheless, PDE4 inhibitors,
including CHF6001 and roflumilast, are known to reduce IFN-γ pro-
duction in CD4+ T cells and whole blood cultures [37,38], and our
results demonstrate the same effect in lung tissue.

Previous studies using monocyte derived macrophages have used
exogenous PGE2 to increase cAMP production in order to study the
effects of PDE4 inhibitors. This is not necessary when using human
alveolar macrophages, as LPS stimulation increases COX-2 mRNA

expression and thus upregulates the production of endogenous prosta-
noids including PGE2. Buenestado et al. (2012) [26] were consequently
able to study the effects of roflumilast on LPS stimulated alveolar
macrophages without using exogenous PGE2, and we adopted the same
approach. We have assessed PDE4 inhibitor effects in the TLR4
pathway; it would be valuable to investigate the effects using other
relevant stimuli such as cytokines and other TLR agonists.

The gene expression levels of PDE4 A, PDE4 B and PDE4 D in al-
veolar macrophages and whole lung tissue from COPD patients were
increased compared to controls. Barber el al. (2004) [10] showed in-
creased expression of PDE4 A only in COPD patients compared to
controls, using semi-quantitative PCR. The difference between the
studies is likely to be due to the increased sensitivity afforded by
quantitative real-time PCR methodology used here. Barber et al re-
ported that PDE4 A was the most abundant subtype in alveolar mac-
rophages, which we also observed. However, the whole lung tissue
experiments showed similar expression levels of the three subtypes,
probably due to the contribution of other PDE4 expressing cell types.

The PDE4 inhibitors both had greater effects on TNF-α production
in the whole tissue model compared to alveolar macrophages. This
difference could be due to the effect of roflumilast on lung cells other

Fig. 7. The effects of roflumilast and
CHF6001 on phosphorylation of CREB in
alveolar macrophages. Alvolar macro-
phages from 4 COPD patients were treated
with vehicle control (DMSO) (A) or ro-
flumilast (0.1 or 1 µM) (B and C respec-
tively) or CHF6001 (0.1 µM) (D) for 15
mins. Data shown are representative images
of alveolar macrophages stained for phos-
phorylated CREB protein (green) and coun-
terstained with nuclear specific stain DAPI
(blue). The percentage of macrophages po-
sitive for phosphorylated CREB was calcu-
lated. E shows percentages for individual
patients (n= 4). * = statistically above
vehicle control (p < 0.05). (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the web
version of this article.)
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than alveolar macrophages in the whole tissue model. The expression of
PDE4 subtypes may be important in this respect. The reduction of TNF-
α production by PDE4 inhibitors is correlated to inhibition of PDE4 A
and PDE4 B but not PDE4 D [9] in human peripheral blood monocytes.
However, only PDE4 B inhibition reduces TNF-α production in mouse
macrophages [39]. These findings suggest a dominant role for PDE4 B
in the anti-inflammatory effects of roflumilast in macrophages. PDE4 B
expression in alveolar macrophages was lower than PDE4 A, whereas
this difference was not observed in whole tissue; lower PDE4 B ex-
pression may be responsible for a reduced effect of roflumilast on TNF-
α production in macrophages.

In summary, PDE4 expression is increased in alveolar macrophages
and lung tissue of COPD patients compared to controls. Roflumilast and
CHF6001 showed a selective effect on LPS induced cytokine and che-
mokine production, with TNF-α production in particular being sensitive
to inhibition. This observation may be important clinically in exacer-
bations, given the role of TNF-α in amplifying the innate immune re-
sponse. The finding that the anti-inflammatory effects of CHF6001,
which is currently undergoing clinical trials in COPD patients, are ob-
tained at low sub-nanomolar concentrations underscore the potential of

such agent as inhaled anti-inflammatory drug in COPD.
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Fig. 8. The effects of roflumilast and CHF6001 on cellular localisation of CREB and phosphorylated CREB in alveolar macrophages. Alveolar macrophages
from 3 COPD patients were treated with roflumilast (0.1 or 1 µM) or CHF6001 (0.1 µM) for 15 mins or vehicle control (DMSO). Cytoplasmic (A and C) and nuclear (B
and D) cellular fractions were obtained and analysed for Total CREB (A-B) and phosphorylated CREB (C-D) levels by Western blot analysis. Band density was
normalised to cyclophillin A for cytoplasmic or histone-3 for nuclear fractions. Representative blots are shown under corresponding conditions. Data presented as
Mean ± SEM (n=3). * = significance above vehicle control (DMSO) in nuclear fraction (p < 0.05).
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Fig. 9. PDE4 A, B and D mRNA ex-
pression. The expression of PDE4 A (A
and D), PDE4 B (B and E) and PDE4 D
(C and F) mRNA in alveolar macro-
phages from 8 non-smoking controls
(NS), 8 smoking controls (S) and 11
COPD patients (A-C) and whole lung
tissue from 10 non-smoking controls
(NS), 10 smoking controls (S) and 10
COPD patients (D-F) . Data shown are
median ± range of relative PDE4 A, B
or D expression levels. Kruskal-Wallis
followed by Mann-Whitney tests were
performed to determine differences in
expression levels between subject
groups. *, **, *** = Significantly in-
creased expression above NS
(p < 0.05, p < 0.01, p < 0.001 re-
spectively). # = Significantly increased
expression above S (p < 0.05).
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