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Phosphodiesterase 4B (PDE4B) plays a key role in regulating
inflammation. Roflumilast, a phosphodiesterase (PDE)4-selective
inhibitor, has recently been approved for treating severe chronic
obstructive pulmonary disease (COPD) patients with exacerbation.
However, there is also clinical evidence suggesting the devel-
opment of tachyphylaxis or tolerance on repeated dosing of
roflumilast and the possible contribution of PDE4B up-regulation,
which could be counterproductive for suppressing inflammation.
Thus, understanding how PDE4B is up-regulated in the context of
the complex pathogenesis and medications of COPD may help
improve the efficacy and possibly ameliorate the tolerance of
roflumilast. Here we show that roflumilast synergizes with non-
typeable Haemophilus influenzae (NTHi), a major bacterial cause
of COPD exacerbation, to up-regulate PDE4B2 expression in hu-
man airway epithelial cells in vitro and in vivo. Up-regulated
PDE4B2 contributes to the induction of certain important chemo-
kines in both enzymatic activity-dependent and activity-indepen-
dent manners. We also found that protein kinase A catalytic
subunit β (PKA-Cβ) and nuclear factor-κB (NF-κB) p65 subunit were
required for the synergistic induction of PDE4B2. PKA-Cβ phos-
phorylates p65 in a cAMP-dependent manner. Moreover, Ser276
of p65 is critical for mediating the PKA-Cβ–induced p65 phosphor-
ylation and the synergistic induction of PDE4B2. Collectively, our
data unveil a previously unidentified mechanism underlying syner-
gistic up-regulation of PDE4B2 via a cross-talk between PKA-Cβ and
p65 and may help develop new therapeutic strategies to improve
the efficacy of PDE4 inhibitor.
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Cyclic adenosine monophosphate (cAMP), an important second
messenger, plays a pivotal role in regulating inflammatory and

immune response (1–5). The intracellular concentration of cAMP
depends largely on the activity of phosphodiesterases (PDEs) that
catalyze its breakdown. To date 11 PDE families (PDE1–11) have
been identified, many of which have several different isoforms and
transcriptional/splice variants with distinct properties (6–8). PDE4
family, the primary cAMP-specific enzyme, comprises four genes
(PDE4A–D), each with multiple variants that encode more than 20
different protein products (8). The therapeutic potential of PDE4
inhibition in airway inflammatory diseases such as chronic ob-
structive pulmonary disease (COPD), asthma, and cystic fibrosis
(CF) has long been explored (9–12). Recently, roflumilast has
been approved as the first PDE4 inhibitor for oral, once-daily
treatment of severe COPD with symptoms of chronic bronchitis
and a history of exacerbations (12–14). However, its wide clinical
use has been limited by the severe dose-limiting side effects such
as emesis and nausea (12, 15).
PDE4B has been shown to play a critical role in mediating

inflammatory response (16, 17). Gene deletion studies in mice
have established that expression of PDE4B, but not PDE4A or
PDE4D, is crucial for lipopolysaccharide (LPS)-induced tumor
necrosis factor-α (TNF-α) production and allergen-induced air-

way hyperresponsiveness in leukocytes (18–20). Previous studies,
including ours, have shown that cAMP elevators, LPS and non-
typeable Haemophilus influenzae (NTHi), a major bacterial cause
of COPD exacerbation (21), induce PDE4B expression in various
cell types, including leukocytes and epithelial cells (16–18, 22–27).
In particular, cAMP elevators induce PDE4B as a negative-feed-
back mechanism for controlling cAMP signaling. In contrast,
inflammatory stimuli up-regulate PDE4B as a counterregulatory
mechanism for antagonizing the antiinflammatory action of cAMP
signaling. The airway epithelium is an essential barrier that
responds to environmental stimuli and has a vital role as an im-
mune regulator through the secretion of cytokines, chemokines,
growth factors, antimicrobial peptides, and the recruitment of
leukocytes (28). Up-regulation of PDE4B expression in airway
epithelial cells may contribute significantly to the inflammatory
response in the pathogenesis of COPD. Interestingly, there is also
clinical evidence suggesting the development of tachyphylaxis or
tolerance on repeated dosing of roflumilast and the possible con-
tribution of PDE4B up-regulation, which could be counterpro-
ductive for suppressing inflammation (29–32). Thus, understanding
how PDE4B is up-regulated in the context of the complex patho-
genesis and medications of COPD may help improve the efficacy
and possibly ameliorate the tolerance of roflumilast.

Significance

Chronic obstructive pulmonary disease (COPD) is the fourth-
leading cause of death worldwide. Roflumilast has been ap-
proved for COPD. However, its efficacy has been hampered by
the development of tolerance, and the underlying mechanism
remains unknown but may be attributed to phosphodiesterase
(PDE) 4B up-regulation. Here we found that PDE4B2 is syner-
gistically up-regulated by inflammatory stimuli (e.g. bacteria)
and cAMP-elevating agents (e.g. roflumilast) via cross-talk be-
tween protein kinase A catalytic subunit β and NF-κB p65 in
a cAMP-dependent manner. Up-regulated PDE4B2 contributes
to the induction of certain key chemokines in both enzymatic
activity-dependent and activity-independent manners. Our
findings may explain, at least in part, the development of
tolerance and help develop new therapeutics to improve
efficacy of roflumilast.
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On the basis that expression of PDE4 isoforms is induced by
cAMP elevators including PDE4 inhibitors (18, 23–26, 33) and
PDE4B is induced by NTHi (27), we sought to determine
whether roflumilast synergizes with NTHi to induce PDE4B
expression in the context of the complex pathogenesis and
medications of COPD. Here we found that roflumilast syner-
gized with NTHi to up-regulate PDE4B2 expression in human
airway epithelial cells in vitro and in mouse lungs in vivo. Up-
regulated PDE4B2 contributes to the induction of certain im-
portant chemokines in both enzymatic activity-dependent and
activity-independent manners. Protein kinase A catalytic subunit
β (PKA-Cβ) and nuclear factor-κB (NF-κB) p65 subunit were
required for the synergistic induction of PDE4B2. PKA-Cβ
phosphorylates p65 in a cAMP-dependent manner. Thus, our
study provides new insights into the synergistic regulation of
PDE4B2 via cross-talk between PKA-Cβ and p65 and may help
develop new therapeutic strategies to improve the efficacy of
PDE4 inhibitor in patients with COPD exacerbation.

Results
Roflumilast Synergizes with NTHi to Up-Regulate PDE4B2 Expression
in Vitro and in Vivo. Because the expression of PDE4 isoforms is
induced by PDE4 inhibitors (24, 26, 33) and PDE4B is also in-
duced by NTHi (27), we sought to determine whether roflumilast
synergizes with NTHi to induce PDE4B expression in human
airway epithelial cells. As shown in Fig. 1 A and B, roflumilast
synergized with NTHi to up-regulate PDE4B expression at the
mRNA level in human bronchial epithelial BEAS-2B cells
in a dose-dependent manner as assessed by quantitative PCR
(Q-PCR) analysis. A similar result was also confirmed in primary
normal human bronchial epithelial (NHBE) cells (Fig. 1C). We
also analyzed the expressions of other PDE4 family members
under the same condition. As shown in Fig. S1 A and B, PDE4A
and 4C were not up-regulated by NTHi or roflumilast. PDE4D
was up-regulated by NTHi or roflumilast, but no significant
synergistic effect was observed, suggesting that PDE4B is spe-
cifically regulated by NTHi and roflumilast in a synergistic
manner. To further determine whether the synergistic induction
of PDE4B occurs at the transcriptional level, we treated BEAS-2B
cells with actinomycin D (ActD), a transcriptional inhibitor.
ActD completely abrogated the PDE4B induction by NTHi and
roflumilast, suggesting that the synergistic induction of PDE4B
occurs at the transcriptional level (Fig. 1D). We next determined
whether roflumilast synergizes with NTHi to up-regulate PDE4B
expression in vivo. Consistent with the in vitro results, roflumilast
synergistically enhanced NTHi-induced PDE4B expression at
mRNA level in mouse lungs (Fig. 1E).
We also performed semiquantitative RT-PCR analysis to de-

termine which PDE4B isoforms are up-regulated by NTHi and
roflumilast. The human PDE4B gene encodes a number of dis-
tinct isoforms, so-called long forms PDE4B1 and PDE4B3, short
form PDE4B2, and supershort form PDE4B5 (34–38). We were
unable to examine another long form, PDE4B4, because its cDNA
has been cloned only in rat and this isoform appears not to be
encoded by human genome (39). As shown in Fig. 1F and Fig.
S1C, the expression of PDE4B2 was synergistically up-regulated
by roflumilast and NTHi or TNF-α. The amplified PCR bands for
PDE4B1, PDE4B3, and PDE4B5 were not detected even after 40
cycles of amplification in BEAS-2B cells (Fig. S1C).
The synergistic induction of PDE4B2 expression was also

verified at the protein level in vitro and in vivo (Fig. 1 G–I).
Western blot analyses in airway epithelial cell extracts and mouse
lung tissue extracts revealed that NTHi and roflumilast induced
an increase in the ∼70-kDa PDE4B isoform, which comigrates
with overexpressed human PDE4B2 protein (Fig. 1 G and H and
Fig. S2 A and B) (34, 40–42). Immunofluorescent staining
showed that high intensity of PDE4B immunofluorescence sig-
nals was largely detected in bronchial epithelium of mouse lung

tissues (Fig. 1I, arrows). Consistently, the PDE4B enzyme ac-
tivity was also increased due to the up-regulation of PDE4B2
protein expression caused by roflumilast and NTHi (Fig. S1D).
Together, our data suggest that roflumilast synergizes with NTHi
to specifically up-regulate PDE4B2 expression at both mRNA
and protein levels in vitro and in vivo.

PDE4B2 Is Required for NTHi-Induced Expression of Proinflammatory
Mediators. Next, we sought to determine the role of PDE4B2
expression in NTHi-induced inflammatory response in human
airway epithelial cells. Proinflammatory mediators including
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Fig. 1. Roflumilast synergizes with NTHi to up-regulate PDE4B2 expression
in vitro and in vivo. (A) BEAS-2B cells were pretreated with roflumilast (Rof)
(0.1 μM) for 1 h followed by 1.5-h stimulation with NTHi (MOI of 25, 50, and
100), and PDE4B mRNA expression was analyzed. (B) BEAS-2B cells were
pretreated with Rof (0.01, 0.1, and 1 μM) for 1 h followed by 1.5-h stimu-
lation with NTHi, and PDE4B mRNA expression was analyzed. (C) Primary
NHBE cells were pretreated with Rof (0.1 μM) for 1 h followed by 1.5-h stimu-
lation with NTHi, and PDE4B mRNA expression was analyzed. (D) BEAS-2B
cells were pretreated with ActD (5 ng/mL) and Rof (0.1 μM) for 1 h followed
by 1.5-h stimulation with NTHi, and PDE4B mRNA expression was analyzed.
PDE4B mRNA expression was normalized with each control of ActD-treated
or nontreated. (E) Mice were inoculated with Rof (5 mg/kg i.p.) for 2 h,
followed by intratracheal inoculation with NTHi (5 × 107 cfu per lung). After
5 h, PDE4B mRNA expression in lung tissues was analyzed. (F) BEAS-2B cells
were pretreated with Rof (0.1 μM) for 1 h followed by 1.5-h stimulation with
NTHi or TNF-α (10 ng/mL), and PDE4B2 mRNA expression was analyzed.
(G) BEAS-2B cells were pretreated with Rof (0.1 μM) for 1 h followed by 3-h
stimulation with NTHi, and PDE4B2 protein expression was analyzed. (H and
I) Mice were inoculated with Rof and NTHi as described in E. After 5 h,
PDE4B2 protein expression in lung tissues was analyzed (H) and lung tissues
were stained against PDE4B (I). (Magnification: 200×.) (Scale bar: 100 μm.)
The relative density of PDE4B2 protein was normalized with α-tubulin (G) or
β-actin (H). Data in A–E, G, and H are mean ± SD (n = 3); *P < 0.05; n.s. = P >
0.05. Data are representative of three or more independent experiments.
CON, control; n.s., nonsignificant.
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cytokines and chemokines play critical roles in the recruitment
and activation of leukocytes from the circulation to the lung in
airway inflammatory diseases (43–45). Airway epithelial cells are
the important sources of proinflammatory mediators induced
by bacterial pathogens (28). Thus, we first determined whether
NTHi induces the expression of a number of key proinflam-
matory mediators that have been shown to be critical in the
pathogenesis of COPD. As shown in Fig. 2A, NTHi signifi-
cantly up-regulated the expression of CC chemokine ligand 5
(CCL5), CCL7, CXC chemokine ligand 10 (CXCL10), CXCL11,
interleukin-8 (IL-8/CXCL8), granulocyte-macrophage colony-
stimulating factor (GM-CSF), and TNF-α in BEAS-2B cells.
Interestingly, roflumilast inhibited NTHi-induced expression of
these proinflammatory mediators to various extents (Fig. 2B).
Roflumilast markedly inhibited the induction of TNF-α and
GM-CSF, but modestly suppressed the induction of CCL5, CCL7,
and IL-8. In contrast, it exhibited almost no inhibitory effect on
CXCL10 and CXCL11 induction even at higher concentration.
These interesting results have led us to postulate that the low
or limited efficacy of roflumilast in suppressing these proin-
flammatory mediators may be attributed to the up-regulated ex-
pression of PDE4B2 by roflumilast in the presence of NTHi. We
thus determined the contribution of PDE4B2 by assessing the
effects of PDE4B2 depletion by using PDE4B siRNA on in-
duction of these proinflammatory mediators by NTHi. As expec-
ted, PDE4B siRNA markedly depleted PDE4B2 expression in
BEAS-2B cells (Fig. 2C and Fig. S2C). PDE4B2 depletion further
significantly inhibited the induction of CCL5, CCL7, CXCL10,
and CXCL11 (group A) that were modestly or minimally inhibited

by roflumilast alone (Fig. 2D). In contrast, PDE4B2 depletion only
minimally affected the induction of IL-8, GM-CSF, and TNF-α
(group B) that were modestly or markedly inhibited by roflumilast
alone (Fig. 2D and Table S1).
PDE4D was also up-regulated by NTHi and roflumilast (Fig.

S1 A and B), and previous studies have suggested that PDE4D
has different and nonredundant role from PDE4B (46, 47). We
thus also evaluated the effect of PDE4D depletion on NTHi-
induced expression of proinflammatory mediators (Fig. S3 A and
B). The induction of chemokines in group A was attenuated by
PDE4D depletion, but to a much lesser extent compared with
PDE4B depletion. The induction of chemokines and cytokines in
group B was not affected or even slightly enhanced by PDE4D
depletion (Fig. S3B). Collectively, these results suggest that dif-
ferent proinflammatory mediators are differentially regulated by
PDE4B and PDE4D, and the expression of PDE4B plays a more
crucial role in NTHi-induced expression of CCL5, CCL7, CXCL10,
and CXCL11 in bronchial epithelial cells.
To further confirm the role of PDE4B2 up-regulation in

NTHi-induced expression of chemokines, we developed the cells
stably overexpressing wild-type PDE4B2 (PDE4B2-stable cells).
The PDE4B2 expression in PDE4B2-stable cells was higher
compared with mock cells (Fig. 3A and Figs. S2D and S4A). As
shown in Fig. 3B, NTHi-induced expression of CCL5, CCL7,
CXCL10, and CXCL11 was significantly enhanced in PDE4B2-
stable cells compared with mock cells. Interestingly, roflumilast
was unable to fully inhibit the NTHi-induced expression of these
chemokines in PDE4B2-stable cells even at the highest concen-
tration tested (10 μM). Of note, the NTHi-induced expression of
CXCL10 and CXCL11 was even slightly enhanced by lower dose
(<1 μM) of roflumilast in PDE4B2-stable cells (Fig. 3B). In line
with the results from PDE4B depletion (Fig. 2D), PDE4B2
overexpression did not markedly increase the expression of IL-8,
GM-CSF, and TNF-α induced by NTHi in the presence of
roflumilast (Fig. S4 B and C). Together, these results suggest that
synergistically up-regulated PDE4B2 by NTHi and roflumilast
may contribute, at least in part, to the decreased efficacy of
roflumilast in suppressing CCL5, CCL7, CXCL10, and CXCL11
induction in bronchial epithelial cells.
It has been shown that the enzymatic activity of PDE4 is

critical for regulating inflammatory response (8, 10–12). How-
ever, our data revealed that the up-regulated PDE4B2 leads to
the induction of certain proinflammatory mediators in a manner

A
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Fig. 2. PDE4B is required for NTHi-induced expression of proinflammatory
mediators. (A) BEAS-2B cells were stimulated with NTHi for 5 h, and mRNA
expressions were analyzed. *P < 0.05 vs. CON. (B) BEAS-2B cells were pre-
treated with Rof for 1 h followed by 5-h stimulation with NTHi, and mRNA
expressions were analyzed. Each expression was normalized with NTHi
treated. *P < 0.05 vs. NTHi. (C) After 72-h transfection of siRNA, BEAS-2B
cells were pretreated with Rof (0.1 μM) for 1 h followed by 1.5-h stimulation
with NTHi, and PDE4B mRNA expression was analyzed. *P < 0.05. (D) After
72-h transfection of siRNA, BEAS-2B cells were pretreated with Rof (0.1 μM)
for 1 h followed by 5-h stimulation with NTHi, and mRNA expressions were
analyzed. Each expression was normalized with NTHi treated. *P < 0.05 vs.
NTHi; †P < 0.05 vs. Rof + NTHi. Data are mean ± SD (n = 3). Data are rep-
resentative of three or more independent experiments.

A B

Fig. 3. Increased PDE4B2 enhances NTHi-induced expression of chemokines.
(A) PDE4B protein expression in mock and PDE4B2-stable cells. (B) Mock or
PDE4B2-stable cells were pretreated with Rof for 1 h followed by 5 h stimulation
with NTHi, andmRNA expressions were analyzed. Data in B aremean± SD (n= 3);
*P < 0.05. Data are representative of three or more independent experiments.
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that cannot be overcome by high doses of roflumilast (up to
10 μM), a very high level of this drug because the IC50 has been
estimated at less than 1 nM (8). These very interesting but rather
unexpected results thus led us to hypothesize that PDE4B2 may
regulate the expression of these chemokines at least in part in-
dependently of its well-known enzymatic activity, e.g., acting as
an adaptor protein. To test this hypothesis, we compared the
effects of expressing wild-type PDE4B2 (PDE4B2-WT) and
catalytically inactive form of PDE4B2 (PDE4B2-D392A) (48,
49) on NF-κB-dependent promoter activity and the chemokine
induction. Both PDE4B2-WT and PDE4B2-D392A were equally
expressed in the transfected BEAS-2B cells, and PDE4 activity
was significantly lower in the cells transfected with PDE4B2-
D392A compared with the cells transfected with PDE4B2-WT
(Fig. 4 A and B and Fig. S2E). We found that PDE4B2-WT
markedly enhanced constitutively active form of inhibitor of
NF-κB (IκB) kinase β (IKKβ-CA)–induced NF-κB promoter activity
in a dose-dependent manner and also enhanced IKKβ-CA–

induced group A-chemokine expression (Fig. 4 C–E). Interestingly,
PDE4B2-D392A also enhanced IKKβ-CA–induced NF-κB pro-
moter activity and chemokine expression, although to a lesser
extent compared with PDE4B2-WT (Fig. 4 C–E). Moreover,
roflumilast (up to 10 μM) was unable to fully inhibit the IKKβ-
CA–induced NF-κB promoter activity and group A-chemokine
expression in the cells transfected with PDE4B2-D392A (Fig. 4
D and F). Together, these results suggest PDE4B2 enhances
inflammatory response in both PDE enzymatic activity-depen-
dent and activity-independent manners, which may contribute to
the tolerance to roflumilast.

PKA-Cβ but Not PKA-Cα Is Required for Synergistic Induction of
PDE4B2. To investigate the mechanism underlying the synergis-
tic induction of PDE4B2, we first examined whether cAMP,
which is increased by roflumilast, is involved in the synergistic
induction of PDE4B2. As shown in Fig. 5A, forskolin (FSK),
a potent cAMP elevator, synergized with NTHi to up-regulate
PDE4B2 expression, suggesting that cAMP is involved in the
synergistic induction of PDE4B2 in BEAS-2B cells. Thus, we
further investigated the involvement of two ubiquitously ex-
pressed intracellular cAMP effectors, PKA and exchange protein
directly activated by cAMP (Epac). A specific PKA inhibitor

A

D
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E

B C

Fig. 4. Effects of PDE4B2-WT and PDE4B2-D392A on NF-κB promoter activity
and chemokine expression. (A and B) BEAS-2B cells were transfected with
mock, PDE4B2-WT or PDE4B2-D392A. After 48 h, PDE4B protein expression (A)
and PDE4 enzymatic activity (B) were analyzed. (C and D) BEAS-2B cells were
transfected with NF-κB luciferase plasmid together with mock, IKKβ-CA,
PDE4B2-WT, or PDE4B2-D392A. After 24 h, NF-κB activity was measured (C), or
after 40 h, cells were treatedwith Rof for 5 h and NF-κB activity wasmeasured (D).
(E) BEAS-2B cells were transfected with IKKβ-CA, mock, PDE4B2-WT, and PDE4B2-
D392A. After 40 h, mRNA expressions were analyzed. Each expression was
normalized with IKKβ-CA transfected. (F) BEAS-2B cells were transfected
with mock, IKKβ-CA, and PDE4B2-D392A. After 40 h, cells were treated with
Rof for 5 h and mRNA expressions were analyzed. Data in B–F are mean ± SD
(n = 3); *P < 0.05; n.s. = P > 0.05. Data are representative of three or more
independent experiments. n.s., nonsignificant.
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Fig. 5. PKA-Cβ but not PKA-Cα is required for synergistic induction of
PDE4B. (A) BEAS-2B cells were pretreated with Rof (0.1 μM) or FSK (1 μM) for
1 h followed by 1.5-h stimulation with NTHi, and PDE4B mRNA expression
was analyzed. (B) BEAS-2B cells were pretreated with Rof (0.1 μM) and PKI
(60 μM) for 1 h followed by 1.5-h stimulation with NTHi, and PDE4B mRNA
expression was analyzed. (C) BEAS-2B cells were pretreated with 6-Phe-
cAMP (6-Phe, 0.5 mM) or 8-pCPT-2′-O-Me-cAMP (8-pCPT, 0.5 mM) for 1 h
followed by 1.5-h stimulation with NTHi, and PDE4B mRNA expression was
analyzed. (D) Protein expression was analyzed after 48-h transfection of
siRNA in BEAS-2B cells. (E) After 48 h transfection of siRNA, BEAS-2B cells
were pretreated with Rof (0.1 μM) for 1 h followed by 1.5-h stimulation with
NTHi, and PDE4B mRNA expression was analyzed. Data in A–C and E are
mean ± SD (n = 3); *P < 0.05. (F) After 48-h transfection of siRNA, BEAS-2B
cells were pretreated with Rof (0.1 μM) for 1 h followed by 5-h stimulation
with NTHi, and mRNA expressions were analyzed. Each target expression
was normalized with NTHi treated. Data are mean ± SD (n = 3); *P < 0.05 vs.
NTHi; †P < 0.05 vs. Rof + NTHi. Data are representative of three or more
independent experiments. CON, control; FSK, forskolin.

Susuki-Miyata et al. PNAS | Published online March 23, 2015 | E1803

PH
A
RM

A
CO

LO
G
Y

PN
A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1418716112/-/DCSupplemental/pnas.201418716SI.pdf?targetid=nameddest=SF2


(PKI) significantly suppressed the synergistic induction of
PDE4B2 by NTHi and roflumilast (Fig. 5B). Consistent with this
result, a PKA-selective activator 6-Phe-cAMP, which does not
activate Epac, synergistically enhanced NTHi-induced PDE4B2
expression (Fig. 5C, Left). In contrast, an Epac-selective activa-
tor 8-pCPT-2′-O-Me-cAMP did not markedly synergize with
NTHi to induce PDE4B2 expression (Fig. 5C, Right). These
results suggest that cAMP-dependent activation of PKA but not
Epac is required for the synergistic induction of PDE4B2 in
bronchial epithelial cells.
PKA is a tetrameric enzyme consisting of two catalytic (C) and

two regulatory (R) subunits. Binding of cAMP to R subunits
results in relief of R subunit inhibition of the C subunits, which
then phosphorylate a variety of protein substrates (50–54). Three
C subunit isoforms, PKA-Cα, PKA-Cβ, and PKA-Cγ, have been
identified in human, although PKA-Cγ is testis specific (55). We
next determined which PKA isoform is involved in the synergistic
induction of PDE4B2 by depleting PKA-Cα and PKA-Cβ using
specific siRNAs. Western blot analysis revealed that the protein
expression of PKA-Cα and PKA-Cβ was efficiently and selec-
tively decreased in siRNA-transfected cells, respectively (Fig.
5D). Interestingly, the synergistic induction of PDE4B2 by NTHi
and roflumilast was significantly attenuated by PKA-Cβ deple-
tion, whereas only a slight suppression was observed in PKA-Cα–
depleted cells (Fig. 5E). Next, we determined the effect of
PKA-Cβ depletion on the up-regulation of proinflammatory
mediators induced by NTHi in the presence of roflumilast. As
shown in Fig. 5F, the inhibitory effect of PKA-Cβ depletion on
the expression of proinflammatory mediators is highly consistent
with that of PDE4B2 depletion, except that PKA-Cβ depletion
attenuated CCL7 and GM-CSF up-regulation to a greater extent
compared with PDE4B2 depletion. These results suggest that
PKA-Cβ acts as a key positive regulator in the synergistic up-
regulation of PDE4B2 and proinflammatory mediators induced
by NTHi and roflumilast. It should be noted that some of the
NTHi-induced proinflammatory mediators were even increased
by PKA-Cα depletion (Fig. S3C), which is line with the antiin-
flammatory effects of PKA-Cα reported in other cell types (1).
Because it has been shown that cAMP response element

(CRE) plays a particularly important role in up-regulation of
PDE4B2 expression in rat neurons (25), we examined the in-
volvement of CRE-binding protein (CREB) and activating
transcription factor 1 (ATF1), two ubiquitously expressed PKA-
dependent transcription factors (56), on the synergistic induction
of PDE4B2 by NTHi and roflumilast in BEAS-2B cells. In-
terestingly, depletion of either CREB or ATF1 decreased the
synergistic induction of PDE4B2 but to a much lesser extent
compared with PKA-Cβ depletion (Fig. S5). These results sug-
gest that other downstream molecules of PKA-Cβ may play
a more important role in the synergistic induction of PDE4B2 in
bronchial epithelial cells. Nonetheless, our data suggest that
PKA-Cβ but not PKA-Cα is crucial for the synergistic induction
of PDE4B2 by NTHi and roflumilast.

IKKβ-p65 but Not c-Rel Is Required for Synergistic Induction of
PDE4B2. Because NTHi is known as a potent activator of IKKβ
(also known as IKK2), leading to the activation of NF-κB–
dependent inflammatory response (57–59), we examined the re-
quirement of IKKβ-NF-κB signaling in the synergistic induction
of PDE4B2. We first evaluated the role of IKKβ. As shown in
Fig. 6A, IKKβ inhibitor significantly inhibited the synergistic
induction of PDE4B2 by NTHi and roflumilast, but did not af-
fect the induction of PDE4B2 by roflumilast alone. To further
determine whether the activation of IKKβ synergizes with
roflumilast to induce the synergistic up-regulation of PDE4B2,
BEAS-2B cells were transfected with the constitutively active
form of IKKα (IKKα-CA) and IKKβ (IKKβ-CA). As shown in
Fig. 6 B and C, PDE4B2 expression was synergistically enhanced

by roflumilast or a PKA activator 6-Phe-cAMP in IKKβ-CA– but
not IKKα-CA–transfected cells. In addition, we also demon-
strated that the expression of a dominant-negative mutant of
IκBα (IκBα-DN), the downstream molecule of IKKβ, completely
blocked IKKβ-CA–induced PDE4B2 expression and the synergistic
induction of PDE4B2 by roflumilast in IKKβ-CA–transfected cells
(Fig. 6D). These results suggest that IKKβ-IκBα signaling pathway
is required for the synergistic induction of PDE4B2.
IκBα prevents the activation and nuclear translocation of

NF-κB complexes including p65 and c-Rel, which have been known
to be activated by PKA-Cα and PKA-Cβ, respectively (4, 60–62).
Thus, we first investigated whether NTHi induces nuclear
translocation of p65 and c-Rel. As shown in Fig. S6A, both p65
and c-Rel were translocated to the nucleus within 60 min after
the NTHi treatment in BEAS-2B cells. These results thus led us
to further determine the requirement of p65 and c-Rel for the
synergistic induction of PDE4B2 by using siRNA to selectively
deplete p65 or c-Rel (Fig. 6E). We found that depletion of p65,
but not c-Rel, significantly inhibited the synergistic induction of
PDE4B2 by both NTHi and roflumilast or PDE4B2 induction by
NTHi alone but not by roflumilast alone (Fig. 6F), thereby in-
dicating an important role of p65 in NTHi-induced PDE4B2
expression. We further determined whether overexpression of
p65 synergizes with roflumilast to induce PDE4B2. As shown in
Fig. 6 G and H, roflumilast indeed synergistically enhanced
PDE4B2 expression in p65-transfeceted cells. Collectively, our

A B C

D E F

G H

Fig. 6. IKKβ-p65 but not c-Rel is required for synergistic induction of PDE4B.
(A) BEAS-2B cells were pretreated with Rof (0.1 μM) and IKKβ inhibitor (1 μM)
for 1 h followed by 1.5-h stimulation with NTHi, and PDE4B mRNA expres-
sion was analyzed. (B and C) BEAS-2B cells were transfected with mock,
IKKα-CA, or IKKβ-CA. After 40 h, cells were treated with Rof (0.1 μM) or
6-Phe-cAMP (6-Phe, 0.5 mM) for 1.5 h and PDE4B mRNA expression was
analyzed. (D) BEAS-2B cells were transfected with mock, IKKβ-CA, and IκBα-DN.
After 40 h, cells were treated with Rof (0.1 μM) for 1.5 h and PDE4B mRNA
expression was analyzed. (E–H) BEAS-2B cells were transfected with siRNA
(E and F) or plasmid (G and H). After 48 h, the protein expressions were
analyzed (E and G), or cells were pretreated with Rof (0.1 μM) for 1 h fol-
lowed by 1.5-h stimulation with NTHi, and PDE4B mRNA expression was
analyzed (F and H). Data in A–D, F, and H are mean ± SD (n = 3); *P < 0.05;
n.s. = P > 0.05. Data are representative of three or more independent
experiments. CON, control; n.s., nonsignificant.
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data demonstrate that IKKβ-IκBα-p65 signaling pathway is
required for the synergistic induction of PDE4B2 in bronchial
epithelial cells.

PKA-Cβ Phosphorylates p65. To further determine how PKA-Cβ
interacts with p65 and synergizes with each other to up-regulate
PDE4B2 expression, we first investigated whether p65 is physi-
cally associated with PKA-Cβ by performing coimmunoprecipi-
tation experiments. As shown in Fig. 7A, p65 and PKA-Cβ were
physically associated with each other in BEAS-2B cells trans-
fected with both p65 and PKA-Cβ. Moreover, their interaction
was enhanced by cotreatment of roflumilast with NTHi (Fig.
7A). We found that roflumilast did not affect the nuclear ex-
pression level of p65 or PKA-Cβ in BEAS-2B cells (Fig. S6
A–D). Thus, we next examined whether PKA-Cβ affects p65
phosphorylation. Phosphorylation at multiple residues of p65 has
been shown to regulate various functions of p65, such as DNA
binding and transcriptional activities (63, 64). However, the role
of PKA-Cβ in regulating p65 phosphorylation remains unknown.
To evaluate p65 phosphorylation, we performed phosphate-

affinity (Phos-tag) SDS-PAGE, a phosphate-binding tag-based
method that has been developed to specifically decrease the
migration speed of phosphorylated proteins so that the phos-
phorylated protein can be separated from nonphosphorylated
protein (Fig. S7A) (65). As shown in Fig. 7B, cotreatment of
roflumilast with NTHi induced phosphorylation of p65, which
was inhibited by Rp-8-CPT-cAMPS, a specific inhibitor of
cAMP-dependent PKA activation. PKA-Cβ depletion or H89
treatment exhibited similar inhibitory effects (Fig. 7C and Figs.
S6E and S7B). Consistent with these results, a cAMP-dependent
PKA-selective activator 6-Phe-cAMP also induced this phos-
phorylation (Fig. 7D). Of note, NTHi alone did not induce the
similar phosphorylation in BEAS-2B cells (Fig. S7B), suggesting
that PKA-Cβ activation by cAMP is required for p65 phos-
phorylation. We also found that the overexpression of PKA-Cβ1,
the major subtype of Cβ in BEAS-2B cells (Fig. S6F), induced
the phosphorylation of p65, which was inhibited by H89, but not
by a p38 inhibitor (SB203580) or an ERK inhibitor (PD98059)
(Fig. S7C). These results suggest that PKA-Cβ1 directly phos-
phorylates p65, independently of activation of p38, ERK, or their
downstream kinase MSK1 (mitogen- and stress-activated kinase 1)
that has been shown to phosphorylate p65 (66-68). To further
confirm whether PKA-Cβ directly phosphorylates p65, we per-
formed in vitro kinase assay by using recombinant p65 and PKA-Cβ
proteins. As shown in Fig. 7E and Fig. S7D, PKA-Cβ directly
phosphorylates p65.
Searching for PKA consensus phosphorylation sequence

(RRXS/T) revealed that the serine 276 residue (Ser276) is
a potential PKA phosphorylation site (69), which is in line with
the previous studies showing that PKA-Cα phosphorylates p65 at
Ser276 residue (61, 62). To determine whether p65 is also
phosphorylated by PKA-Cβ at Ser276, BEAS-2B cells were
transfected with the phosphorylation-deficient mutant (S276A)
of p65 and analyzed by Phos-tag SDS-PAGE. The p65 constructs
with mutation of other serine residues (S468A, S529A, and
S536A) known to be phosphorylated by other kinases were also
analyzed. The intensity ratio of PKA-Cβ–induced phosphoryla-
tion was decreased in S276A- and S536A-transfected cells
compared with the wild-type p65-transfected cells (Fig. 7F and
Fig. S6G). To further determine the functional involvement of
p65 phosphorylation at these residues in PDE4B2 induction, we
examined PDE4B2 expression in the cells transfected with these
different p65 phosphorylation site mutants. As shown in Fig. 7G,
roflumilast and NTHi synergistically enhanced PDE4B2 ex-
pression in the cells transfected with p65 mutants S468A,
S529A, and S536A, but not S276A. We next determined the
effect of Ser276 phosphorylation by PKA-Cβ on the transcrip-
tional activity of p65 by performing the NF-κB promoter ac-
tivity analysis. Cotransfection with PKA-Cβ1 significantly
enhanced the p65-induced NF-κB promoter activity, which
was abrogated by coexpressing S276A mutant of p65 (Fig.
7H). Together, these results suggest that roflumilast and NTHi
increase the physical interaction of PKA-Cβ with p65, which, in
turn, leads to the phosphorylation of p65 at Ser276 and sub-
sequent up-regulation of p65-dependent transcriptional activity.

Discussion
PDE4B has been shown to be up-regulated by various in-
flammatory stimuli, which plays a critical role in mediating in-
flammatory response (16–18, 22, 70–72). We recently also found
that PDE4B is induced by bacterium NTHi (27). It is also well
known that the expression level of PDE4 isoforms is induced by
cAMP elevators including PDE4 inhibitor itself (18, 23–26, 33),
which is believed to be important in negative feedback regulation
of cAMP signaling. However, it remains unclear how PDE4 is
regulated in the presence of both bacterial pathogen and cAMP
elevators. In this study, we showed for the first time to our
knowledge that roflumilast (a clinically approved PDE4 inhibitor

A

D E

G H

B

C

F

Fig. 7. PKA-Cβ phosphorylates p65. (A) BEAS-2B cells were transfected with
mock or p65 together with PKA-Cβ. After 48 h, cells were pretreated with
Rof (0.1 μM) for 1 h followed by 1-h stimulation with NTHi. PKA-Cβ in whole-
cell extracts was pulled down with anti-PKA-Cβ antibody and immuno-
blotted against p65 and PKA-Cβ. (B–D and F) BEAS-2B cells were transfected
with plasmid or siRNA for 48 h, and p65 phosphorylation in nuclear extracts
was analyzed by Phos-tag SDS-PAGE. Rp-8-CPT-cAMPS (Rp-8-CPT, 0.1 mM)
was pretreated for 0.5 h before the Rof treatment (B). Rof (0.1 μM) was
pretreated for 1 h followed by 1-h stimulation with NTHi (B and C). Cells
were treated with 6-Phe-cAMP (6-Phe, 0.5 mM) for 2 h (D). (E) Recombinant
p65 and PKA-Cβ proteins were mixed and incubated at 37 °C for 0.5 h and
analyzed by Phos-tag SDS-PAGE. (G) After 48-h transfection of plasmid,
BEAS-2B cells were treated with Rof (0.1 μM) for 2.5 h, and PDE4B mRNA
expression was analyzed. (H) BEAS-2B cells were transfected with NF-κB lu-
ciferase plasmid together with mock, p65, S276A p65, and PKA-Cβ. After 24 h,
NF-κB activity was measured. Data in G and H are mean ± SD (n = 3); *P < 0.05.
Data are representative of three or more independent experiments. CON,
control; pp65, phosphorylated p65.
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for COPD exacerbation) synergizes with NTHi (a major bacterial
cause of COPD exacerbation) to induce PDE4B2 expression in
the context of the complex pathogenesis and medications of
COPD, via a cross-talk between cAMP/PKA-Cβ and p65 (Fig. 8).
The synergistic induction of PDE4B2 was also observed in the
presence of other inflammatory stimuli, such as TNF-α and IL-1β
(Fig. S1E), and cAMP elevators. PDE4B2 expression plays a
critical role in NTHi-induced expression of chemokines CCL5,
CCL7, CXCL10, and CXCL11, which have previously been
shown to be crucial in the pathogenesis of COPD exacerbation.
These chemokines are increased in induced sputum, bron-
choalveolar lavage (BAL) fluid, or peripheral airways in patients
with COPD (73–77) and play important roles in the recruitment
of macrophages, CD8+ T cells, B cells, eosinophils, and neu-
trophils into the airway lumen (43–45, 78, 79).
The second major finding of this study is that PDE4B2 regu-

lates certain chemokine expression in both enzymatic activity-
dependent and activity-independent manner. This enzymatic
activity-independent function may lead to the reduced efficacy of
roflumilast in suppressing inflammation under certain clinical
conditions due to the synergistically up-regulated PDE4B2. For
example, we observed that the effect of roflumilast in suppress-
ing NTHi-induced CCL5, CCL7, CXCL10, and CXCL11 (named
group A-chemokines) is less than its effect in suppressing some
other proinflammatory mediators such as GM-CSF and TNF-α
in bronchial epithelial cells. In addition, roflumilast became
more efficacious in suppressing group A-chemokines in PDE4B-
depleted, but not in PDE4D-depleted, cells. Consistent with
these results, roflumilast (even at 10 μM) was unable to fully
inhibit the NTHi-induced expression of group A-chemokines in
the stable cell line overexpressing PDE4B2. Moreover, both
PDE4B2-WT and PDE4B2-D392A (the mutant with no enzymatic

activity) markedly enhanced the NF-κB promoter activity and group
A-chemokine expression, although PDE4B2-D392A enhanced
NF-κB activation and chemokine expression to a lesser extent com-
pared with PDE4B2-WT. It should also be noted that roflumilast
(up to 10 μM) was unable to fully inhibit the IKKβ-CA–induced
NF-κB promoter activity and group A-chemokine expression in the
cells overexpressing PDE4B2-WT or PDE4B2-D392A. Together,
these results demonstrate that up-regulated PDE4B2 may contrib-
ute to the up-regulation of these chemokines in both enzymatic
activity-dependent and activity-independent manners, thereby
providing the evidence for the first time to our knowledge that
PDE4B2 may act as a nonenzymatic adaptor protein in regulating
inflammatory response. Future studies are warranted to further
elucidate the underlying mechanism.
The third major finding in the present study is that PKA-Cβ,

but not PKA-Cα, is specifically required for mediating the syn-
ergistic induction of PDE4B2 and the resultant inflammatory
response in human airway epithelial cells. Previously, it has been
shown that PKA-Cα activates NF-κB signaling via phosphory-
lating p65 at Ser276 in a cAMP-independent manner (61). PKA-
Cα has been shown to be maintained in an inactive state through
association with IκB complex. Signals that lead to IκB degra-
dation result in PKA-Cα activation and subsequent phosphory-
lation of p65 at Ser276. This previous study suggests that the
cAMP-independent PKA activation mechanism is involved in
NF-κB activation and inflammation in response to inflammatory
stimuli such as LPS, mitogens, cytokines, and viruses. In the
current study, we reported a distinct mechanism by which cAMP
synergizes with NF-κB signaling to up-regulate PDE4B2 through
PKA-Cβ, but not PKA-Cα, mediated phosphorylation of p65 at
Ser276 in the contexts of the presence of both bacterial pathogen
and cAMP-elevating agents. Future study is required to further
determine whether PKA-Cα and PKA-Cβ specifically mediate
the cAMP-independent and cAMP-dependent regulation of p65
phosphorylation, respectively.
In addition to the distinct roles of PKA-Cα and PKA-Cβ in reg-

ulating PDE4B2 expression, PKA-Cα and PKA-Cβ also appear to
differentially modulate the expression of proinflammatory mediators.
For example, we found that some of the NTHi-induced proin-
flammatory mediators were increased upon PKA-Cα knockdown
(Fig. S3C), which is line with the antiinflammatory role of PKA-Cα
reported in other cell types (1). The role of PKA-Cβ in mediating
inflammatory response remains largely unclear. In this study, we
found that the expression of proinflammatory mediators was reduced
by PKA-Cβ knockdown (Fig. 5F), indicating the proinflammatory
role of PKA-Cβ. These data suggest that PKA-Cβ–selective inhibition
may represent a promising strategy to suppress proinflammatory
mediators without compromising the antiinflammatory effects me-
diated by PKA-Cα. Given the distinct roles of PKA-Cα and PKA-
Cβ in regulating PDE4B2 and proinflammatory mediators, it is
likely that PKA may be involved in regulating the physiological
and pathological responses in an isoform-specific manner (54).
Thus, special attention needs to be paid to the role of various
isoforms of PKA for the studies aimed to determine the in-
volvement of PKA.
The role and underlying mechanisms of PKA in regulating NF-κB

signaling appears to be rather complex. In some model systems, the
activation of PKA inhibits NF-κB nuclear translocation. For example,
TNF-α–mediated nuclear translocation of p65 is enhanced by PKA
depletion using siRNA in HeLa cells (80). Forskolin impairs the
nuclear translocation of p65 in Jurkat T lymphocytes (81). There are
also NF-κB nuclear translocation-independent mechanisms. For ex-
ample, in human monocytes and endothelial cells, cAMP inhibits
NF-κB–mediated transcription without preventing the nuclear trans-
location of NF-κB complex. Instead, cAMP/PKA inhibits NF-κB–
dependent transcriptional activity by phosphorylating CREB, which
competes with p65 for limiting amounts of NF-κB coactivator
CREB-binding protein (CBP) (82). It has also been shown that the

Fig. 8. Schematic representation of PDE4B2 induction by NTHi and roflumilast
via p65 and PKA-Cβ.
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inhibitory action of the cAMP/PKA pathway on the transcriptional
activity of NF-κB in Jurkat T lymphocytes is exerted through directly
or indirectly modifying the C-terminal transactivation domain of p65,
which is independent of CREB and p65 phosphorylation at Ser276
(83). All above-mentioned studies provide evidence for the inhibitory
effect of cAMP/PKA on NF-κB transcriptional activity. However,
there is also evidence that PKA is able to activate NF-κB signaling, in
which phosphorylation of p65 at Ser276 appears to be critical. For
example, phosphorylation of NF-κB at Ser276 by PKA stimulates
NF-κB transcriptional activity by promoting the interaction of NF-κB
with the coactivator CBP/p300 (62). NF-κB p65 phosphorylation at
Ser276 by PKA activates NF-κB and contributes to the malignant
phenotype of head and neck cancer (84). It has been also shown that
PKA-Cα activates NF-κB signaling via phosphorylating p65 at Ser276
in an IKKβ-dependent but cAMP-independent manner (61). In the
present study, we show that PKA-Cβ also phosphorylates p65 at
Ser276 but in a cAMP-dependent manner, which is critical for the
synergistic induction of PDE4B2 by NTHi and roflumilast in
bronchial epithelial cells. Taken together, these lines of experi-
mental evidence suggest that cAMP and/or PKA can modulate
NF-κB activation/inactivation via various mechanisms, which
might depend on cell types and sources of cAMP and PKA as well
as the NF-κB subunits present in different signaling complexes. In
addition, the expression levels of A kinase-interacting protein 1
(AKIP1) in various cell types or conditions also appear to be
important for the effect of PKA on NF-κB activity. It has been
shown that in cells with low levels of AKIP1, PKA-activating
agents inhibit NF-κB transcriptional activity. In contrast, in cells
with high levels of AKIP1, the PKA activation increases p65
phosphorylation at Ser276 and synergizes with NF-κB activa-
tion (85).
In summary, our studies provide insights not only into the mo-

lecular mechanism underlying the synergistic induction of PDE4B2
expression in the context of the complex pathogenesis and medi-
cations of COPD but also into the signaling cross-talk between
PKA-Cβ and p65 via a cAMP-dependent manner. Our results also
provide the evidence for the first time to our knowledge that
PDE4B2 may act, at least in part, as a nonenzymatic adaptor pro-
tein in regulating inflammatory response. Combinational adminis-
tration of roflumilast with PKA-Cβ–selective inhibitor may help
attenuate the unwanted up-regulation of PDE4B2, thereby repre-
senting a promising therapeutic strategy to improve the efficacy,
decrease the effective dose, and possibly ameliorate the tolerance of
PDE4 inhibitors in patients with COPD exacerbation.

Materials and Methods
Reagents and Antibodies. Actinomycin D and protease inhibitor mixture (PIC) were
purchased from Sigma-Aldrich. Myristoylated PKA inhibitor, and IKKβ inhibitor IV
were purchased from EMD Millipore. Roflumilast was purchased from Santa Cruz
Biotechnology. N6-Phenyl-cAMP (6-Phe-cAMP), 8-pCPT-2′-O-Me-cAMP, and Rp-8-
CPT-cAMPS were purchased from BioLog. Forskolin was purchased from
Enzo Life Sciences. Phos-tag Acrylamide was purchased from Wako Chem-
icals USA. Recombinant p65 protein was purchased from Active Motif.
Recombinant PKA-Cβ protein was purchased from R&D Systems. Antibodies
for PKA-Cβ (sc-904), p65 (sc-8008), β-actin (sc-8432), α-Tubulin (sc-69969),
PDE4B (sc-25812), and TFIIB (sc-225) were purchased from Santa Cruz Bio-
technology, and PKA-Cα (4782) and c-Rel (4727) were purchased from Cell
Signaling.

Bacterial Strains and Culture Condition. Clinical isolates of NTHi strain 12 was
used in this study (86). Bacteria were grown on chocolate agar plate at 37 °C
in an atmosphere of 5% (vol/vol) CO2 overnight, and subsequently in-
oculated in brain heart infusion (BHI) broth supplemented with 3.5 μg/mL
NAD and 10 μg/mL hemoglobin (BD Biosciences). After overnight incubation,
bacteria were subcultured into fresh broth and the log phase bacteria,
monitored by measurement of optical density (OD) value, washed, and
suspended in DMEM for in vitro cell experiments and in isotonic saline for
in vivo animal experiments. For the all in vitro experiments except the
dose-dependent experiment, NTHi was treated at multiplicity of infection
(MOI) of 50.

Cell Culture. All media described below were supplemented with 10% (vol/vol)
FBS (Sigma-Aldrich). Human bronchial epithelial BEAS-2B cells were maintained in
RPMI medium 1640 (Life Technologies). Human primary bronchial epithelial NHBE
(Lonza) cells were maintained in bronchial epithelial growth media (BEGM) sup-
plemented with BEGM SingleQuots (87). BEAS-2B cells stably expressing human
PDE4B2 (PDE4B2-stable cells) were obtained by plasmid transfection following
Geneticin selection (300 μg/mL). Cells were cultured in a humidified atmosphere of
5% (vol/vol) CO2 at 37 °C.

Real-Time Quantitative and Semiquantitative RT-PCR Analyses. Total RNA was
isolated with TRIzol reagent (Life Technologies) by following the manufacturer’s
instruction. For the reverse transcription reaction, TaqMan reverse transcription
reagents (Life Technologies) were used as described previously. For quantitative
RT-PCR analysis, PCR amplifications were performed by using SYBR Green Universal
Master Mix (Life Technologies). In brief, reactions were performed in triplicate
containing 2× Universal Master Mix, 1 μL of template cDNA, 500 nM primers
in a final volume of 12.5 μL, and they were analyzed in a 96-well optical
reaction plate (USA Scientific). Reactions were amplified and quantified by
using a StepOnePlus Real-Time PCR System and themanufacturer’s corresponding
software (StepOnePlus Software v2.3; Life Technologies). The relative quantities of
mRNAs were obtained by using the comparative Ct method and were normalized
by using human cyclophilin ormouse glyceraldehydes-3-phosphate dehydrogenase
(GAPDH) as an endogenous control. For semiquantitative RT-PCR analysis, PCR
amplifications were performed with PrimeSTAR Max polymerase (Takara) by fol-
lowing the manufacturer’s instruction. The primer sequences used are listed in
Table S2.

Plasmids, Transfections, and Luciferase Assay. The expression plasmids, constitu-
tively active forms of IKKα (IKKα-CA, S176E/S180E) and IKKβ (IKKβ-CA, S177E/
S181E) and a dominant negative form of IκBα (IκBα-DN, S32A/S36A) were de-
scribed (57, 86). Luciferase reporter construct of NF-κB (pGL4.32) was purchased
from Promega. Human PDE4B2, p65 (RelA), and PKA-Cβ1/2 cDNA sequences
were generated and inserted into the BamHI and HindIII sites of the pcDNA3.1/
mycHis(-) vector. Mutant p65 and PDE4B2-D392A were generated by using
PrimeSTARMax (Takara). Empty vector was used as a control andwas also added
where necessary to ensure an equivalent amount of input DNA. All transient
transfections were carried out in triplicate by using TransIT-LT1 reagent (Mirus)
following the manufacturer’s instruction.

siRNA-Mediated Knockdown. Human validated siRNA oligos were obtained
fromGEHealthcare (Negative Control, D001810-10; PDE4B, L007648-01; PKA-Cα,
M004649-01; PKA-Cβ, M004650-00; p65, L003533-00; c-Rel, L004768-00). Cells
were transfected with 50 nM siRNA by using DharmaFECT-4 (Thermo
Scientific) and collected or treated 48 h later. For the cotransfection of siRNA
with DNA, cells were transfected with 10 nM siRNA by using Lipofectamine
3000 (Life Technologies).

Subcellular Fractionation. Cells were washed twice and corrected with ice cold
PBS and centrifuge at 3,000 × g for 5 min. The cells were suspended with
buffer A (10 mM Hepes at pH 7.4, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA,
1 mM DTT, supplemented with 1 mM Na3VO4, and PIC) and incubated on ice
for 10 min (88). The cells were lysed by adding Nonidet P-40 (0.5%) and
vortex for 15 s. Cells were centrifuged at 3,000 × g for 5 min and the
supernatants (Cytosol fraction) were removed. Precipitates were resus-
pended in buffer B (20 mM Hepes at pH 7.5, 5 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1 mM DTT, supplemented with 1 mM Na3VO4 and PIC) and incubated
on ice for 10 min. The cells were vortexed and centrifuged at 16,000 × g for
15 min, and the supernatants were recovered (nuclear fraction).

Western Blot. Whole-cell extracts and mouse lung tissue extracts were re-
covered with the lysis buffer (50 mM Tris·HCl at pH 7.4, 1% Nonidet P-40,
0.25% deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM NaF, supplemented
with 1 mM Na3VO4 and PIC). For PDE4B protein, cell extracts were recovered
with buffer A as described above. Cell or tissue extracts were separated on
8% (wt/vol) SDS-PAGE gels, and transferred to polyvinylidene difluoride
(PVDF) membrane (GE Healthcare Life Sciences). The membrane was blocked
with a solution of TBS containing 0.1% Tween 20 (TBS-T) and 5% (wt/vol)
nonfat dry milk. The membrane was then incubated in a 1:1,000–1:2,000
dilution of a primary antibody in 5% (wt/vol) BSA-TBS-T. After three washes
with TBS-T, the membrane was incubated with 1:5,000 dilution of the cor-
responding secondary antibody in 2.5% (wt/vol) nonfat dry milk-TBS-T. Re-
spective proteins were visualized by using Amersham ECL Prime Regent (GE
Healthcare Life Sciences).
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Immunoprecipitation. Cell extracts were incubated with 1 μg of primary anti-
bodies for overnight at 4 °C, followed by 2-h incubation with protein G PLUS-
agarose beads (Santa Cruz Biotechnology). Immunoprecipitates were then
suspended in a sample buffer, separated on 8% (wt/vol) SDS-PAGE gels,
transferred to PVDF membrane, and detected by immunoblot analysis as
described above.

PDE4 Activity. PDE4 activity in whole-cell extracts from the cells transfected
with PDE4B2 constructs were measured by using cyclic nucleotide PDE assay
kit (Enzo Life Sciences) following the instructions. PDE4 activity was esti-
mated from the difference between total and roflumilast-resistant PDE
activity.

Phos-tag SDS-PAGE. Recombinant p65 protein or nuclear extracts recovered
without EDTA/EGTA were separated on 6% (wt/vol) SDS-PAGE gels con-
taining 50 μM Mn2+-Phos-tag Acrylamide and transferred to PVDF mem-
brane according to the manufacture’s instructions (65).

In Vitro Kinase Assay. Recombinant p65 protein (70 ng) and recombinant
PKA-Cβ (50 ng) were mixed in kinase assay buffer (20 mM Hepes at pH 7.5,
1 M MgCl2, 1 mM DTT, 10 mM ATP) and incubated at 30 °C for 0.5 h. Reaction
was stopped by adding 4× SDS sample buffer [0.24 M Tris·HCl at pH 6.8, 40%
(vol/vol) glycerol, 8% (wt/vol) SDS, 20% (vol/vol) 2-mercaptoehanol, 0.04%
bromophenol blue].

Mice and Animal Experiments. For NTHi-induced inflammation in C57BL/6J mice
(7 wk old), anesthetized mice were intratracheally inoculated with NTHi at
a concentration of 5 × 107 cfu per mouse and saline was inoculated as control.
The inoculated mice were then killed 5 h after NTHi inoculation. For inhibition
study, mice were pretreated with roflumilast intraperitoneally 2 h before
NTHi inoculation. All animal experiments were approved by the In-
stitutional Animal Care and Use Committee at Georgia State University.

Immunofluorescent Staining. Formalin-fixed paraffin-embedded mouse lung
tissue was sectioned (4 μm) and PDE4B protein was detected by using
rabbit anti-PDE4B and FITC-conjugated goat anti-rabbit IgG (Santa
Cruz Biotechnology). Stained sections were then imaged, and images
were recorded under light-microscopy and fluorescence-microscopy
systems (AxioVert 40 CFL, AxioCam MRC, and AxioVision LE Image system;
Carl Zeiss).

Statistical Analysis. All experiments were repeated at least three times with
consistent results. Data were shown as mean ± SD. Statistical analysis was
assessed by unpaired two-tailed Student’s t test and P < 0.05 was considered
statistically significant.
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