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Abstract

Introduction: Over 300 million people in the world live with asthma, resulting in 500,000 annual global deaths with
future increases expected. It is estimated that around 50-80% of asthma exacerbations are due to viral infections.
Currently, a combination of long-acting beta agonists (LABA) for bronchodilation and glucocorticoids (GCS) to control
lung inflammation represent the dominant strategy for the management of asthma, however, it is still sub-optimal in
35-50% of moderate-severe asthmatics resulting in persistent lung inflammation, impairment of lung function, and
risk of mortality. Mechanistically, LABA/GCS combination therapy results in synergistic efficacy mediated by intracel-
lular cyclic adenosine monophosphate (CAMP).

Hypothesis: Increasing intracellular cAMP during LABA/GCS combination therapy via inhibiting phosphodiesterase
4 (PDE4) and/or blocking the export of CAMP by ATP Binding Cassette Transporter C4 (ABCC4), will potentiate anti-
inflammatory responses of mainstay LABA/GCS therapy.

Methods: Expression and localization experiments were performed using in situ hybridization and immunohisto-
chemistry in human lung tissue from healthy subjects, while confirmatory transcript and protein expression analyses
were performed in primary human airway epithelial cells and cell lines. Intervention experiments were performed on
the human airway epithelial cell line, HBEC-6KT, by pre-treatment with combinations of LABA/GCS with PDE4 and/or
ABCC4 inhibitors followed by Poly I:.C or imiquimod challenge as a model for viral stimuli. Cytokine readouts for IL-6,
IL-8, CXCL10/IP-10, and CCL5/RANTES were quantified by ELISA.

Results: Using archived human lung and human airway epithelial cells, ABCC4 gene and protein expression were
confirmed in vitro and in situ. LABA/GCS attenuation of Poly I:C or imiquimod-induced IL-6 and IL-8 were potentiated
with ABCC4 and PDE4 inhibition, which was greater when ABCC4 and PDE4 inhibition was combined. Modulation of
CAMP levels had no impact on LABA/GCS modulation of Poly I:C-induced CXCL10/IP-10 or CCL5/RANTES.
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Conclusion: Modulation of intracellular cAMP levels by PDE4 or ABCC4 inhibition potentiates LABA/GCS efficacy in
human airway epithelial cells challenged with viral stimuli. The data suggest further exploration of the value of adding
cAMP modulators to mainstay LABA/GCS therapy in asthma for potentiated anti-inflammatory efficacy.

Introduction

It is estimated that there are over 300 million people
in the world with asthma, resulting in 500,000 annual
global deaths [1]. The Global Initiative for Asthma
(GINA) defines asthma as a chronic inflammatory dis-
ease defined by history of respiratory symptoms such as
wheeze, shortness of breath, chest tightness, and vari-
able cough and expiratory airflow limitation [2]. Key
features of asthma include airway hyperresponsiveness,
reversible bronchoconstriction, airway wall thickening,
increased mucus production, and airway inflammation.
Despite medications available to control symptoms, up
to 35-50% of moderate-severe asthmatics experience
sub-optimal symptom management, resulting in persis-
tent lung inflammation, impairment of lung function,
and increased risk of mortality [3—-7]. These individuals
are more susceptible to asthma exacerbations that may
be triggered by exercise, exposure to allergens or irri-
tants, or respiratory infections [8—10]. Approximately
80% of exacerbations are associated with respiratory
tract viral infections including but not limited to: rhino-
virus, influenza virus, adenovirus, and respiratory syn-
cytial virus [11]. Viral infections lead to inflammation
of the lungs, via recruitment and production of neutro-
phils, eosinophils, CD4" cells, CD8" cells, and mast cells
through increased expression and secretion of IL-6, IL-8,
CXCL10/IP-10, CCL5/RANTES, and other cytokines
[12].

GINA guidelines outline evidence-based, stepwise
symptom management strategies focused on control and
risk reduction, with no particular emphasis on immune
profile (e.g. Th1 vs Th2). Inhaled glucocorticoids (GCS)
and long-acting P, agonists (LABA) formulations form
the basis for asthma control, decreasing lung inflamma-
tion and relieving bronchoconstriction, and are reviewed
for treatment strategies for all asthmatics at GINA Step
1 [13]. The mechanism of action for GCS is complex,
involving both transrepression and transactivation pro-
cesses that regulate gene expression networks important
in immune responses [13, 14]. Inflammatory gene expres-
sion is induced by transcription factors such as Nuclear
Factor x-light-chain-enhancer of Activated B-Cells (NE-
kB), and Activator Protein-1 (AP-1). GCS bind gluco-
corticoid receptors (GR) in the cytoplasm, resulting in
dimerization, and translocation to the cell nucleus where
they bind to glucocorticoid response elements (GREs),
which in turn increase transcription of anti-inflammatory

proteins or suppress transcription of pro-inflammatory
genes [13, 15].

LABAs elicit their effects by increasing intracellular
cyclic adenosine monophosphate (cAMP) through the
activation of adenylyl cyclase, which catalyzes the con-
version of adenosine triphosphate (ATP) into cAMP.
LABAs are key for mediating smooth muscle relaxation
by elevating cAMP to enable protein kinase A (PKA)
phosphorylation and regulation of proteins involved in
muscle tone [16]. Moreover, elevations of cAMP have
been shown to inhibit calcium ion release from intracel-
lular stores, reduction of membrane calcium ion entry,
and sequestration of intracellular calcium ion, leading to
relaxation of the airway smooth muscle [16]. Importantly,
elevations in cAMP in human airway epithelial cells may
be related to induction of pro-inflammatory gene expres-
sion and cytokine production [17, 18].

LABA/GCS have additive and synergistic effects on the
regulation of anti-inflammatory and bronchoprotective
genes. LABA/GCS additively increase the induction of
the anti-inflammatory gene dual-specificity phosphatase
(DUSP1), an inhibitor of MAPK [19]. The MAPK path-
way plays a key role in the transduction of extracellular
signals to cellular response, including inflammation [20-
23]. Synergistic interactions of LABA/GCS has also been
observed with regulator of G-protein signalling, RGS2, a
bronchoprotective gene [24, 25]. RGS2 inhibits Gq pro-
tein, a G protein subunit that activates phospholipase C,
which downstream, contributes to airway smooth muscle
contraction. The interaction between LABA and GCS is
hypothesized to involve PKA signalling interacting with
promoter regions that are also influenced by GCS via GR
binding to GREs [26]. It follows that promoting PKA sig-
nalling through alternate mechanisms that elevate intra-
cellular cAMP may render LABA/GCS more efficacious.

Intracellular cAMP levels are tightly regulated by
enzymes and transporters [27]. The PDE superfamily
consists of enzymes that break phosphodiester bonds
and are responsible for the hydrolysis of cAMP and cyclic
guanosine monophosphate (cGMP) into their respec-
tive inactive form, AMP and GMP [28]. PDE’s are sub-
classified into 11 primary families with each one having
differential preferences for cAMP or cGMP. PDE4, in
particular, is highly relevant for chronic inflammatory
airway diseases as it is the major regulator of cCAMP lev-
els in inflammatory cells [29, 30]. PDE4 has 4 different
isoforms (A, B, C, D) with different localization in the
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cell. Working in partnership with PDE4 are transport
mechanisms present in the cell membrane. The super-
family of ABC transporters uses ATP for the transport
of substrates across membranes. For instance, ABCC4
can transport cAMP, uric acid, prostaglandins, and leu-
kotrienes [31], and is expressed in the prostate, liver, tes-
tis, ovary, kidney, and lungs [27]. ABCC4 expression was
first demonstrated in human airway epithelial cells for
their ability to transport prostaglandins [32]. Our group
was able to demonstrate that ABCC4 can also transport
cAMP and urate in human airway epithelial cells [33] and
that inhibition of ABCC4 had functional consequences
on cystic fibrosis transmembrane conductance regula-
tor (CFTR) activity and LABA/GCS anti-inflammatory
efficacy through a PKA linked mechanism [34, 35]. Fine-
tuning of intracellular cAMP levels with interventions
targeting enzymatic degradation and/or extracellular
transport may have benefits for optimized management
of asthma symptoms [36].

As current GINA guidelines recommend LABA/GCS
as the primary method of asthma symptom management,
add-on therapies that can optimize treatment efficacy
in difficult to control patients may be of immediate rel-
evance and value. The demonstrated interaction between
elevated cCAMP levels induced by LABA and anti-inflam-
matory gene expression by GCS suggests that modulation
of intracellular cAMP levels by additional mechanisms
may provide benefit. In this study, we hypothesize that
elevating intracellular cAMP levels via ABCC4 inhibition
and/or PDE4 inhibition may increase LABA/GCS anti-
inflammatory efficacy in human airway epithelial cells.

Materials and methods

Reagents

Formoterol and budesonide (Cayman Chemicals, Michi-
gan, USA) were used as clinically approved LABA/GCS
compounds. Ceefourin-1 [CF1] (Abcam, Massachusetts,
USA) was used for ABCC4 inhibition [37]. Roflumilast
[RF], rolipram [RP] (Cayman Chemicals, Michigan, USA)
and cilomilast [CM] (AdooQ Bioscience, California,
USA) were used for PDE4 inhibition. Polyinosinic: poly-
cytidylic acid [Poly I:C], a TLR3 agonist, and imiquimod,
a TLR7 agonist were used as viral mimics (InvivoGen,
California, USA). IL-1p (Peprotech, Quebec, Canada)
was used as a pro-inflammatory stimulus.

Human airway epithelial cell culture

In vitro experiments were performed using a human
bronchial epithelial cell line (HBEC-6KT) derived from
a healthy non-smoker by expression of human telomer-
ase reverse transcriptase and cyclin-dependent kinase
4 grown under submerged monolayer conditions [38],
which we have previously validated for innate immune
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responses [39-41]. Cells were cultured in keratinocyte
serum-free growth medium supplemented with 0.8 ng/
mL recombinant human epidermal growth factor (EGF),
and 50 pg/mL Bovine Pituitary Extract and 1% Pen/
Strep (ThermoFisher, Mississauga, Canada) at 37 °C, 5%
CO,, in a humidified incubator. Another human bron-
chial epithelial cell line (Calu-3) was obtained from
ATCC (Manassas, Virginia, USA). Cells were grown in
Minimum Essential Medium Eagle with 10 mM HEPES
(Sigma Aldrich, Oakville, Canada), 20% fetal bovine
serum, and 1% Pen/Strep. Calu-3 cells were grown under
submerged monolayer and fed in a two-day feeding cycle
[42]. Primary human airway epithelial cells were col-
lected from clinical subjects through bronchial brushing.
The brushings were washed with sterile PBS and the cells
were collected and transferred to T-25 cm? cell culture
flasks. The cells were grown under submerged monolayer
conditions as above in a two-day feeding cycle with
PneumaCult" Ex-Plus media supplemented according
to manufacturer’s recommendations (Stemcell Technolo-
gies, Vancouver, Canada).

Histology, digital slide scanning and microscopy

In situ hybridization and immunohistochemistry were
performed using a Leica Bond Rx autostainer with instru-
ment and application-specific reagent kits (Richmond
Hill, Ontario). Following selection of healthy primary
lung tissues (n=10), four-micron thick sections were
stained using RNAscope'" probes (in situ hybridization—
RNAscope® LS 2.5 Probe- Hs-ABCC4, California, USA)
or antibody (immunohistochemistry—ABCC4 (M41-
10—Ab15602) primary antibody—Abcam, Toronto, Can-
ada) following directions supplied with the Leica Bond
reagent kits. For immunohistochemistry, heat-induced
antigen retrieval in citrate buffer was performed at pH
6 with primary antibody diluted at 1:50. Slides under-
went digital slide scanning using an Olympus VS120-
L100 Virtual Slide System at 40X magnification with
VS-ASW-L100 V2.9 software and a VC50 colour camera
(Richmond Hill, Ontario). Image acquisition and format-
ting were performed using Halo Software (Indica Labs,
New Mexico, USA).

Gene expression dataset curation, and normalization
Public microarray experiments using Affymetrix chips
(HG-U133 Plus 2, HuEx-1.0-st-vl and HuGene-1.0-st-v1)
on bronchial brushing samples of human airway epithe-
lial cells from healthy individuals were selected from the
NCBI Gene Expression Omnibus (GEO) database.

For all dataset samples, raw intensity values and
annotation data were downloaded with the R statisti-
cal language (version 3.6.1; R Core Team, 2019) using
the GEOquery R package (version 2.52.0) [43]. Probe



Kim et al. Respir Res (2021) 22:266

definition files were downloaded from the Brainarray
database (version 24) [44]. To obtain processed micro-
array gene expression values unaffected by probe CG
compositional biases, the Single Channel Array Nor-
malization (SCAN) method was used via the SCAN.
UPC R package (version 2.26.0) [45] using annotation
data from the Bioconductor project (version 3.9) [46].
All log,-transformed gene expression data were uni-
fied into a single dataset, and only genes detected in
all three platforms were kept for subsequent analyses.
In order to reduce differential expression bias due to
sex chromosome genes, only autosomal genes were
included for subsequent analysis. Correction of exper-
iment-specific batch effects was performed using the
ComBat method [47] implemented in the sva R package
(version 3.32.1) [48], with disease status and sex sup-
plied as covariates. Following batch correction, all data
underwent Z-Score transformation to set the mean of
all samples to zero and replace expression values with a
measure of variance from the mean [49]. Datasets were
filtered to include only healthy individuals, and these
healthy samples were further filtered by removing for-
mer or current smokers. This resulted in a total of 616
samples from healthy subjects. Sex was reported for a
subset of samples within this population (103 females,
227 males).

ABCC4 immunoblot

HBEC-6KT cells (n=3), Calu-3 cells (n=3), and primary
human bronchial epithelial cells (n=2) were grown to
confluence and lysed using RIPA Lysis Buffer containing
Protease Inhibitor Cocktail powder for 60—-90 min at 4 °C
on a rocker. Lysates were then centrifuged at 16,000xg
for 15 min, and the supernatants were collected. Pro-
tein quantification was performed using a BCA protein
assay. Equal masses (20 pg) of protein were incubated in
1X Laemmli buffer with 0.1 M dithiothreitol at 65 °C for
15 min and electrophoresed on 4—-15% gradient TGX gels
and transferred to PVDF membranes (Bio-Rad Laborato-
ries, Mississauga, Canada). The membranes were blocked
with Tris-buffered saline with 0.05% Tween 20 (TBST),
and 5% skim milk powder for 2 h at 25 °C. The mem-
branes were incubated with ABCC4/MRP4 (1:40—M41-
10—Ab15602)). The membranes were washed in TBST,
then incubated with horseradish peroxidase-linked anti-
rat secondary antibody (1:3000, Cell Signaling Technol-
ogy®, 7077S) or anti-mouse secondary antibody (1:3000,
Cell Signaling Technology®, 7076S) for 2 h at 25 °C. A
chemiluminescence image of the ABCC4 blot was taken
in tandem with an image of total protein loading using
Bio-Rad Image Lab software (Bio-Rad Laboratories, Mis-
sissauga, Canada).
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In vitro experiments

All experiments were performed with 85-95% confluent
HBEC-6KT cells. Cells were treated with interventions
(LABA/GCS, ABCC4 inhibitor, and/or PDE4 inhibitors)
and incubated at 37 °C for 2 h. After incubation, Poly
I:C or imiquimod was added to the cells as a viral mimic
challenge. IL-1p was added as a pro-inflammatory stim-
ulus. Cell supernatants were collected 24-h post-stim-
ulation and used for quantification of IL-6, IL-8, CCL5/
RANTES, and CXCL10/IP-10 using commercially availa-
ble ELISA kits (R&D Systems, Minnesota, USA). In select
experiments, an ABCC4 inhibitor (CF1 [10 pM]), or
PDE4 inhibitors (rolipram [10 pM], roflumilast [1 pM],
and cilomilast [1 uM]) were added to LABA/GCS alone
or in combination (Ceefourin-1 and roflumilast) followed
by viral mimic challenge.

Statistical analysis

For the GEO datasets, gene expression levels for ABCC4
were tested for significant differences via Student’s
T-test with a Benjamini—-Hochberg multiple testing cor-
rection using the stats R package (version 3.6.1; R Core
Team, 2019). CDH1 and CD34 were used as high and low
expression controls, respectively. Gene expression box
plots were generated with the ggplot2 R package (version
3.2.1). For the in vitro experiments, one-way ANOVAs
were performed with a post-hoc Bonferroni correction
for multiple comparisons and Student’s T-test were per-
formed for single comparisons. Results were represented
as means or were normalized as percentages compared to
the positive control. A p-value <0.05 was accepted to be
a statistically significant difference between groups. Data
was analyzed using GraphPad Prism Version 8. Data are
expressed as mean or mean percentage to control £ SEM.

Results

ABCC4 expression and localization at gene and protein
level

We have demonstrated ABCC4 gene expression in pri-
mary human airway epithelial cell cultures grown under
submerged monolayer conditions [35]. To confirm gene
expression in human lung airway epithelium, we per-
formed in situ hybridization using RNAscope'" probes
on formalin-fixed paraffin-embedded human lung
samples (representative image of n=10). ABCC4 gene
transcript was identified as red punctate dots through-
out the cytoplasm of airway epithelial cells (Fig. 1A and
B). To complement the in-situ localization of ABCC4
mRNA transcript in human airway epithelial cells, we
mined publicly available gene expression data from
bronchial brushings from healthy subjects (n=616).
Consistent with our localization studies, ABCC4 gene
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Fig. 1 Characterization of ABCC4 expression and localization patterns at the gene and protein level. In situ hybridization of ABCC4 RNAscope™
probe in human lung under low (10X) (A) and high (40X) (B) magnification. Red puncta are representative of ABCC4 gene transcripts with nuclei
counterstained blue. Representative image of n=10. C Gene expression data for 616 healthy subjects with no history of smoking or chronic
respiratory disease. D Healthy samples with metadata defining sex were further divided into male (N=227) and female (N=103) groups and
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plotted separately as blue and orange-outlined box plots, respectively. For both C and D, log,-transformed expression values were plotted as box
plots. The dashed line at zero represents the global baseline of expression for the entire set of genes. Immunohistochemistry of ABCC4 in human
lung under low (10X) (E) and high (40X) (F) magnification. Representative image of n=10. Pink/red staining is representative of ABCC4 protein with
nuclei counterstained blue. G ABCC4 protein expression human airway epithelial cells via immunoblot. Lane 1: Protein Ladder, lane 2—-4: HBEC-6KT
cell lysate (n=3 independent cultures), lane 5-7: Calu-3 cell lysate (n =3 independent cultures), lane 8-9: Primary cell lysate (n=2 independent

donors). H A total protein stain was performed to demonstrate protein loading levels for the ABCC4 immunoblot

expression was detected in bronchial brushings at lev-
els between the high control of CDH1 and low control
of CD34, genes that were selected to provide reference
points for ABCC4 expression levels (Fig. 1C). No sex-
dependent gene expression patterns were observed for
ABCC4 (Fig. 1D). To extend our characterization of
ABCC4 gene expression, we performed immunohis-
tochemical of ABCC4 protein in human lung tissues
(representative image of n=10). Positive staining was
observed in human airway epithelial cells (Fig. 1E and
F). In vitro confirmation of in situ protein expression
was performed by immunoblot of cell lines (HBEC-6KT
and Calu-3 cells) and primary human airway epithelial
cells (Fig. 1G and H). Consistent with in situ ABCC4
protein expression data, for each airway epithelial
cell type, a single band was observed at the predicted
molecular weight of 150 kDa for ABCC4. Collectively
our in vitro and in situ data confirm gene and protein
expression of ABCC4 in human airway epithelial cells.

Effect of ABCC4 inhibition on LABA/GCS responses

in human airway epithelial cells exposed to Poly I:C

We have reported that ABCC4 in human airway epi-
thelial cells functions as a cAMP transporter and may
modulate TNF-a-induced responses and efficacy of
LABA/GCS interventions [33, 35]. To interrogate
whether ABCC4 played a role in additional innate
immune responses in human airway epithelial cells, we
performed concentration—response studies with select
inflammatory stimuli to define exposure conditions that
could be modulated with LABA/GCS. Poly I:C, a TLR3
agonist, induced a concentration-dependent increase in
IL-6 and IL-8 (Fig. 2A, B). In contrast, IL-1p induced
an increase in IL-6 and IL-8 at all concentrations exam-
ined without a graded response (Fig. 2C, D ). As a
result, for all subsequent pharmacological intervention
studies, Poly I:C was used as the selected stimulus, at
a sub-maximal concentration (1 pg/ml) to ensure IL-6
and IL-8 cytokine responses were not saturated and



Kim et al. Respir Res (2021) 22:266 Page 6 of 14
A B
10004 500+ KxrR
_ 800— *kkk — 400_ Kkk
- -
g 600+ . E 3004
=) =)
2 e
© 400+ 0 200+ .
= =
200+ 100
0- 0-
Poly 1:C (pg/mL) 0 0.1 1 10 Poly I:C (ug/mL) 0 0.1 1 10
D
1501 800+
—_ N —~ 600
£ 100 - T
8 £ 400-
© ©
T 50 T
= = 200-
0- 0-
IL-1B (ng/mL) 0 1 5 10 IL-1B (ng/mL) 0 1 5 10
Fig. 2 Concentration-response analysis of cytokines response to Poly I:C and IL-1B3 in human airway epithelial cells. Human airway epithelial cells
were exposed to increasing concentrations of Poly I:C (0.1, 1, 10 ug/mL), or IL-13 (1, 5, 10 ng/mL), and IL-6, and IL-8 inflammatory cytokines were
measured by ELISA. Poly :C-induced (A) IL-6, and (B) IL-8. IL-13-induced (C) IL-6, and (D) IL-8. Results are shown as mean + SEM. (p <0.05*, p < 0.01*¥,
p<0.001***, p<0.0001**** compared with negative control). n=8

amenable for testing the efficacy of ABCC4 inhibition
strategies.

Our previous report demonstrated that the addition of
an ABCC4 inhibitor to LABA/GCS was able to potenti-
ate glucocorticoid response element promoter activity
and expression of a LABA/GCS sensitive gene, RGS2, in
a cAMP-dependent mechanism [35]. ABCC4 inhibition
potentiates intracellular cAMP levels and contributes to
elevated PKA activity [35], which may only be observed
on a background of sub-maximal cAMP generation [27].
We therefore performed a titration experiment with a
fixed concentration of GCS (budesonide — 10 nM) and a
variable concentration of LABA (formoterol — 0.0001 nM
to 1 nM) under optimized Poly I:C stimulation (1 pg/ml).
Poly I:C induced both IL-6 and IL-8 responses, which
were progressively attenuated with increasing concen-
trations of formoterol beginning at 0.01 nM (Fig. 3A, B).
Thus, we determined that 0.01 nM formoterol was a sub-
maximal concentration to use for ABCC4 intervention
studies to ensure that cAMP signaling was not saturated
in our human airway epithelial cell model system.

Having established a sub-maximal LABA (formoterol)
concentration for attenuating Poly I:C-induced IL-6 and
IL-8 cytokine responses, we next determined the sub-
maximal concentration of GCS (budesonide). Using a

similar titration experiment approach, we fixed the for-
moterol concentration at 0.01 nM and used a variable
concentration of budesonide (0.1 nM to 1000 nM). Simi-
lar to LABA experiments, Poly I:C induced both IL-6 and
IL-8 responses, which were progressively attenuated with
increasing concentrations of budesonide beginning at
10 nM (Fig. 3C, D). We therefore determined that 10 nM
budesonide was a sub-maximal concentration to use for
ABCCH4 intervention studies to ensure that GCS signal-
ing was not saturated in our human airway epithelial cell
model system.

We next combined our optimized experimental condi-
tions of Poly I:C-induced cytokine responses with sub-
maximal formoterol and budesonide concentrations,
with a selective ABCC4 intervention. To inhibit ABCC4,
we used the selective ABCC4 small molecule inhibitor,
Ceefourin-1, at 10uM, to approximate an IC;, concen-
tration reported in HEK cells [37]. Budesonide and for-
moterol were fixed at 10 nM and 0.01 nM, respectively.
LABA/GCS suppressed Poly I:C-induced IL-6 by 25.0%
compared to the positive control and addition of Cee-
fourin-1 was able to suppress Poly I:C-induced IL-6 by
46.8% compared to positive control (p<0.05 compared
to LABA/GCS) (Fig. 4A). The addition of Ceefourin-1
did not significantly impact IL-8 (Fig. 4B). As Poly I.C
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Fig. 3 Concentration-response analysis of budesonide and formoterol attenuation of Poly I:C-induced cytokines responses in human airway
epithelial cells. Concentration-response analysis measuring (A) IL-6 and (B) IL-8 was conducted for cells exposed to Poly I:C (1 pg/mL) treated with
fixed concentration of budesonide (10 nM) with increasing log concentrations of formoterol (0.0001,0.001,0.01, 0.1, and 1 nM). Concentration—
response analysis measuring (C) IL-6 and (D) IL-8 for cells exposed to Poly I:C (1 ug/mL) treated with fixed concentration of formoterol (0.01 nM)
with increasing log concentrations of budesonide (0.1, 1, 10, 100, and 1000 nM). Results are shown as mean 4 SEM. The standard error of means is
represented by the error bars attached to each point. n=4

is a TLR3 agonist and viral mimic, we also interrogated
CXCL10/IP-10 and CCL5/RANTES to determine if
additional cytokines important in antiviral responses
were sensitive to ABCC4 inhibition in combination with
LABA/GCS. Similar to IL-8, ABCC4 inhibition did not
potentiate LABA/GCS attenuation of Poly I:C-induced
CXCL10/IP-10 or CCL5/RANTES (Fig. 4C, D).

Effect of PDE4 inhibition on LABA/GCS responses in human
airway epithelial cells exposed to Poly I:C

PDE4 inhibition represents a clinically approved strat-
egy for elevating intracellular cAMP for management
of chronic respiratory diseases. To complement and
provide context for our ABCC4 inhibition studies we
performed combination LABA/GCS and PDE4 inhibi-
tion experiments. Using the same method as ABCC4
inhibition experiments, we substituted the ABCC4

inhibitor with three distinct PDE4 inhibitors, roflumi-
last, rolipram, and cilomilast. LABA/GCS suppressed
Poly I:C-induced IL-6 by 29.9% compared to the posi-
tive control. Addition of rolipram was able to suppress
Poly I:C-induced IL-6 by 60.1% compared to positive
control (p <0.05 compared to LABA/GCS), but the addi-
tion of roflumilast or cilomilast did not significantly
impact IL-6 levels (Fig. 5A). LABA/GCS suppressed
Poly I:C-induced IL-8 by 57.2% compared to the positive
control. Addition of rolipram was able to suppress Poly
I:C-induced IL-8 by 73.7% compared to positive control
(»<0.05 compared to LABA/GCS), but the addition of
roflumilast or cilomilast did not significantly impact
IL-8 levels (Fig. 5B). The addition of any PDE4 inhibitors
did not significantly attenuate CXCL10/IP-10 or CCL5/
RANTES when compared to both the positive control or
LABA/GCS (Fig. 5C, D).
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Effect of combination ABCC4 and PDE4 inhibition on LABA/
GCS responses in human airway epithelial cells exposed

to TLR ligands

Regulation of intracellular cAMP levels may be co-reg-
ulated by both extracellular transport (i.e. ABCC4) and
enzymatic degradation (i.e. PDE4) [27]. Inhibition of only
one arm of the intracellular cAMP regulation processes
may shunt cAMP to the other arm. We therefore per-
formed combination ABCC4 and PDE4 inhibition experi-
ments with LABA/GCS in the presence of Poly I:C. Using
the same methods as above, we compared the difference
between LABA/GCS alone and LABA/GCS with both
ABCC4 (Ceefourin-1) and PDE4 inhibition, using roflu-
milast due to clinical approval and use. LABA/GCS sup-
pressed Poly I:C-induced IL-6 by 22.5%, compared to the
positive control (Fig. 6A). Addition of Ceefourin-1+ rof-
lumilast was able to suppress Poly I:C-induced IL-6 by
52.5% compared to positive control (p<0.05 compared
to LABA/GCS). LABA/GCS suppressed Poly I:C-induced

IL-8 by 49.5%, compared to the positive control (Fig. 6B).
Addition of Ceefourin-1+ roflumilast was able to sup-
press Poly I:C-induced IL-8 by 67.7% compared to posi-
tive control (p<0.01 compared to LABA/GCS). Similar
to ABCC4 and PDE4 experiments, CXCL10/IP-10 or
CCL5/RANTES were not impacted by combination
intervention (data not shown).

Poly I:C is a TLR3 ligand used as a viral mimic [50].
To determine whether our observed cAMP modulation
results were conserved across different TLR pathways
related to viral stimulation, we subsequently performed
intervention experiments with imiquimod, a TLR7
ligand, in place of Poly I:C. LABA/GCS suppressed
imiquimod-induced IL-6 by 55.6%, compared to the
positive control, and addition of Ceefourin-1+ roflu-
milast was able to suppress imiquimod-induced IL-6 by
83.3% compared to positive control (p<0.001 compared
to LABA/GCS) (Fig. 6C). Imiquimod- induced IL-8 was
also suppressed by LABA/GCS (41.1%) compared to the
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positive control, and addition of Ceefourin-1 4 roflumi-
last further suppressed IL-8 (57.9%) compared to positive
control (p<0.01 compared to LABA/GCS) (Fig. 6D).

Discussion

Our study investigated the impact of cAMP modula-
tion via inhibiting extracellular transport or intracellu-
lar breakdown on LABA/GCS efficacy in human airway
epithelial cells using a combinatorial pharmacological
approach. We confirmed the expression of ABCC4 in
human airway epithelial cells and its function in the con-
text of regulating immune responses relevant in asthma
and chronic respiratory disease [33, 35]. We also demon-
strated ABCC4 or PDE4 inhibition potentiated LABA/
GCS attenuation of Poly I:C-induced IL-6 and IL-8,
which was greater when ABCC4 and PDE4 inhibition
was combined. Modulation of cAMP levels by all com-
binatorial approaches had no impact on LABA/GCS
modulation of Poly I:C-induced CXCL10/IP-10 or CCL5/
RANTES. The observed potentiation of LABA/GCS effi-
cacy by ABCC4 and PDE4 combination was conserved
beyond a TLR3/Poly I:C pathway, with similar observa-
tions made with TLR7/imiquimod. Importantly, we also
independently confirm previous reports of formoterol
potentiation of IL-6 responses in human airway epithelial

cells during exposure to viral stimuli [17, 18], further cau-
tioning against using cAMP-elevating agents in isolation.

The modulation of intracellular cAMP levels can be
achieved by activation of adenylyl cyclases, inhibition of
PDEs, or preventing extracellular transport by ABCC4
[27]. Increasing intracellular cAMP levels contributes
to elevated PKA activity and may synergize with GCS
anti-inflammatory responses [36]. We have previously
demonstrated that inhibition of ABCC4 with the non-
selective inhibitor, MK-571, was able to potentiate PKA
activity and LABA/GCS responses [35]. However, in this
study we utilized Ceefourin-1, a selective ABCC4 inhibi-
tor that does not include the PDE4 inhibitor properties of
MK-571 [37]. Using Ceefourin-1 at IC;, concentrations,
we observed a significant potentiation of LABA/GCS
attenuation of Poly I:C-induced IL-6, but not IL-8. The
results observed with Ceefourin-1 were similar in direc-
tion as with all three PDE4 inhibitors examined, suggest-
ing that either mechanism of inhibition of extracellular
transport or intracellular metabolism, could contribute
to LABA/GCS potentiation.

PDE4 and ABCC4 have different subcellular localiza-
tion. PDE4 is present throughout the cell with different
isoforms localized to different cellar compartments such
as the cytosol, Golgi body, and nucleus as well as being
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coupled to plasma membrane proteins [51, 52]. In con-
trast, ABCC4 is confined to the plasma membrane, which
could indicate the presence of a more compartmentalized
increase in cAMP. A study looking at the spatiotemporal
coupling of ABCC4 to CFTR in gut epithelial cells has
shown that blocking ABCC4 enhances CFTR function
at lower concentrations of adenosine, an adenylyl cyclase
agonist, but not at higher concentrations [53]. This data
supports a model in which blocking ABCC4 leads to
compartmentalized cAMP accumulation rather than
a global cellular increase in cAMP. A model that is fur-
ther buttressed by the fact that overexpression of ABCC4
does not lead to a substantial decrease in intracellular
cAMP levels [54]. As ABCC4 and PDE4 may function
within different cellular compartments [27], our data sug-
gest that global cAMP levels, and not cell compartment
specific, are able to potentiate LABA/GCS regulation of
IL-6 and IL-8.

To expand our analysis beyond pro-inflammatory
cytokines, we considered cytokines involved with anti-
viral responses, analyzing CXCL10/IP-10 and CCL5/
RANTES in experiments with ABCC4 and PDE4

inhibitors. We observed LABA/GCS attenuation of Poly
I:C-induced IP-10 and RANTES levels, which tended to
increase with ABCC#4 inhibition. Consistent with ABCC4
inhibition, PDE4 inhibition also revealed a trend to
potentiate RANTES, but not IP-10. These data demon-
strate that unlike IL-6 or IL-8, which were attenuated to
a greater extent during LABA/GCS treatment combined
with mechanisms that further increase intracellular
cAMP, this may not be a global response for all cytokines.
Indeed, this is consistent with transcriptomic responses
in human airway epithelial cells exposed to LABA/GCS,
where some GCS regulated genes are variably enhanced,
repressed, or unaffected by the co-administration of
LABA [55]. The differential direction for regulation of
cytokine responses by LABA/GCS combinatorial treat-
ment with ABCC4 or PDE4 inhibitors is important as
suppression of a particular pathway examined may con-
comitantly be accompanied by potentiation of another.
Our results suggest that suppression of pro-inflammatory
cytokine responses via cAMP modulation and GCS could
be accompanied with potentiation of antiviral cytokine
levels. Although the expression of DUSP1 is able to
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repress the expression of many inflammatory genes, it
has been shown that IL-1p-induced IP-10 gene expres-
sion is further increased upon DUSPloverexpression. A
potential reason for this could be because DUSP1 main-
tains expression of interferon regulatory factor 1 (IRF-1)
and IRF1-dependent gene, IP-10 [56]. RANTES has been
shown to be expressed at an elevated level in asthmatic
children compared to healthy children, and in studies
conducted in adult asthmatics show increased RANTES
during asthma exacerbations [57-60]. Our observations
that IP-10 and RANTES are not significantly attenuated
with cAMP modulation (either ABCC4 or PDE4 inter-
ventions) on a background of LABA/GCS treatment
suggest that a host antiviral response mediated by these
antiviral cytokines is maintained.

PDE4 inhibitors have been explored and approved (e.g.
roflumilast) for clinical use of chronic respiratory dis-
ease, operating by a mechanism of elevating intracellular
cAMP levels. PDE4 inhibitors are frequently associated
with a high incidence of side effects such as nausea and
vomiting [61] which may be related to the broad distribu-
tion of PDE4 enzymes throughout the GI tract, an obser-
vation remaining to be determined for ABCC4. Based on
previous literature that evaluated their anti-inflammatory
effects in human airway epithelial cells, we chose 1 uM
for roflumilast, 10 uM for rolipram, and 1 uM for cilomi-
last [26, 62, 63]. Roflumilast, the clinically available drug,
was not able to significantly alter LABA/GCS effective-
ness in any of the cytokine measurements. This trend
was also seen in cilomilast. However, rolipram was able
to further suppress both IL-6 and IL-8 levels. CXCL10/
IP-10 and CCL5/RANTES readout were not further aug-
mented with the addition of any of the PDE4 inhibitors.
The difference in the PDE4 inhibitors may be due to their
preferential selectivity to specific isoforms. Rolipram
favourably inhibits PDE4A (IC;y=3 nM) over other iso-
forms such as B and D (IC;,=130 nM and IC5,=240 nM
respectively) [64]. Whereas, roflumilast has a preferential
inhibition of PDE4B and PDE4D (IC;, <1 nM for both)
[65]. To support this claim, cilomilast also shows ten-
fold selectivity toward PDE4D compared with PDE4A
and PDE4B [66]. Although clinically, PDE4 inhibitors
are efficacious, there are side effects that are frequently
associated with them. However, there is a possibility that
combining or replacing PDE4 inhibitors with ABCC4
inhibitors may help minimize the side-effects by lowering
doses or targeting cAMP modulation away from the GI
tract [67].

Of note, a discrepancy was observed between experi-
ments for readouts of RANTES induced by Poly I:C dur-
ing treatment with budesonide/formoterol, potentially
the result of experimental replicate variations in the posi-
tive control. The discrepancy should not overshadow the
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consistent nature by which cAMP modulation impacts
TLR3 and 7-induced IL-6 and IL-8 expression with con-
comitant budesonide/formoterol intervention.

Inhibiting ABCC4 and PDE4 independently may lead
to shunting of cAMP to the alternate metabolic pathway
[27]. To account for this possibility, we inhibited ABCC4
extracellular transport of cAMP in combination with
inhibition of cAMP metabolism by PDE4. For the PDE4
inhibitor, we selected roflumilast since it is approved
for clinical use. We performed these experiments with
both Poly I:C and imiquimod to interrogate whether dif-
ferent TLR agonist-induced cytokine responses were
equally impacted by modulating cAMP levels. Poly I.C
and imiquimod as stimuli, both IL-6 and IL-8 were fur-
ther suppressed whereas in Poly I:C. The data demon-
strate that ABCC4 and PDE4 inhibitors work together to
increase intracellular cAMP since Ceefourin-1 and roflu-
milast by themselves were not able to augment IL-8 lev-
els, but in combination were able to significantly further
decrease IL-8 compared to LABA/GCS.

A focus on inflammatory cytokines that have expres-
sion patterns mechanistically linked to cAMP modula-
tion was explored in this study. Further explorations into
cytokines and mediators belonging to the alarmin fam-
ily (TSLP, IL-33, IL-25, uric acid, and ATP) should be
explored in the context of cAMP modulation and corti-
costeroid treatment.

Conclusion

We demonstrate that modulation of intracellular cAMP
levels in human airway epithelial cells with ABCC4 and
PDE4 interventions could potentiate the anti-inflamma-
tory effects of LABA/GCS for Poly I:C and imiquimod-
induced inflammation. Our findings complement current
literature which shows that ABCC4 inhibition potentiates
LABA/GCS by the up-regulation of anti-inflammatory
and bronchoprotective genes. Further experimenta-
tion using primary human airway epithelial cell samples
from non-asthmatics and asthmatics (or those with other
chronic respiratory diseases) will help confirm and
extend findings presented herein. Our results form the
basis to further explore the potential application of
ABCC4 and PDE4 inhibitors for attenuation of inflam-
mation in the context of chronic respiratory diseases.
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