PUBLISHED VERSION

Melanie Manetsch, Md. Mostafizur Rahman, Brijeshkumar S. Patel, Emma E. Ramsay, Nowshin N.
Rumzhum, Hatem Alkhouri, Qi Ge, Alaina J. Ammit

Long-acting B2-agonists increase fluticasone propionate-induced mitogen-activated protein kinase

phosphatase 1 (MKP-1) in airway smooth muscle cells
PLoS One, 2013; 8(3):€59635-1-€59635-9

© 2013 Manetsch et al. This is an open-access article distributed under the terms of the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Originally published at:
http://doi.org/10.1371/journal.pone.0059635

PERMISSIONS

http://creativecommons.org/licenses/by/4.0/

@creative

commons

Attribution 4.0 International (ccey4.)

This is a human-readable summary of (and not a substitute for) the license.

Disclaimer

You are free to:

Share — copy and redistribute the material in any medium or format
Adapt — remix, transform, and build upan the material

for any purpose, even commercially.

The licensor cannot revoke these freedoms as long as you follow the license terms.

Under the following terms:

Attribution — You must give appropriate credit, provide a link to the license, and
indicate if changes were made. You may do 50 in any reasonable manner, but not in
any way that suggests the licensor endorses you or your use.

No additional restrictions — “You may not apply legal terms or technological measures that legally restrict others
from doing anything the license permits.

http://hdl.handle.net/2440/98105



http://hdl.handle.net/2440/98105
http://doi.org/10.1371/journal.pone.0059635
http://creativecommons.org/licenses/by/4.0/

OPEN @ ACCESS Freely available online @ PLOS ‘ ONE

Long-Acting B,-Agonists Increase Fluticasone
Propionate-Induced Mitogen-Activated Protein Kinase
Phosphatase 1 (MKP-1) in Airway Smooth Muscle Cells
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1 Respiratory Research Group, Faculty of Pharmacy, University of Sydney, Sydney, Australia, 2 Woolcock Institute of Medical Research, University of Sydney, Sydney,
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Abstract

Mitogen-activated protein kinase phosphatase 1 (MKP-1) represses MAPK-driven signalling and plays an important anti-
inflammatory role in asthma and airway remodelling. Although MKP-1 is corticosteroid-responsive and increased by cAMP-
mediated signalling, the upregulation of this critical anti-inflammatory protein by long-acting ,-agonists and clinically-used
corticosteroids has been incompletely examined to date. To address this, we investigated MKP-1 gene expression and
protein upregulation induced by two long-acting 3,-agonists (salmeterol and formoterol), alone or in combination with the
corticosteroid fluticasone propionate (abbreviated as fluticasone) in primary human airway smooth muscle (ASM) cells
in vitro. Py-agonists increased MKP-1 protein in a rapid but transient manner, while fluticasone induced sustained
upregulation. Together, long-acting P,-agonists increased fluticasone-induced MKP-1 and modulated ASM synthetic
function (measured by interleukin 6 (IL-6) and interleukin 8 (IL-8) secretion). As IL-6 expression (like MKP-1) is cAMP/
adenylate cyclase-mediated, the long-acting f,-agonist formoterol increased IL-6 mRNA expression and secretion.
Nevertheless, when added in combination with fluticasone, [3,-agonists significantly repressed IL-6 secretion induced by
tumour necrosis factor a (TNFa). Conversely, as IL-8 is not cAMP-responsive, B,-agonists significantly inhibited TNFa-induced
IL-8 in combination with fluticasone, where fluticasone alone was without repressive effect. In summary, long-acting B,-
agonists increase fluticasone-induced MKP-1 in ASM cells and repress synthetic function of this immunomodulatory airway
cell type.
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Introduction for their anti-inflammatory actions in clinically-relevant airway cell
. L . . ) types such as airway smooth muscle (ASM) and bronchial
Asthma 13 a chronic airway disease characterized by excessive epithelial cells [9,10,11,12,13,14]. Moreover, MKP-1 mRNA

inflammation. Corticosteroids are widely-used to repress inflam- expression and protein upregulation can be enhanced by long-

mation in asthma and control of asthma symptoms can be acting Bo-agonists [12,15]. The increased expression of MKP-1
improved by combination therapy with long-acting By-agonists may explain the beneficial effects of Po-agonists/corticosteroid
[1,2,3]. There are a number of mechanisms by which  this combination therapies in the repression of inflammatory gene
enhanced anti-inflammatory effect might be achieved at the expression in asthma [12,16]. However the upregulation of this
cellular level: these include control of histone acetylation, critical anti-inflammatory protein by long-acting Bo-agonists and

mcreaseq function of glucocorticoid receptor <GR> or the Bo- clinically-used corticosteroids has been incompletely examined to
adrenergic receptor, and upregulation of anti-inflammatory date.

proteins (reviewed in [4]). Mitogen-activated protein kinase
phosphatase 1 (MKP-1) is one such anti-inflammatory protein
whose upregulation is increasingly recognized as an important
molecular mechanism responsible for the improved anti-inflam-
matory action of corticosteroids and long-acting Po-agonists in
combination.

MKP-1 is an immediate-early gene [5] that is corticosteroid-

To address this gap in knowledge, the aim of this study is to
examine MKP-1 mRNA expression and protein upregulation
induced by two long-acting Po-agonists (salmeterol and formo-
terol), alone or in combination with the corticosteroid fluticasone
propionate (abbreviated as fluticasone). We will assess the anti-
inflammatory function of MKP-1 induced by these combination
therapies on the synthetic function of primary human ASM cell
responsive [6] and contains a cAMP-responsive element (CRE) in in vitro by measuring repression of interleukin 6 (IL-6) and

its 5’-promoter [7,8]. We and others have demonstrated that the interleukin 8 (IL-8); two cytokines known to be upregulated in a
upregulation of MKP-1 by corticosteroids is responsible, in part, MAPK-mediated manner [10,17,18].
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Figure 1. Salmeterol increases fluticasone-induced MKP-1 protein upregulation. (A) Growth-arrested ASM cells were treated with vehicle,
salmeterol (100 nM), fluticasone (1 nM), salmeterol (100 nM)+fluticasone (1 nM), for 0, 0.5, 1, 2, 4, 8, and 24 h. MKP-1 protein (molecular
weight:~39 kDa) was quantified by Western blotting, using o-tubulin as the loading control (molecular weight: 55~kDa), where (A) illustrates
representative Western blots and (B) demonstrates densitometric analysis where results are expressed as fold increase over 0 h (mean+SEM values
from n=6-8 primary ASM cell cultures). Statistical analysis was performed using two-way ANOVA then Bonferroni's post-test (where * indicates a
significant effect of salmeterol or fluticasone on MKP-1 protein upregulation, compared to vehicle-treated cells, and § indicates a significant effect of
salmeterol on fluticasone-induced MKP-1 (P<<0.05)).

doi:10.1371/journal.pone.0059635.g001

Unless otherwise specified, all chemicals used in this study were

Materials and Methods
purchased from Sigma-Aldrich (St. Louis, MO).

Cell Culture

Human bronchi were obtained from patients undergoing
surgical resection for carcinoma or lung transplant donors in
accordance with procedures approved by the Sydney South West
Area Health Service and the Human Research Ethics Committee
of the University of Sydney. ASM cells were dissected, purified
and cultured as previously described by Johnson ef al. [19]. A
minimum of three different ASM primary cell cultures established
from individual patients were used for each experiment.

PLOS ONE | www.plosone.org

Western Blotting

MKP-1 was quantified by Western blotting using a rabbit
polyclonal antibody against MKP-1 (C-19: Santa Cruz Biotech-
nology, Santa Cruz, CA), compared to o-tubulin used as the
loading control (mouse monoclonal IgG;, DMIA: Santa Cruz
Biotechnology, Santa Cruz, CA). Primary antibodies were
detected with goat anti-mouse or anti-rabbit HRP-conjugated

March 2013 | Volume 8 | Issue 3 | 59635



LABA Increase Steroid-Induced MKP-1

A vehicle
Oh 05h 1h 2h 4h 8h 24h
R | MKP-1
|'—' s b S UL "'-| a-tubulin
formoterol
Oh 05h 1h 2h 4h 8h 24h
e mmps | MKP

[= = = = — — —] wubuln

fluticasone

Oh 05h 1h 2h 4h 8h 24h
l r-~—-'~~~| MEKP-1

[*= == = = = —= =] q-tubulin

formoterol + fluticasone
Oh 05h 1h 2h 4h 8h 24h
[ 75 wm @ =5 an| MKP-1

[ v w - o> o= o-tubulin

16 1 --X--- vehicle

14 r --O-- formoterol
12 --{-- fluticasone
10 - --i-- formoterol + fluticasone

MKP-1 protein upregulation
(fold increase)

o \S} =~ [o) e} (e
T
'
'
[
%
v
A
1
|
[
el
'
1
[
IR
I
R
e
\
th
:l
'
H
h
[
[
1]
[
e
L

Oh 0.5h 1h 2h 4h 8h 24 h

Figure 2. Formoterol increases fluticasone-induced MKP-1 protein upregulation. (A) Growth-arrested ASM cells were treated with vehicle,
formoterol (10 nM), fluticasone (1 nM), formoterol (10 nM)+fluticasone (1 nM), for 0, 0.5, 1, 2, 4, 8, and 24 h. MKP-1 protein (molecular
weight:~39 kDa) was quantified by Western blotting, using a-tubulin as the loading control (molecular weight:~55 kDa), where (A) illustrates
representative Western blots and (B) demonstrates densitometric analysis where results are expressed as fold increase over 0 h and results for
fluticasone (from Figure 1B) shown graphically for comparative purposes (mean+SEM values from n=3-8 primary ASM cell cultures). Statistical
analysis was performed using two-way ANOVA then Bonferroni’s post-test (where * indicates a significant effect of formoterol or fluticasone on MKP-
1 protein upregulation, compared to vehicle-treated cells, and § indicates a significant effect of formoterol on fluticasone-induced MKP-1 (P<<0.05)).
doi:10.1371/journal.pone.0059635.g002

secondary antibodies (Cell Signaling Technology) and visualized Biosystems) subjected to the following cycle parameters: 50°C for

by enhanced chemiluminescence (PerkinElmer, Wellesley, MA). 2 min, 1 cycle; 95°C for 10 min, 1 cycle; 95°C for 15 s, 60°C for
1 min, 40 cycles and mRNA expression (fold increase) quantified
Real-time RT-PCR by delta delta Ct calculations.
Total RNA was extracted using the RNeasy Mini Kit (Qiagen
Australia, Doncaster, VIC, Australia) and reverse transcription ELISAs
performed by using the RevertAid First strand cDNA. MKP-1, IL- Cell supernatants were collected and stored at —20°C for later

6 and IL-8 mRNA levels were measured using real-time RT-PCR analysis by ELISA. IL-6 and IL-8 ELISAs were performed
on an ABI Prism 7500 (Applied Biosystems, Foster City, CA) with according to the manufacturer’s instructions (BD Biosciences
the MKP-1 (DUSP1: Hs00610256_g1), IL-6 (Hs00174131_m1) or Pharmingen, San Diego, CA).

IL-8 (Hs00174103_m1) TagMan® Gene Expression Assays and

the eukaryotic 18S rRNA endogenous control probe (Applied

PLOS ONE | www.plosone.org 3 March 2013 | Volume 8 | Issue 3 | 59635
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Figure 3. Long-acting B>-agonists increase fluticasone-induced MKP-1 mRNA expression. Growth-arrested ASM cells were treated for 1 h
with vehicle, fluticasone (1 nM), salmeterol (100 nM), formoterol (10 nM), salmeterol (100 nM)+fluticasone (1 nM), formoterol (10 nM)+fluticasone
(1 nM). MKP-1 mRNA expression was quantified by real-time RT-PCR and results expressed as fold increase compared to vehicle-treated cells
(mean+SEM values from n=9 primary ASM cell cultures). Statistical analysis was performed using repeated measures ANOVA with Bonferroni'’s
multiple comparison test (where * denotes a significant increase in MKP-1 mRNA expression and § denotes a significant effect of the B,-agonists on

fluticasone-induced MKP-1 mRNA expression (P<<0.05)).
doi:10.1371/journal.pone.0059635.9g003

MKP-1 siRNA Knock-down

Protein levels of MKP-1 were reduced by RNA interference and
the effect on cytokine secretion examined. ASM cells were
transiently transfected using nucleofection with 1 pg MKP-1-
specific SMART pool siRNA, consisting of a pool of four
individual siRNA from Dharmacon (Dharmacon, Lafayette, CO)
or a scrambled siRNA control, using methods established in our
previous publication [10]. Briefly, ASM cells were transfected with
the Nucleofector (Amaxa, Koln, Germany), using the basic kit for
primary smooth muscle cells with the manufacturer’s optimized
protocol of P-024. ASM cells were plated for 16 h after
transfection, before being growth-arrested for a further 24 h.
Cells were pretreated for 1 h with formoterol+luticasone (along
with relevant controls) before stimulation for 24 h with TNFo
(10 ng/ml). Supernatants were then removed for IL-6 and IL-8
protein secretion by ELISA and lysates utilized for MKP-1
Western blotting (compared to o-tubulin as a loading control).

Statistical Analysis

Statistical analysis was performed using either Student’s
unpaired ¢ tests, repeated measured ANOVA or two-way ANOVA
followed by Bonferroni’s multiple comparison tests. P values
<<0.05 were sufficient to reject the null hypothesis for all analyses.

Results

Long-acting B,-agonists Increase Fluticasone-induced
MKP-1 Protein Upregulation.

Although MKP-1 is known to be corticosteroid-responsive
[10,20] and increased by cAMP-mediated signalling [20] in ASM
cells, the upregulation of this critical anti-inflammatory protein by
long-acting Po-agonists and clinically-used corticosteroids has been
incompletely examined to date. To address this, we examine here
for the first time, the effect of treating ASM cells with fluticasone,
alone or in combination with the long-acting Po-agonists -
salmeterol (100 nM: Figure 1) or formoterol (10 nM: Figure 2).
These concentrations of Po-agonists were chosen for the current

PLOS ONE | www.plosone.org

study as they had been used previously in @ vitro investigations of
MKP-1 gene expression by Kaur et al. [12].

We first examined the temporal kinetics of MKP-1 protein
upregulation in ASM cells treated for up to 24 h with salmeterol or
fluticasone, alone or in combination (compared to vehicle-treated
controls). As shown in Figure 1A, salmeterol alone induced rapid,
but transient upregulation of MKP-1 with a peak at 1 h. In
contrast, fluticasone alone induced a sustained increase in MKP-1
protein upregulation; in accordance with our earlier report [10].
This was confirmed by densitometry (as shown in Figure 1B)
where salmeterol induced significantly greater levels of MKP-1
protein (4.8*1.0-fold) than cells treated with vehicle alone
(1.7£0.2-fold) at 1 h (P<0.05). While MKP-1 upregulation
induced by salmeterol was transient (returning back to basal levels
at 4 h), fluticasone significantly increased MKP-1 protein levels by
4.4+0.9-fold at 1 h and this increase was sustained for up to 24 h
(3.9£0.8-fold)((P<<0.05). When we then treat cells with salmeterol
in combination with fluticasone (Figure 1A), the temporal pattern
of MKP-1 protein upregulation reflects the combined contribution
of the By-agonist and corticosteroid. This is best demonstrated by
densitometric analysis (Figure 1B), where both drugs in combina-
tion are shown to act in an additive manner and salmeterol added
in combination with fluticasone induces significantly greater levels
of MKP-1 protein (8.2*1.4-fold), than fluticasone alone at 1 h
(4.4%0.9-fold) (P<<0.05).

We then compared the effect of formoterol on fluticasone-
induced MKP-1 (Figure 2). In corroboration of our earlier report
[20], formoterol alone induces a transient increase in MKP-1
upregulation with a peak at 1-2 h (Figure 2A). Importantly,
Western blotting (Figure 2A) revealed that when formoterol and
fluticasone are added in combination, the peak of MKP-1
upregulation that appears at 1-2 h after the long-acting Bo-agonist
and enhances the sustained pattern of MKP-1 upregulation
observed with fluticasone treatment alone. This is supported by
densitometric analysis where formoterol significantly increased
fluticasone-induced MKP-1 at 1h (11.3=2.1-fold) and 2 h
(10.1%1.4-fold), compared to fluticasone alone at the same time
points (4.4+0.9- and 3.9%0.7-fold, respectively) (P<<0.05).

March 2013 | Volume 8 | Issue 3 | 59635
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Figure 4. Effect of long-acting p,-agonists on IL-6 and IL-8 mRNA expression and secretion. (A, B, C, D) Growth-arrested ASM cells were
treated with vehicle, salmeterol (100 nM) or formoterol (10 nM). (A) IL-6 and (B) IL-8 mRNA expression was quantified by real-time RT-PCR at 1 h and
results expressed as fold increase compared to vehicle-treated cells (mean+SEM values from n=9 primary ASM cell cultures). (C) IL-6 and (D) IL-8
secretion was measured by ELISA at 24 h and results are expressed as fold increase compared to vehicle-treated cells (where IL-6 and IL-8 protein
levels in cells treated with vehicle were 295.034.8 and 26.3+4.6 pg/ml, respectively (mean+SEM values from n=6 primary ASM cell cultures)).
Statistical analysis was performed using repeated measures ANOVA with Bonferroni’s multiple comparison test (where * denotes a significant
increase in mRNA expression or secretion (P<<0.05)). (E, F) Growth-arrested ASM cells were treated with vehicle, dibutyryl cCAMP (1 mM), forskolin
(10 uM) and (E) IL-6 and (F) IL-8 mRNA expression was quantified by real-time RT-PCR at 1 h. Results are expressed as fold increase compared to
vehicle-treated cells (mean+SEM values from n=3 primary ASM cell cultures). Statistical analysis was performed using the Student’s unpaired t test
where * denotes a significant increase in mRNA expression or secretion (P<<0.05).

doi:10.1371/journal.pone.0059635.g004

Long-acting BZ-agonists Increase Fluticasone-induced sone (5.7%x1.2-fold, compared to vehicle-treated cells) trended
MKP-1 mRNA Expression towards significance, salmeterol and formoterol added alone
significantly increased MKP-1 gene expression by 10.2+2.8-fold
and 16.4*3.2-fold, respectively (P<<0.05). Importantly, when long-
acting Po-agonists were added in combination with fluticasone
they significantly augmented steroid-induced MKP-1 mRNA
expression (P<0.05). As shown in Figure 3, salmeterol increased
MKP-1 expression to 16.4+3.2-fold and formoterol to 21.3+3.5-
fold, compared to fluticasone alone (5.7*1.2-fold, respectively)
(P<0.05).

MKP-1 is an immediate-early gene and we previously reported
that the corticosteroid dexamethasone and the long-acting Po-
agonist formoterol rapidly increased MKP-1 gene expression by
1 h [20]. In the current study we extend these observations and
perform a side-by-side comparison of MKP-1 mRNA upregula-
tion in response to the long-acting Po-agonists salmeterol and
formoterol, and the corticosteroid fluticasone, alone and in
combination. While MKP-1 gene expression induced by flutica-
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Figure 5. The effect of long-acting f,-agonists and fluticasone,
alone or in combination, on repression of TNFa-induced IL-6
and IL-8 secretion. Growth-arrested ASM cells were pretreated for 1 h
with vehicle, salmeterol (100 nM) or formoterol (10 nM), alone or in
combination with fluticasone (1 nM), before stimulation for 24 h with
TNFo (10 ng/ml). (A) IL-6 and (B) IL-8 secretion was measured by ELISA
and results expressed as (A) % TNFa-induced IL-6 secretion or (B) %
TNFa-induced IL-8 secretion (where TNFa-induced IL-6 and IL-8 protein
secretion was 5153.9+£618.9 and 5913.1x480.0 pg/ml, respectively
(mean+SEM values from n=6 primary ASM cell cultures)). Statistical
analysis was performed using repeated measures ANOVA with
Bonferroni's multiple comparison test where * denotes a significant
increase in IL-6 secretion and § denotes a significant repression of
TNFo-induced cytokine secretion (P<<0.05).
doi:10.1371/journal.pone.0059635.9g005

Effect of Long-acting B,-agonists on IL-6 and IL.-8 mRNA

Expression and Secretion

As the final aim of the current study was to demonstrate the
anti-inflammatory function of MKP-1 on ASM synthetic function
by measuring repression of IL-6 and IL-8 secretion induced by
TNFa (see next section), it was first important to examine the
effects of Bo-agonists alone on secretion of these cytokines by ASM
cells. Interestingly, IL-6 (like MKP-1) is cAMP-responsive. In this
way, we show that salmeterol and formoterol significantly enhance
IL-6 mRNA expression at 1 h (Figure 4A) and that formoterol
increases 1L-6 secretion from ASM cells at 24 h (Figure 4C)
(P<0.05). These protein secretion results are in confirmation of
our earlier study [21] and in accord with the relative ability of
these Po-agonists to elevate cAMP in ASM cells [21]. The
involvement of cAMP/adenylate cyclase-mediated pathway in IL-
6 mRNA expression is further substantiated by treatment of ASM
cells with the cell-permeable cAMP analogue, dibutyryl cAMP,
and the adenylate cyclase activator, forskolin. As shown in
Figure 4E, dibutyryl cAMP and forskolin increased IL-6 mRNA
expression by 2.4*0.4-fold and 18.8*1.7-fold, respectively,
compared to vehicle control (P<<0.05). IL-8, in contrast, is not
regulated by cAMP and thus long-acting Bo-agonists do not

PLOS ONE | www.plosone.org
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increase IL-8 mRNA expression (Figure 4B), nor protein secretion
(Figure 4D) in ASM cells. Moreover, dibutyryl cAMP and
forskolin are without effect on IL-8 mRINA expression (Figure 4F).

The Effect of Long-acting B,-agonists and Fluticasone,
Alone or in Combination, on Repression of TNFa-induced
IL-6 and IL-8 Secretion

Finally, the effect of MKP-1 upregulation induced by Po-
agonists, alone or in combination with the corticosteroid
fluticasone, was demonstrated by pretreating ASM cells for 1 h
before stimulation with TNFa. As shown in Figure 5A, and
explained by the cAMP-responsiveness of IL-6 (described earlier),
formoterol significantly enhanced TNFa-induced IL-6 secretion.
Despite this, when By-agonists were added in combination with
fluticasone they still significantly repressed TNFo-induced IL-6
(P<<0.05). IL-8, on the other hand, is not cAMP-responsive; thus,
Bo-agonists did not significantly increase TNFo-induced IL-8
(Figure 5B). Interestingly, fluticasone alone did not repress TNFa-
induced IL-8, while salmeterol, or formoterol, in combination with
fluticasone significantly inhibited IL-6 secretion (Figure 5B). The
combination of the long-acting Bo-agonists with fluticasone, has a
statistically greater effect than fluticasone alone on TNFa-induced
IL-8 secretion (P<<0.05). Taken together, our results indicate that
long-acting Po-agonists increase fluticasone-induced MKP-1 in an
additive manner and in this way MKP-1 acts to repress cytokine
secretion from ASM cells.

In preliminary studies, we then knocked-down MKP-1 with
siRNA in an attempt to reverse the repression of cytokine secretion
by formoterol and fluticasone, in combination. Although MKP-1
siRNA successfully reduced protein levels of MKP-1 in ASM cells
(Figure 6A) we were unable to reverse the inhibition of TNFo-
induced IL-6 (Figure 6B) or IL-8 (Figure 6C) secretion by
formoterol and fluticasone. Investigations are now ongoing to
examine the hypothesis that in the absence of MKP-1, the p38
MAPK-dependent RNA destabilizing factor — tristetraprolin
(TTP)
inflammation. However further studies will be required to fully
understand how these critical anti-inflammatory molecules are
intrinsically intertwined and act together as a fail-safe mechanism
to regulate inflammation in health and disease.

may serve in a Compensatory manner to repress

Discussion

This study demonstrates that long-acting Bo-agonists increase
fluticasone-induced MKP-1 mRINA expression and protein upre-
gulation in ASM cells and together these asthma drugs have
significant effects on cytokine secretion from ASM, an important
immunomodulatory cell type in asthma.

Long-acting By-agonists mediate their actions via interaction
with the By-adrenergic receptor, activation of adenylate cyclase
and production of cAMP. Gene transcription is then induced in
genes that contain cAMP-responsive elements (CRE) in their 5'-
promoter. MKP-1 has a CRE-containing promoter [7,8] and we
recently reported that the long-acting Bo-agonist formoterol
induced MKP-1 mRNA and protein expression in a cAMP-
mediated manner via the Bo-adrenergic receptor-protein kinase A
pathway [15]. MKP-1 gene expression and protein upregulation
was rapid and peaked by 1 h [15]. We confirm these studies here
and extend them to show that another commonly-used long-acting
Bo-agonist, salmeterol, also rapidly upregulates MKP-1in a
similar manner. Taken together with the demonstration that
MKP-1 can be upregulated by cAMP analogues [20] these results
present a unifying explanation that agonists that act to increase
cAMP will increase MKP-1. Indeed, this has proven to be the case
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Figure 6. Effect of MKP-1 siRNA. ASM cells were transiently transfected using nucleofection with scrambled control or MKP-1 siRNA, growth-
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or (C) IL-8 secretion in cells transfected with scrambled control siRNA (mean+SEM values from n=6 primary ASM cell cultures).

doi:10.1371/journal.pone.0059635.g006

for sphingosine 1-phosphate (S1P), a bioactive sphingolipid known
to be elevated in asthma [22]. S1P acts via G-coupled receptors to
increase cAMP [22] and we recently demonstrated that SI1P
increased MKP-1 in a cAMP-dependent manner to serve an
important role a negative feedback controller and restrain the
extent and duration of pro-inflammatory cellular signalling [20].

Importantly, when long-acting [o-agonists are added in
combination with the corticosteroid fluticasone they significantly
and rapidly upregulated MKP-1 protein and mRNA expression.
The temporal pattern of MKP-1 protein upregulation reflects the
additive contribution of each asthma drug. That is, Po-agonists
rapidly, but transiently, upregulates MKP-1 at 1-2 h, while
corticosteroids induced a sustained increase in MKP-1 protein.
Thus, when added together they upregulate MKP-1 early (by 1 h)
but in a sustained manner. This additive upregulation was
supported by mRNA levels. These results suggest a molecular
basis for the added anti-inflammatory effects of both asthma drugs
in combination.

To support the above assertion that increased expression of
MKP-1 may explain the beneficial effects of Bo-agonists/cortico-
steroid combination therapies in the repression of inflammatory
gene expression in asthma [16], we performed @ vitro studies
measuring secretion of IL-6 and IL-8 from ASM cells after
stimulation with TNFa. It is important to note that IL-6 is a
cAMP-responsive gene. The 5'-promoter for IL-6 contains a CRE
[21] and can be induced by cAMP analogues, as well as short-
acting and long-acting Po-agonists [21,23]. Herein we confirmed
the cAMP-responsiveness of IL-6 by demonstrating significant IL-
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6 mRNA expression induced by the cell-permeable analogue,
dibutyryl cAMP, as well as the adenylate cyclase activator,
forskolin. In contrast, cAMP is only a weak activator of IL-8 in
ASM cells [24] and, as highlighted by Holden et al. in lung
epithelial cells [25], the promoter for IL-8 does not contain CRE
consensus sequences [26] and that transcriptional regulation may
mvolve cross-talk between transcription factors. Our current study
demonstrates the lack of effect of cAMP-elevating agents on IL-8
expression in ASM cells.

Thus, due to the cAMP-dependence of IL-6 expression, the
long-acting Bo-agonist formoterol significantly enhanced TNFo-
induced IL-6 secretion. This corroborated our earlier report [21]
and underscored the importance of the study by Holden et al. [25]
where the authors stated that enhancement of IL-6 (and IL-8)
release by Po-agonists may contribute to the deleterious effects of
Bo-agonist used monotherapy. Notably, when added in combina-
tion with fluticasone, Po-agonists significantly repressed IL-6
secretion, but not to a greater extent than fluticasone alone.
These results are in agreement with Holden ez al. where increased
inflammatory cytokine released was reversed by corticosteroid
action [23].

The repressive effect on TNFo-induced IL-8 were more clear-
cut, as long-acting Po-agonists added on their own did not increase
IL-8 expression. Importantly, we observed that fluticasone alone
was without repressive effect on TNFa-induced IL-8 secretion, but
that Po-agonists added in combination significantly repressed
TNFo-induced IL-8. This enhanced repressive effect of Po-
agonists and corticosteroids correlates with the increased MKP-1
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expression by both asthma drugs in combination. Why the
combined effects of LABA/fluticasone on MKP-1 result in an
additive suppressive effect on IL-8, but not on IL-6, cannot be
completely delineated at this stage, but may reflect the relative
MAPK-dependent contribution to IL-6 and IL-8 secretion.
However, our i vitro results support those recently published
in vivo in mild asthmatics [27], where formoterol in combination
with corticosteroids improved clinical symptoms (FEV,) and
reduced IL-8 in a manner linked to MKP-1 upregulation.
Interestingly, it has been previously shown by Knobloch et al.
[28] that the corticosteroid dexamethasone suppresses IL-8 in
ASM cells of non-smokers and smokers, but not in those of
COPD; whether MKP-1 is involved warrants further investiga-
tion.

Our preliminary studies have raised the hypothesis that in the
absence of MKP-1 (knocked-down by siRNA), the p38 MAPK-
dependent TTP may be upregulated and serve as a compensatory
anti-inflammatory factor. TTP is an immediate-early gene [29]
that is rapidly and robustly expressed via p38 MAPK signalling
[30,31,32,33]. Moreover, TTP’s function as an mRINA destabilis-
ing factor is dictated by phosphorylation on two key serine residues
(552 and S178). Further studies investigating the regulation of the
RNA destabilising factor TTP by MKP-1, and visa versa, in ASM
cells are warranted.
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In summary, long-acting Po-agonists increase fluticasone-
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cells. This study further substantiates the anti-inflammatory role
played by MKP-1 as an important molecular mechanism
responsible for the improved anti-inflammatory action of cortico-
steroids and long-acting fy-agonists in combination in asthma.

Acknowledgments

This research was supported by PhD scholarships to MM (Senglet Stiftung
- Switzerland), to MMR (Endeavour Postgraduate Award - Australia) and
NNR (International Postgraduate Research Scholarship - Australia). The
authors wish to thank our colleagues in the Respiratory Research Group at
the University of Sydney. We acknowledge the collaborative effort of the
cardiopulmonary transplant team and the pathologists at St Vincent’s
Hospital, Sydney, and the thoracic physicians and pathologists at Royal
Prince Alfred Hospital, Concord Repatriation Hospital and Strathfield
Private Hospital and Healthscope Pathology, Sydney.

Author Contributions

Conceived and designed the experiments: MM AJA. Performed the
experiments: MM MMR BSP EER NNR HA AJA. Analyzed the data:
MM AJA. Contributed reagents/materials/analysis tools: QG. Wrote the
paper: AJA.

16. Giembycz MA, Kaur M, Leigh R, Newton R (2008) A Holy Grail of asthma
management: toward understanding how long-acting beta(2)-adrenoceptor
agonists enhance the clinical efficacy of inhaled corticosteroids. British Journal
of Pharmacology 153: 1090-1104.

17. Amrani Y, Ammit AJ, Panettieri RA Jr (2001) Tumor Necrosis Factor Receptor
(TNFR) 1, but Not TNFR2, Mediates Tumor Necrosis Factor-alpha -Induced
Interleukin-6 and RANTES in Human Airway Smooth Muscle Cells: Role of
p38 and p42/44 Mitogen-Activated Protein Kinases. Molecular Pharmacology
60: 646-655.

18. Henness S, van Thoor E, Ge Q, Armour CL, Hughes JM, et al. (2006) IL-17A
acts via p38 MAPK to increase stability of TNF-alpha-induced IL-8 mRNA in
human ASM. American Journal of Physiology 290: L1283-1.1290.

19. Johnson PR, McKay KO, Armour CL, Black JL (1995) The maintenance of
functional activity in human isolated bronchus after cryopreservation.
Pulmonary Pharmacology 8: 43-47.

20. Che W, Manetsch M, Quante T, Rahman MM, Patel BS, et al. (2012)
Sphingosine 1-phosphate induces MKP-1 expression via p38 MAPK- and
CREB-mediated pathways in airway smooth muscle cells. Biochimica et
Biophysica Acta 1823: 1658-1665.

21. Ammit AJ, Lazaar AL, Irani C, O’Neill GM, Gordon ND, et al. (2002) TNFa-
induced secretion of RANTES and IL-6 from human airway smooth muscle
cells: Modulation by glucocorticoids and B-agonists. American Journal of
Respiratory Cell and Molecular Biology 26: 465-474.

22. Ammit AJ, Hastie AT, Edsall LC, Hoffman RK, Amrani Y, et al. (2001)
Sphingosine 1-phosphate modulates human airway smooth muscle cell functions
that promote inflammation and airway remodeling in asthma. FASEB Journal
15: 1212-1214.

23. Ammit AJ, Hoffman RK, Amrani Y, Lazaar AL, Hay DWP, et al. (2000) TNFo-
induced secretion of RANTES and IL-6 from human airway smooth muscle
cells: Modulation by c¢AMP. American Journal of Respiratory Cell and
Molecular Biology 23: 794-802.

24. Pang L, Knox AJ (2000) Synergistic inhibition by B-agonists and corticosteroids
on tumor necrosis factor-a-induced interleukin-8 release from cultured human
airway smooth-muscle cells. American Journal of Respiratory Cell and
Molecular Biology 23: 79-85.

25. Holden NS, Rider CF, Bell MJ, Velayudhan J, King EM, et al. (2010)
Enhancement of inflammatory mediator release by beta(2)-adrenoceptor
agonists in airway epithelial cells is reversed by glucocorticoid action. British
Journal of Pharmacology 160: 410-420.

26. Roebuck KA (1999) Regulation of interleukin-8 gene expression. Journal of
Interferon and Cytokine Research 19: 429-438.

27. Essilfie-Quaye S, Ito K, Ito M, Kharitonov SA, Barnes PJ (2011) Comparison of
Symbicort(R) versus Pulmicort(R) on steroid pharmacodynamic markers in
asthma patients. Respiratory Medicine 105: 1784-1789.

28. Knobloch J, Sibbing B, Jungck D, Lin Y, Urban K, et al. (2010) Resveratrol
impairs the release of steroid-resistant inflammatory cytokines from human
airway smooth muscle cells in chronic obstructive pulmonary disease. Journal of
Pharmacology and Experimental Therapeutics 335: 788-798.

March 2013 | Volume 8 | Issue 3 | 59635



29.

30.

31.

Carballo E, Lai WS, Blackshear PJ (1998) Feedback inhibition of macrophage
tumor necrosis factor-alpha production by tristetraprolin. Science 281: 1001
1005.

Mahtani KR, Brook M, Dean JL, Sully G, Saklatvala J, et al. (2001) Mitogen-
activated protein kinase p38 controls the expression and posttranslational
modification of tristetraprolin, a regulator of tumor necrosis factor alpha mRNA
stability. Molecular and Cellular Biology 21: 6461-6469.

Tchen CR, Brook M, Saklatvala J, Clark AR (2004) The stability of

tristetraprolin mRNA is regulated by mitogen-activated protein kinase p38
and by tristetraprolin itself. Journal of Biological Chemistry 279: 32393-32400.

PLOS ONE | www.plosone.org

32.

33.

LABA Increase Steroid-Induced MKP-1

Brook M, Tchen CR, Santalucia T, Mcllrath J, Arthur JS, et al. (2006)
Posttranslational regulation of tristetraprolin subcellular localization and protein
stability by p38 mitogen-activated protein kinase and extracellular signal-
regulated kinase pathways. Molecular and Cellular Biology 26: 2408-2418.

Hitti E, Iakovleva T, Brook M, Deppenmeier S, Gruber AD, et al. (2006)
Mitogen-activated protein kinase-activated protein kinase 2 regulates tumor
necrosis factor mRNA stability and translation mainly by altering tristetraprolin
expression, stability, and binding to adenine/uridine-rich element. Molecular

and Cellular Biology 26: 2399-2407.

March 2013 | Volume 8 | Issue 3 | 59635



