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BACKGROUND AND PURPOSE
Statin treatment may ameliorate viral infection-induced exacerbations of chronic obstructive pulmonary disease (COPD),
which exhibit Th2-type bronchial inflammation. Thymic stromal lymphopoietin (TSLP), a hub cytokine switching on Th2
inflammation, is overproduced in viral and dsRNA-stimulated bronchial epithelial cells from COPD donors. Hence, TSLP may
be causally involved in exacerbations. This study tests the hypothesis that simvastatin inhibits dsRNA-induced TSLP.

EXPERIMENTAL APPROACH
Epithelial cells, obtained by bronchoscopy from COPD (n = 7) and smoker control (n = 8) donors, were grown and stimulated
with a viral infection and danger signal surrogate, dsRNA (10 mg·mL-1). Cells were treated with simvastatin (0.2–5 mg·mL-1),
with or without mevalonate (13–26 mg·mL-1), or dexamethasone (1 mg·mL-1) before dsRNA. Cytokine expression and
production, and transcription factor (IRF3 and NF-kB) activation were determined.

KEY RESULTS
dsRNA induced TSLP, TNF-a, CXCL8 and IFN-b. TSLP was overproduced in dsRNA-exposed COPD cells compared with
control. Simvastatin, but not dexamethasone, concentration-dependently inhibited dsRNA-induced TSLP. Unexpectedly,
simvastatin acted independently of mevalonate and did not affect dsRNA-induced NF-kB activation nor did it reduce
production of TNF-a and CXCL8. Instead, simvastatin inhibited dsRNA-induced IRF3 phosphorylation and generation of IFN-b.

CONCLUSIONS AND IMPLICATIONS
Independent of mevalonate and NF-kB, previously acknowledged anti-inflammatory mechanisms of pleiotropic statins,
simvastatin selectively inhibited dsRNA-induced IRF3 activation and production of TSLP and IFN-b in COPD epithelium. These
data provide novel insight into epithelial generation of TSLP and suggest paths to be exploited in drug discovery aimed at
inhibiting TSLP-induced pulmonary immunopathology.

Abbreviations
COPD, chronic obstructive pulmonary disease; DAMP, danger-associated molecular patterns; dsRNA, double stranded
RNA; GOLD, global initiative for obstructive lung disease; HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; IKK, IkB
kinase; IRF3, IFN regulatory factor 3; RV, rhinoviral; TANK, TRAF family member-associated NF-kB activator; TBK-1,
TANK-binding kinase-1; Th, T helper cells; TLR3, Toll receptor 3; TRPV1, transient receptor potential cation channel
subfamily V member 1; TSLP, thymic stromal lymphopoietin; UBC, Ubiquitin C
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Introduction
Exacerbations of chronic obstructive pulmonary disease
(COPD) are severe events that may also aggravate the natural
development of the disease (Mallia et al., 2007; Hurst et al.,
2010). These conditions lack efficient treatment options.
COPD is also one of the world’s leading causes of morbidity
and mortality (Warren, 2009). Exacerbations of COPD are
characterized by bronchial occurrence of Th2-type CD8+ T
cells and Th2-type cytokines and chemokines (Papi et al.,
2006b; Makris et al., 2008; Singh et al., 2010) in addition to the
recognized Th1 features of this disease (Hogg et al., 2004; Hurst
et al., 2010; Singh et al., 2010). Although the involved mecha-
nisms have not been fully elucidated, rhinoviral infections,
targeting bronchial epithelium, are considered to play a major
causative role in exacerbations of COPD (Mallia and Johnston,
2006). Using primary bronchial epithelial cells from asthmatic
and COPD donors, we have previously demonstrated that
rhinoviral infection and its surrogate, dsRNA, induce overpro-
duction of thymic stromal lymphopoietin (TSLP) (Uller et al.,
2010; Calven et al., 2012). TSLP is an epithelial-derived,
upstream hub cytokine linking innate and adaptive immunol-
ogy (Soumelis et al., 2002; Takai, 2012) and is considered to be
a compelling target for therapeutic intervention (Kopf et al.,
2010). The current view is that NF-kB signalling is essential for
epithelial production of TSLP (Lee and Ziegler, 2007; Bran-
delius et al., 2010; Takai, 2012). Based in part on mouse studies
in which TSLP has been overproduced or its gene knocked out,
respectively, TSLP has emerged as a ‘master switch’ of Th2-type
inflammation (Liu, 2006; Takai, 2012). Studies involving
human cells have generated additional features compatible
with involvement of TSLP in further aspects of COPD immu-
nopathogenesis. Thus, given an appropriate micro milieu,
TSLP itself, or TSLP through priming of dendritic cells, may
expand and proliferate cytotoxic T cells (Gilliet et al., 2003),
which may be important in causing tissue destruction in
COPD (Hogg et al., 2004; Wedzicha and Seemungal, 2007).
TSLP may also induce generation of cytokines and cells poten-
tially involved in development of bronchi-associated lym-
phatic tissue and autoimmunity (Hogg et al., 2004; Allman
and Northrup, 2007; Tanaka et al., 2009), which are topical
facets of severe COPD (Hogg et al., 2004; Duncan, 2010). These
intriguing actions of TSLP, together with its increased occur-
rence in COPD lungs (Ying et al., 2008) and its overproduction
by virally stimulated bronchial epithelial cells from asthmatic
and COPD donors, underpin our hypothesis that TSLP may
contribute to exacerbations and development of severe
asthma and COPD (Uller et al., 2010; Calven et al., 2012). For
that reason, we are also searching for small molecular inhibi-
tors of viral and dsRNA-induced epithelial generation of TSLP
(Mahmutovic-Persson et al., 2012).

During many years, novel statins have been developed
based on their capacity of inhibiting the HMG-CoA
(3-hydroxy-3-methylglutaryl-coenzyme A) reductase that
produces mevalonic acid. Mevalonic acid is involved both in
cholesterol synthesis and in the synthesis of isoprenoid inter-
mediates, notably farnesyl and geranyl pyrophosphates,
which can be linked to inflammation through Ras and Rho
small G-protein activation (Jain and Ridker, 2005; Abeles and
Pillinger, 2006). Rho-GTPases are known to activate NF-kB
and thus be involved in generation of inflammatory

cytokines. Indeed, most previously demonstrated pleiotropic
anti-inflammatory effects of statins have been mevalonate-
dependent and have been reported to reflect inhibition of
NF-kB (Jain and Ridker, 2005; Abeles and Pillinger, 2006).
Statins are also of interest in the context of COPD treatment.
Retrospective studies have thus suggested that the use of
these drugs, primarily indicated as cholesterol-lowering
agents, is associated with reduced mortality and hospitaliza-
tions from COPD (Blamoun et al., 2008). One prospective
study has recently been carried out supporting the possibility
that statins have beneficial effects on COPD exacerbations
(Bartziokas et al., 2011).

Cell death and epithelial injury repair are pronounced in
severe COPD (Hogg et al., 2004). dsRNA, formed at rhinoviral
replication, not only mimics some biological effects of rhino-
viral infection (Vercammen et al., 2008; Calven et al., 2012)
but dsRNA-evoked actions may additionally represent major
pathogenic effects of necrotic cell-derived, danger-associated
molecular patterns (DAMP), independent of infections
(Cavassani et al., 2008; Vercammen et al., 2008; Lim and
Wang, 2011). Hence, in this study, we have used dsRNA as a
challenge to reflect effects of both viral infection and DAMP.
We demonstrate here that simvastatin inhibits dsRNA-
induced expression and production of TSLP in bronchial epi-
thelial cells obtained from COPD donors. Unexpectedly, the
simvastatin-induced anti-TSLP effect was independent of the
mevalonate pathways and with a significant degree of selec-
tivity both at transcriptional and cytokine levels. These novel
data indicate modes of TSLP production in human diseased
airways and suggest pathways for drug-induced inhibition of
this hub cytokine.

Methods

Primary bronchial epithelial cells from COPD
and healthy controls
Primary bronchial epithelial cells were established from seven
COPD patients with smoke-induced COPD classified as
GOLD stage II (Global Initiative for Obstructive Lung Disease)
and eight healthy control smokers characterised in Table 1.
Ethical approval was obtained from regional ethical review
board at Lund University, Sweden. Epithelial brushings were
obtained by bronchoscopy using a fiberoptic bronchoscope
(Olympus, IT160, Tokyo, Japan), and a standard sterile single-
sheathed nylon cytology brush was used to sample epithelial
cells from the bronchi in accordance with standard published
guidelines. On average, four consecutive brushings were
sampled from the bronchial mucosa of the second- and third-
generation bronchi. Cells were transferred to 5 mL sterile PBS
after each brushing; 5 mL RPMI with 20% FBS was added and
the sample centrifuged at 150¥ g for 5 min to harvest the
cells. Epithelial cell purity was assessed by differential cell
counts of the harvested cell suspension as previously
described (Uller et al., 2010). Primary cultures of human
bronchial epithelial cells were established by seeding bron-
chial brushings from COPD and healthy smoker subjects into
collagen coated tissue culture flasks containing 3 mL of
serum-free, hormonally supplemented bronchial epithelium
growth medium (Clonetics, San Diego, CA), as previously
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described (Uller et al., 2010). Cultures were routinely tested
for mycoplasma infection.

Stimulation of primary bronchial epithelial
cells with dsRNA and treatment with
simvastatin, dexamethasone and BX795
Bronchial epithelial cells were seeded into 12-well plates
(Nunc; Life Technologies, Stockholm, Sweden), and when
80–90% confluent, the growth medium was replaced with
bronchial epithelial basal medium (Clonetics, San Diego, CA)
containing 1% insulin-transferrin-selenium and 0.1% BSA;
and the cells were rendered quiescent for 24 h before start of
the experiment. For all experiments, cells were used at pas-
sages 2–3 and stimulated with a synthetic dsRNA analogue,
polyinosine-polycytidylic acid, (Invitrogen Ltd, Paisley, UK)
and used at an optimal concentration, 10 mg·mL-1, as previ-
ously described (Brandelius et al., 2010). Simvastatin (Sigma-
Aldrich, Gillingham, UK), 0.2–5 mg·mL-1, was added to the
cells 18 h prior to stimulation with dsRNA. Dexamethasone
1. 0 mg·mL-1 (Sigma-Aldrich) was added to the cells 1 h prior
to stimulation with 10 mg·mL-1 dsRNA. In preliminary experi-
ments, BX795 (Sigma-Aldrich), an inhibitor of IFN regulatory
factor 3 (IRF3), was similarly tested for effects on dsRNA-
induced TSLP mRNA expression. All the compounds were
dissolved in DMSO. Vehicle control was prepared as having
the highest concentration of DMSO present. After treatment
with drugs and control solution, the cells were stimulated for
either 3 or 24 h by adding dsRNA to the wells. Cell superna-
tant was removed for protein analysis, and cells were lysed
and harvested for either mRNA analysis or Western blot, as
described below.

Effects of mevalonate-pathway intermediates
on dsRNA-induced TSLP
Simvastatin was added with or without the mevalonic
acid pathway intermediate mevalonate (Sigma-Aldrich);
13 mg·mL-1 has been a standard concentration in previous
work demonstrating mevalonate dependence of anti-
inflammatory effects of statins (Bu et al., 2010; Zhang et al.,
2011). Two further intermediates were also tested: farnesyl
pyrophosphate (Sigma-Aldrich) (4.3 mg·mL-1) or geranyl pyro-
phosphate (Sigma-Aldrich) (2.25 mg·mL-1). These intermedi-
ates were added, as was simvastatin, 18 h prior to stimulation
with dsRNA.

RNA extraction and quantification of TSLP,
TNF-a, CXCL8 and IFN-b gene expression
with qRT-PCR
Total RNA was extracted from primary bronchial epithelial
cells using a RNA extraction kit, Nucleospin RNA II (Machery-
Nagel, Düren, Germany), according to the manufacturer’s
instructions; 1 mg of mRNA was reverse transcribed to cDNA
using an RT-kit (Primerdesign, Southampton, UK), and quan-
titative PCR was performed as previously described (Uller
et al., 2010). Briefly, thermocycling and real-time detection
of PCR products were performed on an IcyclerIQ sequence
detection system (Stratagene, Mx3000P, La Jolla, CA) with
standard cycling parameters. The following primer sequences
were used for TSLP, TNF-a, CXCL8 and IFN-b:

TSLP: AATCCAGAGCCTAACCTTCAATC (forward) and
GTAGCATTTATCTGAGTTTCCGAATA (reverse). TNF-a: AGG
TTCTCTTCCTCTCACATAC (forward) and ATCATGCTTTCA
GTGCTCATG (reverse). CXCL8: CAGAGACAGCAGAGCAC
AC (forward) and AGCTTGGAAGTCATGTTTACAC (reverse).
IFN-b: TTACTTCATTAACAGACTTACAGGT (forward) and
TACATTAGCCATCAGTCACTTAAAC (reverse). Genes of
interest were normalized to the geometric means of two
housekeeping genes, ubiquitin C (UBC) and GAPDH, using
the DDCt method as previously described (Uller et al., 2010).

Cytokine measurement by ELISA
Release of TSLP, CXCL8, TNF-a (R&D Systems, Abingdon, UK)
and IFN-b (PBL Biosource, CA) into culture supernatants of
the bronchial epithelial cells was measured at 24 h after
stimulation with dsRNA, using ELISA kits according to the
manufacturer’s instructions.

Western blot analysis for NF-kB and
IRF3 activation
Western blots was performed for the quantification of IkBa
degradation andt also for NF-kB p65 and NF-kB p105 release,
induced by dsRNA in the primary epithelial cells. Experi-
ments were performed as described above, but cells were
stimulated with dsRNA for 2 h and then lysed using a sample
buffer for Western blot containing 250 mM Tris–HCl, 6% SDS,
100 mM DTT, 10% glycerol and 25 mM NaF. Protein content
for each sample was determined by Coomassie blue, and
equal amount of each sample was loaded and analysed by

Table 1
Study subjects and characteristics

Characteristics Controls COPD

Number of subjects 8 7

Age (range) 60 (43–70) 62 (53–66)

Pack years (range) 20 (12–48) 41 (14–47)

Gender, M/F in % 50/50 58/42

FEV1% predicted 98 (89–132) 61 (41–70)

Data in the Table are median values, with range given in parentheses. FEV1; % predicted = forced expiratory volume in 1 s expressed as a
percentage of the predicted value. COPD patients were on maintenance treatment with inhaled glucocorticosteroids and long-acting
b-agonist treatment, Symbicort®.
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electrophoresis on a 10% polyacrylamide gel. The fraction-
ated protein was blotted onto a PVDF membrane. The mem-
brane was blocked in blocking buffer (5% non-fat dry milk,
TBST) and then incubated in primary rabbit polyclonal anti-
bodies, anti-IkBa, phospho-NF-kB p105 (Ser933), phospho-
NF-kB p65 (Ser536), anti-IRF3 or phospho-IRF3 (Ser396)
antibody (Cell Signaling; Danvers, MA) diluted 1:1000,
according to manufacturer’s instructions. The secondary anti-
body was a HRP-conjugate, anti-rabbit IgG antibody, dilution
1:3000 (concentration 0.24 mg·mL-1) from (Fisher Scientific
AB, Gothenburg, Sweden). As loading control, GAPDH
protein was blotted, using mouse polyclonal primary anti-
body, diluted according to manufacturer’s instructions (Cell
Signaling). The secondary antibody was a HRP-conjugate,
anti-mouse IgG antibody, dilution 1:10 000 (Cell Signaling).
The immunoreactive proteins were detected with chemilumi-
nescent system (ECL kit, GE Healthcare; Buckinghamshire,
UK). After exposure to an X-ray film, the band density was
calculated from the optical density using image analyser
Quantity One (Bio-Rad, Hercules, CA).

Cell viability
The morphology of the bronchial epithelial cells was regu-
larly recorded by light microscopy at different time points
after dsRNA and simvastatin treatment. We also measured
LDH levels in the cell supernatants. Our data, including LDH
levels (all of which were below detection limit) and light
microscopy, confirmed that the concentrations of simvasta-
tin used here did not induce epithelial cell death.

Statistical analysis
Data are expressed as median � IQR, and all data were ana-
lysed using non-parametric tests. Significant variation in the
data within groups (COPD and healthy smokers) was inves-
tigated using Friedman’s one-way ANOVA using the software
GraphPadPrism version 5.0 (GraphPad Software, San Diego,

CA, http://www.graphpad.com). The two-tailed Mann–
Whitney test was used to compare the difference between the
groups healthy control smokers and COPD. The two-tailed
Wilcoxon test was used to compare variance between groups.
P-values of less than 0.05 were considered statistically
significant.

Results

Clinical characterization of study subjects
Fifteen study subjects participated in the study, eight healthy
control smoking individuals and seven patients with smoke-
induced COPD classified as GOLD stage II. COPD patients
were on maintenance treatment with inhaled glucocorticos-
teroids (Budesonide 160 mg per inhalation) and long-acting
b-agonist (Formoterol 4.5 mg per inhalation) treatment, Sym-
bicort® Turbuhaler®. There was no statistically significant
difference in pack-years between the smoking control group
and the COPD patients. The clinical characteristics of the
subjects are shown in Table 1.

dsRNA-induced expression and production
of TSLP
Baseline expression of TSLP mRNA as well as protein release
were very low in cells from both COPD and control donors
(Figure 1A). Based on previous studies (Brandelius et al., 2010;
Uller et al., 2010) and our initial experiments, a concentra-
tion of 10 mg·mL-1 of dsRNA was chosen for optimal produc-
tion of TSLP in this study. dsRNA markedly increased the
mRNA expression of TSLP at 3 h in cells from healthy control
smokers and patients with COPD (Figure 1A). TSLP mRNA
was back to baseline values (data not shown) at 24 h when a
significant increase in TSLP protein release was observed in
both groups in response to dsRNA (Figure 1B). dsRNA
induced greater TSLP mRNA expression (P < 0.05) and protein

Figure 1
dsRNA induced greater expression and production of TSLP in primary human bronchial epithelial cells from COPD donors compared with smoking
control donors. dsRNA 10 mg·mL-1 induced a significant increase in TSLP mRNA and protein in both smoking control and COPD cells compared
with un-stimulated control cells. TSLP mRNA and protein release were overproduced in the COPD group. Data are presented as individual values
in duplicate, and median values are shown. Healthy smoking controls (n = 8) and COPD (n = 7). *P � 0.05, and ***P � 0.001.
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release (P < 0.05) in the COPD group compared with the
smoker control group (Figure 1).

Simvastatin inhibited dsRNA-induced
expression and production of TSLP
Simvastatin concentration-dependently inhibited the
dsRNA-induced TSLP mRNA expression and protein release
in both control and COPD cells (Figure 2). Simvastatin alone
was without effect on the low baseline levels of TSLP mRNA
or protein (Figure 2). Dexamethasone given at a concentra-
tion proven to produce maximum steroid anti-inflammatory
effects in primary bronchial epithelial cells in previous
studies (Brandelius et al., 2010) reduced dsRNA-induced
TSLP mRNA in control cells (Figure 2A), but this effect was
not significant in COPD cells nor was it associated with
attenuation of dsRNA-induced TSLP protein release
(Figure 2B, D).

Simvastatin inhibited TSLP gene expression
and protein production independent of the
mevalonic pathway
Adding mevalonate to the employed test systems is com-
monly used to determine mevalonate dependency of statin-
induced anti-inflammatory effects. To investigate if the
mevalonate pathway had an influence on the inhibition of
TSLP, we added simvastatin with or without the presence of
mevalonate. Mevalonate at a concentration (13 mg·mL-1) that
commonly is used to demonstrate mevalonate dependence of
anti-inflammatory statin actions in cell cultures (Bu et al.,
2010; Zhang et al., 2011) did not reduce the simvastatin-
induced inhibitory effect on dsRNA-induced TSLP gene
expression and protein production nor did a doubling of the
mevalonate concentration show any tendency of reducing
the effect of simvastatin. The experiments with both concen-
trations of mevalonate are, therefore, grouped together

Figure 2
Effects of simvastatin (Sim) and dexamethasone (Dex) on dsRNA-induced TSLP gene expression (A,B) and protein production (C,D). The
dsRNA-induced gene expression and protein production were inhibited concentration-dependently by simvastatin, whereas dexamethasone did
not produce a significant anti-TSLP effect. Data are presented as median � IQR. Healthy smoking controls (n = 8) and COPD (n = 7). *P � 0.05,
**P � 0.01 and ***P � 0.001.
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(Figure 3A, B). In accord, neither the addition of geranyl
pyrophosphate nor farnesyl pyrophosphate reduced the
inhibitory effect of simvastatin (data not shown).

dsRNA-induced epithelial TSLP generation
was inhibited by simvastatin without effects
on NF-kB
We next analysed the effects of simvastatin on three different
regulatory molecules involved in NF-kB signalling. dsRNA
reduced protein expression of the NF-kB repressor IkBa and
increased the NF-kB subunits p105 and p65 (Figure 4). Simv-
astatin was without significant effect on any of these three
molecules (Figure 4).

Simvastatin did not inhibit dsRNA-induced
generation of TNF-a and CXCL8
dsRNA induced marked TNF-a and CXCL8 gene expression
and protein production with no significant difference (P >
0.05) between healthy and COPD epithelial cells (Figures 5
and 6). Simvastatin did not inhibit dsRNA-induced gene
expression and protein production of CXCL8 and TNF-a,
whereas dexamethasone slightly reduced TNF-a production
in healthy cells (Figure 5C).

dsRNA-induced IRF3 phosphorylation and
inhibition by simvastatin
In preliminary experiments involving different exposure
times of the bronchial epithelial cells to dsRNA (0.5–24 h), a
2 h exposure was selected for these experiments. Significant
IRF3 phosphorylation was thus induced in epithelial cells
exposed to dsRNA for 2 h. This effect was inhibited by simv-
astatin (Figure 7). The total levels of IRF3 were not affected by
either dsRNA alone or dsRNA together with simvastatin.

Effects of simvastatin treatment on
dsRNA-induced IFN-b
IRF3 phosphorylation is known to involve anti-viral IFN-b
gene expression. We therefore analysed effects of dsRNA and
simvastatin on IFN-b expression and protein production.
IFN-b expression and protein were induced by dsRNA.
Although IFN-b protein release in dsRNA-exposed COPD cells
was slightly less than in control, this response did not differ
significantly (P > 0.05) between control and COPD cells
(Figure 8). Similar to its effect on TSLP production, simvasta-
tin inhibited the dsRNA-induced expression and production
of IFN-b (Figure 8).

Effects of a known inhibitor of IRF3 and
IFN-b on dsRNA-induced TSLP
In preliminary experiments, we observed that a relatively
specific inhibitor of TANK-binding kinase 1 (TBK1) and IkB
kinase e (IKKe), BX795, that is known to inhibit activation of
IRF3 and IFN-b production (Clark et al., 2009), inhibited
dsRNA-induced TSLP (Supporting Information Figure S1).

Discussion

In this study, we demonstrate that an accepted mimic of
effects of viral infection and an emerging mimic of effects of
necrotic cells, dsRNA, induced overproduction of TSLP in
bronchial epithelial cells from donors with moderate COPD
compared with a group of healthy control smokers. Further-
more, simvastatin concentration-dependently inhibited TSLP
gene expression and protein production. Unexpectedly, this
inhibitory effect was independent of acknowledged anti-
inflammatory mechanisms of statins. Instead, simvastatin

Figure 3
Simvastatin inhibited TSLP gene expression and protein production independent of the mevalonic pathway. Simvastatin (Sim) was added to the
COPD bronchial epithelial cells with or without mevalonate (Mev) using two concentrations 13 or 26 mg·mL-1. Mevalonate (13 mg·mL-1) that
commonly is used to demonstrate mevalonate dependence of anti-inflammatory statin actions in cell cultures did not reduce the simvastatin-
induced inhibitory effect on dsRNA-induced TSLP gene expression and protein production nor did a doubling of the mevalonate concentration
show any tendency of reducing the effect of simvastatin. The experiments with both concentrations of mevalonate are, therefore, grouped
together. Data are presented as median � IQR (n = 8). *P � 0.05, **P � 0.01 and ***P � 0.001. n = 8 includes six COPD donors and two healthy
smoking control.
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inhibited dsRNA-induced phosphorylation of IRF3 and pro-
duction of IFN-b along with its inhibition of TSLP. These data
provide novel aspects on generation of TSLP and identify
molecular leads for targeting epithelial TSLP production in
airway diseases.

Bronchial epithelial cells are central disease-driving cells
in COPD and asthma (Holgate, 2007). Rhinoviral infections
targeting bronchial epithelium may be responsible for about
50% of exacerbations in COPD and about 90% of exacerba-
tions in asthma (Nicholson et al., 1993; Papi et al., 2006b). In
exacerbations and severe disease, COPD and asthma may
share several pathogenic mechanisms (Kraft, 2006). A Th2-
type inflammation, considered typical of asthma, may also
characterize the bronchi of patients with severe or exacerbat-
ing COPD (Papi et al., 2006a; Makris et al., 2008; Singh et al.,
2010). Agreeing with potential similarities between exacerba-
tion mechanisms in asthma and COPD, we have previously
shown that TSLP is overproduced in virally stimulated epi-
thelial cells from donors with asthma (Uller et al., 2010) and
from donors with severe COPD (Calven et al., 2012). In this
study, dsRNA induced overproduction of TSLP in cells from
COPD patients having markedly milder disease than in our
previous study (Calven et al., 2012). In COPD as well as in
control cells, dexamethasone produced only marginal inhibi-

tory effects on dsRNA-induced cytokines. It also appears that
potent glucocorticoids have insufficient effects in COPD
patients (Mallia et al., 2007; Hurst et al., 2010). The concen-
trations of simvastatin required for inhibition of TSLP pro-
duction in this study was some 20-fold higher than blood
levels obtained in patients on the drug (Ucar et al., 2004).
Such supra-clinical drug levels have also been employed in
previously demonstrated statin-induced anti-inflammatory
effects in animal models and cell culture (Ucar et al., 2004;
Abeles and Pillinger, 2006; Sakoda et al., 2006; Qi et al., 2009;
Bu et al., 2010; Takai, 2012). Although little discussed, this
concentration difference is likely to contribute to an appar-
ently poor translation of consistently beneficial effects of
statins in respiratory disease models to patients (Abeles and
Pillinger, 2006; Rubin, 2009). Until further proof becomes
available, we suggest that the present anti-TSLP effect is of
interest more as a molecular lead to development of novel
drugs than as an effect that may explain the reported effects
of statin treatment on COPD exacerbations (Bartziokas et al.,
2011).

Anti-inflammatory effects of statins in different test
systems have previously been shown to be mevalonate-
dependent and associated with reduced NF-kB activation
(Jain and Ridker, 2005; Abeles and Pillinger, 2006; Qi et al.,

Figure 4
Effects of simvastatin (Sim) on NF-kB signalling molecules IkBa, p65 and P105 in bronchial epithelial cells from COPD donors. dsRNA reduced the
NF-kB repressor IkBa (C, D) and increased the NF-kB subunits p65 and p105 (A,B and D). Simvastatin did not attenuate these effects on NF-kB
signalling nor did dexamethasone produce any significant effects. Data are presented as median � IQR (n = 6). *P � 0.05, **P � 0.01 (A, B and
C). A representative Western blot micrograph (D) illustrates activation of NF-kB signalling by dsRNA and lack of effect by simvastatin or
dexamethasone.
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2009). The present independence of both mevalonate and
NF-kB would thus rule out roles of several anti-inflammatory
mechanisms currently attributed to statins. Although a role
of IRF3 has not been excluded (Kato et al., 2007), the current
view is that NF-kB is essential for epithelial TSLP production
(Lee and Ziegler, 2007; Takai, 2012). Our previous data
support a significant involvement of the endosomal Toll-like
receptors, TLR3, in dsRNA-induced human bronchial epithe-
lial cell-induced TSLP production in health and disease
(Calven et al., 2012). We now demonstrate that complete
inhibition of dsRNA-induced TSLP gene expression and
protein production can be achieved without attenuation of
NF-kB (p65 and p105). Lee and Ziegler (2007) reported that
inducible human and mouse TSLP mRNA in epithelial cell
lines required activation of NF-kB and involved an NF-kB
binding site upstream of the transcription initiation site.
However, these authors also reported that dsRNA was without
effect on TSLP mRNA in their test system of commercial
epithelial cells obtained by lung digestion from only one
individual. By contrast, in our study involving epithelial cells

from bronchial brushings, dsRNA clearly increased TSLP
expression and production and activated both NF-kB
and IRF3, albeit with variations between the individual
donors. Furthermore, we demonstrated practically complete
inhibition of TSLP generation without any attenuation of
dsRNA-induced NF-kB and without attenuation of typically
NF-kB-dependent generation of TNF-a and CXCL8. Future
work extending the number of experiments and including
analyses of effects on phosphorylation, nuclear translocation
and promoter binding is warranted to more clearly demon-
strate any involvement of NF-kB in the present generation
and inhibition of TSLP production. We also cannot exclude
the possibility of cooperation between NF-kB and other tran-
scription factors, such as IRF3 (Ieki et al., 2004), in generation
of TSLP. However, our data suggest that effects on NF-kB were
not significantly involved in the present, simvastatin-
induced, inhibition of TSLP production.

It was lack of effects on NF-kB signalling that prompted
the present analysis of IRF3, a key transcription factor for
induction of antiviral IFNs (Fitzgerald et al., 2003; Chow

Figure 5
Effects of simvastatin (Sim) and dexamethasone (Dex) on dsRNA-induced TNF-a gene expression (A,B) and protein production (C,D). Simvastatin
did not inhibit dsRNA-induced TNF-a protein production in smoking control or COPD epithelial cells (C,D). Dexamethasone slightly attenuated
TNF-a production in smoking control epithelial cells (C). Data are presented as median � IQR, smoking controls (n = 8) and COPD (n = 7).
*P � 0.05, **P � 0.01 and ***P � 0.001.
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Figure 6
Effects of simvastatin (Sim) and dexamethasone (Dex) on dsRNA-induced CXCL8 gene expression (A,B) and protein production (C,D). Simvastatin
only had marginal inhibitory effects on dsRNA-induced CXCL8 gene expression and protein release in epithelial cells from COPD and control
donors. Dexamethasone reduced CXCL8 production in control cells. Data are presented as median � IQR, smoking controls (n = 8) and COPD
(n = 7). *P � 0.05, **P � 0.01 and ***P � 0.001.

Figure 7
Effects of simvastatin (Sim) and dexamethasone (Dex) on IRF3 phosphorylation in bronchial epithelial cells from COPD donors. dsRNA increased
phosphorylation of IRF3 (A,B) without changing IRF3 levels (B). Dexamethasone was without significant effects (A,B) whereas simvastatin inhibited
phosphorylation of IRF3 (A,B). Data are presented as median � IQR (n = 6). **P < 0.01. A representative Western blot is shown (B).
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et al., 2007). IRF3 is phosphorylated in response to viral infec-
tion or dsRNA (Fitzgerald et al., 2003; Chow et al., 2007) (this
study). It subsequently dimerizes and translocates to the
nucleus where IRF3 aids in gene transactivation (Chow et al.,
2007). The best characterized of these genes is that for IFN-b
and this was also increased in response to dsRNA in this
study. The present study disclosed that inhibition of IRF3
activation was associated with inhibition of TSLP production.
Hence, simvastatin was unlikely to have acted on mecha-
nisms involved in the entry of dsRNA into the cells to reach
the endosomal TLR3 (DeWitte-Orr et al., 2010). Fitzgerald
et al. (2003) reported that IKKe and TBK-1 are essentially
involved in dsRNA-induced activation of IRF3. The present
observations may agree with a reported statin-induced inhi-
bition of LPS-induced IRF3 phosphorylation in macrophages
(RAW264) (Abe et al., 2008). However, there appears to be no
known effect of statins on IKKe and TBK-1. It is relevant that
a specific antagonist of IKKe and TBK-1, BX795 (Clark et al.,
2009), blocked phosphorylation, nuclear translocation, tran-

scriptional activity of IRF3 and production of IFN-b in
response to dsRNA (50 mg·mL-1) in HEK293 cells (Clark et al.,
2009). Moreover, similar to simvastatin in this study, BX795
selectively inhibited IRF3 without affecting NF-kB activation
(Clark et al., 2009). The present preliminary experiments
showed that relatively high concentrations of BX795 also
inhibited dsRNA-induced TSLP expression in bronchial epi-
thelial cells from COPD donors. Hence, studies of possible
IKKe and TBK-1 antagonism by simvastatin seem warranted.
It needs emphasizing that IFN-b is a major antiviral factor and
that its mobilization in response to viral infection and dsRNA
may be already compromised in diseased airways (Wark et al.,
2005; Uller et al., 2010; Sykes et al., 2012). The inhibition of
production of IFN-b is probably an undesirable component of
the pulmonary actions of simvastatin.

In conclusion, simvastatin inhibited dsRNA-induced TSLP
in bronchial epithelial cells from COPD donors without
reducing dsRNA-induced TNF-a and CXCL8. This inhibitory
effect was independent of the mevalonate pathway and of

Figure 8
Effects of simvastatin (Sim) and dexamethasone (Dex) on dsRNA-induced IFN-b gene expression and protein production. dsRNA induced IFN-b
gene expression (A,B) and protein release (C,D) were inhibited by simvastatin but not by dexamethasone. Data are presented as median � IQR,
smoking controls (n = 8) and COPD (n = 7). *P � 0.05, **P � 0.01 and ***P � 0.001.
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NF-kB signalling. Instead, simvastatin inhibited dsRNA-
induced IRF3 activation and IFN-b production. Thus, simvas-
tatin has been an instrumental small molecule in the present
unravelling of novel aspects of TSLP generation and inhibi-
tion. These data advance our understanding of mechanisms
and drug targets involved in epithelial generation of a hub
pathogenic cytokine in asthma and COPD.
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