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Background: Statins have pleiotropic immunomodulatory effects that may be beneficial in the treatment
of asthma. We previously reported that treatment with atorvastatin improved asthma symptoms in
smokers with asthma in the absence of a change in the concentration of a selection of sputum inflam-
matory mediators.
Objective: To determine the effects of atorvastatin alone and in combination with inhaled corticosteroid
on a range of sputum cytokines, chemokines and growth factors implicated in the pathogenesis of
asthma, and their association with asthma control questionnaire (ACQ) and/or asthma quality of life
questionnaire (AQLQ) scores.
Methods: Sputum samples were analysed from a sub-group of 39 smokers with mild to moderate asthma
recruited to a randomised controlled trial comparing atorvastatin (40 mg/day) versus placebo for four
weeks, followed by inhaled beclometasone (400 pg/day) for a further four weeks. Induced sputum su-
pernatant fluid was analysed (Luminex or biochemical analyses) for concentrations of 35 mediators.
Results: Sputum mediator concentrations were not reduced by inhaled beclometasone alone. Atorvas-
tatin significantly reduced sputum concentrations of CCL7, IL-12p70, sCD40L, FGF-2, CCL4, TGF-o and
MMP-8 compared with placebo and, when combined with inhaled beclometasone, reduced sputum
concentrations of MMP-8, IL-1f, IL-10, MMP-9, sCD40L, FGF-2, IL-7, G-CSF and CCL7 compared to ICS
alone. Improvements in ACQ and/or AQLQ scores with atorvastatin and ICS were associated with de-
creases in G-CSF, IL-7, CCL2 and CXCLS.
Conclusion: Short-term treatment with atorvastatin alone or in combination with inhaled beclometasone
reduces several sputum cytokines, chemokines and growth factors concentrations unresponsive to
inhaled corticosteroids alone, in smokers with asthma.

© 2015 Elsevier Ltd. All rights reserved.

Abbreviations: ACQ, asthma control questionnaire; AQLQ, asthma quality of life
questionnaire; ATS, American Thoracic Society; BMI, body mass index; CCL, che-
mokine (C-C motif) ligand; CXCL, chemokine (C-X-C motif) ligand; EGF, epidermal
growth factor; FGF, fibroblast growth factor; G-CSF, granulocyte-colony stimulating
factor; GRO, growth related oncogene; ICAM, intercellular adhesion molecule; ICS,
inhaled corticosteroid; IFN, interferon; IL, interleukin; IP-10, interferon gamma-
induced protein; LPS, lipopolysaccharide; MDA, malondialdehyde; MDC, macro-
phage-derived chemokine; MCP, monocyte chemotactic protein; MIP, macrophage
inflammatory protein; MMP, matrix metalloproteinase; OPG, osteoprotegerin; PAI-
1, plasminogen activator inhibitor-1; sCD40L, soluble CD40 ligand; TGF-o, trans-
forming growth factor alpha; TNFa, tumour necrosis factor-alpha; VEGF, vascular
endothelial growth factor.
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1. Introduction

In addition to reducing cholesterol biosynthesis by inhibiting 3-
hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, sta-
tins have pleiotropic immunomodulatory effects [1] that may be
beneficial in the treatment of chronic inflammatory diseases [1—3].
Pre-clinical in vitro and in vivo studies, including experimental
models of allergic [4,5] and tobacco-smoke-induced lung inflam-
mation [6,7] have shown that statins reduce components of airway
inflammation potentially relevant to the pathogenesis of asthma
and smoke-induced airway diseases. In addition, statins might
restore corticosteroid sensitivity in asthma [8,9]. Taken together,

Please cite this article in press as: Thomson NC, et al., Atorvastatin in combination with inhaled beclometasone modulates inflammatory sputum
mediators in smokers with asthma, Pulmonary Pharmacology & Therapeutics (2015), http://dx.doi.org/10.1016/j.pupt.2015.01.001

100
101
102
103
104
105
106
107
108
109
110
11
112
113
114
115
116
117
118
119


mailto:neil.thomson@glasgow.ac.uk
www.sciencedirect.com/science/journal/10945539
http://www.elsevier.com/locate/ypupt
http://dx.doi.org/10.1016/j.pupt.2015.01.001
http://dx.doi.org/10.1016/j.pupt.2015.01.001
http://dx.doi.org/10.1016/j.pupt.2015.01.001

OO U WIN =

oo OO Uuururtunorun ool b B B B B B B b b B WWoWWWOoWwWwWwwww WNDNDNDNDDNDNDDNDNDNDN = === el el = = (O
RN WN_ROOWONOOT U AAWN—_OOONOOTUDNWNR,OOOONOOTUBAWN—_,OOONOOUNNWNRL,OOVNOOULA WN = O

YPUPT1426_proof m 15 January 2015 m 2/8

2 N.C. Thomson et al. / Pulmonary Pharmacology & Therapeutics xxx (2015) 1-8

these findings suggest that statin treatment may have anti-
inflammatory effects in people with asthma who smoke. Smokers
with asthma have poor symptom control, accelerated decline in
lung function and an attenuated therapeutic response to cortico-
steroids compared to never smokers with asthma [10—14]. Optimal
strategies for managing smokers with asthma remain to be estab-
lished. In addition to smoking cessation, there is an unmet need for
alternative or additional drugs for treating smokers with asthma
[15].

In a randomised controlled study of short-term treatment with
atorvastatin in smokers with mild to moderate asthma, improve-
ments in asthma control questionnaire (ACQ) and asthma quality of
life questionnaire (AQLQ) scores were found in the absence of a
decrease in the concentration of a selection of sputum and serum
acute inflammatory mediators [16]. It is possible that the range of
sputum mediators measured in this study [16] may have failed to
detect more long-term anti-inflammatory effect of atorvastatin. In
the present study we selected sputum mediators that included
cytokines, chemokines, and growth factors implicated in the
pathogenesis of asthma and that would be potential targets for
anti-inflammatory therapies for asthma. The aim of the present
study was to test the hypothesis that atorvastatin alone and in
combination with inhaled corticosteroid (ICS) suppressed the
concentration of a range of cytokines, chemokines and growth
factors in sputum samples collected during the previous clinical
trial [16].

2. Methods
2.1. Subjects and study design

Cigarette smokers with chronic asthma symptoms of more than
one year duration, aged 18—60 years were recruited to a rando-
mised controlled trial comparing atorvastatin (40 mg per day)
versus placebo for four weeks, followed by inhaled beclometasone
(Clenil® Modulite® 200 pg twice daily) added to both treatment
arms for a further four weeks [16] (Fig. 1). Current smokers were
defined as smoking >5 cigarettes per day and with a history of five
pack years or more. Patients were excluded if they were already
taking a statin or medications known to interact with statins such
as antifungal agents, macrolide antibiotics, cyclosporin, gemfibro-
zil, verapamil and amiodarone. All subjects demonstrated revers-
ibility in FEV; following albuterol of >12% and >200 ml or
PCy0 < 8 mg/ml, or >20% variability in peak expiratory flow (PEF)
[17]. At baseline, 4 and 8 week visits, electronic PEF data were
downloaded and spirometry performed. At these visits patients
completed a validated asthma control questionnaire (ACQ) and
asthma quality of life questionnaire (AQLQ); induced sputum was

Atorvastatin 40 mg daily

+inhaled BDP 400 pg daily

Placebo
| | |
Week O 4 8
Visit V2 v4 V5

Fig. 1. Study design of randomized controlled trial comparing atorvastatin (40 mg per
day) versus placebo for 4 weeks, followed by inhaled beclometasone (BDP: 400 ug per
day) for a further 4 weeks. Baseline samples were taken at V2, +/— atorvastatin at V4,
and ICS and atorvastatin + ICS at V5. Abbreviation: V = visit number.

Table 1
Baseline demographic, clinical and inflammatory characteristics.

Smokers with
asthma included in

Smokers with asthma
included in current study,

n =39 RCT of atorvastatin
Placebo Atorvastatin [16]. n = 68
(n=24) (n=15)

Age (years) 435(107) 37.9(7.8) 41.6 (10.0)

Gender: male, n (percent) 12 (50.0%) 5(33.3%) 30 (44.1%)
Asthma duration (years) 26.5 (16.0) 25.0 (11.0) 19.8 (11.9)
BMI kg/m [2] 25.6 (5.4) 23.4(5.2) 25.5(4.9)
Pack years smoked 21.8 (12.7) 249 (11.0) 26.0 (18.1)
Atopic, n (percent) 15 (62.5%) 7 (46.7%) 39 (60.9%)
ACQ score 2.0(0.7) 2.0 (1.0) 1.9 (0.9)
AQLQ score 5.1(1.2) 49 (1.4) 5.2(1.0)
FEV; (% predicted) 78.1(17.1) 77.1 (22.0) 81.3(19.2)
pre-bronchodilator
FEV; BD response 15.1 (11.9) 16.3 (13.6) 14.9 (12.6)

PEF (L/min)
pre-bronchodilator
Sputum eosinophils
(% of total) median (IQR)

377.9(79.0) 349.5(98.2) 348.9(116.4)

0.46 (0.1, 1.7) 0.73 (0.2, 1.6) 0.49(0.1,1.7)

Sputum neutrophils 323 30.7 30.7 (17.3, 52.0)
(% of total) median (IQR) (22.2,48.2) (22.8,54.1)
Sputum macrophages 46.9 38.7 45.1 (31.8,58.7)

(% of total) median (IQR) (39.4, 58.5) (32.7,53.9)

Data presented as mean (SD) except where indicated.

Abbreviations: ACQ; asthma control questionnaire, AQLQ; asthma quality of life
questionnaire, BD; bronchodilator, BMI, body mass index, FEVy; forced expiratory
volume in 1 s, IQR; interquartile range, RCT; randomised controlled trial.

performed. Sputum samples were analysed from a sub-group of 39
smokers with asthma recruited to the trial in which there was
sufficient supernatant fluid for mediator analyses. The West Glas-
gow Research Ethics Committee approved the study and all pa-
tients gave written informed consent.

2.2. Measurements

Sputum induction was performed as previously described [18],
using a low concentration of DTT (0.003%) to disperse cells without
undue effects on mediator measurements. Supernatant fluid was
analysed for a range of mediators including IL-1¢, IL-1f, IL-1RA, IL-
4, IL-5, IL-6, IL-7, IL-10, IL-12p70, IL-13, IL-17A, TNFa, IFN-f, IFN-v,
sCD40L, CCL2 (MCP1), CCL3 (MIP-1a.), CCL4 (MIP-18), CCL7 (MCP3),
CCL11 (eotaxin), CCL22 (MDC), CXCL1 (GROa), CXCL8 (IL-8), CXCL10
(IP-10), CX3CL1 (fractalkine), VEGF, TGF-a, G-CSF, EGF, FGF-2, MDA,
PAI-1, OPG, MMP-8 and MMP-9 (Luminex multiplex analysis, or
biochemical analysis; further details in online supplementary data)
and calculated concentrations of analytes were corrected to the
total protein concentration in the supernatant fluid.

PEF was recorded using Piko-1 electronic peak flow metres
(nSpire Hertford UK) and ACQ [19] and AQLQ [20] results were also
recorded. Spirometry was performed to American Thoracic Society
guidelines [21]. Exhaled carbon monoxide levels were measured by
a hand held Smokerlyser (Bedford scientific, UK). Airway hyper-
responsiveness was measured by Cockcroft's methacholine chal-
lenge test with concentrations from 0.03 mg/ml to 16 mg/ml [22].

2.3. Statistical analysis

Baseline characteristics were described by number and per-
centage of patients for categorical variables, and mean (SD) or
median (inter-quartile range) for normally distributed or skewed
continuous variables respectively. The statistical assessment was by
non-parametric methods (Kruskal-Wallis and Wilcoxon Mann-
Whitney tests). Correlation analysis was by Spearman's rho with
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p value

Table 2
Sputum mediators after placebo or atorvastatin treatment, and inhaled beclometasone alone or atorvastatin plus beclometasone.
4 weeks p value 4 weeks
atorvastatin

Placebo (n = 24)

Atorvastatin

Placebo + inhaled

Atorvastatin + inhaled

atorvastatin + inhaled

p value placebo versus

placebo + inhaled

versus placebo beclomethasone versus beclomethasone
(n=15) beclomethasone beclomethasone laceb inhaled
(n = 24) (n=15) placebo + inha
beclomethasone

MMP-8 83.8 (38.8, 176) 42.1(22.9, 89.8) 0.043 110 (43.5, 187) 26.3 (14.9, 51.7) 0.0003 0.406

(ng/mg)
IL-1B 1.64 (0.28, 4.8) 1.20 (0.54, 1.99) 0.209 1.37(0.72, 3.97) 0.37 (0.11, 1.76) 0.004 0.941
IL-10 6.68 (1.95, 14.1) 3.03 (0.19, 8.83) 0.161 8.41 (1.90, 28.80) 1.20 (0.37, 3.70) 0.013 0.074
MMP-9 424 (219, 775) 270 (200, 491) 0.170 529 (293, 850) 242 (147, 437) 0.014 0.084

(ng/mg)
sCD40L 18.2 (10.8, 26.3) 8.9 (2.1,16.9) 0.007 15.0 (9.1, 26.3) 4.6 (0.98, 11.5) 0.015 0.790
FGF-2 50.0 (30.4, 66.9) 246 (1.6,43.3) 0.008 37.0 (26.1,63.1) 16.3 (4.6, 37.7) 0.025 0.768
IL-7 10.7 (1.5, 17.1) 4.7 (0.94, 15.2) 0.291 114 (2.5, 184) 1.8 (0.63,5.7) 0.025 0.390
G-CSF 402 (138, 1061) 146 (53.4, 912) 0.393 435 (162, 1514) 162 (5.7, 676) 0.034 0.330
CCL7 19.5 (1.07, 38.3) 0.76 (0.46, 2.97) 0.0008 15.0 (1.3,32.1) 0.98 (0.53, 5.7) 0.040 0.565
IL-12p70 6.3 (1.8,10.7) 0.85(0.51, 5.13) 0.006 3.6 (0.74, 7.8) 0.98 (0.53, 1.96) 0.075 0.114
CCL4 30.1 (0.77, 40.9) 0.94 (0.46, 10.7) 0.009 7.5 (0.74, 34.4) 1.1 (0.53,5.7) 0.067 0.684
TGF-a. 4.2 (1.7,7.3) 1.9 (0.85, 3.2) 0.040 3.3(1.3,8.0) 1.9 (0.98, 5.2) 0327 0.768
IL-1a 47.8 (21.3,98.1) 27.4(13.1,103) 0.333 45.9 (28.0,94.2) 41.9 (5.7, 52.9) 0219 0.705
IL-1RA 1239 (838, 1889) 837 (601, 2137) 0.609 1299 (925, 1953) 1132 (626, 1613) 0318 0.089
IL-4 43.0 (12.7,165.1)  98.4 (27.4,279.8) 0.336 58.6 (11.9, 111.8) 99.1 (25.1, 313.5) 0.282 0.705
IL-5 92.4 (22.8, 289) 198 (50.4, 440) 0.482 107 (22.6, 212) 182 (41.0, 620) 0.336 0.922
IL-6 88.7 (24.0,345.6)  82.5(22.5, 124.0) 0.587 129.5(21.0,311.8)  73.7 (19.7, 198.2) 0.305 0.104
IL-13 101 (30.3, 335) 156 (68.1, 576) 0.464 125 (29.1, 224) 211 (59.3,613) 0.222 0.855
IL-17A 82.3(17.0, 437) 259 (43.2, 1035) 0.222 119 (10.4, 317) 311 (34.5,958) 0.138 0.790
CCL2 950 (397, 1384) 802 (509, 1276) 0.989 882 (430, 1617) 753 (426, 1207) 0.589 0.491
CCL3 1.3 (0.50, 15.6) 0.59 (0.33, 1.6) 0.096 1.6 (0.49, 20.1) 0.63 (0.36, 1.84) 0.125 0.623
CCL11 100 (44.2, 166) 45.6 (3.0, 96.7) 0.090 88.2 (38.7, 156) 47.9 (4.8, 184) 0.425 0.989
CCL22 138 (62.4,371) 69.6 (63.1, 174) 0.219 98.0 (704, 341) 105 (50.0, 169) 0.649 0.833
CXCL1 5436 (4458, 10300) 4758 (3065, 7471)  0.209 5121 (3463, 10,019) 5607 (1912, 10,648) 0.842 0.900
CXCL8 2675 (1891, 7005) 1880 (680.9, 3670)  0.090 4410 (1948, 7999) 2225 (648, 3145) 0.066 0.663
CXCL10 5285 (2867, 8651) 4360 (1728, 11,499) 0.513 5944 (2602, 9829) 1733 (1576, 6970) 0.102 0.989
CX3CL1 126 (92.5, 180) 132 (90.2, 165) 0.820 168 (110, 208) 127 (83.7, 231) 0.649 0.128
TNFo 0.47 (0.17, 1.06) 0.32 (0.11, 0.80) 0.453 0.35(0.10, 0.73) 0.20 (0.07, 0.39) 0.299 0.877
IFN-B 366 (123, 1263) 881 (166, 1521) 0.447 451 (108, 740) 667 (203, 2015) 0322 0.944
IFNy 15.6 (5.5, 46.4) 29.5 (7.9, 66.9) 0.447 17.2 (4.9, 32.6) 28.3(7.2,94.4) 0.308 0.966
EGF 447 (310, 609) 435 (354, 712) 0.827 548 (312, 787) 483 (326, 715) 0.886 0.360
VEGF 660 (556, 899) 741 (327, 811) 0.569 635 (431, 892) 524 (195, 970) 0.649 0.218
MDA 0.46 (0.20, 0.79) 0.35(0.09, 0.52) 0.324 0.28 (0.16, 0.70) 0.34 (0.06, 0.68) 0.982 0.393

(uM/mg)
OPG 11,424 14,416 0.655 10,711 13,663 0.739 0.726

(7779, 15,885) (6427, 29,965) (6762, 14,480) (6344, 27,275)

PAI-1 729 (429, 1222) 627 (156, 2119) 0.711 687 (344, 1692) 554 (122, 1608) 0.291 0.855

Data represented as median (IQR) levels pg/ml unless otherwise indicated. Boldface p values indicate p < 0.05.

Abbreviations: CCL: Chemokine (C-C motif) ligand; CXCL; Chemokine (C-X-C motif) ligand; EGF: Epidermal growth factor; FGF: Fibroblast growth factor; G-CSF: Granulocyte
colony-stimulating factor; IFN: Interferon; IL: Interleukin; MDA: Malondialdehyde; MMP: Matrix metalloproteinase; OPG: osteoprotegerin; PAI-1: Plasminogen activator

inhibitor-1; sCD40L: Soluble CD40 ligand; TGF-a.: Transforming growth factor alpha; TNFa.: Tumour necrosis factor-alpha; VEGF: Vascular endothelial growth factor.

bootstrap 95% confidence interval, after log or square root nor-

malisation if necessary.

3. Results

3.1. Baseline demographic, clinical and inflammatory

[-0.680

(~0.857,

-0362), p =
(—0.849, —0.336), p = 0.0005], IL-5 [-0.677 (—0.855, —0.357),
p = 0.004], and IFNy [-0.585 (-0.808, —0.215), p = 0.003]
(Figure E1, online supplementary data). Sputum eosinophil count

0.0003],

IL-13

did not correlate with any sputum mediator concentration.

[~0.665

characteristics

The sub-group of patients selected for further inflammatory
biomarker measurements was based on sufficiency of sputum fluid,
and this sub-group was well matched for baseline demographic,
clinical and inflammatory characteristics with the participants
recruited to the clinical trial that reported short-term treatment
with atorvastatin improved asthma control scores [16] (Table 1).
Comparing the baseline sputum cytology with the sputum fluid
inflammatory biomarkers showed that the neutrophil proportion
was positively correlated in order of statistical and potential bio-
logical significance with the concentration of MMP-9 [0.674 (0.352,
0.854), p = 0.0004], IL-6 [0.659 (0.327, 0.846), p = 0.0006], CXCL8
[0.647 (0.308, 0.840), p = 0.0008], TGFa. [0.551 (0.167, 0.790),
p = 0.006]; and negatively with sputum concentration of IL-4

3.2. Sputum inflammatory mediator concentrations and cell counts
after drug treatment

None of the sputum mediator concentrations measured was
affected by inhaled beclometasone treatment alone (Table 2).
Atorvastatin significantly reduced sputum concentration of CCL7
(p = 0.0008), IL-12p70 (p = 0.006), sCD40L (p = 0.007), FGF-2
(p = 0.008), CCL4 (p = 0.009), TGF-a (p = 0.04), and MMP-8
(p = 0.043) compared with placebo (Table 2 and Fig. 2). Atorvas-
tatin when combined with inhaled beclometasone reduced sputum
concentration of MMP-8 (p = 0.0003), IL-13 (p = 0.004), IL-10
(p = 0.013), MMP-9 (p = 0.014), sCD40L (p = 0.015), FGF-2
(p = 0.025), IL-7 (p = 0.025), G-CSF (p = 0.034) and CCL7
(p = 0.040), compared with ICS alone (summary statistics listed on
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Table 2 and data distribution for those significant illustrated on
Fig. 2). Sputum cytology was not affected by any drug treatment.

3.3. Change in clinical outcome or sputum cell count associated
with change in sputum mediator concentrations after drug
treatment

3.3.1. Inhaled beclometasone treatment

A change in clinical outcome (ACQ score, AQLQ score) or in the
proportion of sputum neutrophils or eosinophils was not associ-
ated with a reduction in any sputum mediators.

3.3.2. Atorvastatin treatment

A reduction in sputum neutrophil count was associated with a
decrease in sputum IL-6 [0.639 (0.286, 0.839), p = 0.001] and CXCL8
[0.541 (0.153, 0.784), p = 0.007].

3.3.3. Atorvastatin plus inhaled beclometasone treatment

An improvement in ACQ score was associated with a reduction
in sputum CCL2 [0.542 (0.165, 0.780), p = 0.006] and CXCL8 [0.513
(0.126, 0.764), p = 0.010]. An improvement in AQLQ score was
associated with a reduction in sputum CXCL8 [-0.572
(-0.797, —-0.207), p = 0.003], G-CSF [-0.543, (-0.781, 0.167),
p = 0.006] and IL-7 [-0.533 (—0.776, —0.154), p = 0.007].

4. Discussion

Statins have pleiotropic immunomodulatory effects that may be
beneficial in the treatment of asthma including smokers with
asthma [1—-9]. We previously reported that short-term treatment
with atorvastatin improved asthma symptom control in smokers
with asthma in the absence of a change in the concentration of a
selection of sputum mediators including TNF-a, IL-2, IL-4, IL-6, IL-8,
IL-10, sICAM-1, E-selectin, P-selectin, MPO and LTB4 [16]. In a sub-
group of participants from this clinical trial we measured induced
sputum supernatant fluid concentrations of thirty five cytokines,
chemokines and growth factors, which were selected because of
their potential involvement in the pathogenesis of asthma [23,24]
and also that would be potential targets for anti-inflammatory
therapies for asthma. Our main findings were that short-term
treatment with atorvastatin alone or in combination with inhaled
beclometasone reduced selective sputum inflammatory mediator
concentrations that were insensitive to inhaled corticosteroid
treatment.

For this study, the selection of 39 samples from smokers with
asthma was based on those in which there was sufficient super-
natant fluid at each time point for mediator analyses. The baseline
demographic, clinical and inflammatory characteristics of the sub-
study population were similar to the main study suggesting that
they were representative of the total study population [Table 1].
Assays that could measure multiple analytes in the small volumes
harvested from dispersed sputum plug supernatant fluid were used
to measure the cytokines, chemokines and growth factors and re-
sults were corrected against the total protein concentration of the
supernatants unlike the absolute values described in our previous
report [16], which may explain the lack of change in IL-10 and
CXCL8 in the earlier study.

Previous studies in smokers with asthma have demonstrated
insensitivity to inhaled and oral corticosteroids assessed by lack of
improvement in clinical outcomes [10,11,14] as well as by an
inability to suppress the concentration of sputum supernatant pro-
inflammatory mediators [25]. In keeping with the finding of the
latter study, which administered 2 weeks of oral dexamethasone
[25], we found that inhaled beclometasone (400 pg per day)
administered for 4 weeks had no suppressive effect on the

concentration of thirty five sputum cytokines, chemokines or
growth factors [Table 2]. Despite the absence of a suppressive effect
of inhaled beclometasone on sputum mediators, atorvastatin either
alone or in combination with inhaled beclometasone reduced
sputum concentrations of approximately one-third of the selected
cytokines, chemokines and growth factors. Atorvastatin alone
reduced the sputum concentration of CCL7, IL-12p70, sCD40L, FGF-
2, CCL4, TGF-a, and MMP-8, and when combined with inhaled
beclometasone, reduced sputum concentrations of MMP-8, IL-18,
IL-10, MMP-9, sCD40L, FGF-2, IL-7, G-CSF and CCL7. The suppressive
effect of atorvastatin plus inhaled beclometasone on sputum me-
diators is potentially of greatest clinical interest as it is likely that if
statins were used for the treatment of asthma this would be as an
add-on therapy to patients with poor control despite inhaled
corticosteroid treatment.

Several of the cytokine and chemokines suppressed by ator-
vastatin plus beclometasone have been implicated in airway
inflammation in asthma [23]. Increased concentrations or expres-
sion of the pro-inflammatory cytokine IL-1 has been found in
airway cells of patients with asthma [26—28]. Although lovastatin
has been reported to potentiate the pro-inflammatory activity of
lipopolysaccharide in a murine macrophage cell line and in vivo in
mice [29], we found that treatment with atorvastatin plus ICS
compared to ICS alone reduced sputum concentration of IL-1f in
asthma. IL-7 positive staining cells are increased in patients with
COPD and healthy smokers compared with healthy non-smokers
[30] and in smokers with asthma we found that improvements in
asthma control scores with atorvastatin and ICS were associated
with a decrease in sputum IL-7 concentrations. Whether the
reduction of the sputum concentration of IL-10 in smokers with
asthma with atorvastatin and inhaled beclometasone is beneficial is
uncertain. In an animal allergic model atorvastatin reduced IL-10
[31] although others have reported that atorvastatin increased IL-
10 concentration in bronchoalveolar lavage fluid and in spleno-
cytes in allergic mice models [32]. Furthermore the enhancing ef-
fects of simvastatin on fluticasone effects are thought to be
mediated through the up-regulation of indoleamine 2, 3-
dioxygenase and IL-10, together with down-regulation of IL-6 and
IL-23 expression in myeloid dendritic cells [33]. Atorvastatin has no
effect on IL-10 expression on primary mouse tracheal epithelial
cells [34]. IL-12p70 was reduced by atorvastatin and sCD40L by
both atorvastatin and atorvastatin with ICS: both cytokines have
been shown to be reduced by statins [35,36]. Atorvastatin alone or
in combination with ICS decreased the sputum concentration of the
chemokines CCL4 and CCL7, in keeping with previous reports that
statins reduced the expression of CCL4 in peripheral blood mono-
nuclear cells [37] and that atorvastatin decreased cytokines and
chemokines including CCL7 in normal human peripheral blood
lymphocytes [38]. Both chemokines have been shown to be
increased during viral-induced exacerbations of asthma [39].

Granulocyte-colony stimulating factor (G-CSF) is the principal
cytokine regulating neutrophil homeostasis. It is synthesised by
airway epithelium and is a local airway neutrophil survival factor
that is not affected by corticosteroids [40]. G-CSF production is also
unaffected by atorvastatin [41], therefore our findings that a com-
bination of atorvastatin and inhaled beclometasone reduces G-CSF
suggests that this may have an anti-inflammatory function by
permitting neutrophil apoptosis. A reduction in the sputum con-
centrations of G-CSF had a strong association with improvements in
ACQ and AQLQ scores. The protease MMP-9 can be synthesised by
neutrophils and was shown to be increased in severe asthmatics
and correlated to sputum neutrophil proportion [42]. At baseline,
we also showed that the sputum neutrophil proportion correlated
to levels of MMP-9, which were subsequently reduced by the
combination of atorvastatin and beclometasone. This reduction was
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weakly associated with improvements in ACQ and AQLQ scores
(p < 0.05, data not shown). Atorvastatin has been shown to reduce
neutrophil transendothelial migration [43] and accumulation in a
rat arthritis model [44]. The neutrophil chemotactic factor CXCL8
was not directly reduced by atorvastatin alone or in combination
with beclometasone, but a reduction in CXCL8 was associated with
a reduction in neutrophil fraction after atorvastatin treatment, and,
after the combination treatment, was associated with improve-
ments in ACQ and AQLQ scores. This combined data suggests that
the effects of atorvastatin on neutrophil markers or neutrophil
function and apoptosis may be of clinical importance.

Several of the mediators suppressed by atorvastatin either alone
or when combined with inhaled beclometasone are involved in
angiogenesis and remodelling in asthma [23]. For example, both
MMP-8 and MMP-9 are implicated in airway remodelling in asthma
[45], including smokers [15,46]. MMP-8 is primarily a neutrophil-
derived collagenase, located in an inactive form on epithelial and
vascular basement membranes that is activated during tissue
remodelling. Simvastatin inhibits LPS-stimulated MMP-8 and MMP-
9 expression by U937 mononuclear cells [47]| and decreases MMP-9
expression in cancer cells in vitro and in vivo [48]. Atorvastatin re-
duces serum and intraplaque concentrations of MMP-8 and MMP-9
in asymptomatic patients with carotid plaque progression [49].
Fibroblast growth factor (FGF)-2 has been proposed as a possible
sputum biomarker of airway remodelling in severe asthma [50].
Atorvastatin has an anti-proliferative effect on fibroblasts derived
from human nasal turbinates stimulated with FGF-2 [51] and re-
duces airway remodelling in a murine model of chronic asthma [52].
Simvastatin attenuates experimental small airway remodelling in
rats including a reduction in TGF-f1 mRNA expression and protein
levels [53]. TGF-B can induce pulmonary fibrosis and impair lung
function in mice [54]. Taken together these findings and those from
other pre-clinical studies [34,55,56] suggest that atorvastatin could
potentially attenuate airway remodelling in chronic asthma.

The finding that improvements in ACQ and/or AQLQ scores with
atorvastatin and inhaled beclometasone were associated with a
decrease in the concentration of several pro-inflammatory sputum
mediators, including CXCL8 may suggest that statins could be of
benefit in the treatment of smokers with asthma, and potentially
benefiting never smokers with corticosteroid insensitive and/or se-
vere neutrophilic asthma [57]. The Simvastatin for the Prevention of
Exacerbations in Moderate-to-Severe COPD (STATCOPE) study
recently reported a lack of an inhibitory effect of simvastatin on ex-
acerbations [58]. Smokers with asthma included in our study differ
from the patients recruited to the STATCOPE study in several ways
including the presence of clinical and physiological features of asthma.
Sputum airway inflammation in COPD is predominately neutrophilic
whereas the smokers with asthma recruited to our study had mainly
paucigranulocytic airway inflammation. Thus the lack of a clinical
effect of statin in COPD does not limit a beneficial effect of statins in
smokers with asthma. Systematic reviews [59], randomised
controlled trials [9,60—62], and observational studies [63—66] of
treatment of asthma with statins have reported conflicting results.
There is a need for long-term clinical studies examining effect of sta-
tins on exacerbations, neutrophil function and airway remodelling.

There are several potential limitations to our study including those
associated with a post-hoc analysis and multiple statistical testing.
The association with improvement in ACQ and AQLQ and reduction in
sputum mediators was found in a sub-group of the participants
recruited to the clinical trial of atorvastatin and inhaled beclome-
thasone and the findings may not be either causal or representative of
the complete study population. The observations are preliminary and
require confirmation with prospective clinical studies.

In conclusion, short-term treatment with atorvastatin alone or
in combination with inhaled beclometasone reduces the

concentration of sputum inflammatory mediators not suppressed
by inhaled beclometasone alone in smokers with asthma. Im-
provements in asthma control questionnaire and asthma quality of
life questionnaire scores with atorvastatin and inhaled beclome-
tasone were associated with decreases in several pro-inflammatory
sputum cytokine, chemokines and growth factors. Further studies
are required to examine the clinical implications of these findings
in the treatment of corticosteroid-insensitive asthma.
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METHODS

Luminex Assays

The samples were thawed on ice and centrifuged for 1 or 2 min at 4°C,
13000rpm, before use. All samples were run together in duplicate, except for the
Procarta assay which was run in singlicate. Assays were set up according to
manufacturer’s instructions, but followed this general protocol: the magnetic
antibody beads were multiplexed and incubated in a 96-well plate with standard,
background solution or the appropriate volume of sample for 2hrs at RT or
overnight with shaking at 4°C. After washing twice using a magnetic plate
washer, the beads were incubated for one hour with the biotin solution with
shaking at RT. A streptavidin solution was added for 30 minutes with shaking at
RT. After washing, the beads were re-suspended in sheath fluid and analyzed
immediately. The Luminex system was set up for the correct bead numbers, 50
bead count. The amount of each biomarker in the samples was calculated using
Xcel Fit software (IDBS, London, UK) with a 4 or 5-parameter equation using
each standard curve. Analyte levels found to be below the detection limit were
set to the calculated value of the lowest standard divided by the standard dilution
factor. Analyte levels were corrected by the protein concentration of the sputum
supernatant sample as detected by a BCA assay. The analytes were detected
using the following Luminex kits: TNFa, IL-6, IL-13 and IL-10 with high sensitivity

Milliplex MAP kit (Merck Millipore, Billerica, MA); PAI-1, IL-4, IL-5, OPG, IFN-f3,



IL-13, IL-17A, IFN-y with a Procarta kit (Affymetrix, Santa Clara, CA); EGF,
FGF2, CCL11, TGF-a, G-CSF, CX3CL1, CCL22, CCL7, CXCL1, IL-12p70, IL-1j3,
IL-1RA, IL-7, CCL4, CCL2, CCL3, sCD40L,CXCL10, CXCL8 and VEGF with
Milliplex MAPcytokine/chemokine kit (Merck Millipore); MMP-8 and MM-P9 with a

Luminex screening assay (R&D Systems, Minneapolis, MN).

Malondialdehyde (MDA) Assay

The samples were thawed on ice and centrifuged for 1 or 2 min at 4°C,
13000rpm, before use in the TBARS Assay (Cell Biolabs, San Diego, CA).
Samples or standards were mixed and incubated with equal volume of SDS lysis
solution for 5 min at RT with shaking in PCR plates. TBA reagent was then added
and mixed with the samples and after 5-15 min at RT was set up for 1 hour at
95°C followed by 15 min at 4°C in a refrigerator. MDA was detected by
fluorescence with 540nm excitation and 590nm emission. The amount of MDA in
the samples was calculated using Xcel Fit software with a 5-parameter equation
using the standard curve. Samples found to be below the detection limit were set
to the calculated value of the lowest standard divided by the standard dilution
factor. Analyte levels were corrected by the protein concentration of the sputum

supernatant sample as detected by a BCA assay.



Figure E1. Association of baseline sputum neutrophil fraction to inflammatory

biomarkers.
Abbreviations: CXCL: chemokine (C-X-C motif) ligand; FGF: Fibroblast growth
factor; IFN: Interferon; IL: Interleukin; MMP: Matrix metalloproteinase; TGF-a:

Transforming growth factor alpha
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