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Abstract

One of the major goals of asthma therapy is to tamnasthma control and prevent acute
exacerbations. Long-acting bronchodilators are legyuused for the treatment of asthma
patients and in clinical studies the anti-cholinergotropium has recently been shown to
reduce exacerbations in patients with asthma. 6t f& unclear how tiotropium exerts this
effect. For this purpose, we designed an allergered rechallenge model of allergic airway
inflammation in mice, to assess the effectivenelssiatropium and the long-actin§-2
adrenoceptor agonist olodaterol on allergen-indéseaterbations of airway disease.

Female C57BL/6J mice were sensitized intranasaliy)(with 1 pug of house dust mite
(HDM) extract followed by a challenge regime (5 secutive days 10 ug HDM extract i.n.)
after one week. Mice were exposed to a secondalfecige five weeks after sensitization
and were treated i.n. with different concentratiohsiotropium or olodaterol (1, 10 and 100
pHg/kg) or a combination thereof (10 pg/kg eachymio and during the secondary challenge
period. Three days after the last challenge, broalsieolar lavage (BAL) fluid and lung
tissue were collected for flow cytometry and histpt analysis, respectively.

Secondary challenge with HDM extract strongly inelli@llergic airway disease reflected by
inflammatory cell infiltration and goblet cell metasia. Treatment with tiotropium, but not
with olodaterol reduced tissue inflammation andlgbbell metaplasia in a dose-dependent
manner. The combination of tiotropium and oloddtevas more effective in significantly
reducing tissue inflammation compared to tiotropitn@atment alone, and also led to a
decrease in BAL cell counts.

These data suggest that in a model of relapsimggad! airway disease tiotropium directly
prevents exacerbations by reducing inflammation @udus production in the airways. In

addition, the combination of tiotropium and olodatexerts synergistic effects.
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Introduction

Asthma is a chronic respiratory disease most conyncaused by hypersensitivity to a
variety of allergens and is one of the leading eausf chronic disease worldwide [1]. The
disease pathogenesis is characterized by compl@aiinflammatory and remodeling
processes that lead to airway hyperresponsivemebyaxious degrees of reversible airflow
limitation. Current therapies preferentially congifa combination of inhaled corticosteroids
and inhaled long-actinfi-2 adrenoceptor agonists (LABA) and are beneficiatontrolling
symptoms and airway inflammation, but have littfeeet on airway remodeling. However,
the majority of asthma morbidity occurs in patiestdfering from a severe form of the
disease (up to 10% of all asthmatics) with recgrsymptoms and exacerbations that are

poorly controlled despite the use of standard coatimn therapy [2].

Recent clinical studies have focused on the optdnadding a second long-acting
bronchodilator, the anticholinergic agent tiotrapishat has been used in the (maintenance
and exacerbation) treatment of chronic obstrugtiuknonary disease (COPD) for the past
years [3-5]. Tiotropium is a muscarinic receptotagonist that is kinetically selective for M3
receptors [6]. Muscarinic receptor signaling in thieways is primarily induced via the
parasympathetic neurotransmitter acetylcholineassld by both neuronal and non-neuronal
cells including Ilung structural and inflammatory llge [7]. Signaling induces
bronchoconstriction and mucus production by actingmooth muscles and mucus-secreting
cells in the central airways [8-11]. Blocking theceptor using therapeutic muscarinic

receptor antagonists results in smooth muscle agtaxand reduced mucus production [12].

Besides its function as a bronchodilator, tiotropibas been demonstrated to reduce signs of

allergen-induced airway inflammation in animal misdgl3-15], and interestingly also in



combination with a novel LABA, olodaterol [16]. Hewer, most of these studies were
performed with allergens irrelevant to the humatuagion and so far not in secondary
challenge models, in which airway inflammation bagn established. Therefore, the aim of
the current study was to determine the effect edttnent with tiotropium or olodaterol on
allergen-induced exacerbation of airway inflammatend remodeling. To achieve this, a
rechallenge model of allergic airway inflammatiam mice mimicking allergen-induced
exacerbations of the disease was utilized. In emdita potential synergistic effect of a

combination treatment of tiotropium and olodatavak explored in this model.



Material and methods

Animals and maintenance

8-10 weeks old pathogen-free female C57BL/6J nlea(les River, ‘s-Hertogenbosch, The
Netherlands) were housed in rooms maintained attaohtemperature and humidity with a
12-hour light cycle. Animals were allowed food amaterad libitum.

All animal procedures were approved by the locaimah ethics committee of the Leiden

University Medical Center (license number 1318%rBxperimentencommissie Academisch
Ziekenhuis Leiden) and were conducted under stgovernmental and international

guidelines in accordance with EU Directive 201083/

Treatment protocol

Mice were sensitized by intranasal administratiéri g house dust mite extract (HDM;
Greer, Lenoir, NC, USA) in 50 ul PBS on day 0 (wégland challenged intranasally with 10
p1g HDM extract in 50 pl PBS once daily on days 70diéek 2). After a recovery period of
three weeks, animals were rechallenged intranasatlly 10 g HDM extract once daily on
days 35-39 (week 6). Prior to and during the sealaigen challenge period, animals were
treated daily by intranasal administration of 1, 46d 100 pg/kg bodyweight (BW)
tiotropium (Boehringer Ingelheim; dissolved in PBS®Jodaterol (Boehringer Ingelheim;
dissolved in PBS) or a combination thereof (botmpounds at 10 pg/kg each) starting on
day 34, 24 hours before the first rechallenge anddays 35-39, one hour before the
challenge. Intranasal administration was performeder isoflurane anesthesia (3%, 0.6
L/min). Control animals received 50 pl PBS intraalgsduring sensitization, challenge and

rechallenge. For a detailed protocol outline, Sgere 1.



Three days after the last challenge, mice wereamitbd with sodium pentobarbital and
tracheostomized. All animals were lavaged, the llefy was removed for flow cytometry

analysis, and the right lung was fixed in parafddehyde (PFA; see below).

Bronchoalveolar lavage (BAL) and lung single cell suspension

BAL fluid and lung single cell suspensions wereantéd to determine lung inflammatory
cell recruitment. BAL was performed by instilliniget lungs with 3 x 1 ml aliquots of sterile
PBS (Braun). Afterwards, cells were spun down & g0and resuspended in 0.5% (w/v)
BSA (Sigma)/2 mM EDTA (Invitrogen) FACS buffer. Bdtcell counts were determined in a
hemocytometer. Remaining cells were subjectedoiw ytometry analysis (see below).

For single-cell suspensions of whole lung tissuegé were perfused with sterile PBS via the
right ventricle to clear leukocytes and erythrosyteom the pulmonary circulation. Lung
homogenization was performed via enzymatic digasiod mechanical dissociation steps
using collagenase (1 mg/ml; Calbiochem)/DNase (2@l{USigma) and 70 um cell strainers
(Corning) followed by red blood cell lysis. Singtell suspensions were subjected to flow

cytometry analysis (see below).

Flow cytometry

For flow cytometry, cells were stained with liveddestain Aqua (Invitrogen) and fixed in
1.9% wi/v formaldehyde (Merck). The following antihes were used to distinguish different
inflammatory cell populations (neutrophils, macragés, eosinophils, DCs, B and T cells) in
the BAL fluid: Ly-6G/Ly-6C (Gr-1)-FITC (RB6-8C5, BBiosciences), Siglec-F-PE (E50-
2440, BD Biosciences), CD3-PerCP-eFluor710 (17ABioscience), CD11b-PE-Cy7

(M1/70, eBioscience), MHCII (I-A/I-E)-APC (M5/114512, eBioscience), CD45R (B220)-



APC-eFluor780 (RA3-6B2, eBioscience), and CD11c¥4bIL3, BD Biosciences). Cells
were measured on a FACSCanto Il flow cytometer BiDsciences, San Jose, CA) and
analysis was performed using FlowJo (v7.6.5) saikw@ree Star, Ashland, OR). Briefly,
single, alive cells were separated into lymphocwted non-lymphocytes based on FSC/SSC
characteristics of the different populations. Ire thon-lymphocyte gate, eosinophilic

granulocytes were identified as CD1Siglec-F.

Histology

Lung tissue was fixed by intratracheal instillatioof PBS buffered 3.9% w/v
paraformaldehyde (PFA) and embedded into paraffin Hematoxylin-eosin (H&E) or
periodic acid-Schiff (PAS) staining according t@rglard protocols. For determination of
lung histopathology, tissue sections were examindalinded fashion on a BX40 Olympus
microscope. Peribronchial inflammation was scoredaoscale from 0 to 4. PAS-positive

goblet cells were quantified per 1 mm of basemegnibrane using ImageJ software.

Satistical analysis

Results are given as mean values £+ SEM. One-wayWAfllowing Dunnett post test was
used for all studies. Analyses were conducted uSiraphPad Prism 6 software (GraphPad
Software, La Jolla, USA), and differences with p0O<05 were considered statistically
significant. Synergy between the effects of tiolwop and olodaterol was calculated by
comparing the calculated sum of the effects ofitldévidual drugs to the measured effect of
the combination treatment using a Studemnttest, with p < 0.05 indicating a statistically

significant difference showing synergistic activity



Results

Tiotropium reduces allergic airway inflammation and remodeling after HDM rechallenge in

a dose dependent manner.

Tiotropium has been demonstrated to reduce exaoamban patients with asthma [17]. To
determine the effect of tiotropium monotherapy efapsing allergic airway inflammation,
mice were challenged with HDM extract in 2 peried$ days with three weeks recovery in
between challenges (see Figure 1). Prior to anihglihe second challenge, mice were
treated with 1, 10 and 100 pg/kg BW of tiotropiufineatment had no effect on the number
of total cells and eosinophils in BAL fluid (Figu2A). However, when analyzing lung
tissue, treatment with tiotropium resulted in a elodependent decrease of airway
inflammation and PAS-positive cells, and this rdduc was statistically significant

compared to the non-treated animals at the higheesst of tiotropium (Figure 2B-E).

Olodaterol monotherapy does not reduce allergic airway inflammation after HDM
rechallenge.

Besides its bronchodilatory function, olodaterols halso been described to have anti-
inflammatory properties [18]. To determine whetlodwdaterol is able to inhibit allergen-
induced exacerbations, mice were treated priorn during the second challenge with
different doses of olodaterol. Treatment with oledal had no effect on airway inflammation
in both BAL and lung tissue (Figure 3A-C). In addii, treatment with olodaterol did not

affect the number of PAS-positive cells in this rb@Figure 3D-E).



A combination of tiotropium and olodaterol has a synergistic effect on airway inflammation

in the HDM rechallenge model.

To assess if tiotropium and olodaterol have sysémeffects when used in combination,
mice were treated with an intermediate dose ofdmum (10 pg/kg BW) in combination

with an intermediate dose of olodaterol (10 pg/Rgy)B Both compounds did not reduce
airway inflammation with these doses when appliedmonotherapy (Figure 2 & 3). In

contrast, treatment with a combination of oloddtemad tiotropium significantly and

synergistically reduced total cell and eosinophilmts in BAL fluid (Figure 4A). In addition,

a significant reduction in tissue inflammation &vlling combination treatment was
detectable and was found to be resulting from atitizd effect rather than a synergistic
effect of the combination (Figure 4B-C). Howeverpbtpt cell metaplasia was not

significantly reduced in tiotropium/olodaterol-tted mice (Figure 4D-E).
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Discussion

Our study aimed at investigating the effects obaglacting anti-cholinergic and a long-
acting beta-2-agonist on allergen induced asthmacezkations in an allergen-induced
rechallenge model of allergic airway inflammatidn. the present study we show that
treatment with the anticholinergic tiotropium int#tissue inflammation and goblet cell
metaplasia induced by rechallenge with allergemointrast to treatment with the long-acting
beta-2-agonists olodaterol. Interestingly, when duse combination, tiotropium and

olodaterol showed a synergistic effect on the radooof airway inflammation, specifically

BAL total cell and eosinophil numbers.

Tiotropium has been the focus of many clinical saddue to its successful use in
maintenance and exacerbation treatment of COPD. [Br®omparative asthma studies with
adrenergic agents, tiotropium was found to be fxdfe as (or non-inferior to) salmeterol in
improving symptoms and lung function when addedrtanhaled glucocorticoid in patients
with inadequately controlled asthma [19-21]. Fumhere, the addition of once-daily
tiotropium to standard asthma combination treatnmentonly improved lung function [17,
22], but also significantly increased the timehe first severe exacerbation, with an overall
risk reduction of 21% [17]. Based on these restili&opium was recently approved as add-
on treatment in long-term maintenance therapy thfnag [1, 23, 24]. However, it is currently

unclear how tiotropium exerts its effects on astlexacerbations.

In the present study we provide additional evidetiag tiotropium has anti-inflammatory
effects in allergen-induced exacerbations of aindegase. Tiotropium has been shown to
reduce allergic airway inflammation in different deds of allergic airway disease. Indeed, in

guinea pigs tiotropium was similarly effective &g tcorticosteroid budesonide in inhibiting

11



or reducing several aspects of airway inflammatown remodeling following challenges
with ovalbumin (OVA) [25, 26]. Similar results wefeund in different murine models of
OVA-induced airway inflammation. Again, treatmenitlwtiotropium significantly reduced
airway inflammation and remodeling [13, 14]. Buasal. further identified that non-
bronchodilating anti-inflammatory mechanisms otropium were responsible for reducing
airway hyperreactivity in a guinea pig OVA model allergic asthma via inhibition of
eosinophil accumulation in the lungs [27]. Treatmefiects on inflammation and mucus
hypersecretion in mice were also comparable todbicosteroid dexamethasone, both
during initiation and relapse of the disease indugog allergen rechallenge 90 days after the

last challenge [15].

However, tiotropium effects have mainly been stddising ovalbumin as allergen or in
more prophylactic treatment approaches, such asngtdreatment before the first allergen
exposure. In the present study we utilized the urekevant allergen HDM [28]. In addition
we made use of a secondary exposure in which nadealready developed allergic airway
inflammation until they are challenged again, mkmg allergen-induced exacerbation of
airway disease. We observed that tiotropium inatidirway inflammation and goblet cell
metaplasia after HDM rechallenge, whereas BAL cellnts were not affected, potentially

due to ongoing and increased clearance of inflammalls via the airway lumen.

The anti-inflammatory effects of tiotropium are tight to be directly related to inhibition of
acetylcholine-mediated production of pro-inflamnrgtofactors and the subsequent
accumulation of inflammatory cells in the lung Esponse to allergens. Both inflammatory
and epithelial cells have been described to indpece-inflammatory responses via

acetylcholine and muscarinic receptors expressedigihout the lung [29-31], and tiotropium

12



was able to inhibit these responses. While thesaltee point towards an inhibition of
remodeling as a consequence of reduced inflammaitianight also be caused by direct
inhibitory effects on bronchoconstriction. Thissigpported by a recent study demonstrating
that repeated methacholine challenge in patients asthma induced airway remodeling,
without an effect on inflammation [32]. Similarlknockout of the M3 receptor in mice
reduced allergen-induced parameters of airway refimay] such as goblet cell metaplasia,
smooth muscle thickening and collagen depositiai, [But did not affect inflammation
including eosinophil numbers and Th2 cytokine lsevdturthermore, tiotropium has been
shown to directly inhibit and reverse IL-13-inducedblet cell metaplasia and mucus
(MUCS5AC) production in primary human airway epitlaélcells (indicating a direct effect of
non-neuronal acetylcholine in this process) [34hisTmight also help to explain the

significant effects on remodeling observed in dudsy.

Interestingly, in our HDM rechallenge model we alvsd a more significant treatment effect
on airway inflammation combined with a reductiorBAL cell counts when a lower dose of
tiotropium (10 pg/kg BW) was combined with olodatg(10 pg/kg BW), a novel and highly
selective LABA approved for long-term, once-dailaimenance bronchodilator treatment in
COPD patients [35]. Olodaterol exerts its pharmagichl effects by binding and activating
beta-2 adrenoceptors in the airways, which stireslattracellular adenyl cyclase, an enzyme
that mediates the synthesis of cyclic adenosineoploosphate (CAMP). Elevated levels of
cAMP induce bronchodilation by relaxation of airwsiynooth muscle cells [35]. Beneficial
therapeutic effects of tiotropium/olodaterol condiion treatment have especially been
described for COPD [36, 37]. In (moderate to veeyese) COPD patients, the combination
treatment improved lung function and health-relajadlity of life compared to monotherapy

with either tiotropium or olodaterol alone [38-40he benefits are related to the maximized

13



bronchodilating effect mediated iffy2 adrenoceptor-dependent intracellular cAMP ineeea
combined with the competitive antagonism of M3 @oes [36]. Thus, a combination
therapy of tiotropium/olodaterol (Stiolto Respimdtas recently been approved for the

maintenance of COPD [41, 42].

In a guinea pig model of allergic asthma (OVA) triipium synergistically enhanced the
bronchoprotective effect of olodaterol [16]. Howev&mit et al. did not observe any
treatment effect on inflammatory cell infiltration the airways, which is in contrast to our
results obtained after combination treatment. &dtngly, in pulmonary fibroblasts from
asthmatic and non-asthmatic subjects a combinatfototropium and olodaterol restored
intracellular cAMP levels beyond levels induced Imnjodaterol alone and thereby
significantly reduced IL-f-induced IL-8 and IL-6 release compared to tiotwopi or
olodaterol treatment alone [18]. However, Costaal. also concluded that olodaterol-
mediated cAMP signaling already provided a stronggative signal for fibroblast
inflammatory responses including the production egldase of pro-inflammatory cytokines
and chemokines. This is in contrast to the geneeatepted concept that LABAs are devoid
of any clinically meaningful anti-inflammatory agty in vivo [43, 44], which we also

confirm in our rechallenge model with olodatereatment alone.

Nevertheless, the described mechanism could algiaiaxthe findings obtained in our study,
where a lower dose of tiotropium in combinationhwalodaterol inhibited inflammation but
not remodeling. In line with this, Buelgt al. showed that OVA-induced airway
hyperreactivity in guinea-pigs asthma was prevebted lower dose of tiotropium that was
unable to inhibit vagally-induced bronchoconstanti most likely related to a potential anti-

inflammatory mechanism exerted by the lower dosgodfopium as shown by inhibition of

14



eosinophil accumulation in the lungs and around/e®f{27]. These data suggest that anti-
inflammatory actions of tiotropium are apparentlaver doses than are required for
bronchodilation and might thus precede the effectgsemodeling and bronchoconstriction.
This is further supported by the above-mentionadlystby Smitet al. who found that
tiotropium and olodaterol treatment at relativelgthconcentrations inhibited OVA-induced

bronchoconstriction but had no effect on inflammatell infiltration in the airways [16].

In summary, the present data show an effect ofopaam treatment on the development of
allergic airway inflammation in a murine model dfeegen rechallenge using the human
relevant allergen HDM. Treatment with olodateral dit inhibit the development of airway
inflammation, however in combination with tiotropauit synergistically reduced recurrent
allergic airway inflammation induced by allergerchiallenge. Tiotropium is increasingly
utilized in human asthma treatment and has beeociassd with a reduction of acute
exacerbations in asthma patients [45]. Whethertrireat with tiotropium alone and in

combination with olodaterol is also effective irdueing chronic inflammation needs to be

assessed in further studies both in animal moddlseadisease and in patients with asthma.
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Figure Legends

Figure 1: Rechallenge model of allergic airway inflammation

Mice were sensitized by intranasal administratiéri g house dust mite extract (HDM;
Greer, Lenoir, NC, USA) in 50 ul PBS on day 0 (wég¢land challenged intranasally with 10
p1g HDM extract in 50 pl PBS once daily on days 70diéek 2). After a recovery period of
three weeks, animals were rechallenged intranasally 10 pg HDM extract once daily on
days 35-39 (week 6). Prior to and during the secaltetgen period, animals were treated
daily by intranasal administration of 1, 10 and 10§/kg bodyweight (BW) tiotropium
(Boehringer Ingelheim; dissolved in PBS), olodat€Boehringer Ingelheim; dissolved in
PBS) or a combination thereof (both compounds apdkg each) starting on day 34, 24

hours before the first rechallenge and on days®3®%8e hour before the challenge.

Figure 2: A high dose of tiotropium treatment inhibits airway inflammation and goblet

cell metaplasia. Mice were treated with 3 different doses of tiotuwp (1, 10 and 100 pg/kg
BW) prior to and during the second allergen chaéperiod A Total inflammatory cells in
BAL fluid were determined in a hemocytometer; abs®lnumber of eosinophils were
measured using FACS analysis by gating on CEiglec-F cells; B representative
micrographs ofH&E-stained lung tissue sections from naive, HDNergic and HDM
allergic mice treated with tiotropium, scale bar020m; C quantification of lung tissue
inflammation;D representative micrographs BAS-stained lung tissue sections from naive,
HDM allergic and HDM allergic mice treated with tiopium, scale bar 50 pri number of
PAS-positive cells per mm of basal membrane. Graghtsv mean + SEM; n=12 mice;

*p<0.05
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Figure 3: Olodaterol does not inhibit airway inflammation and goblet cell metaplasia.
Mice were treated with 3 different doses of olodatél, 10 and 100 pg/kg BW) prior to and
during the second allergen challenge periddTotal inflammatory cells in the BAL fluid
were determined in a hemocytometer; absolute numbeosinophils were measured using
FACS analysis;B representative micrographs 6f&E-stained lung tissue sections from
naive, HDM allergic and HDM allergic mice treatedthnolodaterol, scale bar 200 pig;
guantification of lung tissue inflammatiobD);representative micrographs BAS-stained lung
tissue sections from naive, HDM allergic and HDNemic mice treated with olodaterol,
scale bar 50 unE number of PAS-positive cells per mm of basal memér&raphs show

mean + SEM; n=12 mice; *p<0.05

Figure 4. A combination of tiotropium and olodaterol synergistically reduces allergic
airway inflammation after allergen rechallenge. Mice were treated with a combination of
tiotropium (10 pug/kg BW) and olodaterol (10 ug/kyVvB prior to and during the second
allergen challenge period with HDMA Total inflammatory cells in the BAL fluid were
determined in a hemocytometer; absolute numbeosihephils were measured using FACS
analysisB representative micrographsle&E-stained lung tissue sections from naive, HDM
allergic and HDM allergic mice treated with tiotropi/olodaterol, scale bar 200 ur@;
guantification of lung tissue inflammatiobD);representative micrographs BAS-stained lung
tissue sections from naive, HDM allergic and HDMlemic mice treated with
tiotropium/olodaterol, scale bar 50 pi|; number of PAS-positive cells per mm of basal

membrane. Graphs show mean + SEM; n=12 mice; *[2<0.0
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Figure 1

Week 1, Day 0 Week 2 Week 3-5 Week 6
Sensitization i.n. Challenge i.n. Recovery period Challenge i.n.
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Tiotropium and/or 3d after challenge:
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Figure 3

A

1X10 71
1x10°
1X10°4
1x10*

1x10°

BAL total cell counts

BAL eosinophils

1x102

HDM
Olodaterol [ug/kg BW]

1%107 1

1x10°4

1x10°

1x10 %4

1x10°

*
*

1x102

10 100

Olodaterol [ug/kg BW]

5+
()
5 44 n
° el S XS
= 34 E == 3 AAAJ %
o L1 ]
= [ ] .a.E* S A8
E 24 A vy
E AA v .
RS
oL I . , .
HDM + + + +
Olodaterol [ug/kg BW] - 1 10 100
1501
s
[2:]
£ 1004 n
£
= mm A
it A *
507 %l % C, ﬁir
< [ A A v
o "1 AA v
0 L-enlle—— : . .
HDM + + + +

- 1 10 100



Figure 4

A 1%1077 l 1%1077

2 VYV 4 A
o . o " v w
§ 1x10 .# ﬁ ;% 5‘0 ﬁ 1x10 .H. ﬁ- = .
© > = * o
= 1X10°A * © 1x10°4 *
o,
g s 2
T 1x10°%4 S 1x10°4
2 - °
<
< 1x10°7 ® 1x10°1 .%E
s3]
1x10? T T T T T 1x10? T T T T T
HDM - + + + + - + + + +
Tiotropium [pg/kg BW] - - - 10 10 - - - 10 10
Olodaterol [ug/kg BW] - - 10 - 10 - - 10 - 10

[
; 44 n
° [ 111 A .
S 3 -ﬁ- AAL Y YV el
E 24 AA v
£ N v
o
T 1 -
0- T T T T
HDM + + + +
Tiotropium [pg/kg BW] - - 10 10
Olodaterol [ug/kg BW] - 10 - 10
150 7
s
1]
E 100 n
% L vV .
2 A vé ,’
. 501 %I A&‘ Yv ,;0-
) i v .o
< ] A -
a 1] A
o-—* T T T T
HDM + + + +
Tiotropium [pg/kg BW] - - 10 10
Olodaterol [ug/kg BW] - 10 - 10



