Accepted Manuscript = e -

Allergy...Clini
Trstnu

Impaired mucus clearance exacerbates allergen-induced type 2 airway inflammation
in juvenile mice

Benedikt Fritzsching, MD, Matthias Hagner, MS, Lu Dai, PhD, Sandra Christochowitz,
MS, Raman Agrawal, PhD, Charlotte van Bodegom, Simone Schmidt, Jolanthe
Schatterny, Stephanie Hirtz, MS, Ryan Brown, PhD, Michelle Goritzka, PhD, Julia
Duerr, PhD, Zhe Zhou-Suckow, PhD, Marcus A. Mall, MD

Pll: S0091-6749(16)31296-9
DOI: 10.1016/j.jaci.2016.09.045
Reference: YMAI 12451

To appearin:  Journal of Allergy and Clinical Immunology

Received Date: 12 January 2016
Revised Date: 22 August 2016
Accepted Date: 5 September 2016

Please cite this article as: Fritzsching B, Hagner M, Dai L, Christochowitz S, Agrawal R, van Bodegom
C, Schmidt S, Schatterny J, Hirtz S, Brown R, Goritzka M, Duerr J, Zhou-Suckow Z, Mall MA, Impaired
mucus clearance exacerbates allergen-induced type 2 airway inflammation in juvenile mice, Journal of
Allergy and Clinical Immunology (2016), doi: 10.1016/j.jaci.2016.09.045.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.jaci.2016.09.045

Mouse with *
impaired MCC 4
Inhaled

aIIergen

Normal mouse .:

=

e
P t’o 0’ . Oo‘t.

Allergen retention
- s

.f— H 2

AHR: Airway hyperresponsiveness
GCM: Goblet cell metaplasia
MCC: Mucaociliary clearance




O 00 N o u b~ W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

I mpaired mucus clear ance exacer bates aller gen-induced type 2 airway

inflammation in juvenile mice

Benedikt Fritzsching, MB, Matthias Hagner, M'S, Lu Dai, PhD’", Sandra Christochowitz,
MS!, Raman Agrawal, PhDCharlotte van BodegomSimone Schmidt Jolanthe
Schatterny, Stephanie Hirtz, M'S Ryan Brown, PhE) Michelle Goritzka, Ph#) Julia Duerr,
PhD', Zhe Zhou-Suckow, PhDand Marcus A. Mall, MB

'Department of Translational Pulmonology, TranskmioLung Research Center Heidelberg
(TLRC), Member of the German Center for Lung RededDZL), University of Heidelberg,
Germany

*These authors contributed equally to this work.

Corresponding author:

Marcus A. Mall, M.D., Department of Translationallonology, Translational Lung
Research Center Heidelberg (TLRC), University oiddtberg, Im Neuenheimer Feld 156,
69120 Heidelberg, Germany. Tel.: +49 (6221) 564%@&; +49 (6221) 564504, Email:
Marcus.Mall@med.uni-heidelberg.de

Author contributions: Conception and design of the study: BF, MH, LD, 82, CB, RB,

MG, JD, ZZ, MAM; Acquisition, analysis and interpaé&on of data: BF, MH, LD, SC, RA,
CB, SS, JS, SH, RB, MG, JD, ZZ, MAM,; Drafting thetiee or revising it critically for

important intellectual content: BF, MH, LD, SC, R&B, RB, MG, JD, ZZ, MAM.

Sources of funding: This study was supported by grants from the GerRasearch
Foundation (MA 2081/3-2 and MA 2081/4-1) and ther@an Federal Ministry of Education
and Research (82DZL00401 and 82DZL004A1).

Disclosure of potential conflict of interest: M. A. Mall is listed on a patent application filed
by the University of North Carolina at Chapel Hikscribing thescnnlb-Tg mouse. Of note,

the Scnnlb-Tg mouse has been deposited at JAX for generglogison. The rest of the

authors declared that they have no relevant cesifitinterest.



35
36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

ABSTRACT

Background: Type 2 airway inflammation plays a central role the pathogenesis of
allergen-induced asthma, but the underlying medmasiremain poorly understood. We
recently demonstrated that reduced mucociliaryraleze, a characteristic feature of asthma,
produces spontaneous type 2 airway inflammatigovanile Scnnlb-transgenic $cnnlb-Tg)
mice.

Objective: To determine the role of impaired mucus clearamcdhe pathogenesis of
allergen-induced type 2 airway inflammation andniifg cellular sources of the signature
cytokine IL-13.

Methods: We challenged juvenil&cnnlb-Tg and wild-type mice witAspergillus fumigatus
and house dust mite allergen and compared effectiravay eosinophilia, type 2 cytokine
levels, goblet cell metaplasia and airway hypewaspeness. Further, we determined
cellular sources of IL-13 and effects of genetitetien of the key type 2 signal transducing
molecule STAT6, and evaluated effects of therapentprovement of mucus clearance.
Results: Reduced mucociliary allergen clearance exacerb@é-dependent secretion of
type 2 cytokines, airway eosinophilia and airwapdryesponsiveness in juveniiennlb-Tg
mice. IL-13 was elevated in airway epithelial cefteacrophages, type 2 innate lymphoid cells
and Th2 cells along with increasdtB3 in the airway epithelium ofScnnlb-Tg mice.
Treatment with the epithelial Nachannel blocker amiloride improving airway surface
hydration and mucus clearance reduced allergercedinflammation irScnnlb-Tg.
Conclusion: Our data support that impaired clearance of irthalergen triggering IL-13
production by multiple cell types in the airwaysys an important role in the pathogenesis of
type 2 airway inflammation and suggest therapaatprovement of mucociliary clearance as

a novel treatment strategy for children with aleergnduced asthma.
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Key M essages
* Impaired mucus clearance causing reduced clearahc@haled allergens is an
important risk factor for allergen-induced typei@vay inflammation in juvenile mice.
* The airway epithelium is a key player in sensingatdérgens and transmission of
signals to innate and adaptive immune cells thahestrate the complex in vivo
pathogenesis of type 2 inflammation.
» Therapeutic improvement of mucociliary clearance ib@ a novel treatment strategy

for children with allergen-induced asthma.

Capsule summary: This study identifies impaired mucus clearance assla factor for
allergen-induced type 2 airway inflammation in miaed suggests that pharmacological
improvement of mucociliary clearance may be ancéffe treatment strategy for allergic

asthma.

Keywords: Type 2 inflammation, airway epithelium, mucociliaslearance, IL-13, IL-33

Abbreviations used:

AAM, alternatively activated macrophage&ctb, gene encoding-actin; Af, Aspergillus
fumigatus extract; AHR, airway hyperresponsiveness; ALl -l@uid interface; AM,
bronchoalveolar macrophages; BAL, bronchoalveddaade; cDC, conventional DC; CF,
cystic fibrosis; COPD, chronic obstructive pulmondisease; ENaC, epithelial Nahannel;
GCM, goblet cell metaplasia; HDM, house dust mit€-2, type 2 innate lymphoid cell; i.t.,
intratracheal(ly); MCC, mucociliary clearanceScnnlb, gene encoding th@-subunit of

ENaC; Th2, type 2 helper T cell; WT, wild-type.
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INTRODUCTION

Type 2 airway inflammation characterized by thenatgre type 2 cytokine IL-13 plays a
central role in the pathogenesis of asthma andbkas associated with disease severity in
other chronic inflammatory lung diseases such asnit obstructive pulmonary disease
(COPD) and cystic fibrosis (CF) (1-6). Emerging dance suggests that the airway
epithelium is a central player in the orchestrataintype 2 inflammation in response to
inhaled allergens and other environmental stimidi@), but the mechanistic links between
epithelial (dys)function and allergic airway inflamation remain poorly understood. Previous
studies demonstrated that asthma is associatedmihired mucociliary clearance (MCC) in
patients (11-13) and longitudinal studies Sonnlb-Tg mice showed that reduced MCC
produces spontaneous type 2 airway inflammatioh eiévated IL-13, airway eosinophilia,
mucus hypersecretion and signatures of alternatigserophage activation at juvenile ages
that precedes chronic neutrophilic airway disedseved in adulscnnlb-Tg mice (14-17).

In Scnnlb-Tg mice impaired MCC is caused by airway surfachydration (mucus
hyperconcentration), an epithelial dysfunction ttan either result from defects in epithelial
ion/fluid transport as in CF (18, 19), or from mudaypersecretion under conditions of
chronic airway inflammation, and may therefore pdeva mechanism underlying mucociliary
dysfunction in a spectrum of obstructive lung d&s=a including asthma and chronic
bronchitis (20-24). Because efficient MCC is an aripnt innate defense mechanism that
clears inhaled allergens and other noxious sticarstantly from the lungs (11), and because
direct activation of the epithelium by airborneeaflens via pattern recognition receptors was
shown to be sufficient to induce type 2 airway anfimation (9, 25), we hypothesized that
reduced mucus clearance may slow the clearanceroéléergens, which may trigger innate
and/or adaptive immune responses that orcheslypée 2 airway inflammation in juvenile
mice with a type 2 biased immune system (14, 26, 3&cond, based on previous studies

demonstrating that pharmacological improvement oWay surface hydration by the
5
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epithelial Nd channel (ENaC) blocker amiloride, or by the oswkaily active agent
hypertonic saline, can enhance reduced MCC in mpatisvith chronic airway diseases
including asthma (28-30), we hypothesized that #pproach may reduce allergen-induced

type 2 inflammation in mucostatic airways in vivo.

To test this hypothesis, we challenged juvergtanlb-Tg mice and WT littermates by
intratracheal (i.t.) application ofspergillus fumigatus (Af) and house dust mite (HDM)
extracts as naturally occurring aeroallergens amdpared allergen clearance and effects on
type 2 airway inflammation, goblet cell metapla@CM), mucin expression and airway
hyperresponsiveness (AHR). To identify cellularrees of the signature type 2 cytokine IL-
13 we performed immunohistochemistry, transcriglgsis in micro-dissected native airway
epithelia and highly differentiated primary trachepithelial cultures, and flow cytometry of
innate and adaptive immune cells from lungs of @a@ind Af-challenged juvenilgcnnlb-Tg
and WT mice. Further, we determined the role oL 8/STAT6 signaling in allergen-induced
airway inflammation by genetic deletion of the kagnal transducing molecule STAT6 in
Scnnlb-Tg mice (31-33). Finally, we evaluated effectspbiarmacological improvement of
airway surface hydration and mucus transport bylaimde on allergen-induced airway

inflammation and AHR irscnnlb-Tg and WT mice.
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METHODS
Further details on methods used in this study cariobind in the Methods section in this

article’s Online Repository at www.jacionline.org.

Experimental animals

All animal studies were approved by the Regieruriggdium Karlsruhe, Germangcnnlb-
Tg mice were generated as previously described &5’ mice (Jackson Laboratories, Bar
Harbor, ME) (31) were intercrossed witnnlb-Tg mice to obtainScnnlb-Tg/Stat6™,
Scnnlb-Tg, Sat6” and WT littermates. Mice were studied at neon@t@iday-old), juvenile

(2 to 3-week-old) and adult (6-week-old) ages.

Allergen exposure

Juvenile mice were challenged with 20 ul and aditte with 50 pl Af (2 mg/ml in NaCl
0.9%) (Hollister-Stier, Spokane, WA) every 48 hiltyinstillation for a total of four times as
previously described (34). Exposure to HDM (GredaokatoriesL.enoir, NC) was started by
I.t. instillation of 10 pg (20 pl of 0.5 mg/ml indCl 0.9%) on two consecutive days followed
by two i.t. instillation of 1 pug (20 pl of 0.05 nmmgf in NaCl 0.9%) on day 11 and 12 after the

first challenge (27). Control groups were instilledh vehicle (NaCl 0.9%) alone.

Amiloride treatment

Mice were treated with intranasal instillation ahiéoride (10 mmol/l; 1 ul/g body weight; 3
times per day) or vehicle (ddB) alone for a period of three weeks as previodsiycribed
(35). In the presence of amiloride treatment, mveee exposed to Af or HDM as detailed in

the online supplement.

Airway hyperresponsiveness
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AHR was measured in anesthetized and paralyzed hyicexposure to aerosol containing
increasing concentrations of methacholine (ran@3 ag/ml to 160 mg/ml) using a small

animal ventilator (Flexivent, Scireq Inc., Canada)previously described (36).

Mucaociliary clearance, allergen clearance and allergen uptake studies

Mucociliary clearance was determined from the elmtion of yellow-green fluorescent
microspheres from trachea (Thermo Fisher Scientialtham, MA), and whole lung and
airway allergen clearance from the elimination labfescently labeled Af (Alexa Fluor 647
Microscale Protein Labeling Kit, Life Technologie®armstadt, Germany) from lung
homogenates and bronchoalveolar lavage fluid (BA¢3pectively, following i.t. instillation
(37, 38). Allergen uptake by bronchoalveolar mabeges (AM) and conventional dendritic
cells (cDC) in vivo and in vitro was determined rfrathe frequency of cells containing
fluorescently labeled Af 4 h after i.t. instillatioof mice or incubation of BAL cells,
respectively, using a LSRFortessa analyzer and BEAGSsoftware v8.0.1 (BD Biosciences,

Heidelberg, Germany), as previously described 489,

BAL cell counts and type 2 cytokine measurements

BAL and differential cell counts were performedpasviously described (14). IL-4, IL-5 and
IL-13 were measured in BAL supernatants by ELIS&[RSystems, Minneapolis, MN) or

cytometric bead array enhanced sensitivity flex(B& Biosciences, Heidelberg, Germany)

following manufacturer’s instructions.

Flow cytometry
Single cell suspensions were obtained from perflisegs and restimulated in vitro with 50
ng/ml PMA and 1 pg/ml ionomycin (Sigma-Aldrich, Tauchen, Germany). Cells were

surface stained with specific fluorescently labedetibodies to delineate cellular populations
8
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as previously described (41, 42) and detailed enatfline supplement. For detection of IL-13,
cells were fixed, permeabilized (BD Biosciencesjddierg, Germany) and incubated with
intracellular antibodies against IL-13 (eBioscien&an Diego, CA). Multiparameter flow
cytometry was performed using a LSRFortessa and date analyzed with FACS Diva
software v8.0.1 (BD Biosciences, Heidelberg, Gewyham Flow Jo software v10 (Treestar,

Ashland, OR).

Histology and airway mor phology

Histology and analyses of goblet cell metaplasieevperformed as previously described (14).

Laser micro-dissection

Laser micro-dissection of the airway epithelium vpasformed in 10 pm sections of frozen
lungs using a 337 nm nitrogen laser (MicroBeamesystPALM Microlaser Technologies,

Bernried, Germany) and total RNA was isolated udkideasy Micro Kit (Qiagen, Hilden,

Germany).

| mmunohistochemistry
Immunohistochemical staining for IL-13 was perfodnesing a polyclonal goat anti-mouse

IL-13 antibody (R&D Systems, Minneapolis, MN) agyiously described (43, 44).

Primary tracheal epithelial cultures

Primary tracheal epithelial cells were isolated acwultured on membranes (Costar,
Cambridge, MA) under air-liquid interface (ALI) cditions as previously described (45).
After reaching confluence (~14 days), IL-33 (10mi/R&D Systems, Wiesbaden, Germany)
or ionomycin (1 pg/ml, Sigma-Aldrich, TaufkircheBermany) were added for 24 h or 4 h,

respectively, and total RNA was extracted (RNedag Mini Kit, Qiagen, Hilden, Germany).
9
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For inhibition of the IL-33/ST2 signaling pathwagultures were pretreated with anti-ST2
antibody (30 pg/ml, R&D Systems, Wiesbaden, Germathe MyD88 inhibitory peptide
Pepinh-MYD (50 pM, InvivoGen, San Diego, CA) or tip88 MAP kinase inhibitor

SB203580 (20 uM InvivoGen, San Diego, CA).

Real-Time RT-PCR
Real-time RT-PCR was performed using TagMan gempeession assays fokl3, 1133, 1125,
Tdlp, Postn, Mmpl12, Chia, Ym1, Ym2, Argl, Mucb5ac, Mucbb, Gob5) and Actb (Applied

Biosystems, Darmstadt, Germany) and analyzed asopidy described (14).

Statistics

Data were derived from at least three independgmerenents and analyzed with SigmaPlot
version 12.5 (Systat Software, Erkrath, Germany] &®PSS Statistics version 22 (IBM,
Ehningen, Germany), and are reported as mean + SElistical analyses were performed
using Student’s t-test, Mann-Whitney rank sum ¢esine-way ANOVA as appropriate aRd

< 0.05 was accepted to indicate statistical sigaifce.

10
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RESULTS

Impaired allergen clearance exacerbates allergen-induced type 2 airway inflammation
and airway hyperresponsivenessin juvenile Scnnlb-Tg mice

To determine effects of mucociliary dysfunction a@fergen clearance and allergen-induced
airway disease, we challenged 2 to 3-week-old jleescnnlb-Tg and WT mice with i.t.
application of the natural aeroallergen Af or véhialone and compared allergen clearance,
inflammatory cell counts and the type 2 cytokinegl) IL-5 and IL-13 in BAL, parameters of
mucus hypersecretion (i.e. GCM and mucin expreysamd AHR (Figure 1 and Figure E1).
MCC and clearance of Af from whole lungs and frdme airway lumen were significantly
reduced in naivécnnlb-Tg mice compared to WT littermates (Figure 1 A-Ch test if
reduced allergen clearance exacerbates allergeiceddairway disease, we first used a short
term challenge protocol consisting of four Af clealjes. In WT mice, this challenge induced
a modest elevation in BAL macrophages, eosinophid and IL-13 (Figure 1 D-G). In
Scnnlb-Tg mice, BAL eosinophils, IL-4, IL-5 and IL-13 weispontaneously increased (14,
15) and Af challenge triggered a robust airway ma@shilia and production of IL-4, IL-5 and
IL-13 that was significantly increased comparecaliergen-induced responses in WT mice
(Figure 1 D-G). Type 2 airway inflammation in Afalenged WT mice was associated with
GCM and elevated transcript levelsMticac, Muc5b andGob5 (Figure 1 H and Figure E1).
Vehicle-treatedScnnlb-Tg mice showed spontaneous GCM and increased ssipre of
Muc5ac, Mucbb and Gob5 that was not further increased by Af challengegFfe E1).
Invasive pulmonary function testing demonstratednsgmneous AHR in naive juvenile
Scnnlb-Tg vs. WT mice (Figure 1 1). In the challenge mipdd¢ aggravated AHR in juvenile

Scnnlb-Tg mice, but failed to produce AHR in WT litterreat(Figure 1 J).

In contrast to juvenile mice, short term Af chalierdid not produce airway eosinophilia and

elevated IL-13 levels in 6-week-old adult WT mic¢agure 2 A and B). In aducnnlb-Tg
11
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mice, consistent with previous studies, eosinophdind elevated IL-13 in BAL were
diminished and airway inflammation was dominatednieytrophils (14), and Af challenge
neither induced type 2 inflammation nor AHR (Fig@&-C). To determine the relationship
between this age-dependent susceptibility to adlerghallenge and previously reported
skewing towards type 2 immunity in neonatal micd, (26, 27), we compared expression
levels of a set of type 2 signature genes includih® Mucbac, Gob5, Argl, Mmpl2, Yml,
Ym2, and Chia (46) in lung tissues from WT arfstnnlb-Tg mice at neonatal (10-day-old),
juvenile and adult ages (Figure 2 D-K). Consisteitlh a type 2 biased immune system in the
neonatal period, several type 2 signature gehds, (Mucbac, Gob5, Argl, Ym2) were
significantly increased in neonatal compared teeoM/T mice (Figure 2 D-K). At all age
groups, expression levels of all of these typegdature genes were increasedsmnlb-Tg

vs. WT mice, however, these differences waned fostnsignatures at the age of 6 weeks
(Figure 2 D-K). These data confirm skewing towaydet 2 immunity in neonatal mice and
show that this disposition is associated with iasesl susceptibility to allergen-induced type
2 airway inflammation in juvenile WT mice, as wal exaggerated responsesstnnlb-Tg

mice with impaired allergen clearance.

Next, we tested the effects of HDM in juvenile WiidaScnnlb-Tg mice using a protocol
consisting of i.t. sensitization followed by chalige to determine the role of impaired MCC in
an independent allergen model (Figure 3). In WTeanidDM induced elevated levels of
eosinophils, CD4 T cells, IL-4, IL-5 and IL-13, and AHR (Figure 3)n Scnnlb-Tg mice,
BAL eosinophils, type 2 cytokines and AHR were eaged at baseline and, similar to Af,
these phenotypes were significantly exacerbatetibil (Figure 3). Taken together, these
results demonstrate that mucociliary dysfunctiompairs allergen clearance and aggravates

type 2 inflammation and AHR in juvenifg&Ennlb-Tg mice.

12
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Airway epithélial, innate and adaptive immune cells contribute to exagger ated aller gen-
induced type 2 inflammation in Scnnlb-Tg mice

To determine the cellular sources of IL-13 in typairway inflammation we performed
immunohistochemistry in lung sections from juverfdgnlb-Tg and WT mice challenged
with Af or vehicle alone. Distinct IL-13 immunorda® signals were detected in epithelial
cells lining the conducting airways of vehicle-tiexhScnnlb-Tg mice, but not WT littermates
(Figure 4 A and B). Challenge with Af increased thenber of IL-13 airway cells in WT
andScnnlb-Tg mice slightly, however, this trend did not reatatistical significance (Figure
4 A and B). For independent confirmation of thessutts, we isolated airway epithelial cells
from frozen lung sections by laser micro-dissectmu determined transcript levels of the
key type 2 cytokindl13. Further, we measured expression leveld|83, 1125 and Tdp,
epithelial cytokines that were shown to be secratedesponse to allergen exposure and
promote type 2 airway inflammation via activatianTé2 cells, type 2 innate lymphoid cells
(ILC-2) and cDC (7, 9, 25, 47), arRbstn that was also shown to be expressed by epithelial
cells and implicated in type airway 2 inflammati@®). 1113, 1125 and Tslp transcripts were
not detectable in micro-dissected airway epith&ltem WT mice, wherea$l33 and Postn
were readily detected even without Af challengeg@ifé 4 C). In naivescnnlb-Tg mice,
epithelial 1113 and 1133 were significantly increased|25, and Tslp were not detected and
Postn mRNA levels were not changed compared to WT mikigufe 4 C). In airways from
Af-challengedScnnlb-Tg mice,l113 mRNA levels tended to be ~3-fold higher, howeeis
difference did not reach statistical significan€eanscript levels ofl25, and Tslp remained
undetectable antl33 andPostn did not differ in Af-challenged vs. naiv&nnlb-Tg mice
(Figure 4 C). To test if airway epithelial cellsesatapable of expressin$l3 in vitro, we
measured|13 transcripts in highly differentiated primary traeth epithelial cell cultures at
baseline and following stimulation with recombindit33 or ionomycin (Figure 4 D)I13

was not detected under basal conditions, but wdisced in a dose-dependent fashion by IL-
13
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33 and by non-specific stimulation with ionomycim tracheal epithelial cultures from WT
and Scnnlb-Tg mice (Figure 4 D and Figure E2). IL-33-inducBil3 expression did not
depend on STATG6 signaling in vitro, but was blockgdnhibitors of the IL-33/ST2 signaling
pathway including anti-ST2 antibody, the MyD88 inkory peptide Pepinh-MYD and the

p38 MAP kinase inhibitor SB203580 (Figure 4 D and E

To determine if innate or adaptive immune cellstebated to elevated baseline and Af-
induced expression of IL-13 ifcnnlb-Tg mice (Figure 1 G), we isolated leukocytes from
lungs and measured IL-13 expression in differebpspulations by flow cytometry (Figure 4
F). In lungs from WT mice, numbers of IL-18ells in the different leukocyte subpopulations
were low and did not change in response to short Ad challenge. In naiv&cnnlb-Tg mice,
IL-13" Th2 cells, AM, B cells and ILC-2 were significanithcreased compared to WT mice
(Figure 4 F), and IL-13Th2 cells and IL-13ILC-2 were further increased after Af challenge

(Figure 4 F).

Collectively, these data show that airway epithatells, innate and adaptive immune cells
provide sources of IL-13 in spontaneous and exadgegeérallergen-induced type 2 airway
inflammation in juvenileScnnlb-Tg mice, and indicate that the release of epihdli-33

contributes to this process in vivo.

Alternative macr ophage activation and allergen challenge in Scnnlb-Tg mice

Because previous studies showed signatures ohattee macrophage activation $ennlb-
Tg mice (16, 49) and alternatively activated mabeges (AAM) have been implicated in
type 2 inflammation (50, 51), we next determinetivation markers of AM and the capacity
of Af uptake by AM and c¢DC in vivo and in vittesing flow cytometry (Figure 5). Compared

to WT mice,Scnnlb-Tg mice showed significant upregulation of CD1XbAM as defined
14
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by F4/80CD11¢"CD3 indicating macrophage activation (Figure 5 A andW@regulation of
scavenger receptors CD206 and CD301 confirmedrésepce of AAM (Figure 5 C and D).
CD206 and CD301 were already elevated in vehidat&rdScnnlb-Tg mice and reduced by
~15-25% after Af challenge (Figure 5 C and D). Tiptake of fluorescently labeled Af by
AM from naiveScnnlb-Tg mice was significantly reduced compared to Wi¢amn vivo and
in vitro (Figure 5 E and F). Conversely, uptakedbby lung cDC was significantly increased
in Scnnlb-Tg mice (Figure 5 G and H). These data demonstatast AM activation in
mucostatic airways of naivennlb-Tg mice but indicate that AAM do not play a majole

in exaggerated allergen-induced type 2 inflammation

Lack of STATG6 abrogatestype 2 airway inflammation in Scnnlb-Tg mice

The key type 2 signaling molecule IL-13 exertsdtfector functions via STAT6 signaling
(31-33). To determine if elevated IL-13 plays asauole in baseline and/or exaggerated
allergen-induced type 2 inflammation, we challengedenile Stat6-deficient Scnnlb-Tg
(Scnnlb-Tg/Sat6”) mice andScnnlb-Tg littermates with Af or vehicle alone and comgshr
their pulmonary phenotypes. Spontaneous eosinggiiivay inflammation, I1L-13 and GCM
observed in naivecnnlb-Tg mice were significantly reduced iBcnnlb-Tg/Sat6” mice
(Figure 6 A-C). FurtherScnnlb-Tg/Stat6” mice were protected from Af-induced airway
eosinophilia, elevated expression of IL-13 and GEWure 6 A-C). IL-13 immunoreactive
signals detected in lung sections fr&mnlb-Tg mice were abrogated Bennlb-Tg/Sat6”
mice (Figure 6 D). Taken together, these data stiat IL-13/STAT6 signaling plays a
critical role in the exaggerated type 2 inflammgatoesponse observed upon allergen

challenge in juvenil&nnlb-Tg mice.

Preventive amiloride treatment reduces allergen-induced type 2 inflammation and

airway hyperresponsivenessin Scnnlb-Tg mice
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Previous studies demonstrated that improvemenirafag surface hydration by preventive
treatment with the ENaC blocker amiloride reducadvay mucus obstruction and
spontaneous type 2 airway inflammation in juvefdenlb-Tg mice (35). To test if allergen-
induced inflammation can be prevented by ENaC itibily we treated newborScnnlb-Tg
mice and WT controls with airway instillation of danide or vehicle alone for three weeks
and superimposed an allergen challenge with Af DIVHIn the presence of this treatment
regime (Figure 7 A and E). Preventive amilorideatneent significantly reduced exacerbated
Af- and HDM-induced eosinophilia and IL-13 levetsBAL from Scnnlb-Tg mice (Figure 7
A-H). Further, amiloride treatment prevented HDMhiiced AHR inScnnlb-Tg mice (Figure

7 J). These data demonstrate that improvement ofvagi surface hydration by
pharmacological inhibition of ENaC protected judentcnnlb-Tg mice from allergen-

induced type 2 airway inflammation.
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DISCUSSION

Type 2 airway inflammation is a key feature of @kn-induced asthma and has recently been
implicated in other common chronic inflammatory dutiseases including COPD and CF (1-
6). However, the underlying risk factors and medas that trigger and sustain allergic
airway inflammation remain poorly understood. Usipgvenile Scnnlb-Tg mice in
combination with two independent models of allergeduced asthma (Af and HDM), this
study demonstrates for the first time that impaik#@C with reduced clearance of inhaled
aeroallergen constitutes a risk factor of type flaimmation that aggravates allergen-induced
secretion of IL-13 and characteristic phenotypesli#rgic airway disease including airway
eosinophilia and AHR in vivo (Figure 1 and 3). fant, our data yield novel insights into the
role of the airway epithelium and cells of the itenand adaptive immune system in the
pathogenesis of type 2 inflammation in mucostattvays (Figure 4 and 5). Analysis of
Scnnlb-Tg mice with genetic deletion &at6 confirmed a role of the canonical IL-4/IL-13-
STAT6 immune axis in the type 2 nature of the exagtpd immune response towards
allergen challenge (Figure 6). Finally, we provaeroof-of-concept that pharmacological
improvement of mucus clearance is an effectiveajeutic strategy to prevent exaggerated
allergen-induced type 2 inflammation and AHR in wstatic airways frontgcnnlb-Tg mice

(Figure 7).

Previous studies demonstrated that IL-13 is a aksignaling molecule that is sufficient to
produce the key features of type 2 airway inflamamaincluding airway eosinophilia, GCM,
mucus hypersecretion and AHR in vivo (1-3) and idiexd Th2 cells, ILC-2 and AAM as
cellular sources of IL-13 production (8, 50). Imstingly, our immunohistochemistry studies
in lung sections and transcript analysis of micissected airways detected robust expression
of IL-13 in airway epithelial cells fronscnnlb-Tg mice at baseline and after Af challenge

(Figure 4). In contrast to airway tissues, spomasél13 expression was not detectable in
17



396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

primary airway epithelial cultures frongcnnlb-Tg mice in vitro suggesting thatl3
expression required epithelial cell activation imvov (Figure 4 D). Recent studies
demonstrated that the airway epithelium acts asnéirel that can sense allergens and other
noxious stimuli such as viruses on airway surfatesugh a range of pattern recognition
receptors, and that activation by these stimulilseta the release of epithelial cytokines such
as IL-33, IL-25 and TSLP, which in turn participatethe activation of innate and adaptive
immune cells that orchestrate type 2 airway inflation (7, 9, 10, 25). Consistent with its
constitutive expression in epithelial cells (4133 transcripts were readily detected in micro-
dissected airway tissues from naive WT mice ancewegnificantly increased (~14-fold) in
Scnnlb-Tqg littermates (Figure 4 C). In contral®5 andTslp were neither detected in WT nor
in Scnnlb-Tg airway tissues. In vitro, IL-33 induced dosgpeledent expression @13 in
primary airway epithelial cultures from WT afdnnlb-Tg mice (Figure 4 D and Figure E2).
Following Af challenge in vivo,lI33 expression remained elevated a@s and Tslp
transcripts remained undetectable in airway epahfedbm Scnnlb-Tg mice (Figure 4 C)I13
transcript levels tended to be increased (~3-fmldAf challenged compared to naigennlb-

Tg littermates, however, this difference did noaale statistical significance based on the
number of mice included in our studies (Figure 4 @) note, induction ofl13 by IL-33 in
airway epithelial cultures in vitro was mediated ®¥2/MyD88 signaling and independent of
STATG6, whereas allergen-induced airway eosinophdiavated IL-13 secretion and GCM in
Scnnlb-Tg mice were STAT6-dependent in vivo (Figure 4 &hdHowever, these data do not
exclude a role of IL-33 in IL-13 induction in viv&ecent studies in the intestinal epithelium
showed that in vitro effects of IL-33 were entirdlyD88-dependent and independent of
STATG6, whereas the in vivo effects of IL-33 injetti@ mice were also dependent on STAT6
and IL-13 (52). These results suggest that IL-i§géred by IL-33 via the ST2/MyD88
signaling pathway may promote autocrine/paracriogvation of IL-13 secretion by the

epithelium and other cell types, which in turn deggeon STAT6 signaling and is necessary
18



422  to produce full-blown type 2 inflammation in vived). Collectively, these results identify the
423  airway epithelium as an important source of IL-fh8ttmay contribute to the orchestration of
424  type 2 inflammation at the mucosal interface. Femtrour data suggest that activation of
425 airway epithelial cells by IL-33 released in respero allergens or other danger-associated
426  molecular patterns that accumulate in mucostatwasis may be implicated in triggering this
427  process.

428

429 Consistent with an important role of epithelial 3B- in the pathogenesis of type 2
430 inflammation triggered by mucociliary dysfunctiowe identified Th2 cells and ILC-2 as
431  cellular sources of elevated baseline and exagggratergen-induced IL-13 production in
432  lungs of Scnnlb-Tg mice (Figure 1 and 4 F). As expected from pesistudies (16), AM
433  expressed markers of alternative activation (AAMY aontributed to 1L-13 production in
434  Scnnlb-Tg mice even in the absence of allergen challéfrggpure 4 F and 5). In contrast to
435 Th2 cells and ILC-2, AAM were not further increasedAf-challengedScnnlb-Tg mice
436  (Figure 5). However, allergen uptake by AM was tliin Scnnlb-Tg compared to WT
437  mice. In combination with impaired MCC, this reddc&aM-mediated allergen uptake may
438  contribute to impaired clearance and thus overaitién of airborne allergens in the lungs of
439  Scnnlb-Tg mice (Figure 5, E and F). Conversely, allergptake by cDC was significantly
440 increased irscnnlb-Tg compared to WT mice. This enhanced allergeakgtnay be due to
441  activation of cDC in the pro-inflammatory milieudior increased allergen load in mucostatic
442  airways, and may contribute to the activation o2 Tells observed in the lungs &fnnlb-Tg
443 mice (Figure 5, G and H). Taken together, thesaltsesdemonstrate that mucociliary
444  dysfunction, leading to reduced clearance of irthaléergens from airway surfaces, triggers
445  activation of innate and adaptive immune cells ttattribute to the pathogenesis of type 2
446  airway inflammation, and that the airway epitheliptays an important role in orchestrating

447  this process.
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These results also suggest that improvement ofeslawucus clearance may be an effective
therapeutic strategy to reduce allergic airwayaimination. To test this hypothesis, we
pretreated juvenilé&cnnlb-Tg mice and WT littermates with intrapulmonary bgggion of
the ENaC blocker amiloride, and superimposed chgde with either Af or HDM on this
preventive therapy (Figure 7) (35). ENaC is lingtifor the absorption of Naand fluid from
airway surfaces and airway surface dehydration (munyperconcentration), either due to an
imbalance between epithelial Gecretion and Naabsorption or unbalanced mucin secretion,
has been identified as a key disease mechanisnuodaitiary dysfunction in a spectrum of
chronic airway diseases including asthma (18, 20-24 this context, ENaC blockade
provides a pharmacological strategy to improve ayrvsurface hydration and accelerate
mucus clearance (53). Indeed, amiloride and othération therapies were shown to improve
MCC in patients with CF and other chronic airwagedises (28-30), however, the effects of
this intervention on allergen-induced airway inflaation remained unknown. In a previous
study, we demonstrated that improving airway sw@fhgdration with preventive amiloride
treatment reduced mucus obstruction and spontangges 2 inflammation in juvenile
Snnlb-Tg mice to near normal levels (35). In the pressoty, we show that continuous
amiloride treatment largely prevented exaggeratedagt eosinophilia and IL-13 induction in
Scnnlb-Tg mice independent of the allergen used (Figur&-H). In addition, preventive
amiloride treatment also protect&nlb-Tg mice from allergen-induced AHR (Figure 7 J).
These data provide the first proof-of-concept thladrmacological improvement of airway
surface hydration and mucus clearance, in a subtepgtost, is an effective therapeutic
approach to reduce allergen-induced airway inflattonain chronic airways disease

associated with mucociliary dysfunction in vivo.
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An interesting finding of our study was the age-@taent susceptibility of mice to develop
type 2 airway inflammation in response to allergballenge in the context of impaired MCC.
We show that even short term exposure to Af thd¢édao induce airway inflammation in
adult mice produced robust type 2 inflammation vaittway eosinophilia, elevated IL-13 and
GCM in juvenile WT mice, and that allergen-induceflammation was exacerbated and
associated with AHR in juvenile, but not addtnnlb-Tg mice (Figure 1 and 2). We
speculate that this enhanced sensitivity originftas a type 2 skewed immunity in early life
that renders the host susceptible to develop typdd&nmation upon allergen challenge (26).
This notion is supported by previous studies in Wi€e exposed to HDM from the neonatal
period showing that allergen-induced airway eodnila and type 2 cytokine levels peaked
in juvenile mice and waned in adult mice (27), adlvas previous longitudinal studies in
naive WT andScnnlb-Tg mice showing spontaneous elevation of eosinsphi-13 and
goblet cells in juvenile WT mice that were enhance8cnnlb-Tg mice and waned in adult
mice of both genotypes (14). In our present sttiaig, concept was further corroborated by
comprehensive transcripts analyses of a spectrutypef 2 signature genes includihds3,
Mucbac, Gob5, Argl, Mmpl2, Yml, Ym2, and Chia. These studies demonstrated that
expression levels afi13 as well as most of the other genes were increasédngs from
neonatal compared to older WT mice, and that tlgse-dependent type 2 pattern was
exacerbated irscnnlb-Tg mice (Figure 2 D-K). Interestingly, this patieincluded genes
exclusively expressed in epithelial cells suchvag5ac and Gob5 supporting an important
role of the airway epithelium in this age-dependaotess. A similar type 2 skewing in early
life was reported in humans (54) and this biasigersn many older children and adults with
“Th2-high” asthma (55, 56). We therefore specuth#g our findings in juvenile mice may be
applicable to a broader age range in patients thigrcommon asthma endotype. However,

future studies will be required to determine thiatrenship between reduced MCC, allergen-
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induced airway inflammation and disease severityatients with “Th2-high” vs. “Th2-low”

asthma (12, 13, 55, 56).

In summary, we demonstrate for the first time timatcociliary dysfunction causing reduced
clearance of inhaled allergens from airway surfaegsesents an important risk factor and
attractive therapeutic target of allergen-inducgaet2 airway inflammation in a susceptible
host in vivo. Further, our results support the eumgr concept that the airway epithelium is
not only an important effector tissue, but alsaraportant player in sensing of allergens and
transmission of pro-inflammatory signals to innaibel adaptive immune cells that orchestrate
the complex in vivo pathogenesis of type 2 inflartiora These results suggest therapeutic
improvement of airway mucus clearance as a nowdtrirtent strategy for patients with
allergen-induced asthma and potentially other dbkromflammatory airway diseases

associated with mucociliary dysfunction.
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FIGURE LEGENDS

Figure 1. Mucociliary dysfunction impairs allergen cleararare exacerbates type 2 airway
inflammation and AHR in juvenil&cnnlb-Tg mice. (A-C) MCC (A), whole lung (B) and
airway (C) allergen clearance in juvenile (2 to 8ek-old) WT andscnnlb-Tg mice. n = 4-13

for each group. P < 0.05, *P < 0.01 and *P < 0.001 compared to WT mice. (D-H)
Juvenile WT andscnnlb-Tg mice were challenged with Af or vehicle alo@) BAL cell
counts (AM; Eos., eosinophils; PMN, neutrophilsygh., lymphocytes). n = 20-28 mice for
each group. (E-G) IL-4, IL-5 and IL-13 in BAL. n$=11 for each group. (H) Goblet cells. n =
17-25 for each group.P*< 0.05 and **¥ < 0.001 compared to vehicle-treated mice of same
genotype. P < 0.05, P < 0.01 and B < 0.001 compared to mice with same treatment but
different genotype. (I and J) Assessment of AHRaive juvenile WT an&nnlb-Tg mice (I)
and after Af exposure (J). n = 7-14 for each grq)p:P < 0.05 and *P < 0.01 compared to
WT mice. (J) P < 0.05 and *P < 0.01 compared to vehicle-treated mice of sametyee.

TP < 0.05, < 0.01 and B < 0.001 compared to mice with same treatment Wierdnt

genotype.

Figure 2. Allergen-induced type 2 airway inflammation and AHR age-dependent and
correlates with expression levels of type 2 sigreagenes in mouse lung. (A-C) Adult (6-
week-old) WT andscnnlb-Tg mice were challenged with Af or vehicle alomsl BAL cell
counts (AM; Eos., eosinophils; PMN, neutrophilsygh., lymphocytes) (A), IL-13 levels in
BAL (B) and AHR (C) were determined. n = 7-17 mimg each group. B < 0.05 and
$P<0.01 compared to mice with same treatment bfgreint genotype. (D-K) Expression of
type 2 signature genéll3 (D), Mucbac (E), Gob5 (F), Argl (G), Mmp12 (H), Ym1 (I), Ym2
(J), andChia (K) in naive neonatal (10-day-old), juvenile (3ekeold) and adult (6-week-old)
WT andSnnlb-Tg mice. n = 7-16 mice for each grouf ¥ 0.05, *P < 0.01 and **P <

0.001 compared to mice with same age but diffegenptype. P < 0.05, < 0.01 and B <
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0.001 compared to neonatal mice with same genoffpe. 0.05 and B < 0.01 compared to

juvenile mice with same genotype.

Figure 3. Impaired mucus clearance exacerbates HDM-indugeel 2yairway inflammation
and AHR in juvenileScnnlb-Tg mice. (A-F) Juvenile (2 to 3-week-old) WT aBchnlb-Tg
mice were sensitized and challenged with HDM orialehalone. (A) BAL cell counts (AM;
Eos., eosinophils; PMN, neutrophils; Lymph., lympyies). (B) Airway CD4+ T cells. (C-E)
IL-4, IL-5 and IL-13 in BAL. (F) Assessment of AHRa HDM-exposedScnnlb-Tg mice
severe airway obstruction and mucus plugging ofnakae impeded ventilation and
measurements had to be discontinued at methachmimsentrations > 32 mg/ml. n = 13-23
for each group.P < 0.05, **P < 0.01 and ***P < 0.001 compared to vehicle-treated mice of
same genotype.Pt< 0.05, P < 0.01 and B < 0.001 compared to mice with same treatment

but different genotype.

Figure 4. Airway epithelial cells, innate and adaptive immueals express IL-13 and
contribute to type 2 airway inflammation Sennlb-Tg mice. Juvenile (2 to 3-week-old) WT
and Scnnlb-Tg mice were challenged with Af or vehicle alon@) Representative
immunohistochemical detection of IL-13 in lung sew$. Staining was not detected in
sections incubated with secondary antibody onlyifad). Scale bars = 100 um. (B) IL-13
cells in airway epithelium per mm basal membranglXBC) Expression ofl13, 1133, 1125,
Tdlp andPostn transcriptan laser micro-dissected airway epithelium. n =17fdr each group.
TP < 0.05 compared to WT mice with same treatmentar® E) Induction ofl13 expression
in ALI primary tracheal epithelial cell cultures WT, Scnnlb-Tg andSat6” mice by IL-33
and ionomycin (D) and effects of inhibitors of the33/ST2 signaling pathway in WT
cultures (E). n = 4-10 for each grouf ¥ 0.05 and *P < 0.01 compared to vehicle-treated

cultures of same genotype (D) or compared to ILu&&ted WT cultures (E). (F) IL-13
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731  expression by leukocyte subpopulations (T cells;;B\tells; ILC-2; Eos., eosinophils; PMN,
732 neutrophils; cDC) isolated from lungs determinedlbow cytometry after in vitrestimulation.
733 n = 3-8 for each group.P*< 0.05 compared to vehicle-treated mice of sametyer. P <
734  0.05 and P < 0.01 compared to mice with same treatment bigraiit genotype.

735

736  Figure 5. Alternative macrophage activation and altered g#aruptake by bronchoalveolar
737  macrophages and cDC $iennlb-Tg mice. (A-D) Juvenile (2 to 3-week-old) WT aBchnlb-
738 Tg mice were challenged with Af allergen or vehiedmne, BAL was performed and
739  bronchoalveolar macrophages (AM) were charactertzgdlow cytometry. (A) Dot plots
740 were gated for CD4%4/80CD3CD19 leukocytes. Numbers in gates show percentage of
741 CD11b AM. Scale indicates log fluorescence. (B-D) Percentage of CD1HM (B) and
742 mean fluorescence intensity (MFI) for fluorescetidligeled antibody bound to CD206 (C)
743 and CD301 (D) on AM. n = 14-20 for each group. ¢ 0.05 compared to vehicle-treated
744  mice with same genotypeP1< 0.001 compared to mice with same treatment Dterent
745  genotype. (E-H) Percentage of BAL derived AM andCcbom WT andScnnlb-Tg mice
746  positive for fluorescently labeled Af after i.t. @jzation in vivo (E and G) or incubation in
747  vitro (F and H). n = 5-6 for each groug? ¥ 0.05 and **P < 0.001 compared to WT mice.
748

749  Figure 6. Lack of STAT6 abrogates type 2 airway inflammatiorgcnnlb-Tg mice. (A-D)
750 Juvenile (2 to 3-week-oldfcnnlb-Tg and Scnnlb-Tg mice with genetic deletion d#tat6
751 (Scnnlb-Tg/Stat6” mice) were challenged with Af or vehicle alone) BAL cell counts
752 (AM; Eos., eosinophils; PMN, neutrophils; Lymphymphocytes. (B) IL-13 levels in BAL.
753  (C) Goblet cells. n = 5-15 for each grouf? £ 0.05 and *P < 0.01 compared to vehicle-
754  treated mice of same genotype? ¥ 0.05 and B < 0.01 compared to mice with same
755  treatment but different genotype. (D) Represengativmunohistochemical detection of IL-13

756  in main axial airways. Scale bars = 100 pm.
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Figure 7. Preventive treatment with amiloride reduces adergiduced type 2 airway
inflammation and AHR irscnnlb-Tg mice. Newborn WT an8cnnlb-Tg mice were treated
with airway instillation of amiloride or vehicle @ti,O) alone from the first day of life for a
period of three weeks. (A-D) Challenge with Af oehicle (NaCl 0.9%) alone was
superimposed to amiloride treatment in juvenilear(it) and BAL total cells (B), eosinophils
(C) and IL-13 levels (D) were determined. n = 14d®VT groups and n = 4-9 i&cnnlb-Tg
groups. (E-J) Alternatively, sensitization and &rage with HDM or vehicle (NaCl 0.9%)
alone was superimposed to amiloride (E) and BARltotflammatory cells (F), eosinophils
(G), IL-13 levels (H), and AHR (I, WT mice; 3cnnlb-Tg mice) were determined. n = 13-23
in WT groups and n = 16-28 f&cnnlb-Tg groups. P <0.05, **P < 0.01 and **¥ < 0.001
compared to vehicle-treated (dgbiand NaCl 0.9%) mice of same genotyd@ <10.05, P <
0.01 and B < 0.001 compared to vehicle-treated@) Af or HDM-induced mice of same

genotype.
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SUPPLEMENTAL METHODS

Experimental animals

All animal studies were approved by the Regierurggdium Karlsruhe, Germany (35-
9185.81/G-26/14)cnn1b-Tg mice were studied on a mixed genetic backgrd@3H/HeN x
C57BL/6N) (E1, E2) or on the C57BL/6N backgroun@)Hn the colony with mixed genetic
backgroundScnnlb-Tg mice were bred with C3B6 F1 WT mice (CharlegdRiLaboratories,
Sulzfeld, Germany) to prevent a genetic drift asvimusly described (E1, E2®tat6” mice
(E4) obtained on the BALB/c background (Jacksonodratories, Bar Harbor, ME) were
intercrossed withScnnlb-Tg mice on the mixed (C3H/HeN x C57BL/6N) backgrduto
obtain Scnnlb-Tg/Sat6”, Scnnlb-Tg, Stat6” and WT littermates in the F2 generation. Mice
were genotyped as previously described (E1) oreeasrnmended by Jackson Laboratories
(Bar Harbor, ME, USA). Experiments were performédeonatal (10-day-old), juvenile (2 to
3-week-old) and adult (6-week-old) ages as inditatdahe figure legends and WT littermates
with the respective genetic background served adrals. All animals were housed in

specific pathogen-free animal facilities and hagkfaccess to chow and water.

Allergen exposure

Airway allergen exposure was performed wigpergillus fumigatus extract (Af; Hollister-
Stier laboratories, Spokane, WA) or house dust r{itermatophagoides farina) extract
(HDM, Greer laboratories, Lenoir, NC) accordingpreviously established protocols (E5-
E9). In brief, mice were anesthetized with 3% isthe (Baxter, Deerfield, IL) in oxygen
and either Af or HDM dissolved in 0.9% NaCl, or %h®NaCl alone were administered by i.t.
instillation. In the Af model, 20 ul (juvenile micer 50 pl (adult mice) of Af (2 mg/ml) or
0.9% NaCl alone was administered i.t. every 48 hadotal of four times and endpoint
studies were performed 24 h after the last allerggposure. In the HDM model, juvenile

mice were i.t. sensitized with 20 pl of HDM (0.5 /md) or 0.9% NaCl alone on two
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consecutive days followed by two i.t. challengeghvdO pl of HDM (0.05 mg/ml) or 0.9%
NaCl alone on day 11 and 12 after the first HDM asyre, and endpoint studies were
performed 48 h after the last challenge dose. HoMHexposure during amiloride treatment
neonatal mice were sensitized intranasally (i.nth w0 pl HDM (1 mg/ml) or 0.9% NacCl

alone and challenged as described above.

Amiloride treatment

Amiloride treatment studies were performed as esly described (E10). In brief, amiloride
hydrochloride (Sigma-Aldrich, Taufkirchen, Germanyas dissolved in ddi® and newborn
Snnlb-Tg mice and WT littermates were anesthetized watiflurane 3% in oxygen and
treated by i.n. instillation of amiloride (10 mniplL pl/g body weight; 3 times per day) or
equal volumes of vehicle (ddB) alone for a period of three weeks. During treattnmice
were weighed three times per day to monitor fos losbody mass due to increased diuresis
caused by renal effects of systemically absorbeitbade, and volume deficits were replaced
by subcutaneous injections of isotonic NaCl 0.9%r&viously described (E10). In the third
week of treatment, i.n. instillation was replaced.h instillation, and mice were additionally
exposed to Af or HDM as described above and showhigure 7. Endpoint studies were

performed 12 h after the last amiloride treatmé&igure 7).

Airway hyperresponsiveness

Mice were anesthetized by i.p. injection of 80 ngg8odium pentobarbital (Sigma-Aldrich,

Taufkirchen, Germany), tracheostomized and condette a computer-controlled small

animal ventilator (Flexivent, Scireq Inc., Montre@C, Canada) via a 19-gauge i.t. cannula.
After initiating mechanical ventilation, mice weparalyzed by i.p. injection of 1.6 mg/kg

pancuronium bromide (Sigma-Aldrich, Taufkirchen,r@any). Mice were exposed to PBS

aerosol followed by aerosols containing increasingcentrations of methacholine (range
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0.33 mg/ml to 160 mg/ml; Sigma-Aldrich, Taufkircheggermany) and respiratory resistance
(Rrs) was determined as previously described (E12). Previous studies demonstrated that
absolute Rrs is age- and weight-dependent in dpiganice and mean values drop from ~4
cmH0.s/ml to ~2 cmbD.s/ml (i.e. ~50%) between 2 and 4 weeks of age. (&Y control for
this age- and weight-dependent variability, AHRliffierent methacholine concentrations was
determined from the percent change of Rrs fromllmeesdn HDM-inducedScnnlb-Tg mice
severe airway obstruction and plugging of cannwié® mucus impeded ventilation, and
experiments had to be discontinued at high metheehooncentrations in this experimental
group (>32 mg/ml wherscnnlb-Tg mice were challenged with HDM alone [Figureasid

>80 mg/ml in studies with concurrent instillatiohdnlH,O 3 times per day [Figure 7]).

BAL cdl counts and cytokine measurements

Mice were deeply anesthetized via i.p. injection 10 mg/kg ketamine and 16 mg/kg
xylazine (Sigma-Aldrich, Taufkirchen, Germany), amguinated and the trachea was
cannulated. Lungs were lavaged with PBS using ahtadjusted volume of 0.035 ml/g
body weight. This weight-adjusted lavage volumeragimnates the vital capacity of the
developing rodent lung and was used to accountditberences in lung size of the age
populations of mice included in our study (E13, EIBAL was repeated twice and both
fractions were pooled, centrifuged at 300 x g fanid at 4°C and the cell-free supernatant
was collected and stored at —80°C. BAL total arftecential cell counts were performed and
cell numbers were determined per ml lavage fluidmprove comparability of results from
developing mice with different lung sizes as preeiy described (E2, E10). Concentrations
of type 2 cytokines IL-4, IL-5 and IL-13 were meesiiin BAL supernatants using ELISA
(R&D Systems, Minneapolis, MN) or cytometric beachy enhanced sensitivity flex set (BD

Biosciences, Heidelberg, Germany) according tartaaufacturer’s instructions.



Mucociliary clearance

Mice were anesthetized by i.p. injection of 80 ngg8odium pentobarbital (Sigma-Aldrich,
Taufkirchen, Germany), the trachea was exposed mg@ian anterior neck incision and the
anterior wall was opened longitudinally to expo$e tmucosal surface. Yellow-green
fluorescent microspheres (Thermo Fisher Scientifgltham, MA) with a diameter of 1.1
um from a 2% solids solution (approximately 3.6%°Imicrospheres/ml) were applied to the
mucosal surface of the pars membranacea of thal diathea. MCC was determined from
imaging the elimination of fluorescent beads towaite larynx using a DFC3000 G camera
coupled to a MZ10 F modular stereo microscope aralyaed using Application Suite X
software (Leica, Wetzlar, Germany). For quantifimatof mucociliary clearance, the decrease
in bead-derived fluorescent intensity was measuatethe area of bead application and %
clearance at t = i min was calculated by [1 — faszence intensity at t = i / fluorescence

intensity at t = 0] x 100.

Allergen clearance

Allergen clearance from the whole lung and the aynwmen was assessed by measuring the
elimination of fluorescently labeled Af extract lfmhing i.t. instillation. Af extract was
fluorescently labeled with Alexa Fluor 647 MicrokcaProtein Labeling Kit (Life
Technologies, Darmstadt, Germany) according tarthaufacturer’s instructions. Mice were
anesthetized with isoflurane 3% in oxygen and 2)®fifluorescently labeled Af extract was
administered in a volume of 20 pl dissolved in ABS.t. instillation. To determine whole
lung allergen clearance mice were killed by exsarajion after deep anesthesia via i.p.
injection of 120 mg/kg ketamine and 16 mg/kg xyhazi(Sigma-Aldrich, Taufkirchen,
Germany) either immediately (t = 0) or 1 h aftder@en instillation. Lungs and tracheae were
immediately excised en bloc, placed in PBS withtgr@ase inhibitor (Roche, Basel,

Switzerland), homogenized and fluorescence intgngits measured in a plate reader (Perkin
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Elmer, Waltham, MA). Baseline (t = 0) fluorescentensity (arbitrary units) did not differ
between WT (10525 + 953, n = 6) aBchnlb-Tg mice (10896 + 877, n =5, P = 0.78). To
determine allergen clearance from the airway luni8hl, was performed and fluorescence
intensity measured in BAL supernatant. Baseline @) fluorescence intensity (arbitrary
units) did not differ between WT (17658 + 1949, ®)andScnnlb-Tg mice (17492 + 1677,

n =7, P =0.87). For quantification of whole luaigd airway allergen clearance, the decrease
in allergen-derived fluorescent intensity was meaduin lung homogenates and BAL
supernatants, respectively, and the % clearanax a&ft= 1 h was calculated by [1 —

fluorescence intensity at t = 1 h / fluorescenderisity at t = 0] x 100.

Allergen uptake

Uptake of Af extract by AM and cDC in vivo was detened as previously described (E15,
E16). In brief, mice were anesthetized with isathe 3% in oxygen, 2.5 ug of Af extract
labeled with Alexa Fluor 647 was administered molume of 20 pl dissolved in PBS by i.t.
instillation, and BAL was performed 4 h after itlstion and processed as described below
for flow cytometry. Allergen uptake by alveolar maghages and cDC was assessed by
determining the frequency of Af-Alexa Fluor 647 piee cells using a BD LSRFortessa cell
analyzer and FACSDiva software v8.0.1 (BD Bioscemdeidelberg, Germany). For in vitro
allergen uptake BAL was performed, BAL cells waramediately washed with PBS, 50000
cells were suspended in 100 pul RPMI-1640 medium {@&falthcare Life Science, South
Logan, UT), and 1.25 ug labeled Af extract was dddea volume of 10 pl PBS. Cells were
incubated for 4 h and allergen uptake by AM and ci43 assessed as described for in vivo

allergen uptake.

Flow cytometry



Multiparameter flow cytometry was performed using-@RFortessa flow cytometer (BD
Biosciences, Heidelberg, Germany). For isolatiodenkocytes from the lungs, mice were
deeply anesthetized via i.p. injection of 120 mdt{ktamine and 16 mg/kg xylazine, killed by
exsanguination, the lungs were perfused with PB®oved and placed in RPMI-1640
medium (GE Healthcare Life Science, South Logan) bi ice for immediate processing.
Each lung was removed from RPMI-1640 medium, plaicgéd a petri dish, minced with
scissors into pieces no larger than 2-3 mm, traresfeo a 50 ml conical tube with 10 ml of
PBS containing 300 U/ml collagenase type 1l (Warthon Biochemical Corp., Lakewood,
NJ) and 0.15 mg/ml DNase | (Sigma-Aldrich, Taufkiea, Germany), and incubated on a
shaker with an orbital speed of 125 rpm for 30 @ir87°C as previously described (E17-
E19). Digested lung solutions were passed throut®Ogum mesh and subsequently a 40 pm
mesh to obtain single-cell suspensions. Red bl@tid were lysed with red blood cell lysis
buffer (BD Pharm Lyse, BD Biosciences, Heidelb&grmany) and single cells were finally
resuspended in RPMI-1640 medium. For detectiomi&cellular IL-13 expression aliquots
of single cell suspensions containing 1 to 1.5 %cHis were loaded into 96-well plates and
restimulated in vitro with 50 ng/ml PMA and 1 pg/ndnomycin (Sigma-Aldrich,
Taufkirchen, Germany) in the presence of BD GolgipS(BD Biosciences, Heidelberg,
Germany) for 4 h according to the manufacturer&rirctions. Next, cells were washed with
PBS containing 1% inactivated FBS (Gibco Life Tedbgies, Darmstadt, Germany) and
0.09% sodium azide (Sigma-Aldrich, Taufkirchen, i@any). Prior to surface staining with
specific monoclonal fluorochrome-conjugated antibedor respective isotype control
antibodies, cells were incubated with FcBlock (Bddgiences, Heidelberg, Germany). For
detection of IL-13 T cells (CD45CD3'CD19), B cells (CD45CD3CD19), AM
(CD45'F4/80CD11¢"CD3CD19) and c¢DC (CD454/80CD11¢MHCII"CD3CD19),
cells were stained with CD45-PE-CF594, CD3-V500,18+ITC, CD11c-PE-Cy7, CD11b-

BV605 and F4/80-APC-Cy7, Gr-1-PerCP-Cy5.5 and MH&HIuor 450, CD301-Alexa Fluor
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647 and CD206-PE or IL-13-PE antibodies. For dagactof IL-13" eosinophils
(CD45CD11°"SiglecFCD3CD19) and neutrophils (CD4&r1"CD115CD3CD19),
cells were stained with CD45-PE-CF594, CD3-V500,18ITC, CD11c-PE-Cy7, Siglec-F-
PE, CD11b-BV605 and F4/80-APC-Cy7, Gr-1-PerCP-CyMBICll-eFluor 450 and IL-13-
APC antibodies. For detection of IL-13LC-2 (CD45LIN'CD25CD117CD127 Sca-
1'T1/STZ), cells were stained with antibodies against jgeaarkers CD11c-APC, CB3
V500, F4/80-APC, CD19-eVolve605 and CD49b-APCsMHHo-APC and CD11b-BV605 and
CD25-PerCP-Cy5.5, CD45-V450, CD117-PE-Cy7, CD127a#594, T1/ST2-FITC, Scal-
Alexa Fluor 700 and IL-13-PE antibodies. Cell soefataining was performed for 30 min at
4°C as previously described (E17, E18). For inflalze detection of IL-13, BD
cytofix/cytoperm solution and BD perm/wash soluti¢BD Biosciences, Heidelberg,
Germany) were applied according to the manufacturastructions and cells incubated for
30 min at 4°C with antibody against IL-13. For eadn of leukocytes from BAL, cells were
incubated in PBS containing 1.5% sputolysin (MerDlarmstatdt, Germany) for 15 min,
repeatedly resuspended and washed in PBS to reledsé&om mucus prior to staining. Total
cell numbers and viability were assessed by trypane exclusion test. Cell surface staining
for AM and cDC was performed as described above. degection of CD4+ T cells
(CD3',CD4", CD8) in BAL, cells were stained with CD3-V500, CD4-F@Tand CD8-Alexa
Fluor 700. All antibodies were obtained from BD &itences (Heidelberg, Germany),
Biolegend (San Diego, CA), eBioscience (San Di€i#@), Bio-Rad (Munich, Germany) and
mdbioproducts (St. Paul, MN). Flow cytometry wasfpened immediately after cellular
staining with exclusion of non-viable cells and bimts, and data were analyzed with FACS
Diva software v8.0.1 (BD Biosciences, Heidelbergr@any) or Flow Jo software v10

(Treestar, Ashland, Oregon).

Histology and airway mor phology



Lungs were removed through a median sternotomgdfin 4% buffered formalin, and
embedded in paraffin. To determine goblet cell nemsp left lungs were sectioned
transversally at the level of the proximal intrapohary main axial airway and 1.5 pum
sections were stained with Alcian blue periodicda@8chiff (Sigma-Aldrich, Taufkirchen,
Germany). Goblet cells were identified by the pregeof intracellular Alcian blue periodic
acid-Schiff positive material, and numeric densitveere quantified by counting the number
of goblet cells per mm of the basement membranegusell F analysis software (Olympus,

Hamburg, Germany) as described (E2).

L aser micro-dissection

For laser micro-dissection, lungs were frozen quilil nitrogen after inflation with tissue-tek

O.C.T. compound (Sakura Finetek, Torrance, CA), rtgbt superior lobes were sectioned
transversally at 10 um thickness and mounted on iMeneSlides 1.0 PEN (Zeiss, Jena,
Germany). Airway epithelium was micro-dissected a@athpulted in an adhesive cap of a
microfuge tube (Zeiss, Jena, Germany) using therdBieam system (PALM Microlaser

Technologies, Bernried, Germany) consisting of @ B8 nitrogen laser integrated into an
inverted Axiovert 200 microscope (Zeiss, Jena, Geyh Micro-dissected tissue was
incubated in lysis buffer and total RNA was isothtesing RNeasy Micro Kit (Qiagen,

Hilden, Germany) according to the manufacturertstquol.

| mmunohistochemistry

Immunohistochemical staining for IL-13 was perfodne®n formalin-fixed, paraffin
embedded lung sections using a polyclonal goatraatise IL-13 antibody (R&D Systems,
Minneapolis, MN) (E20) at a dilution of 1:1000. Waised and hydrated paraffin sections
were pretreated for 5 min with 3% hydrogen peroxid#owed by antigen retrieval and

incubation with a non-specific protein-blocking wibn containing animal serum (Vector
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Laboratories Inc., Burlingame, CA) as previouslysaéed (E21). Lung sections were
incubated over night at 4°C with the primary antipoA biotinylated rabbit anti-goat 1gG
was used as a secondary antibody and immunordgctvi IL-13 was visualized with

Vectastain Elite Kit ABC Reagent followed by DAB €gtor Laboratories Inc., Burlingame,
CA) and hematoxylin (Sigma-Aldrich, Taufkirchen, i@&any) counterstaining. As negative
control, each experiment included lung sectionsnsth with secondary antibody only.
Numeric densities of IL-I3cells within the airway epithelium per mm of thasement

membrane were determined on images taken with gm@ls IX71 microscope interfaced
with a DP73 camera using cell F analysis softwdéyrpus, Hamburg, Germany) as

described (E2).

Primary tracheal epithelial cultures

Mice were deeply anesthetized via i.p. injectionkefamine (120 mg/kg) and xylazine (16
mg/kg), killed via exsanguination and the tracheaee removed, and epithelial cells were
isolated and cultured on membranes (Costar, CagdyriMA) under ALl conditions as
previously described (E1). In brief, excised trash&ere cut open, transferred to collection
medium containing DMEM/F-12 (1:1) (Gibco Life Tediagies, Darmstadt, Germany) and
1% Penicillin-Streptamycin, washed and transfetee@0 ml buffered dissociation medium
containing 1.4 mg/ml protease E and 0.1 mg/ml DNBhg&igma-Aldrich, Taufkirchen,
Germany), and incubated overnight at 4°C. Aftepgiog enzymatic digestion with heat-
inactivated FBS (Gibco Life Technologies, Darmsta@ermany) cell suspensions were
filtered through a 100 pum cell strainer and resndpd in DMEM/F-12 (1:1) medium
supplemented with heat-inactivated FBS, insulinnfan recombinant zinc) (Gibco Life
Technologies, Darmstadt, Germany) and primocin iYlmyen, Toulouse, France) and
incubated at 37°C for 2 h. Epithelial cells weredsd on collagen IV-coated Costar transwell

fillkers (Corning, Glendale, AZ) and ALI conditionwere established. After reaching
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confluency, recombinant mouse 1L-33 (10 ng/ml, R&ystems, Wiesbaden, Germany) or
ionomycin (1 pg/ml, Sigma-Aldrich, Taufkirchen, Geny) were added to the basolateral
side for 24 h or 4 h, respectively. For pharmacalglginhibition of the IL-33/ST2/Myd88
signaling pathway ALI cultures were pre-incubatedX h with anti-ST2 antibody (30 pg/ml,
R&D systems, Wiesbaden, Germany), 6 h with the MyDéibitory peptide Pepinh-MYD
(50 uM; InvivoGen, San Diego, CA), or 1 h with thd8 MAP kinase inhibitor SB203580
(20 uM; InvivoGen, San Diego, CA), and subsequestityulated with IL-33 (10 ng/ml) for
3 h. Before RNA isolation, cultures were washedhwBS and total RNA was extracted
using RNeasy Plus Mini Kit (Qiagen, Hilden, Germpmgcording to the manufacturer’s

protocol.

Real-Time RT-PCR

Lungs were stored in RNAlater (Applied Biosystengrmstadt, Germany) and micro-
dissected airway epithelial cells and primary testhepithelial cultures in lysis buffer
(Qiagen, Hilden, Germany), and total RNA was isadatising Trizol reagent (Gibco Life
Technologies, Darmstadt, Germany), RNeasy MicrodfiRNeasy Plus Mini Kit (Qiagen,
Hilden, Germany), respectively. RNA integrity wasrified by agarose gel electrophoresis,
and cDNA was obtained by reverse transcription €8agript 11l RT; Invitrogen, Karlsruhe,
Germany). Real-time gPCR was performed on an Ag@i®systems 7500 Real Time PCR
system using TagMan Universal PCR master mix amdnitoried TagMan gene expression
assays (Applied Biosystems, Darmstadt, GermanyMiactSac (Mm01276718 m1)Muc5b
(Mm00466391_m1), Gob5 (Mm01320697_m1l), 1113 (MmO00434204_m1), 1133
(MmO00505403 m1), 1125 (MmO0049822 ml), Tdp (Mm00498739 m1l), Postn
(Mm00450111_m1), Mmpl2 (MmO00500554 m1), Chia (MmO00458221 m1), Yml
(Mm00657889_mH), Ym2 (Mm00840870 m1), Argl (MmO00475988 m1), andActb

(MmO00607939_s1). Relative fold changes of targeegexpression were calculated from the

11



efficiency of the PCR reactions, the crossing paletiation between samples from the
different experimental groups and vehicle-treated &bntrols, and normalization to the
expression of the reference gefetb as previously described (E2, E2For analysis of
micro-dissected airway epithelium, gene specifieapnplification was performed prior to
gPCR using Platinum Taq DNA Polymerase and theviotlg intron-spanning primers:

1113, 5-CTGTGTCTCTCCCTCTGACCC-3'(sense)

and 5’-CCAGGGCTACACAGAACCCG-3 (antisense);

1133, 5’-ACACATTGAGCATCCAAGGAAC-3’ (sense)

and 5’-AAGAAGGCCTGTTCCGGAGG-3’ (antisense);

1125, 5-TGTACCAGGCTGTTGCATTCT-3’ (sense)

and 5’-TAAAGTGGGACGGAGTTGCC-3' (antisense)

Tdp, 5-GGACTGTGAGAGCAAGCCAG-3’ (sense)

and 5’-GGTCCTCTAAGTGTCACACCC-3' (antisense)

Postn, 5-TGTGCCCTCCAGCAAATTCT-3’ (sense)

and 5’-TGCGAATGTCAGAATCCAGGT-3' (antisense)

Actb, 5-AGATCAAGATCATTGCTCCTCCT-3' (sense)

and 5-TGCTCCAACCAACTGCTGTC-3’ (antisense).
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SUPPLEMENTAL FIGURES

FigureE1l

[CJWT vehicle
CIwTAf
[l scnn1b-Tg vehicle
B scnn1b-Tg Af *
40 - - 80 -
* -
1 - l
30 - 3.75 1 60
2 < <
o o pd
S £ x
S
£ 20 - S 25- < 40
Q =
3 s g
& 3 S t
Q - 1.25 5 204
s s i 8
Q -— 0 0-——==

Figure E1. Effects of Af challenge on mucin expression ingsiof juvenile WT and&cnnlb-
Tg mice. Expression d¥lucsac, Mucbb andGob5 in lungs of juvenile (2 to 3-week-old) WT
and Scnnlb-Tg mice challenged with Af or vehicle alone. n #08 each group. P < 0.001

compared to vehicle-treated mice of same genotypet® < 0.001 compared to mice with

same treatment but different genotype.

16



FigureE2
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Figure E2. Dose-dependent induction @f13 expression by IL-33 in primary tracheal
epithelial cultures from WT mice. Primary tracheaithelial cultures were grown under air-
liquid interface (ALI) conditions and IL-33 was aitito the basolateral side. n = 3-10 for

each concentration.
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