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Abstract
Background: Rhinovirus infection triggers acute eet@ations of asthma. IL-33 is an
instructive cytokine of type-2 inflammation whosepeession is associated with viral load

during experimental rhinovirus infection of asthin@ubjects.

Objective: To determine whether anti-IL-33 therap\effective during disease progression,
established disease, or viral exacerbation usipgeélinical model of chronic asthma and in

vivo human primary airway epithelial cells (AECS).

Methods: To model disease onset, progression, &mdnicity, mice were exposed to
pneumonia virus of mouse and cockroach extractitydife and later-life, then challenged
with rhinovirus. Interventions included anti-IL-3®& dexamethasone at various stages of
disease. AECs were obtained from asthmatic andhyegaétients, and treated with anti-IL-33

following RV infection.

Results: Anti-IL-33 decreased type-2 inflammationaill phases of disease; however, the
ability to prevent airway smooth muscle growth iast after the progression phase. After
the chronic phase, IL-33 levels were persistenity land rhinovirus challenge exacerbated
the type-2 inflammatory response. Treatment witti-lAR33 or dexamethasone diminished
exacerbation severity and anti-IL-33, but not desHirasone, promoted antiviral IFN
expression and decreased viral load. RV replicatvas higher and IFN-lambda lower in
asthmatic compared to healthy AECs. Anti-IL-33 logeeRV replication and increased IFN-

A at the gene and protein level.

Conclusion: Anti-IL-33 or dexamethasone suppressednagnitude of type-2 inflammation
during a rhinovirus-induced acute exacerbation, édx@w only anti-1L-33 boosted antiviral

immunity and lowered viral replication. The latf@nenotype was replicated in RV infected
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human AECs, suggesting that anti-1L-33 therapythasadditional benefit of enhancing host

defence.

Key messages.
* IL-33 blockade abrogates type-2 inflammation duralgphases of disease but the
ability to modulate airway remodelling is lost istablished disease
» Chronic IL-33 expression predisposes to rhinovindiiced exacerbation of disease
in vivo, and suppresses antiviral immunity in exovhuman AEC cultures
* Anti-IL-33 decreases type-2 inflammation, lowersral/i burden, and promotes

antiviral immunity during a RV-induced exacerbation

Capsule summary:

Using a preclinical model of chronic asthma andnary human AECs we show that anti-IL-

33 boosted IFNs and lowered RV replication, suggggshat in addition to attenuating type-2

inflammation, anti-IL-33 therapy may enhance hasedce.
Key words:

IL-33; rhinovirus; asthma; exacerbation; antiviral
Abbreviations:

AEC: Airway epithelial cell

ASM: Airway smooth muscle
BALF: Bronchoalveolar lavage fluid
CRE: Cockroach extract

IFN: Interferon
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IL: Interleukin
ILC2: Type-2 innate lymphoid cell
PVM: Pneumonia virus of mice

RSV: Respiratory syncytial virus
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Introduction

Genome-wide association studies have associatéahteain or near thenterleukin (I1L)-33
and thelL-33 receptor (also known as ST2 and IL-1RL1) loci with asthrsk (1-3). [L-33

is constitutively expressed by epithelial and mebgmal cells in the airway wall, and is
primarily located in the nucleus in the steadyesi@, 5). However, in response to cellular
stress, injury, or death, it is released into tkieaeellular space where it acts as a cytokine
(6). The expression of IL-33 is elevated in thegsiand airways of patients with asthma, and
correlates with disease severity (7-9). IL-33 Ievale also elevated in mouse models of
asthma, where its blockade is protective (10-18)he context of eosinophilic asthma, 1L-33
is pathogenic because it induces type-2 inflammattioough the expansion and activation of
type-2 innate lymphoid cells (ILC2s) and CD4+ Tgel2 (Th2) cells. These cells produce
type-2 cytokines, namely IL-4, IL-5 and IL-13, whiact on structural cells and type-2
effector cells, such as mast cells and eosinopioilpromote the cardinal features of asthma.
IL-33 can also directly activate type-2 effectoigeand is therefore a central orchestrator of
type-2 immunity. Accordingly, several monoclonatibadies against IL-33 and its receptor

have been developed, and have now entered phasialdrials (13).

Consistent with an important role in asthma patheges, known asthma triggers, such as
allergens and respiratory viral infections (mostaiy respiratory syncytial virus [RSV] and
rhinovirus [RV]) induce IL-33 release (14). Sevérerer respiratory tract viral infections in
early life, especially in children who later becoseasitised to aeroallergens, are a major risk
factor for asthma inception (15-19), and it is maighy that the impaired lung function
observed in early-life often persists through dmdd and into later-life, when disease
becomes increasingly chronic (20, 21). To simuth® human epidemiology, we recently
developed a preclinical model of asthma by co-exypsnice to cockroach allergen and

pneumonia virus of mice (PVM), the mouse homologLBSV, both in early-life, to model

5
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disease inception, and later-life, to model disgasgression (22). In this chronic multi-hit
model, antibody-mediated neutralisation of IL-33 @arly- and later-life ablated the
development of the cardinal features of asthmayudneg airway hyperreactivity, airway
inflammation and airway remodelling. Additionallye demonstrated that IL-33 acts as a
potent suppressor of antiviral immunity, attenugtine induction of type | and IIl IFNs and
increasing viral load, and thereby predisposingséoere viral bronchiolitis in early-life.
However, we treated the mice during disease onsesiily-life, and hence the effect of IL-33
neutralisation on disease progression or on estaalidisease, as will be the clinical scenario

in which anti-IL-33 treatments are to be directedhie near future, remained unknown.

In a separate mouse model of virus-induced asti8eadai virus infection was found to
induce an early spike in IL-33 expression followibg a second, more intense phase that
persisted for several weeks after the virus waarebtk implicating a switch from acute to
chronic IL-33 release related to long-lived altemas to epithelial progenitor cells (23). In
light of our recent findings demonstrating a hitbexnrecognised suppressive effect of 1L-33
on antiviral immunity, we sought to identify whetHe-33 expression was long-lived in our
virus/allergen model. Although it is recognisedtttiee majority of asthma exacerbations in
both children and adults are associated with ainaspy RV infection (24, 25), and that this
phenotype is associated with an IL*83FN'"Y cytokine microenvironment (14, 26), it is not
known whether IL-33 predisposes to the impairedvaat immunity observed during an
exacerbation or as shown in virus infected primaBCs from asthmatic patients (14, 27,
28). Hence, we sought to address whether anti-Ith8Bapy would decrease susceptibility to
a RV-mediated acute exacerbation of asthma in asenowdel of chronic asthma on two
fronts: by decreasing type-2 inflammation and logréasing anti-viral immunity. To translate
our findings, we also analysed the effect of antB8 on the antiviral response of human

hAECs from healthy and asthmatic patients infeetéd RV.
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Experimental Procedures

Detailed methods are available in the online suppld.
Co-virus and allergen-induced asthma and rhinovirus-induced exacer bation

Specific pathogen-free BALB/c mice were intranasaibculated with PVM (1 pfu at 7 days
old, 20 pfu at 49 days old; strain J3666) (29) argosed to lug of cockroach allergen
(CRE; Greer Laboratories) as per study design {Ap(22). Anti-IL-33 or isotype control

antibody (200 pg, Pfizer, Inc) or dexamethasonenigh Sigma-Aldrich) were administered
as per study designs. For RV-1B exacerbation, m&e intranasally inoculated with RV-1B
(5x1¢ TCIDsg). All studies were approved by The University@ieensland Animal Ethics

Committee.
Human bronchial epithelial cell culture

Primary hAECs from healthy and asthmatic patientsewobtained from Lonza. Cells were
grown in Bronchial Epithelial Growth Medium (BEGMI.onza) and expanded to passage 2
prior to experimentation. hAECs were seeded intew2# plates and grown to 80%
confluence prior to infection with RV-16 or RV-1B10QI 1). RV-16 and RV-1B stocks were
generated from infected cultures of HelLa cells i@vipusly described (30). After 2 hours
the viral inoculum was removed, replaced with fresbdia and treated in the absence or
presence of anti-IL-33 (1 pg/mL; cat number RDSAEZR&D Systems). At 48 hours post
infection, supernatants were removed and snap+ir@el the AECs collected for RNA

isolation (detailed below).
Flow cytometry

Flow cytometry was performed on bronchoalveolaagesfluid (BALF) cells or lung tissue

digest cells as previously described (31). Singdd suspensions were incubated with

7
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fluorochrome-conjugated antibodies (details in malisupplement). Dead cells were
excluded when samples were collected with an LSieBEsa X-20 (BD Biosciences) and the

data analysed with FACSDiva v8 (BD Biosciences) BlwivJo v8.8 (Treestar).

| mmunohi stochemistry

Paraffin-embedded lung sections were prepared easously described (29). Lung sections
were stained with anti-IL-33, anti-pro-SPC, anti-BH1, antie-SM actin and anti-Mucbac,

as detailed in online supplement.

Measurement of protein expression

Murine IL-33 (R&D), IL-25 (Biolegend), and IL-5 (BDBiosciences) expression was
guantified by ELISA and IL-13 (Enhanced Sensitiiiigx Set, BD Biosciences) by cytokine

bead array. Human IFN-and IL-33 was quantified by ELISA (R&D).

Quantitative real time PCR

Total RNA was isolated with TriReagent solutionldated by phenol-chloroform extraction.
Reverse transcription was performed using M-MLV erse transcriptase then qRT-PCR

performed using SYBR Green and the primers destiibb@able S1.

Satistical analyses

GraphPad Prism version 7.0 software (La Jolla, fQalia) was used for all statistical
analyses. A Student’s t-test, one-way ANOVA withTakey post-hoc test or two-way
ANOVA with a Sidak post-hoc test were applied aprapriate. AP value <0.05 was

considered statistically significant.
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Results

Treatment with anti-IL-33 during the progression and chronic phases reduces many key

features of the asthmatic phenotype

We have previously developed a preclinical modeasthma that simulates the synergistic
interactions between lower respiratory tract infew and low-dose allergen exposure (22).
Critically, this model (see Fig. 1A for study desjigleliberately uses a low dose of virus and
low dose of cockroach allergen that when admirgstezlone is not sufficient to induce the
hallmark features of asthma. Moreover, we iderdifibat the onset of disease is critically
dependent on the timing of virus and allergen cpesxre in early life. Before assessing the
effectiveness of anti-IL-33 as a therapeutic, wst fivanted to assess whether the timing of
the second virus and allergen exposure was crificadlisease progression. When the CRE
exposure (‘C1’) was delayed until 7 days (day 49p©BFig 1A) after the secondary viral
infection, the mice no longer developed the caldieatures of asthma (eosinophilia,
neutrophilia, mucous hypersecretion and airway smoauscle [ASM] growth), as occurs
when the CRE was administered 3 days after the dnallenge (day 45; Supp Fig 1B-E). Of
note, when the mice were treated with CRE at dayad® killed 4 days later (i.e. in the
absence of the second-fourth CRE challenge; ‘C2;@4é mice did present with asthma-like
pathologies (Supp Fig 1F-J). Collectively, thesaliings justify the separation of the model
into three distinct phases: onset, progression,canohicity (Fig. 1A), and allowed us to test
the effectiveness of anti-IL-33 when administeredariy disease progression or as a

therapeutic agent in established disease.

To assess the effectiveness of IL-33 neutralisabon disease progression, mice were
inoculated with PVM and CRE, and then treated peraoneally with anti-IL-33 or control

isotype-matched antibody, starting in the progmsgphase and continuing through the
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chronic phase (Fig. 1A). To compare with a conwardl therapy, an additional group of
mice was treated with the corticosteroid dexameth@s(75 pg). Mice treated with the
isotype control had elevated numbers of airwayreghils and neutrophils, coupled with
elevated levels of ILC2s, total CD4 T cells, and ACDh2 cells (identified by ST-2
expression) (32) as compared to mice exposed taleglhe. non-PVM, non-CRE) (Fig 1B-
F). Consistent with our previous findings (22),9Land IL-13 production was not detectable
72 hr post challenge (data not shown). However,ceiilar inflammation was associated
with features of airway remodelling including muchigpersecretion and increased ASM
mass (Fig 1G-H). In response to treatment witheeitanti-IL-33 or dexamethasone, the
number of airway eosinophils was significantly é&sed compared to mice treated with the
isotype control. In contrast, neither treatmengetiéd neutrophils, lymphocytes, regulatory T
cells, mononuclear cells or the total cell counthi@ BAL (Fig 1B-C, Supp Fig 2 and data not
shown). Both treatments also significantly redutedy ILC2s and CD4+ Th2 cells and
mucus hypersecretion (Fig 1D-G); however, only-#M33 prevented the increase in ASM

mass (Fig 1H).

IL-33 blockade during the chronic phase affects type-2 immunity but not airway remodelling

To address the effectiveness of anti-IL-33 or deathiaisone in established disease, mice
were treated 24 hr prior to each of the CRE exmssur the chronic phase (‘C2-C4’; Fig
2A). Using this regimen, neither treatments had aopstantive effect; anti-IL-33 only
reduced airway eosinophils and neutrophils (FigBnd Supp Fig 3), while dexamethasone
decreased CD4+ Th2 cells (although this was natifsignt) (Fig 2D-F). We reasoned that
the lack of efficacy may relate to a lack of ‘coage’ of IL-33, and assessed the effect of a
twice/weekly dosing regimen. In addition to the graeters affected by the once/weekly

dosing, ILC2s, CD4+ Th2 cells, and mucus hyperseerewere then also significantly

10
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decreased by anti-IL-33, while twice/weekly dexamasbne only affected ILC2s in the lung

(Fig 2B-G). Notably, neither treatment affected Aghdwth (Fig 2H).
Established respiratory disease induces long-term changes to structural cells of the lung

We next investigated whether the structural alienatwould persist in the absence of virus
or allergen challenge (Fig 3A). As expected, ASMsmaemained significantly elevated
when assessed 4 weeks (day 94) after the final ©®Bsure (Fig 3B). Although the extent
of the mucus hypersecretion and other measuregpet2 inflammation had resolved (data
not shown), the concentration of IL-33 in the BAW&s significantly greater at 94 dpi than at
69 dpi. IL-33 (red) was expressed primarily in grofactant protein C (SPC)-positive
(green) alveolar epithelial cells in both vehicledaPVM/CRE exposed mice; however, the
intensity of the IL-33 immunoreactivity was far gter in the mice exposed to PVM/CRE
(Fig 3D). We and others have recently identifiedt thigh mobility group box 1 (HMGB1),
another nuclear alarmin, contributes to the cytekioascade that amplifies type-2
inflammation (33, 34). The levels of cytoplasmic BHR1 in the bronchial epithelium were
significantly greater in the mice co-exposed to HZRE, and remained elevated at day 94
(Fig. 3E), suggesting that the effects of virugtgen co-exposure on airway structural cells

are long-lived and persist in the absence of aahtilar inflammation.
Exacerbation with rhinovirus induces type-2 inflammation

In light of the persistent airway remodelling and33 production, and also our recent
findings that IL-33 suppresses antiviral immunityridg disease onset (22), we postulated
that even without a recent allergen exposure, mite features of chronic asthma would be
more susceptible to an acute exacerbation triggeyddV exposure. To test our hypothesis,
healthy (vehicle-exposed) and diseased (PVM/CRExpmsed) mice were inoculated four

weeks after the final CRE challenge with RV-1B (8%TCIDsg) which unlike most RV
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strains (e.g. RV-16) can infect and replicate ircen(35) (Fig 4A). Three days after RV
inoculation, both airway eosinophils and neutraphiere significantly elevated in the
diseased mice as compared to the healthy con®atsilarly ILC2s, CD4+ Th2 cells and
mucus hypersecretion were significantly greatethi diseased mice (Fig. 4B-G and Supp
Fig 4). This phenotype was associated with a dant increase in IL-13 and IL-5 levels in
the BALF (Fig. 4H-I). Importantly, the hyper-inflamatory response to RV inoculation was
not evident in mice that had been exposed to CB&ealPVM alone, or PVM alone in early-
life with PVM/CRE co-exposure in later-life (Fig 4B Moreover, RV inoculation of healthy
mice did not induce significant IL-33 or IL-25 rake (Supp Fig 4A-B). As expected in the
short 3 day timeframe, RV-1B inoculation did natriease ASM mass in any of the treatment
groups (data not shown). IL-33 was not detectabl¢he BALF at 1 or 3 days post RV

challenge (data not shown).

Blocking IL-33 prior to RV-exacer bation decreases type-2 inflammation

This unique preclinical model allowed us to testettler immuno-neutralisation of IL-33
would decrease the magnitude of type-2 inflammationesponse to an acute RV-induced
exacerbation in the setting of chronic asthma. PVRE co-exposed mice were treated
twice/week with dexamethasone, anti-IL-33 or isetypatched control, in the four weeks
between the final CRE challenge and the RV inotutafFig 5A). Anti-I1L-33 significantly
attenuated the number of eosinophils and neutrephithe airways, and ILC2s and CD4+
Th2 cells in the lungs as compared to mice treati¢d the isotype control (Fig 5B-F and
Supp Fig 5). Treatment with dexamethasone was ailypibr more effective at dampening
the inflammatory cell response (Fig 5B-F), and atien both treatments decreased the number
of CD4+ T cells in the lung prior to the RV exacaibn (Fig 5E). Furthermore, both
treatments significantly decreased the expressidh-©3 and IL-5 in the airway compared

with isotype-matched treatment group (Fig 5G-H)spi&e the pronounced suppression of
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type-2 inflammation, only dexamethasone treatmamtificantly reduced epithelial Muc5ac
expression (Fig 5I). Interestingly, however, treattn with anti-IL-33, but not
dexamethasone, significantly decreased the fractbnbronchial epithelial cells with
cytoplasmic HMGB1 prior to the RV-induced exaceitrat (Fig. 5J). Following RV
infection, expression of cytoplasmic HMGB1 was datically diminished, regardless of
treatment group, suggestive of its extracellul&ase. When measured in the BALF at 1 dpi,
HMGB1 levels were significantly elevated in thetigze- or dexamethasone-treated mice, but

not in the anti-1L-33 treated mice (Fig 5K).

IL-33 blockade prior to exacerbation boosts antiviral immunity

In light of our previous finding that IL-33 suppses antiviral immunity during PVM
infection in early-life (22), we questioned whetHer33 affects the host response to RV
infection. It was noteworthy that the viral load time diseased (isotype-treated) mice was
significantly greater than that of the healthy ¢egimice, similar to the delayed clearance
observed in RV-inoculated asthmatics (14, 26) (B#). Moreover, this phenotype aligned
with an attenuated IFN-response in the lungs (Fig. 6B). Strikingly, wtbka diseased mice
were pre-treated with anti-1L-33, the viral loaddaexpression of IFMN¥, IFN-A and IFNy in

the lungs was equivalent to that of the healthy em{€&ig. 6B). In stark contrast,

dexamethasone treatment did not lower viral loatldid not modulate IFN gene expression.

Anti-lIL-33 increases antiviral immunity in healthy and asthmatic AECs

In light of our findings in mice, we postulated thba-33 may contribute to the loss of viral
control and impaired IFN production observed praslg in in vitro cultured AECs from
asthmatic patients (27, 28, 36-38). Using hAECsaioled from healthy and asthmatic
patients, we confirmed that viral replication (boRV-16 or RV-1B; MOI 1) was

significantly greater in hAECs from subjects witktlana (Fig. 7A-B). Strikingly, pre-
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treatment with anti-IL-33 significantly decrease&/-R6 replication in both healthy and
asthmatic cells (Fig. 7A). A similar trend was abveel with RV-1B infected hAECs (Fig.
7B). RV-16 or RV-1B induced IFM-gene expression was significantly lower in hAECs
from asthmatic patients and was significantly uguafated upon pre-treatment with anti-1L-
33 regardless of disease status (Fig. 7C-D). Atpitmeein level, RV-16 stimulated IFN-
production was significantly increased from the @stof asthmatic patients when IL-33 was
neutralised (Fig. 7E-F). IF-gene expression was not significantly differentwaen
healthy and asthmatic patients, however [FNranscripts were significantly increased
following treatment with anti-IL-33 in the asthn@apatients in response to either virus strain
(Fig. 7G-H). Although IL-33 protein was not detdsta in the supernatant at 48 hr post
infection, (Supp Fig 6A-B); IL-33 mRNA levels wesggnificantly elevated following RV

infection (Fig. 71-J).
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Discussion

In this study, we used a preclinical mouse modeklmfonic asthma that simulates the
synergistic interplay between viral and allergepasure, and which has four distinct phases:
onset, progression, chronic, and exacerbation. aMed that anti-IL-33 treatment during the
progression and chronic phase, or during the chrpnase alone, or prior to the exacerbation
phase alone, attenuated the magnitude of typel@mnfiation and asthma-like pathologies in
the airway wall. In general, anti-IL-33 was as efifee at ameliorating disease as treatment
with the corticosteroid dexamethasone, althoughetinere subtle differences depending on
the timing of treatment. However, the most staffedénce was observed in the exacerbation
phase: whereas dexamethasone had no effect onrantiost defence, anti-IL-33 promoted
antiviral immunity and lowered viral burden. Impamtly, the suppressive effect of IL-33 on
antiviral immunity was confirmed in RV-16 or RV-lBfected hAECs from healthy and

asthmatic patients.

Consistent with the findings of others, we obsertred IL-33 blockade decreased the cellular
inflammation associated with Th2 immunity, inclugirCD4+ Th2 cells, ILC2s, and
eosinophils (10-12) (Fig. 1 & 2). Unfortunately,edto the lungs collapsing during forced
oscillation technigue we could not assess the effgc IL-33 blockade on airway
hyperreactivity. However, we recently reported thatti-IL-33 also prevents ASM
hyperplasia when administered during onset andrpssgpn of asthma (22), and we confirm
these findings here by showing that treatment dubioth the progression and chronic phases
is similarly effective. However, we also revealdthtt commencing treatment after the
progression phase has no effect on ASM remodelkimy 2). These data are concordant with
clinical reports indicating the ASM becomes morefi and difficult to reverse in adults with
asthma (39, 40), and highlight the need for astmteventions in early-life when the ASM

is more amenable to treatment, perhaps as consszjoégreater plasticity.
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In the steady-state, IL-33 is primarily expressed non-haematopoietic cells, including
epithelial cells (alveolar and bronchiolar) and athelial cells (4, 5, 8, 9). We previously
reported that PVM/CRE co-exposure increases ILx@8ession in bronchial epithelial cells
during disease onset (22), however when we assdhsetevels of 1L-33 following the
progression and chronic phase, we found that 183 primarily expressed by alveolar
epithelial cells, even after four weeks without a@mvironmental stimulus (Fig. 3). This
phenotype was associated with high levels of IL#B&e airway lumen, and reminiscent of
the findings observed in a mouse model of Sendasvinfection (23), although our model
incorporated multiple exposures, more typical gedse aetiology. In contrast to the Sendai
virus model, the expression of IL-13, which candféerward to amplify IL-33 levels (41),
was not elevated. Rather the phenotype in our medslsimilar to that observed in children
with severe asthma, who express greater level&-88lin structural cells in the absence of
an elevated IL-13 signal (12). Additionally, we mdi#ed that the cytoplasmic expression of
HMGB1, another alarmin that is constitutively exgsed in the nucleus of barrier cells and
contributes to type-2 inflammation (33, 34), reneginsignificantly elevated in bronchial
epithelial cells long after the final CRE exposufarther studies are needed to identify the
molecular mechanism that leads to the elevated pardistent expression of IL-33 and

HMGB1 as this may identify a novel target(s) foertdpeutic intervention.

Acute exacerbations of asthma are a major causeodbidity and mortality, and present a
considerable health care burden. Current therapeytiions to manage exacerbations are
suboptimal: corticosteroids reduce exacerbation®&@¥ (42), anti-IL-5 therapy allows for
steroid sparing but again only reduces exacerbatlmn 50% (43, 44), while type-1 IFN
therapy fails to improve symptoms during a virahearbation (45). To address this unmet
need, more representative and predictive preclimcalels of viral exacerbation are required

(46). Disappointingly, inoculation with RV shortfter the final allergen challenge in acute
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models of allergic asthma (using ovalbumin or hodast mite) induces an inflammatory
response that is short-lived (lasting <24 hr) aretlpminantly neutrophilic (47-51), contrary
to the clinical phenotype (14, 26). By contrast, BhMallenge after the chronic phase in our
model induced a mixed granulocytic response that associated with increased numbers of
ILC2 and CD4+ Th2 cells and a marked increase enptfoduction type-2 cytokines (Fig. 4).
Importantly, this phenotype was not present in nile& had been exposed to cockroach
alone or even the mice that had been subjecteldl éa@osures bar the CRE administration in
early-life. Thus, viral bronchiolitis in early-lifencreased the susceptibility to an RV-
triggered exacerbation of asthma in later-life. Thelecular processes that underpin this
‘switch’ in early-life remain elusive; however theng-lived effects may reflect epigenetic
alterations in progenitor epithelial cells and/omune cell populations, and are evidently

activated upon RV infection.

In light of the ability of RV to induce IL-33 relsa from human bronchial epithelial cells
(14) and the elevated IL-33 levels in the chrortiage of our model, we hypothesised that the
neutralisation of IL-33 prior to the inoculationtwiRV would diminish the severity of the
exacerbation. Similar to corticosteroid treatmeanti-IL-33 significantly decreased the
magnitude of the type-2 response (e.g. eosinophilS2s, type-2 cytokines) induced in
response to RV challenge (Fig. 5). However, in @sttto the progression and chronic phase,
anti-IL-33 did not reduce epithelial Mucb5ac expressnduced by the RV infection, perhaps
due to cytokine redundancy (52, 53). Both treatsaido decreased the number of CD4+ T
cells in the lungs prior to the exacerbation. leséingly, pre-treatment with anti-IL-33, but
not dexamethasone, decreased the number of bronelpighelial cells expressing
cytoplasmic HMGB1 prior to RV challenge and as assmuence, the concentration of
HMGB1 released into the BALF was significantly demsed following the RV-induced

exacerbation. This is important as we and otherse tehown that HMGBL1 is a type-2
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instructive cytokine (33, 34), like IL-33. Alarmingommonly initiate feed-forward
mechanisms to amplify innate immunity (33). Ourdfilgs implicate a role for IL-33 in
maintaining the dysregulated and proinflammatonyheium that is now recognised to be a

hallmark feature of asthma.

RV-stimulated IFNxA and IFN$ production has been shown to be impaired in briahch
epithelial cells from asthmatic or allergic subge(®7, 28, 54), although other studies did not
replicate this phenotype (55, 56). Intriguingly r@sponse to experimental RV infection, viral
load was significantly higher and correlated witasal IL-33 expression, in asthmatics
compared with healthy subjects (14); however, wreth-33 directly caused the loss of viral
control was not addressed. In our preclinical modeitiviral cytokine expression was
markedly impaired in diseased compared to healthge niollowing RV inoculation,
implicating the existence of a negative-regulajmycess in the diseased mice. In light of our
recent findings demonstrating that IL-33 suppress@s/iral immunity (22), we postulated
that following the chronic phase, persistently ated IL-33 levels would affect host
immunity. Consistent with this theory, anti-IL-3B8&tment prior to the RV exacerbation
restored the production of antiviral cytokines alwhinished the level of RV viral copies to
that observed in RV inoculated healthy mice (Fig.l6 contrast, dexamethasone treatment
had no effect on viral load or the dampened IFNdpaobion; thus the beneficial effects of
dexamethasone on the pro-inflammatory response aappe be outweighed by their
detrimental impact on local antiviral immunity, kast in the short-term. Importantly,
through immune-neutralisation of human IL-33, wenfomed that RV-induced IL-33
dampens antiviral immunity and increases viral iogplon in human AECs obtained from
both healthy and asthmatic patients (Fig. 7). Aliio IL-33 protein expression was not
detectable in the supernatant, possibly due tdetgadation, we observed a significant up-

regulation in IL-33 mMRNA levels in RV-1B stimulatdtAECs from asthmatic patients.
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Taken together, our findings suggest that anti-3L-Brotects against virus-induced
exacerbation via two mechanisms: decreasing typdgl2mmation and restoring antiviral
immunity. Studies are now urgently required in nmanconfirm the anti-type-2 effects of
neutralising IL-33, but perhaps more importanttywill be critical to assess whether IL-33
blockade restores antiviral immunity and epitheliameostasign vivo, as there may be the

potential to return the airway epithelium to thaltiey steady-state.

In conclusion, we present a novel preclinical mafethronic asthma that recapitulates much
of the human epidemiology and highlights a criticdé for IL-33 in the disease progression,
chronicity, and exacerbations. IL-33 blockade attges type-2 inflammation in all phases of
disease, although its beneficial effects againsMA®modelling are lost once disease is
established. Uniquely, we show that anti-IL-33 dorates RV-induced exacerbation by
suppressing type-2 inflammation, restoring anthimamunity, increasing viral clearance, and
decreasing alarmin expression in the bronchialhepim. Our findingsin vivo were
replicatedin vitro using healthy and asthmatic hAECs infected with RKti-IL-33 boosted
antiviral immunity in both healthy and asthmaticllseand controlled viral burden.
Monoclonal antibodies targeting IL-33 or its recepbave now entered Phase | trials. With
phase Il trials on the horizon, it will be importan take the opportunity to assess whether

IL-33 blockade restores host defence as well apresping type-2 inflammation.
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Figure legends

Figure 1. IL-33 blockade during the progression and chronic phase prevents type-2
inflammation and airway remodelling. (A) Study design. 7 day old (0 days post infectio
[dpi]) neonatal mice were infected with pneumoniauy of mice (PVM) and exposed to
cockroach allergen (CRE) 3 days later. Mice whsntreinfected 6 weeks later and exposed
to CRE weekly. Mice were treated with anti-IL-38elevant isotype control or
dexamethasone as indicated. (B) Eosinophils apdN@Dtrophils in the BALF. (D) Type 2
innate lymphoid cells (ILC2), (E) CD4 T cells anid) (Th2 cells in the lung. (G) Mucous
production in the lung, quantified as a score ofcBAc expression. (H) Airway smooth
muscle area. * denotes significance compared wehiclke treated mice. # denotes
significance compared with isotype treated miceox Bind whisker plots show quartiles
(boxes) and range (whiskers), n=5-8 mice/groumesgntative of 2 experiments.

Figure 2. 1L-33 blockade during the chronic phase prevents type-2 inflammation but
doesnot alter ASM remodeling. (A) Study design. Mice were treated once or twieekly
with anti-IL-33, isotype control or dexamethasom®ipto second cockroach allergen (CRE)
in reinfection. (B) Eosinophils and (C) Neutrophin the BALF. (D) Type 2 innate
lymphoid cells (ILC2), (E) CD4 T cells and (F) Th&lls in the lung. (G) Muc5ac score. (H)
ASM. * denotes significance compared with vehitkeated mice. # denotes significance
compared with isotype treated mice, at that doseggmen. Box and whisker plots show
guartiles (boxes) and range (whiskers) n=6-8 mroe|g, representative of 2 experiments.

Figure 3. 1L-33 and HMGB1 are persistently elevated in asthmatic mice. (A) Study
design. Mice were euthanized at 69 or 94 days pastary infection. (B) Airway smooth
muscle (ASM) area. (C) IL-33 in the BALF. (D) IL.33mmunofluorescence. Red = IL-33,
green = pro-surfactant protein C (pro-SPC), blueDAPI. Scale bar = 50 um. (E)
Cytoplasmic high mobility group box 1 (HMGB1) expston in airway epithelial cells. *
denotes significance compared with vehicle treaeck. # denotes significance between
time points. Box and whisker plots show quarti{bexes) and range (whiskers), n=5-7,
representative of 2 experiments.

Figure 4. Rhinovirus infection induces an exacerbation only in mice with established
disease. (A) Study design. Asthma was established as bdfoen mice were rested for four
weeks before inoculation with rhinovirus (RV)-1Bx(®° TCID50). (B) Eosinophils and (C)
Neutrophils in the BALF. (D) Type 2 innate lympHazells (ILC2), (E) CD4 T cells and (F)
Th2 cells in the lung. (G) Mucbac score. (H) IL-48d (I) IL-5 expression in the BALF. *
denotes significance compared with vehicle treaéce. # denotes significance compared
with PVM/CRE/PVM/CRE/RV mice. Box and whisker moshow quartiles (boxes) and
range (whiskers), n=6-9, representative of 2 expenis.

Figure 5. IL-33 blockade prevents type-2 inflammation during an RV-exacerbation. (A)
Study design. Mice were treated twice weekly withi-#L-33, isotype or dexamethasone in
the four weeks prior to rhinovirus (RV)-1B infeatio(B) Eosinophils and (C) Neutrophils in
the BALF. (D) Type 2 innate lymphoid cells (ILCZE) CD4 T cells and (F) Th2 cells in the
lung. (G) IL-13 and (H) IL-5 expression in the BALf) Muc5ac score. (J) Cytoplasmic high
mobility group box 1 (HMGB1) expression in airwayithelial cells. (K) HMGB1
expression in the BALF. * denotes significance camed with vehicle treated mice. #
denotes significance compared with isotype treatede. Data are meantSEM, n=7-9
mice/group, representative of 2 experiments.
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Figure 6. Treatment with anti-IL-33 promotes antiviral immunity during RV-
exacer bation. Mice were euthanized 1 day post rhinovirus (RB)itifection. (A) RV-1B
viral copies were measured by gPCR. (B) Gene sspe of interferon (IFNj, IFN-A and
IFN-y. * denotes significance compared with vehiclatied mice. # denotes significance
compared with isotype treated mice. Box and whigkets show quartiles (boxes) and range
(whiskers), n=5-7 mice/group, representative okRegiments.

Figure 7. Anti-IL-33 blockade boosts antiviral immunity of RV infected hBECs.
Healthy (open circles) and asthmatic (closed) piynteAECs were infected with RV-16 or
RV-1B (MOI 1).(A) RV-16 and(B) RV-1B viral copies were measured by gPQR) Gene
expression of IFN: following RV-16 or (D) RV-1B infection. (E) IFN-A expression in
supernatant following RV-16 ofF) RV-1B infection. (G) Gene expression of IFRI-
following RV-16 or(H) RV-1B infection.(l) IL-33 expression in uninfected (Ul) samples
and RV-16 or(J) RV-1B infected hAECs. * denotes significance witlgjroups. # denotes
significance between healthy and asthmatic celtsb patients/group, in duplicate.
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Table S1

Name Oligonucleotide Primer

RV-1B Forward: 5'- CAATGGGTGTTGTACTCTGTTATTC -3’
Reverse: 5'- CCTGGAGAGTTGCCTACTATTG -3
RV-16 Forward: 5 — CCCTGAATGTGGCTAACCTT -3
Reverse: 5" — GAAACACGGACACCCAAAGTA -3
mHprt Forward: 5- AGGCCAGACTTTGTTGGATTTGAA -3’
Reverse: 5'- CAACTTGCGCTCATCTTAGGCTTT -3’
mIFN-04 Forward: 5'- CAGCATCTACAAGACCCACAA -3’
Reverse: 5- GCAGGTCACATCCTAGAGAAC -3’
mIFN-A2 Forward: 5- GATTGCCACATTGCTCAGTTC -3
Reverse: 5'- CTTCTCAAGCAGCCTCTTCTC -3
mIFN-y Forward: 5- TCTTGAAAGACAATCAGGCCATCA -3
Reverse: 5- GAATCAGCAGCGACTCCTTTTCC -3
hACTB Forward: 5'- TACGCCAACACAGTGCTGTCT -3
Reverse: 5' — TCTGCATCCTGTCGGCAAT -3
hIFN-A2 Forward: 5 — CTCTGTCACCTTCAACCTCTTC -3
Reverse: 5’ — ATCTCAGGTTGCATGACTGG -3
hIFN-B Forward: 5" — CTCTGGCACAACAGGTAGTAG - 3
Reverse: 5 — GGAAAGAGCTGTAGTGGAGAAG - 3
hiL-33 Forward: 5 — CCACTGAGGAAAGAGCCATAG - 3

Reverse: 5’ — TGAGCCTATCGTTTGGAACTG -3’
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Chronic IL-33 expression predisposes to viral-iretliexacerbations
of asthma by increasing type-2 inflammation and pknmg antiviral

immunity

Rhiannon B. Werder, B Biomed Sci (HohsYivian Zhang, PhB) Jason P. Lynch, PHD
Natale Snape, PHJohn W. Upham, MD, PhJ, Kirsten Spann, Pht, and Simon Phipps,

PhD"*

Online Supplement
Co-virus and allergen-induced asthma and rhinovirus-induced exacer bation

Specific pathogen-free BALB/c mice were intranasatioculated at 7 days of age with 1
PFU of PVM (strain J3666) (1) or vehicle (DMEM +%0FCS) under light isofluorane-
induced anaesthesia. Mice were re-inoculated 6 svéskr (49 days old) with 20 PFU of
PVM or vehicle diluent. Mice were intranasally espd to 1ug of cockroach allergen
(Greer Laboratories) (CRE) or vehicle, at 10 and3® 66, and 73 days of age, as indicated
and euthanised at 76 days of age (2). Anti-IL-38o0type control antibody (200 ug, Pfizer,
Inc) or dexamethasone (75 mg, Sigma-Aldrich) wehmiaistered as per study designs. For
RV exacerbation, mice were rested for four weelsviong final CRE, then inoculated with
RV-1B (5x1¢ TCID50) (i.n.). All studies were approved by THaiversity of Queensland

Animal Ethics Committee.
Sample extraction and processing

Following euthanasia by pentobarbitone overdosé&ramchoalveolar lavage (BAL) was
performed with 600 puL of PBS. The BAL fluid was t#iuged at 5,000 rpm, 4°C for 5 min

and the supernatant stored at’@ntil analysis by cytokine bead array (CBA) orlEA.



BALF cells were analysed immediately by flow cytdmge Lung lobes were excised and
processed as previously described (3). Brieflg,léift lung lobe was processed immediately
for flow cytometry and the superior right lobe fiken 10% formalin neutral buffer overnight
before storage in 70% ethanol. The post-caval afedior lobes were pooled and snap frozen
before mechanical digestion and clarification,deléd by analysis by ELISA. The inferior
right lobe was snap frozen before RNA extractiol.sAap frozen lungs were stored at -80

°C.

Flow cytometry

Flow cytometry was performed on BALF cells or lutigsue digest cells as previously
described (3). Briefly, single cell suspensionsemacubated with anti-F&I1I/1l (Fc block)
for 15 min at 4°C then incubated with the followifigorochrome-conjugated antibodies at
4°C for 30 minutes: anti-mouse CD2-FITC (RM2-5)-TFITC (RB6-8C5), CD11c—FITC
(HL3), CD11b-FITC (M1/70), B220-FITC (RA36B2), CDBHC (145-2C11) (all Miltenyi
Biotec), CD8-PerCP (53-6.7), FoxP3-PE (MF23), CDPHICP-Cy5.5 (clone M1/70),
Siglec F-AF647 (clone E50-2440), Ly6G-FITC (clonag), CD4-V500 (RM4-5) (all BD
Biosciences), CD45-BV421 (30-F11), ST-2-APC (DIHQy6C-BV570 (clone HK1.4),
CD11c-BVv785 (clone N418), (all Biolegend), B220-RElone RA3-6B2), CDS3PE
(clonel45-2C11), MHCII-APC-eFluor 780 (clone M5/11%.2) (all eBioscience). 7-AAD
(eBioscience) was used to exclude dead cells alid were gated as demonstrated in
Supplementary Figure 7. Samples were collected waith LSR Fortessa X-20 (BD
Biosciences) and the data analysed with FACSDiv4BIB Biosciences) and FlowJo v8.8

(Treestar).

| mmunohistochemistry



Paraffin-embedded Ilung sections were prepared aviously described (1). For
immunohistochemistry, lung sections were pretreatéd 10% normal goat serum for 30
min. Sections were probed with anti-IL.-33 (AF3628&D), anti-HMGB1 (Ab 18256,
Abcam), anti-pro-SPC (Millipore), an#-SM actin (Sigma-Aldrich) and anti-Muc5ac
(Thermofisher) overnight at 4°C. Following inculosti with appropriate secondary
antibodies, immunoreactivity was developed with tFd&ed (Sigma-Aldrich) and
counterstained with Mayer's hematoxylin (bright Idie or with 4',6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich) (fluorescencéflucsac was scored from 1-5 as a
percentage of Mucb5ac+ AECs and 1-5 for Muc5ac phgggmaximum score = 10)
(Scanscope XT, Aperio). Cytoplasmic HMGB1 was qifat as percentage of airway
epithelial cells positive for HMGB1 in the cytophas Airway smooth muscle mass around
the small airways (defined as a circumference 48@) was measured using Scanscope XT
software and expressed as area per um of baseme&mbnane. Bright field
photomicrographs were taken at 400x and 1000x rfiagtion using an Olympus BX-51
microscope with an Olympus DP-72 camera at roomp&ature and acquired using
Olympus Image Analysis Software. Fluorescent irsageere taken using a Leica DMi8

Inverted Confocal microscope and processed usiagisnimage Analysis software.

Measurement of protein expression

The limit of detection for each assay is indicatedrackets. IL-33 (R&D Systems) (15
pg/mL), IL-25 (Biolegend) (1 pg/mL), HMGB1 (Chonade (0.5 ng/mL) and IL-5 (BD
Biosciences) (9 pg/mL) expression was quantifiedEhySA. IL-13 (Enhanced Sensitivity

Flex Set, BD Biosciences) (9 fg/mL) expression waantified by CBA.

Quantitative real time PCR



Total RNA was isolated from the inferior right lukape with TriReagent solution (Ambion)

followed by phenol-chloroform extraction. DNAse égjion was performed with Turbo

DNAse (Ambion), according to the manufacturer’stinstions. Reverse transcription was
performed using M-MLYV reverse transcriptase anddoam primers (Invitrogen). gRT-PCR

was performed with SYBR Green (Life Technologiesthwhe primers described in Table
S1. RV-1B or RV-16 viral copy number was determitgdgenerating a standard curve of
RV-1B or RV-16 viral copies. Expression values eveormalized taHprt or ACTB and

expressed as fold change over vehicle-treated amicells, as described (1, 2).

Satistical analyses

GraphPad Prism version 5.0 software (La Jolla, f@alia) was used for all statistical
analyses. A Student’s t-test, one-way ANOVA withTakey post-hoc test or two-way
ANOVA with a Sidak post-hoc test were applied aprapriate. AP value <0.05 was

considered statistically significant.

Supplemental Figure 1. Timing of cockroach allergen (CRE) exposure in reinfection
underpins asthma progression. (A) Study design. CRE-1 was administered 3 (4% DP7
(49 DPI) days post reinfection with PVM. (B) Eosoiils and (C) Neutrophils in BALF.
(BD) Mucbac score.{CE) Airway smooth muscle (ASMea. (DF) Study design. Mice
were euthanised 4 days post C1 (49 DPI). (G) Epéit®and (H) Neutrophils in BALF—EI)
Muc5a score.{FJ) ASM area. * denotes significatmapared with vehicle treated mice. #
denotes significance compared with 45 DPI CRE nBox and whisker plots show quartiles
(boxes) and range (whiskers), n=4-8 mice/groupggasmtative of 2 experiments.

Supplemental Figure 2. 1L-33 blockade during the progression and chronic phase. Mice
were treated as per study design in Fig 1A. (ARTBALF cells. (B) Lymphocytes and (C)
Mononuclear cells in the BALF. * denotes significancompared with vehicle treated mice.
# denotes significance compared with isotype tceatgce. Box and whisker plots show
guartiles (boxes) and range (whiskers), n=5-8 mgroelp, representative of 2 experiments.

Supplemental Figure 3. IL-33 blockade during the chronic phase alone. Mice were
treated as per study design in Fig 2A. (A) TotélB cells. (B) Lymphocytes and (C)
Mononuclear cells in the BALF. * denotes significancompared with vehicle treated mice.
# denotes significance compared with isotype tceatece Box and whisker plots show
guartiles (boxes) and range (whiskers), n=6-8 rgroeip, representative of 2 experiments.



Supplemental Figure 4. Rhinovirus infection exacerbation model. Mice were treated as
per study design in Fig 4A. (A) IL-33 and (B) IL-2% BALF of vehicle mice infected with
rhinovirus (RV)-1B alone. (C) Total BALF cells.D)Y Lymphocytes and (E) Mononuclear
cells in the BALF. * denotes significance compareith vehicle treated mice. # denotes
significance compared with isotype treated micex Bmd whisker plots show quartiles
(boxes) and range (whiskers), n=6-9, representafiZeexperiments.

Supplemental Figure 5. IL-33 blockade during an RV-exacerbation. Mice were treated
as per study design in Fig 5A. (A) Total BALF celi®B) Lymphocytes and (C) Mononuclear
cells in the BALF. * denotes significance compareith vehicle treated mice. # denotes
significance compared with isotype treated miceataDare meantSEM, n=7-9 mice/group,
representative of 2 experiments.

Supplemental Figure 6. Rhinovirus infection of human airway epithelial cells. Healthy
(open circles) and asthmatic (closed) primary hAB@se infected with RV-16 or RV-1B
(MOI 1). (A) IL-33 in the supernatant following R¥6 and (B) RV-1B infection. * denotes
significance within groups. # denotes significabetween healthy and asthmatic cells. n=5
patients/group, in duplicate.

Supplemental Figure 7. Gating strategy for FACS of inflammatory cell populations. (A)
BALF cells. (B) CD4+ T cell populations. (C) ILC2s.

Supplemental Table 1. Oligonucleotide sequences used in this study arensh
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Supplementary Figure 6
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