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Abstract

Background: Chronic airway inflammatory diseases such as chraminosinusitis
with nasal polyps and asthma showed increased ra&gathylococcus aureus (S
aureus) colonization. Serine protease like protein D [(Hphnd other closely related
proteases secreted By aureus have recently been identified as inducers of gider

asthma in humans and mice but their mechanismtiwirais largely unknown.

Objective: We investigated the role of recombinant SpID invidig Th2-biased

responses and IgE formation in a murine modellef@kt asthma.

Methods: Allergic asthma was induced in C57BL/6 J wild typee, TLR4 knockout
mice (TLR4") and Rag2 knockout mice (Rag2 by repeated intratracheal
applications of SpID. Inflammatory parameters ia #irways were assessed by flow
cytometry, ELISA, Luminex and immunohistochemist8erum SplD-specific IgE

levels were analysed by ELISA.

Results: We observed that repeated intratracheal exposugpld led to IL-33 and
eotaxin production, eosinophilia, bronchial hypaotevity and goblet cell hyperplasia
in the airways Blocking the IL-33 activity using a soluble ST2 eptor (sST2)
significantly decreased the numbers of eosinophitd,3*ILC2s, IL-13'CD4" T cells,
and IL-5 and IL-13 production by Ilymph node cellat thad no effect on IgE
production. SplID-induced airway inflammation anck Igproduction were largely
dependent on the presence of the functional adaptimune system and independent

of TLR4 signalling.

Conclusion: The S. aureus-derived protein SpID is a potent allergenSofureus and

induces a Th2-biased inflammatory response in iiveags in an IL-33-dependent,
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but TRL4-independent manner. sST2 could be aniefficstrategy to interfere with

SpID-induced Th2 inflammation, but does not prevbstallergic sensitization.

Key messages

* sensitization withS. aureus serine protease like protein, SpID causes Th2-
biased allergic airway inflammation in mice accomipd by the release of the
innate cytokine IL-33

» |L-33 targeted treatment could be an efficient dipeutic strategy to counteract

the action of SpID on the immune system

Keywords: allergy, asthma$ aureus, sensitization, serine protease

Capsule summary
Saureus protein SpID acts as an allergen and an adjuvahicing asthma features
via inducing IL-33 production by airway epithelieglls. Soluble 1L-33 receptor is a

promising treatment option as it interferes withCsmduced inflammation.
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Abbreviations

BALF
EDTA

HDM

IL-1RACP
ILC2
MHC
MLKL
OVA
PAR
PAS
PBS

S aureus
SpID
SST2
Th2

TLR
TSLP
TUNEL

GFP

bronchoalveolar lavage fluid
ethylenediaminetetraacetic acid

house dust mite

immunoglobulin E

interleukin

IL-1R accessory protein

innate lymphoid cells type 2

major histocompatibility complex
mixed lineage kinase domain-like protein
ovalbumin

protease-activated receptor

Periodic acid - Schiff

phosphate-buffered saline

Staphylococcus aureus

S aureus-derived serine protease-like protein D
soluble ST2

T helper two

toll-like receptor

thymic stromal lymphopoietin

terminal deoxynucleotidyl transferase dUTEknénd labeling

green fluorescent protein
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I ntroduction

S aureus is a versatile germ frequently found colonizingigrats with Th2-biased
diseases such as atopic dermatitis and chroniostmnsitis with nasal polyps®. It
actively manipulates the host immune response legasang proteins, which facilitate
bacterial invasion and colonizati6fi These secreted proteins allow the bacterium to
activate virulence and metabolic pathways requfedbacterial survival and may
exert immune suppressive action on the mucosar@mvient®®. Based orin silico
analyses of thé& aureus pangenome it is estimated that the repertoireecfeted
proteins comprises more than 1350 proteins, inolydenterotoxins, toxic shock
syndrome toxin-1 and other virulence factors, maimyhich the function is unknown
1011 1t is important to understand the interplay betwéehe immune proteome 6f
aureus and the immune response of the host and to eligcitkarole in the initiation
and persistence of chronic airway diseases. Asthrpatients have increased specific
IgE reactivity to various secrete8l aureus proteins®? and several endotypes of
chronic rhinosinusitis were proposed based on thsgnce o8 aureus- specific IgE
135 Recently, we have observed elevated level§ afureus serine protease-like
protein (Spl)-specific IgE in sera of asthmatic igatls, indicating the clinical
relevance of these proteasésSpls are a group of si® aureus proteases (A-F),
which belong to a small subfamily S1B (encompassitagphylococcal V8 protease,
epidermolytic toxins, and Spl proteases). 84%. @fureus strains contain at least one
Spl-protease-encoding gen®. Moreover, we could demonstrate that repeated
exposure to pure SpID without the addition of adyuaant results in a Th2 response
and SplD-specific IgE production in mic& However, the exact mechanisms
underlying this SplD-induced Th2 bias are not yatavelled and are the focus of the

current study.
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Allergens such as house dust mite (HDM), cockroaicRlternaria alternata were
shown to act in a important role in allergy devehgmt, in part by activation of cell
surface protease-activated receptors (PARS) the airways inducing cytokines and
cleave intercellular epithelial tight junctiort$ thereby amplifying the response to
allergens. They can also cleave CXCR1 on the sadfoeutrophils® and CD23 and
CD25 receptors on immune cetfsthereby reinforcing allergy progression.

A key mediator of the type 2 inflammation of thenays is the cytokine 1L-33. I1L-33
binds to a heterodimeric cell surface receptor isting of IL-1R accessory protein
(IL-1RACcP) and ST2 on immune cells such as Thxscalinate lymphoid cells type 2
(ILC2) cells, invariant natural killer T cells, naal killer cells, basophils, eosinophils,
mast cells as well as dendritic cells (DCs), evalhuactivating intracellular
signalling pathways and supporting allergic airvaffammation?®** Among the
four known isoforms of ST2, two are highly relevdat the regulation of allergic
airway inflammation in mice: the soluble ST2 (sSE2)}d a transmembrane form
(ST2L) 2. It has been shown that sST2 antagonizes ST2lpresging the IL-33
mediated activation of the NEB pathway as well as downstream effects such as the
production of Th2 cytokines, thereby attenuatingrglc asthma symptoms in mice
2425 n this respect, sST2 could be a promising theutip option for asthma.

In the current work we focused on the molecular mesms by which SplD drives
allergic asthma in mice. We demonstrated that Sptdced type 2 cytokine
production and eosinophilia in the airways are éargL-33 dependent, while the
production of SplD-specific IgE and goblet cell a@asia occur independently of
this pathway. The above mentioned effects are restliby the adaptive immune

system.
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Methods

Mice and sensitization protocol

Animals were maintained in a 12/12 h of light/daykle and had access to water and
food ad libitum. Animal experiments were approved by the locailcstbommittee of
Ghent University.Female C57BL/6 J wild type mice (Janvier, HeverlBelgium),
TLR4 knockout mice (TLR#) and Rag2 knockout mice (Rag2(both were kindly
provided by VIB-IRC, Ghent, Belgium) were treateddar light anesthesia with
isofluorane/air (Ecuphar, Oostkamp, Belgium) simds every second day by
intratracheal applications with either 45ug SplBud SplF or 100pg ovalbumin
(OVA, Wortington Biochemical Corporation, Lakewood,J, USA) in 50uL PBS
(Gibco Thermo Fisher Scientific, Erembodegem-Adhstlgium) and one additional
i.t. application of 50uL PBS after each treatmeot,50uL PBS alone. In some
experiments a combination of 45ug SplD and 100pd@Mre given six times every
second day by intratracheal applications. Soluldig @as applied intratracheally at
the dose of 25ug/50uL per mouse after each Spllcappn instead of the second
PBS application. 48 hours after the last intrateatlapplication mice were euthanized
by ani.p. injection of 100uL Nembutal (Ceva Santé Anima&liéourne, France) and
the lungs, serum, bronchoalveolar lavage fluid (BAland local draining lymph

nodes were collected in each experiment.

Luminex analysis
Concentrations of murine IL-5, IL-13, IL-33 and &ain in lung homogenates and

lymph node cell supernatants were analysed by Lexnierformance assays (R&D,
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Oxon, UK). IL-25 and TSLP were measured by ELISAA[RSystems, Abington,

UK).

Bronchial hyperreactivity test

Bronchial hyperreactivity in response to increadiloges of carbachol (0, 20, 40, 80,
160, 320, 640 pg/kg) was measured 48 hours afeefait intratracheal application
using the forced oscillation technique (Flexivenstem, SCIREQ, Montreal, QC,

Canada). Neuromuscular blockade was induced bygtinge 1mg/kg pancuronium

bromide intravenously. A “snapshot perturbation” nmeuvre was imposed to

measure the resistance of the whole respiratotgisy&irways, lung and chest wall).

Flow cytometry

The list of antibodies used in the study and thiéngastrategy are provided in this

article's Online repository

Statistics

Statistical analysis was performed by using Graptt Prism version 6 software and
unpaired non-parametric Mann-Whitney test.
A more detailed description of the materials andhoés used in this study can be

found in the Methods section in this article's @alRepository at www.jacionline.arg

Results

SplD induces key features of asthma and increased expression of 1L-33in mice

We established a sensitization protocol using C38BLwild type mice that received

six intratracheal (i.t.) applications of 4fg SpID. Mice treated with phosphate
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buffered saline (PBS) or the inert antigen ovalbur{®VA) served as negative
control groups. With this model, we previously desioated that SpID could attract
eosinophils and T cells to the airways, increas@ tTitokine production in local
draining lymph nodes and induce the formation dDSgpecific IgE™. To study the
mechanisms of the type 2-biased asthmatic respgonSeID we investigated the IL-
33 expression in this mouse model. IL-33 is a @lucitokine in type 2 allergic
inflammation 2>%° After SplD exposure, mice expressed higher legél$L-33 in
lung homogenates than controls. Full length IL-3®l,aeven more distinctly, the
cleaved form of IL-33 were increased in SplD-trdatanice (Fig.1A).
Immunofluorescent co-staining of lung sections dest@ated that IL-33 had a
nuclear localization in the airway epithelial cefige 1l (proSPC) in all treatment
groups (Fig.1B), while more IL-33 positive cells n@epresent in the SplD-treated
mice. Because IL-33 was shown to be an alarmin ¢hat be passively released
during necrosi€’, we have analysed cell death in the lungs of Spéted mice.
Western blotting for phosphorylated mixed lineageake domain-like protein
(PMLKL), which becomes phosphorylated upon cellrsis®® was not detectable in
the experimental animals irrespective of the tresmtm(Fig.E1A). In addition, no
TUNEL-positive cells in the lung sections were d&td either (Fig.E1B), supporting
that neither apoptotic nor necrotic cell death d@sominent role in the SpID-induced
generation of IL-33 in murine airways. Isolatedhpary murine airway epithelial cells
type Il responded to SpID with a increased expoessif full length IL-33, which
peaked after one hour (Fig.1C). We did not findremease in TSLP, IL-25, GM-CSF

levels in the lungs of mice treated with SpID conapiato controls (data not shown).

The 1L-33/ST2 axis modulates the type 2 inflammatory responses in a murine

model of SplD-induced asthma
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To investigate the role of IL-33 in SpID-inducedhamsa, SplD-sensitized mice were
treated with intratracheal applications of recomabinsoluble IL-33 receptor, SST2
after each SpID treatment to block IL-33 signallifigig.2A). sST2 treatment
significantly reduced total cell numbers and eogimbcounts in the bronchoalveolar
lavage fluid (BALF) (Fig.2B,C). The low number ofutrophils that were attracted to
the BALF upon SpID exposure, was further reducedSin2 treated mice (Fig.2D).
SpID treatment induced an infiltration of CD# cells into the BALF (Fig.2E).
Furthermore, the activation of Th2 cells and ILC@ss evident by the increased
numbers of IL13 CD4" T and ILC2 cells and IL-5 producing ILC2s in thélE-,
which were significantly reduced after sST2 treatmé€Fig.2F-H). Eosinophil
numbers were reduced in tendency in the lungs tD-8pposed mice treated with
sST2 (Fig.2l). No neutrophil infiltration into tHengs of SplD-exposed mice was
observed (Fig.2J). sST2 caused a significant remtuat the number of CD4T cells

in the lungs (Fig.2K). IL-33 and eotaxin levels #ited a tendency to a decrease
when sST2 was given in addition to SpID (Fig.2L,Nf).the lung draining lymph
nodes, the total cell count was not significantkgrad by sST2 treatment (Fig.3A),
however, the increase in MHCGD11¢ DCs that was observed after SpID treatment
was significantly dampened when sST2 was givendaiiten (Fig.3B). To analyse
the effect of the IL-33 signalling pathway on T lgablarization, the local draining
lymph node cells from mice receiving different esipeental treatments were re-

stimulated witha: CD3 and « CD28 antibodies for 5 days. SpID-treated mice slibwe

a significantly higher Th2 cytokine production,.ile-5 and IL-13 levels in the lymph
node cell supernatants, compared to PBS-treatedpgyacorroboration our earlier
findings in the same mod¥l While Thl and Th17 differentiation were not affst

(data not shown)Remarkably, the sST2 treatment resulted in a stredgction of

10
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IL-5 and IL-13 levels in the lymph node cell supgants of SplD-treated mice
(Fig.3C,D), supporting the notion of an importaoierof IL-33 in the SpID-induced T
cell activation. Although the inflammatory cell pemses were dampened by the sST2
treatment, serum levels of SpID-specific IgE weoe significantly reduced by sST2
(Fig.3E). Moreover, SplD-exposure induced broncHigperreactivity, which was
partially but not significantly lowered by sST2 atment (Fig.3G). To further
characterize our SplD-sensitization model, we itigagsed lung histology. SplD-
treated mice showed marked perivascular and pecbial infiltration of CD45
leukocytes, which were largely prevented by sST@.4RA). The key features of
asthma, such as the goblet cell hyperplasia irattveays (Fig.4B) and thickening of
the peribronchial airway smooth muscles, were priesethe SplD-treated mice and
indicate incipient airway remodelling (Fig.4C). Beewere unchanged after the

addition of sST2.

In summary, our results underline the crucial roldL-33 in SpID-induced type 2
inflammation, while airway remodelling features wdess affected by intratracheal

administration of sST2.
SplD acts as an adjuvant when co-administered with an inert allergen

As we have shown earlier, that SpID administration in #iesence of adjuvants
results in the production of SpID-specific serurk lig mice'* (Fig.3E). In contrast,
OVA alone did not induce an OVA-specific IgE respermunder similar conditions, as
it is considered as an inert antigen. Remarkallfyairacheal co-administration of
SpID breaks the tolerance to OVA, as shown by 8aaritly higher levels of OVA-

specific serum IgE in the mice (Fig.3F).

SpID induces attraction of PAR2 positive cellsto the lungs

11
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PAR2 is an important recognition receptor for paste allergens such as HDM or
Alternaria alternata, and its activation enhances a Th2 response ifuitgs >°°
Following SplID treatment, the numbers of PAR2Ils were significantly increased
in the lungs, which could be efficiently countestby sST2 (Fig.5A). This indicates
that the increased PAR2 in the lungs is a conseguehthe SpID-induced attraction
of inflammatory cells rather than a direct actigatiof PAR2. Both amn vitro assay
using an NF-kB dependent PAR2 reporter HEK-293sc@tig.5B) and GFP-tagged
PAR2-expressing HeLa cells (Fig.5C) showed an attn with the PAR2 activating

peptide SLIGKV-NH and trypsin, by luciferase activity or internativa of PAR2

by endosome formation, but not with SpID.
SplD does not activate TLR2 in vitro

TLR2 is a receptor that detects bacterial cell wetimpartments such as
peptidoglycan and is thus involved in recogniztgureus **. SpID did not activate
TLR2 reporter cells (Hek-Blue hTLR) vitro at any tested concentration, excluding

a direct interaction of SpID with TLR2 (Fig.E2A).
SplD induces asthma features independent from TLR4

Inhalation of allergens with proteolytic capacifissch as HDM, leads to asthma via
initiation of the TLR4 signalling pathwa¥.. However, the numbers of eosinophils,
neutrophils or T cells in BALF and in lungs werargmarable between wild type and
TLR4" mice when treated with SpID (Fig.E2B-F). In adufiti TLR4 deficiency did
not affect the levels of SpID-induced IL-33 prodant (Fig.E2G) and SplD-specific
IgE (Fig.E2H) production. This indicated that, iontrast to HDM, SplD-induced

asthma is TLR4 independent.

12
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The adaptive immune system is essential for SplD induced asthma

To study the contribution of the adaptive immunstem to the SplD-induced allergic
airway inflammation we treated Raganice, which lack mature T- and B cells but
not ILC2s *3, with SpID or PBS. SpID-induced eosinophilia inetlBALF was
completely abolished in Rag2mice (Fig.6A) and neutrophils were significantly
decreased in BALF of SpID-treated Rag@ice compared to the controls (Fig.6B).
The levels of IL-33 in the lungs of SpID-treatedgRamice were comparable to the
controls indicating that I1L-33 acts upstream of #uaptive immune system (Fig.6C).
No production of SplD-specific IgE could be measuie RagZ mice (Fig.6D).
Histological analysis of the lungs showed that Raggce do not respond to SpID, as
they lack inflammatory cell infiltration, airway meodelling or bronchial
hyperreactivity (Fig.6E-I) that were observed ie thild type mice. The absence of a
functional immune system in Ra2loes not allow to analyse the humoral immune

response.
The serine protease like protein SplF induces an inflammatory response like SplD

SpIF is also encoded in tHgpl-Operon and shares high sequence similarity with
SpID. We tested the response towards $pl¥vo, using the same protocol as with
SpID. In the BALF of SplF-treated mice, the totallcount (Fig.E3A) as well as the
numbers of eosinophils (Fig.E3B), neutrophils (ERC) and CD4T cells (Fig.E3D)
were significantly higher than in the PBS-treateditocol mice. The eosinophils are
also increased in the lungs (Fig.E3E), while neatitonumbers remained low (Fig.
S3F). A trend towards an increased expression e83lLand eotaxin was also
observed (Fig.E3G,H). After six applications of BpbEplF-specific IgE was formed

(Fig.E3l). Representative images of CD48ukocytes attracted to the lungs, goblet

13
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cells, peribronchial smooth muscles and PAR2lls show comparable results as

SpID-treated mice (Fig.E3J).
Discussion

In this study we focus on the mechanisms of the-Giad immune response
induced byS. aureus serine protease like protein, SplD. Our study aévehat
sensitization with SpID causes an allergic airwaf{ammation in mice accompanied
by the release of the innate cytokine IL-33, inseshairway hyperreactivity, higher
mucus production as well as activation of the adapimmune system with
predominant release of Th2 cytokines. Allergen gedmon in the airways is
characterized by release of ll;1IL-25, IL-33, TSLP, GM-CSF and endogenous
danger signals that activate the DCs network ahdrahnate immune cells, such as
basophils and type 2 innate lymphoid céflsin contrast to earlier observations in
HDM sensitization models, we did not find an in@ean TSLP, IL-25, GM-CSF

levels in the lungs of mice treated with SpID.

It became evident that IL-33 and its receptor ST& @ucial in the regulation of

allergic inflammation *>%

IL-33 is expressed by airway smooth muscle cells,
endothelial and epithelial cells and it can alsopbeduced by macrophages upon
activation in human¥'. In murine lungs IL-33 is mostly localized in aawepithelial
cells type 11%. IL-33 can be released as an alarmin from dyiniés & or upon
allergic sensitizatio***! In this study we showed that IL-33 expressiorels\are
increased in SpID-treated mice in comparison tocth@rols. By stimulating isolated
primary airway epithelial cells type Il with Splid vitro, we demonstrated a fast and

direct effect of SpID on IL-33 production that wemlependent of the presence of

inflammatory immune cells. Importantly, the IL-33pragulation was not

14
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accompanied by cell death as demonstrated by TUst&ihing of lung sections and
Western blot for p-MLKL, suggesting that I1L-33 istrpassively released by dying
cells but actively secreted by the airway epithalilBacterial and fungal cell wall
components were shown to induce IL-33 producti@nMiR2 activatiorf?, however,
SpID did not directly activate TLRin vitro. Moreover, we demonstrated that the
facilitating effects of SpID on allergy parametsisch as eosinophilia, Th2 cytokine
production and SplD-specific IgE levels appeareddondependent of TLR4. This
observation is in sharp contrast with the modeatiba described for HDM, where
the presence of TLR4 on the structural lung cellseguired for the development of
allergic asthmé&®. This suggests the possibility that other receptoight be involved,
like PAR2, which gets triggered, e.g., Biternaria alternata, to induce an asthmatic
response independent of TLR4 PAR2 activation in the lungs was shown to trigger
and enhance a Th2-biased inflammatory responsa toegt protein antigen in mice
4 We observed an increase in PAR®Ils in the lung sections of SplD-treated mice.
The higher amount of PAR2 in SpID treated mice t@nexplained by PAR2
expression on immune cells such as CD4ells* or macrophages infiltrating SplID-
treated lungs, and by the effects of endogenoutegses that are released, e.g. by
mast cells in response to the SpID-induced inflatiom&®. We have demonstrated

that no direct protease-dependent activation of PARSpID occurs.

We have observed an increased production of ILéb1arl3 in lymph nodes of the
SpID-treated mice. As IL-13 promotes continuous38.-production®’, positive
feedback loops could drive allergic airway inflantioa in our model. The presence
of both uncleaved and cleaved forms of IL-33 in limggs of mice treated with SpID
could be very important, because the mature shwrh fof IL-33 has a 30 fold

increased capacity to activate ILC2 callsvivo via ST2L*%. We have ruled out the
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possibility that SplD could directly cleave IL-38 vitro, as no fragments were
generated after co-incubation with of full length33 for up to 24 hours (data not
shown). Alternatively, IL-33 activity can be regidd by endogenous proteases
released during inflammation. Processing of IL-38neutrophil proteases such as
neutrophil elastase or cathepsin G may also ocaungl bacterial, fungal or viral
infections®. In addition, mast cell tryptase and chymase vsé@vn to generate the
shorter mature forms of IL-3%. Although the numbers of attracted neutrophils and
mast cells are negligibly small in our model (Figf, they could be a potent source
of IL-33 activating proteases. Though, SplD does cause a direct mast cell
degranulation (Fig.E5B). However, so far, the meda of IL-33 cleavage in SpID-

treated mice remains a matter of speculation.

To block the IL-33 pathway we treated mice withrattacheal applications of sST2.
In contrast to former studies involving sST2, weplagal sST2 intratracheally to
mimic the non-invasive administration route of #mutic inhalers. The sST2
treatment during SpID sensitization resulted inmaiished eosinophilic attraction to
the airways, lower IL-33- and eotaxin levels, lowembers of IL-13 ILC2s and
CD4" T cells in the BALF and less IL-5 and IL-13 protion in local draining lymph
nodes. In contrast, intratracheal application ofZ8id not reduce SplD-specific IgE
levels. This is possibly due to the intratrachemhmistration route, as previously the
IL-33 pathway was shown to interfere with IgE protion in STZ” mice using HDM
0 or a mix of allergens fromlternaria alternata, Aspergillus or HDM °*2 In a
study by Willart and colleagues, mice injected with sST2 had reduced levels of
HDM-specific IgE, while no effect on Th2 cytokinevkls in the lymph nodes could
be seerf>. SpID-induced airway resistance was non-signifigaiowered and airway

remodelling was unaffected by sST2 treatment.
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DCs are known to be the primary sensors of antigem infectious agents in the
airways and they initiate appropriate adaptive immuesponse¥’. During allergic
sensitization IL-33 can activate DC maturation,ul@&sg in the expression of co-
stimulatory molecules, the priming of T cells antnuately the production of Th2
cytokines®**° IL-33 treatment was shown to increase DC numipetise lungs while
local T and B cell populations were not affectedWe have demonstrated that SplD
treatment attracts DCs to the lung as well as toalllymph nodes, where they
probably prime naive T cells for differentiatiortanTh2 cells. We observe that SplD
induced the migration of DCs to the local lymph e®dAs expected, DC activation

was IL-33 dependent as it was reduced in miceddeaith sST2.

These results prompted us to analyse the roleeatiaptive immune system in our
experimental model of SpD-induced asthma using Ragaice. Importantly,
eosinophilia, SpID-specific IgE production and gablcell hyperplasia were
completely abolished in Rag2mice that receivedSpID. This demonstrates an
essential function of the adaptive immune systensptD-induced allergic airway
inflammation. Since IL-33 levels were unalteredSpID-treated Rag?2 mice, L33
must act upstream of T cell sensitization, probdlylyuning DCs. Moreover, the data
clearly shows that the pronounced eosinophilida@ibflamed airways and lungs was
not elicited by IL33 directly, but mediated by ate@ immune cells. In agreement
with this, RagZmice treated with HDM had very few eosinophils hie &irways and

reduced goblet cell metaplasia

At the first glance, our findings appear to conicadeports by Halim et al. who
showed that ILC2s rather than T cells are imporgdrthe initiation stage of papain-
induced allergic inflammation (days2-3), promotitygpe 2 cytokine production,

eosinophilia and mucus hyperproductt8r’. However, at later stages (days 14-21),
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CD4+ T cells were the main producers of Th2 cytekfi. After two weeks of SpID-
treatment, we found, besides infiltration of CDR cells, a significant expansion of
ILC2s in the airways of SpID-treated wild type mitieappears plausible that also in
our model, the initial response to SpID is carrma mainly by resident ILC2s.
However, the lack of inflammation in Rag2nice after two weeks of SplD-exposure
shows, that an amplification of this initial ILC2ediated response by T cells is
required for the development of the observed egsiilic type 2 airway inflammation

in wild type mice.

We have previously shown th& aureus enterotoxin B (SEB), a potent T cell
activating agent, can break immune tolerance inathg@ays. In the presence of this
toxin intratracheal application of OVA, otherwise @ert protein, primes a Th2
response characterized by bronchial hyperreactaritythe production of specific IgE
9 This is regulated by the activation of inflammgt®Cs and polyclonal T cells
independent of the IL-1R pathwd&). Similarly, SpID promoted the production of
OVA-specific IgE antibodies when given in combinatiwith OVA. Importantly, in
our experimental model intratracheal applicatiorOdA alone did not elicit OVA-
specific IgE production, which indicates that itnféions as a model of airway
tolerance. To render OVA allergenic, prior priming systemic application of OVA
together with an adjuvant is usually requiPédHence, our data indicates that SpID is

capable of breaking tolerance in the airways.

Next to SpID, we showed that SplF can also indutes@sinophilic inflammatory
response and allergic sensitization in mice. Spl&res 94.6% sequence homology
with SpID % Considering its high prevalence of 71%in S aureus strains, our

findings make SplF another relevé&tureus-derived allergen.
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Our observations support the hypothesis fhatureus is persistently colonizing the
nasal mucosa of patients, protected by a biofilmingide of immune cell§ and

constantly producing a panel of factors that cadnitlate and/or aggravate a Th2-
biased immune response. The chronic exposui® &oreus secreted proteins, like

Spls, would also hinder resolution of the inflamimat fostering chronification.

In summary, we have demonstrated that SpID causEs2aresponse in an IL-33
dependent manner, because Th2 cytokine productimh eosinophilic airway
inflammation could be controlled by sST2 treatmehhis identifies IL-33 as a
potential therapeutic target in chronic rhinositissand asthma patients who are

carriers ofS. aureus.
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Figurelegends

Figure 1. IL-33 upregulation upon SpID exposure. A, detettimd semi-quantitative
analysis of full length- and short form-IL-33 innlgt homogenates of PBS, OVA or
SpID-treated mice by Western blot. Data is preskatemeans +SEMs for four mice
per group. B, co-staining of IL-33 (green) and ayepithelial cells type 1l (proSPC,
red) and DAPI (blue). Scale bars represent 25uiVé&stern blot detection and semi-
guantitative analysis of IL-33 in isolated murinengary airway epithelial cells type
Il (AECIIS) that were stimulated with 25pg/mL Spfbr 0, 1 and 5h. n=3-5. Results

are presented as means + SEMs, *P<0.05 are detmiith Mann-Whitney U test.

Figure 2. The SpID-induced IL-33 dependent Th2 inflammatidy application
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scheme, the different groups got six i.t. applmadi every 48 h of either PBS, OVA,
SpID or SpID in combination with soluble ST2 (sSEBAd were euthanized 48 h after
the last application. B, total cell count and floygometric analysis of C, eosinophils
(CD11¢SiglecFCD11b), D, neutrophils (GR1CD116F4/80) and E, CD3CD4" T
cells in BALF. F, IL-13 producing CD4T cells G, IL-5 and H, IL-13 producing
ILC2s in the BALF. I, eosinophils, J, neutrophiladaK, CD4 T cells in lungs,
analysed by flow cytometry. L, IL-33 and M, eotaxmeasurement of lung
homogenates by Luminex. Mean values + SEM are ptede n=7-13, *P<0.05;

**P<0.01; **P<0.001; ***P<0.0001; are determinadgith Mann-Whitney U test.

Figure 3: IL-33 dependent T memory cell formation in lotghph nodes, specific
IgE formation and airway hyperreactivity assay.tétal cell count of lymph node
cells B, flow cytometric analysis of DCs in lympbdes and C, D, cytokine release
by lymph node cells after stimulation for 5 daysthwanti-CD3 and anti-CD28
antibodies or medium (RPMI, controls). E, SpID-spedgE and F, OVA-specific
serum IgE concentrations of mice treated with eitRBS, OVA, SpID or a
combination of SpID and sST2 or SpID and OVA wereasured by ELISA. G,
airway resistance in response to increased doseario&chol administered 48 h after
the last intratracheal challenge of PBS, OVA, SpisplD and sST2 was measured
by forced oscillation technique. n=7-13, resulte gresented as means = SEMSs,

*P<0.05; *P<0.01, **P<0.001 are determined withalin-Whitney U test.

Figure 4: SpID-induced leukocyte infiltration and tissue detalling in the lungs. A,

anti-CD45-staining in the lungs, B, Periodic acch® (PAS) staining of lung

sections and goblet cell quantification in the aiya/(800-2000 um perimeter) and C,
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anti-smooth muscle actin (SMA) staining with measoent of the peribronchial
airway smooth muscle thickness in the lungs of P@&Jbumin (OVA), SpID and
SpID with sST2-treated mice. Scale bars represedifn. n=5, results are presented

as means = SEMs, *P<0.05; *P<0.01 are determinitl Mann-Whitney U test.

Figure 5: PAR2 is indirectly increased in SpID treated miée anti-PAR2 stained
lung sections and quantification of PAP@sitive area. n= 5, results are presented as
means * SEMs, *P<0.05; **P<0.01 are determined wWithnn-Whitney U test. B,
luciferase activity based activation assay of H8R-2Zells transfected with human
PAR2 (hPAR2) or an empty vector control. Cells weitber untreated or treated with
SpID, PAR2 activating peptide SLIGKV-NHor trypsin for 10 hours. Luciferase
values are presented as fold activation relativeirtveated cells. Graphs represent
mean values of quadruplicates £ SD. C, visualimatibPAR?2 translocation in HelLa
cells transfected with a human PAR2-EGFP fusionstrant. The cells were either

untreated, or stimulated with SpID, SLIGKV-NIdr trypsin and recorded for 60 min.

Figure 6: The role of the adaptive immune system in Spl@uced asthma using
Ragz" mice. Flow cytometric analysis of A, eosinophilsdaB, neutrophils in the
BALF, C, IL-33 measurement of lung homogenates bsinex and D, SpID-specific
IgE measurement in serum by ELISA of PBS or Spkatied Rag? mice in
comparison to wild type mice. E, anti-CD45 stainiagd quantification F, PAS-
staining and goblet cell count, G, anti-smooth neisctin (SMA) with measurement
of the peribronchial airway smooth muscle thicknasd H, anti-PAR2 staining and
guantification on lung sections. |, airway resis&in response to increased dosages

of carbachol administered 48 h after the last tracheal challenge of PBS- or SpID-
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treated Rag2 mice was determined by the forced oscillation mégphe. Scale bar

represents 200 um, n=5-8. Mean values + SEM argepted. *P<0.05; **P<0.01;

***P<0.001; ****P<0.0001; are determined with Marvhitney U test.
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Repository methods
Recombinant protein production

The recombinant SplD was produced in ®esubtilis strain 6051HGW LS8P-D,
which lacks the proprietary proteases WprA, Epm, BiprB, NprE, Vpr, Mpr, AprE,
as described in details befdfe Shortly, cell-free supernatants were collected an
subjected to tangential flow filtration to excharige buffer with 20mM Tris/HCI (pH
7.5). SpID was purified by ion-exchange chromatpbyaon a SP Sepharose Fast
Flow column (GE Healthcare), followed by a two-smpification using centrifugal
filter units (Amicon Ultra 30K/10K; Merck Millipore Thereby the buffer was
exchanged with PBS. The quality of the native Spi€paration was verified by SDS-
PAGE. The recombinant murine sST2 was generated pamidfied with standard
chromatographic procedures fras8iT2-His transfected HEK- 293 cells at the VIB

Protein Service Facility, VIB Center for Inflammati Research (Ghent, Belgium).
Organ processing

Blood was collected in EDTA microvettes 200Z (Sedst Nimbrecht, Germany),
centrifuged for 10 min at 3000 rpm, serum was ctdld and stored at -20°C before
further analysis. BALF was collected by rinsing @ievays 3 times with 0.3 mL of
5% BSA (Sigma-Aldrich, Diegem, Belgium) in PBS witbmplete protease inhibitor
cocktail (Roche Diagnostics, Anderlecht, Belgiumga times with 1 mL of 0.2%
ETDA (Sigma-Aldrich) in PBS and kept at 4°C. Reddd cells were lysed for 2 min
with VersalLyse buffer (Beckman-Coulter). Cells wased for FACS analysis. Lungs
were perfused with 10 mL of 0.9% NaCl (Braun, Megjen, Germany). The left lobe
of the lung was fixed with 10% formalin (Sigma-Aih) for paraffin embedding,

whereas the right lobes were either snap frozemioced and digested with 1%
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collagenase type Il (Wortington) for FACS analysBnap frozen lungs were
homogenized for 2 min at 50 oscillations per sesondh 10 times more w/v T-Per
Tissue Protein Extraction reagent (Thermo Fisheerific, Waltham, MA, USA)

with 1x HALT protease inhibitor cocktail kit (TheonFisher Scientific) using the
Tissuelyser LT (Qiagen, Antwerp, Belgium). After &in of centrifugation at 3000
rpm, supernatants were collected and repeatedlyiftgyed at 15000 rpm for 3 min.
Supernatants were collected as lung homogenatesparidin concentration was

measured by the Bio-Rad Protein assay (Bio-Rad s€eBelgium).
AECII sorting an in vitro stimulation with SplD

AECIIs were sorted from 3 naive C57BL/6 WT micepasviously describelf’. After

sorting, cells were stimulated for 0, 1 and 5 hhw2spg/mL SpID in serum free
IMDM medium (Gibco) and lysed with T-Per buffer @mo Fisher Scientific)
containing 1x HALT protease inhibitor cocktail k{f’hermo Fisher Scientific).

Protein concentration was measured by the Bio-Ratkid assay (Bio-Rad).
Lymph node re-stimulation assay

Peribronchial lymph nodes were collected and prdgutph a 70um mesh. Red blood
cells were lysed with VersalLyse buffer (Beckman-@ou Suarlée, Belgium) and
lymph node cells were seeded in triplicates peditimm at 2x16 cells/well in RPMI
medium (Gibco) with 10% FBS (Gibco) and Pen/Sti@jb¢o) in a 96 well plate. The
wells were either uncoated or coated with 2 pg/mbrifiegd anti-mouse CD3
(eBioscience) for 2 h prior to cell incubation. Fied anti-mouse CD28 (eBioscience)
was added to the CD3 stimulated cells to have @ Gioncentration of 2 pg/mL and

unstimulated controls were filled up with RPMI meai to a final volume of 200
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uL/well. Cells were incubated for 5 days at 37°@y £02 and supernatants were

used for IL-5 and IL-13 analysis.

Western blotting

25 ug protein of lung homogenates or lysed AECIIscger slot were loaded on a
15% TrisHCI gel, separated by SDS-PAGE and traresfleto a nitrocellulose
membrane (Bio-Rad). For Western blot, mouse IL-3Rigan affinity-purified
polyclonal goat IgG (dilution 1:300) (R&D System&bingdon, UK) antibody and
donkey anti-goat HRP (dilution 1:5000) (Santa Cidejdelberg, Germany), as well
as the rabbit anti-GAPDH antibody (dilution 1:10Dp0@Sigma-Aldrich) in
combination with the donkey anti-rabbit HRP antipoflilution 1:2000) (GE
healthcare, Little Chalfont, UK) were used. For h#l. and MLKL Western blots,
lungs were homogenized with addition of PhosStogc(fe Diagnostics) in the above
mentioned lysis buffer. A cell lysate of necrotiblHo-treated CT26 cells was used as
a positive control. Anti-MLKL (phosphoS358) (dilah1:2000) (Abcam) in
combination with the donkey anti-rabbit HRP antipofilution 1:2000) (GE
healthcare) and anti-MLKL clone 3H1 (dilution 1:1)QMerck Millipore, Billerica,
MA, USA) in a combination with the anti-rat IgG, PRlinked antibody (dilution
1:2000) (Cell Signaling Technology, Leiden, The INgtands) were used. Bands
were visualized using the Immobilon Western Chemihescense HRP substrate
(Merck Millipore). 4 mice were tested per group the lung homogenates and 3 for
AECIIs, one representative series is shown. Senaintpative analysis of band
intensities was performed by measuring the arearmtig peak of plotted lanes with

the ImageJ software.

I mmunofluorescence staining
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Formalin fixed and paraffin embedded lung tissueewcut at 5um sections.

Sections were deparaffinised, non-specific bindsiggs were blocked with 3%
normal horse serum (Vector Laboratories, PeterlghroWK) in PBS. The sections
were incubated over night at 4°C with the followprgmary antibodies: mouse IL-33,
(dilution 1:50) (R&D Systems) in combination witmtaprosurfactant protein C
(proSP-C) antibody (1:1000) (Merck Millipore). A®condary antibodies, donkey
anti-goat Alexa 488 (1:750) antibody (Invitrogemefmo Fisher Scientific) was used
in combination with donkey anti-rabbit Alexa 5947180) (Invitrogen). Slides were
mounted with Vectashield Mounting medium for Flusmense with DAPI (Vector

Laboratories). Images were obtained with a Zeiseplan 2 confocal microscope.

| mmunohistochemistry

Formalin fixed and paraffin embedded lung tissueewcut at 5um sections.
Sections were deparaffinised and rehydrated andesntetrieval with citrate buffer
(2 mM citric acid and 10 mM sodium citrate, SigmhAch), peroxidase blockage
with 3% HO, (Sigma-Aldrich) and blockage of non-specific bimglisites with 3%
goat serum (Sigma-Aldrich) in PBS with 0.4% Tritdn100 (Sigma-Aldrich) was
performed. Slides were either stained with anti-RA&ntibody (dilution 1:100)
(Abcam) in combination with goat anti-rabbit HRP1(@0), with anti-smooth muscle
actin (1:3000 dilution) (Abcam) in combination wigoat anti-rabbit HRP (1:200) or
with purified rat anti-mouse CD45 (dilution 1:10@D Biosciences) in combination
with biotin goat anti-rat Ig (dilution 1:500) (BDi@science). The CD45 staining
signal was amplified using the Vectastain elite ABIC (Vector Laboratories). All
sections were developed with DAB+ Substrate chramogystem (Dako, Glostrup,
Denmark) and counterstained with hematoxylin (Sigktdrich), dehydrated and

mounted with Pertex (Histolab, Gothenburg, Swedénpges were taken with an
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AxioScanZ.1 (Zeiss, Germany) using a 20X Plan-Apoctat 0.8 NA dry objective,
captured by a Hitachi HV-F202SCL camera. The peaeggn of CD45 and PAR2
positive area of lung sections were quantified @sithe trainable WEKA
segmentation tool of the Fiji software. Airway srtoomuscle thickness was

calculated as the radius of the SMgained peribronchial smooth muscle area.
Toluidine blue staining

Lung sections were deparaffinised, rehydrated daohed for 15 min with 0.1 %
Toluidine Blue (Sigma-Aldrich) in 7% ethanol and 1I¥&Cl, pH 2.3, followed by
dehydration with 100% ethanol and mounting witht@&er(Histolab, Gothenburg,
Sweden). Mast cell numbers were quantified in 5-adjacent lung sections per
mouse (n=7). Images were acquired with an AxioSchariZeiss, Germany) using a
20X Plan-Apochromat 0.8 NA dry objective, captuteg a Hitachi HV-F202SCL

camera.

Periodic acid-Schiff staining

Deparaffinised and rehydrated lung sections wexmesti for mucus producing goblet
cells, using the periodic acid-Schiff (PAS) kit gBia-Aldrich). The magenta stained
goblet cells were counted in airways of a perimefe800-2000 pm, using the Aviso

software.
TUNEL staining

Deparaffinised and rehydrated lung sections wemnetl using the TUNEL

Apoptosis Detection Kit (Merck Millipore) accordirtg the manufacturer's manual.
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As a positive control, 200 pg/mL DNAse | (Qiagen)li mg/mL BSA, TrisHCI pH

7.5 was applied for 10 min after the endogenousxi@ase-quenching step.
SplD-, SplF- and OVA-specific IgE analysis

Sera of mice were taken 48 hours after the ladd pplication and the titers of SpID
specific IgE were performed using an ELISA as dbscr before'. For OVA or
SplF-specific IgE measurements, 5 pg/mL OVA or SpHfe used to coat the plates,

otherwise the assay was performed in the same svey &plD-specific IgE.
Hek-Blue hTLR2 cell stimulation assay

Hek-Blue hTLR2(InvivoGen, San Diego, CA, USA) are TLR2 reportetis that
produce secreted embryonic alkaline phosphatas@RpEpon TLR2 activation via
NF«B. Hek-Blue hTLR2cells were stimulated with 50 pg/mL, 25 pg/mL, or 5
png/mL SpID at 37°C, 5% CQovernight. As a positive control, peptidoglyc&®G(N)
was added at 1 pg/mL. Cell supernatants were dildten 10 with Quanti Blue
(Invivogen, San Diego, CA, USA) according to the@@ier's manual and the SEAP
activity was measured at 620 nm after 24 h. Undéckaell supernatants were used as
negative control. All conditions were measured upltcates and the experiment was

repeated three times.
Generation of PAR2-reporter HEK293T cells

Cells were seeded one day before transfectiondanaity of 4*10°4 cells/well in 1
mL DMEM, 10% FCS medium in 24 well plates. Cellsravéransfected by calcium-
phosphate precipitation with an NB- inducible luciferase reporter plasmid,pa
galactosidase reporter for normalization of thaféwase values and a human PAR2

expression vector. For control transfections withBAR2 the total amount of DNA
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was equalized with empty vector DNA. After 4h otubation at 37°C and 5% GO
the medium was replaced by fresh DMEM with 10%F24h after the transfection,

cells were used for the PAR2 activation assay.

PAR2 activation assay using HEK293 PAR2 reporter cells

The medium was replaced to serum free DMEM and eedire stimulated for 10 h in
quadruplicates with 25ug/mL SpID, 50uM SLIGKV-NHSigma-Aldrich), 1uM
trypsin (Gibco) or were left untreated. After lygigthe cells in 200 L luciferase
lysis buffer (25 mM Tris-phosphate pH 7.8, 2 mM hathreitol, 2 mM 1,2-
cyclohexaminediaminetetraacetic acid, 10% glycet®h Triton X-100), luciferase
and p-galactosidase activities were measured. To corfect differences in
transfection efficiencies, the obtained luciferasdues were normalized with the

correspondin@-galactosidase values.

Generation of PAR2-EGFP expressing HelL a cells and PAR2 receptor translocation

assay

HelLa cells were transfected with a human PAR2-EG&$§on construct and
stimulated with 25pug/mL SpID, 100uM SLIGKV-NHSigma-Aldrich), 1uM trypsin
or were left untreated. The simulated cells weraged every 2.5 minutes with the
Zeiss Spinning Disk microscope for 1 h. The experirwas repeated three times.

Representative images at 0, 30, 60 min of eachremeetal condition are shown.

Flow cytometry

Anti-mouse CD3-PE, CD4-FITC, CD11b-PerCP-Cy5.5,ifpad CD16/32, CD25-
APC, Gr-1-FITC, MHCII-FITC, F4/80-APC, CD25-PECYLD90.2-APC, CD5-

PerCP Cy5, NK1.1-PerCP Cy5, T@RerCP Cy5, CD11lc-APCeFluo780, CD11b-
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APCeFluo780, CD45R-APCeFluo780, CD3 AF700, CD45-BYAIL-13-PE and IL-
5-PE were purchased from (eBioscience) and CD1XGYE (BD Biosciences),
Siglec F-PE (Miltenyi Biosciences) was used to rsteaouse BAL and lungs.
Secondary antibody HRP-APC-Cy7 was purchased freBio6cience). Cells were
stained for 30 min at room temperature, washed RBS, and LIVE/DEAD Fixable
Aqua dead cell stain, LIVE/DEADBFixable Near-IR dead cell stain (Invitrogen) or 7-
AAD Viability Staining Solution (eBioscience) weused for 10 min to exclude dead
cells. Cells were washed and analysed by flow cgtoynusing FACS Canto Il (BD
Biosciences). For the intracellular IL-5 and IL-13aining, BALF cells were
stimulated with the cell stimulation cocktail (plysrotein transport inhibitors)
(eBioscience) for 4 h at 37°C, 5% g @ixed and permeabilized with the intracellular

fixation and permeabilization buffer set (eBioscien
Mast cell degranulation assay

Bone marrow derived murine mast cells were gengraxtan C57BI/6 J mice, n=4,
according to the protocol of Vukman et al. The mesli growth medium was
enhanced by 1 ng/mL recombinant IL-3 (PeproTecmdom, UK). Mast cells were
grown for 4 weeks and analyzed for c-kit andeFdc and expression by flow
cytometry (c-kit-PE, FeRI-PE-Cy7, both from eBioscience). Cells were usedhe
experiments at a purity of >90 % c-kiand FeRI" cells. Experiments were repeated
three times. Mast cell degranulation was tested bgta-hexosaminidase assay using
the protocol of Ali et al. with some modificatior2:4x1G cells/well were plated in
96-well plates and pre-incubated over night witlud/mL anti-DNP IgE (Sigma-
Aldrich) and stimulated for 1 h with 200 ng/mL DNEFSA (Sigma-Aldrich). Cell
pellets were lysed in 1% hexadecyltrimethylammonibromide (Sigma-Aldrich)

with 20 mM EDTA for 10 min at RT, incubated withngtrophenyl-n-acetyp-d-
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glucosaminid (Sigma-Aldrich) for 1.5 h at RT. Theaction was quenched with 100

puL 2M NaOH and the absorbance was measured atm05 n

Repository figures

Figure E1: IL-33 upregulation upon SpID exposure is cell theedependentA,
detection of phosphorylated MLKL (p-MLKL) and ungphorylated MLKL
(MLKL) by Western blot. Necrotic TNé&treated CT26 cells lysate served as positive
control. B, TUNEL stained lung sections of SplD-treated mitlke DNase | treated
lung section on the right served as positive cdn8oale bar represents 200um.
Figure E2: Possible interplay of SpID with the surface reocepfTLR2 or TLR4. A,
Secreted embryonic alkaline phosphatase (SEARitgctf the TLR2 reporter cell
line (Hek-Blue hTLR2)after overnight stimulation with different conceattons of
SpID or peptidoglycan (PGN). Values were measuredduplicates and the
experiment was repeated three times. B, total @alint and C-E, flow cytometric
analysis of eosinophils, neutrophils and CD4cells in the BALF and F, eosinophils
in the lungs. G, IL-33 measurement in lung homotendy Luminex. H, SpID-
specific IgE in serum, measured by ELISA of SplBated TLRZ4 mice in
comparison to the results of SpID-treated wild typie. Results are presented as
means +SEMs. n=4-11. *P<0.05 are determined withiv\/hitney U test.

Figure E3: SplF induced airway inflammation. A, total cetlunt, B, eosinophils, C,
neutrophils and D, CD4+ T cells in the BALF. E, ieophils (CD1llc
SiglecFCD11b) and F, neutrophils (GRICD11F4/80)in the lungs, measured by
flow cytometry. G, IL-33 and H, eotaxin measuredung homogenates by Luminex.
I, SplF-specific IgE in serum of PBS or SplF-treateice. J, representative images of
anti-CD45, Periodic acid-Schiff (PAS), anti-smoatiuscle actin (SMA) and anti-

PAR2 stainings of lung sections of SplF treatedemic
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Figure E4: Representative dot plots and gating strategy ofslhidsitive for
intracellular IL-5 or IL-13 in the BALF of wild typ C57BL/6 J mice repeatedly
exposed to 45ug SpID. ILC2s were identified as (fdD3, CD5, NK1.1, TCRp,
CD11¢, CD11b, and CD45R), CD90 cells. FSC, Forward scatter; SSC, side
scatter; IL, Interleukin-5 or 13; Iso, isotype amrht

Figure E5: A, mast cell quantification of toluidine blue stad lungs. n=5-13. Mast
cell numbers are expressed per area of the se&ijdnmeta-hexosaminidase assay of
bone marrow derived mast cells from C57BL/6 J miocetest the mast cell
degranulation. For B, results are presented as sne8EMs. n=4-11. *P<0.05 are

determined with Mann-Whitney U test.
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