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Integrated Innate Mechanisms Involved in Airway Allergic
Inflammation to the Serine Protease Subtilisin

Esther Florsheim," Shuang Yu,” Ivan Bragatto,” Lucas Faustino,* Eliane Gomes,*
Rodrigo N. Ramos,* José Alexandre M. Barbuto,* Ruslan Medzhitov,Jr and
Momtchilo Russo*

Proteases are recognized environmental allergens, but little is known about the mechanisms responsible for sensing enzyme activity
and initiating the development of allergic inflammation. Because usage of the serine protease subtilisin in the detergent industry
resulted in an outbreak of occupational asthma in workers, we sought to develop an experimental model of allergic lung inflam-
mation to subtilisin and to determine the immunological mechanisms involved in type 2 responses. By using a mouse model of
allergic airway disease, we have defined in this study that s.c. or intranasal sensitization followed by airway challenge to subtilisin
induces prototypic allergic lung inflammation, characterized by airway eosinophilia, type 2 cytokine release, mucus production,
high levels of serum IgE, and airway reactivity. These allergic responses were dependent on subtilisin protease activity, protease-
activated receptor-2, IL-33R ST2, and MyD88 signaling. Also, subtilisin stimulated the expression of the proallergic cytokines IL-
1, IL-33, thymic stromal lymphopoietin, and the growth factor amphiregulin in a human bronchial epithelial cell line. Notably,
acute administration of subtilisin into the airways increased lung IL-5-producing type 2 innate lymphoid cells, which required
protease-activated receptor-2 expression. Finally, subtilisin activity acted as a Th2 adjuvant to an unrelated airborne Ag-
promoting allergic inflammation to inhaled OVA. Therefore, we established a murine model of occupational asthma to a serine
protease and characterized the main molecular pathways involved in allergic sensitization to subtilisin that potentially contribute

to initiate allergic airway disease.

rise, with 30-40% of the world population affected in

2011 (1). Asthma is considered a chronic inflammatory syn-

drome of the airways and represents one of the most studied lung
diseases. Classically, asthma is triggered by the activation of a Th2
adaptive immune response that induces lung eosinophilia, mucus
production, increased levels of IgE, and airway remodeling and
hyperactivity (2). Despite the fact that allergic asthma is pheno-
typically well characterized, the mechanism behind allergen sen-
sitization and initiation of the Th2 response is poorly understood.
Occupational asthma (OA) is a work-related lung disease in-
duced by exposure to an occupational allergen. The prevalence of
OA depends on the nature of the allergen workers are exposed to,
the intensity and duration of this exposure, and individual sus-

T he incidence and severity of allergic disease are on the
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ceptibility (3-5). Contact with proteases at the workplace is an
important risk factor for the development of OA (4). Protease-
induced OA was first recognized at the end of the 1960s and the
70s when heat-stable alkaline enzymes, such as Carlsberg subtil-
isin, were introduced to washing detergents. After inclusion of
Carlsberg subtilisin, >50% of workers from the detergent industry
developed allergic asthma, IgE production, and airway hyperac-
tivity (6). This suggested that Carlsberg subtilisin (alcalase),
a serine protease isolated from Bacillus species, acted as an al-
lergen and could induce OA (7). However, despite the observed
link between occupational exposure to subtilisin and asthma, the
mechanisms through which subtilisin could trigger the allergic
responses remained elusive. Therefore, the development of an ex-
perimental model for the investigation of subtilisin-induced allergic
lung disease could provide useful insights into the general mecha-
nisms behind allergic reactions to proteases.

Many allergens can initiate the allergic response, of which one
important and understudied class is proteases. Protease activity
has been implicated in the development of type 2 inflammation in
response to allergens (8). Indeed, several studies suggest that
proteases are an important component in the allergenic potential
of urban substances (9-15). However, proteases do not always rep-
resent the major allergens. Even though, proteases could act as
Th2 adjuvants to bystander Ags present in the same environment
(8, 16, 17).

In this study, we characterized an experimental model of OA to
subtilisin induced by s.c. or intranasal (i.n.) sensitization. We found
that subtilisin serine protease activity was essential for allergic
sensitization and subsequent airway inflammation. Furthermore,
we found that the allergenicity of subtilisin depended upon
protease-activated receptor (PAR)-2, IL-33R ST2, and MyD88.
Moreover, exposure of a human bronchial epithelial cell line to
subtilisin induced proallergic cytokines, such as thymic stromal
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lymphopoietin (TSLP), IL-1c, and IL-33, and the tissue repair
factor, amphiregulin. Finally, inhaled subtilisin increased lung
type 2 innate lymphoid cells (ILC2) and acted as a Th2 adjuvant to
a bystander Ag such as inhaled OVA.

Materials and Methods
Mice

Female (8-12 wk old) C57BL/6 wild-type (WT), MyD88 /~, PAR-2™/",
and TLR4™’~ mice were from the Institute of Biomedical Sciences-1V,
University of Sao Paulo, or Yale Animal Resources Center at Yale Uni-
versity, originally from The Jackson Laboratory. C57BL/6 Il1rl1 ~/~ mice
were provided by A. McKenzie (University of Cambridge). Mice were
bred in specific pathogen-free conditions, and experiments were done in
accordance with approved guidelines determined by the ethical principles
of Animal Care of the Institute of Biomedical Sciences at University of
Sao Paulo or Institutional Animal Care and Use Committee at Yale.

Chimeric mice were generated following a standard protocol (18).
C57BL/6 CD45.1 and PAR-2"'" mice were used as donors and/or recip-
ients in bone marrow (BM) transplant experiments. Recipient mice un-
derwent a lethal total-body irradiation with 2 doses of 500 rad (Gammacell
40 37Cs v-irradiation source), with an interval of 4 h between the first and
second irradiations. Fresh, unseparated BM cells (10 X 10° per mouse)
were injected into the tail vein of the irradiated recipient mice 24 h after
lethal irradiation. Chimerism efficiency was checked by FACS 8 wk
postirradiation and transplant using peripheral blood, and reconstituted
mice were used at 2 mo after BM transplantation.

Reagents and Abs

Subtilisin (EC 3.4.21.62), papain (EC 3.4.22.2), grade V OVA, and PMSF were
purchased from Sigma-Aldrich. E-64 and the fluorogenic substrates AAF-
AMC and Z-R-AMC were from Calbiochem Merck Millipore. OVA was
removed from LPS using Triton X-114, and the remaining endotoxin activity
was measured by LAL QCL-1000 kit (BioWhittaker). The following reagents
are from the indicated sources: Ack lysing buffer (Lonza), FCS (Benchmark),
SMART Moloney murine leukemia virus reverse-transcriptase reagents
(Clontech), and SYBR Green quantitative PCR mix (Quanta). Purified anti-
mouse fluorochrome-conjugated Abs to CD16/CD32 (2.4G2), I-AY and I—Ed,
Siglec-F, CD4, CD8«, CD45, IL-2, IL-4, IL-5, IL-13, IL-17A, IFN-y, lineage
markers (CD3e, CD19, CD11b, CDI11c, NKI1.1, Ly-6G, FceRI), and Thy-1.2
(CDY90.2) were all from BD Biosciences or eBioscience.

Enzymatic assays

Protease assays were routinely performed at 30°C with 10 mM substrates in
saline with 1 mM Ca2" (subtilisin) or PBS with 5 mM L-cysteine (papain),
both pH 7.4. Protease activity was measured by fluorescence detection of
methylcoumarin released over time in a microplate fluorimeter (Gemini
XPS; Molecular Devices). Enzyme activities were proportional to protein
concentration and time. For inhibition assays, subtilisin was heat inacti-
vated after incubation for 5 min at 100°C. Protein and remaining protease
activity were determined in the supernatant and precipitate after centri-
fugation for 10 min at 10,000 X g and 4°C. Alternatively, subtilisin and
papain were incubated with different concentrations of PMSF or E64,
respectively, until no further inhibition was detected prior to enzyme assay.
For in vivo studies, 10 uM PMSF and 50 nM E-64 were used.

Induction of allergic airway inflammation

Mice were s.c. injected with 1 g subtilisin or 5 pg papain with or without
1.6 mg alum or i.n. with 1 pg active or heat-inactivated subtilisin plus 5 g
OVA on days 0 and 7. To induce airway inflammation after sensitization,
anesthetized mice were administered i.n. with 1 g subtilisin, 5 g papain,
or 10 pg OVA in 40 pl final volume on days 14 and 21. On day 22, mice
were euthanized and different parameters were analyzed. For the acute
inflammation model, mice received 1 g i.n. subtilisin on days 0 and 7,
and the experiment was performed on day 8. For lung ILC2 studies, mice
received 1 g subtilisin for consecutive 3 d and experiments were per-
formed on day 4. Alum gel was prepared, as previously described (19).

Analysis of inflammatory responses

BAL was collected after injecting 1 ml PBS. Total and differential cell
counts were determined by hemocytometer and cytospin preparation and
stained with Instant-Prov (Newprov). Lung tissue was digested using
collagenase IV (2 mg/ml) and DNase I (1 mg/ml) (Sigma-Aldrich) at 37°C
for 30 min. Single-cell suspension was obtained after erythrocyte deple-
tion, smashing, and filtering. Total lung cells were restimulated ex vivo
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with 100 ng/ml PMA and 750 ng/ml ionomicin (Sigma-Aldrich) for 4 h or
1 wg/ml subtilisin for 18 h both in RPMI 1640 medium at 37°C.

Single-cell suspensions from BAL and lung were blocked with 2.4G2 and
incubated for 25 min at 4°C with Abs. A Cytofix/Cytoperm Plus kit with
GolgiPlug (BD Pharmingen) was used for intracellular cytokine staining,
according to the manufacturer’s instructions. Cell acquisition was per-
formed on Canto II or LSRII instruments (BD Biosciences), and data were
analyzed with FlowJo software (Tree Star).

Determination of respiratory pattern

Respiratory dynamics of mice were monitored using unrestrained whole-
body plethysmography (Buxco Electronics, Troy, NY), and measure-
ments were obtained at baseline and after stimulation with inhaled meth-
acholine (0, 3, 6, 12, and 25 mg/ml) from Sigma-Aldrich, as previously
described (20). Enhanced pause (Penh) is a dimensionless value that rep-
resents a function of the ratio of peak expiratory flow to peak inspiratory
flow and a function of the timing of expiration. Penh correlates with
pulmonary airflow resistance or obstruction. Penh as measured by pleth-
ysmography has been previously validated in animal models of airway
hyperresponsiveness (21).

To determine airway reactivity, Penh was recorded for 7.5 min after each
methacholine challenge and at baseline. For late-phase response analysis,
Penh was measured each hour for 6 h right after the second subtilisin
challenge, on day 21 of the experimental protocol described in Materials and
Methods. In this case, Penh was determined without methacholine challenge.

Determination of Abs and cytokines

Total IgE was assayed by sandwich ELISA (OptEIA ELISA Set BD)
following the manufacturer’s instructions. For specific IgG1 quantification,
OVA or subtilisin (both at 2 wg/ml) was plated overnight at 4°C. Plates
were blocked with 10% FBS; mouse serum was added at multiple dilutions;
and specific IgG1 was detected with HRP anti-mouse IgG1 (Invitrogen).
Purified mouse IgG1 (Invitrogen) was used as standard. For OVA-specific
IgE, plates were coated with anti-IgE (Southern Biotech), and subsequently,
biotin-labeled OVA was added. Bound OVA-biotin was revealed and OVA-
specific IgE levels of samples were deduced from an internal standard
arbitrarily assigned as 1000 U, as previously established (22).

BAL specimens were assessed for concentrations of IL-4, IL-6, IL-10,
and TNF-a at day 22 after s.c. sensitization and i.n. challenge with sub-
tilisin by cytometric bead array using the BD CBA Mouse Th1/Th2/Th17
Cytokine Kit (BD Biosciences), according to the manufacturer’s instruc-
tions. Samples were quantified using Canto II (BD Biosciences) flow
cytometer and analyzed by FCAP array software (BD Biosciences).

Lung histology

Lungs were perfused through the right ventricle with 5 ml PBS, removed,
and immersed in 10% phosphate-buffered formalin for 24 h, followed by
70% ethanol until embedding in paraffin. Tissues were sliced, and 5-pm
sections were stained with H&E or periodic acid-Schiff for analysis of
cellular inflammation and mucus production, respectively.

Analysis of human epithelial cell activation

Human airway epithelial cells (H292; American Type Culture Collection)
were cultured as indicated by the manufacturer. Confluent cultures were
serum starved for 12 h before the addition of active subtilisin (1.0 or 10 pg/ml)
or papain (10 pwg/ml). Cell lysates were harvested after stimulation for
3 or 6 h. Total RNA was isolated using RNA-Bee reagent and was reverse
transcribed with an oligo(dT) primer and a Moloney murine leukemia virus
reverse transcriptase reagent. cDNA was synthesized by SuperScriptIII
(Roche) and random primers and analyzed in triplicate by quantitative
PCR amplification using SYBR Green Supermix on a Bio-Rad CFX96
Real-Time PCR Detection System. Relative expression was normalized to
ribosomal protein L22 (Rpl22a). Data are represented as the relative fold
induction over unstimulated cells and are representative of three inde-
pendent experiments, each of them with triplicate samples.

Study subjects

Three healthy nonatopic and nonsmoking female individuals, 23-34 y old,
with no family history of asthma and allergy, were chosen to participate in
the study. All volunteers gave written, informed consent. The protocol was
approved by the Institutional Ethics Committee (2009/902 CEP).

Dendritic cell differentiation and allergen pulse

PBMCs were isolated from blood collected in heparin (50 U/ml) by centri-
fugation over Ficoll-Hypaque (Amersham Pharmacia Biotech, Uppsala,
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Sweden), as previously described (23). Briefly, mononuclear cells were
resuspended and seeded in RPMI 1640 culture medium (Life Technol-
ogies, Grand Island, NY), supplemented with 10% FCS (Life Technol-
ogies) plus antibiotic-antimycotic (100 U/ml penicillin, 100 pg/ml
streptomycin, and 25 wg/ml amphotericin; Life Technologies). Culture
plates were incubated at 37°C overnight, and nonadherent cells were
cultured with GM-CSF (50 ng/ml; R&D Systems, Minneapolis, MN)
and IL-4 (50 ng/ml; R&D Systems). Monocyte-derived immature
dendritic cells (DCs) were harvested at day 7 and stimulated overnight
with 1 pg/ml active or heat-inactivated subtilisin. Cells stimulated with
500 ng/ml LPS (Escherichia coli 0111:B4; Sigma-Aldrich) were taken as
positive control, whereas unstimulated cells (in serum-free medium)
were used as negative control. On day 8, nonadherent mature DCs were
harvested, and 2.5 X 10° cells/condition were labeled with specific
fluorescent Abs (CD11c, CD14, CD80, CD83, CD86, HLA-DR, or iso-
type controls; all from BD Biosciences or eBioscience) and acquired on
Canto II flow cytometer. Samples were analyzed using the FlowJo
software (Tree Star).

T cell stimulation assay

Eight days after initiation of monocyte DCs culture, heterologous nonadherent
lymphocytes were obtained from healthy volunteers. Monocyte-matured
DCs pulsed with active, heat-inactivated subtilisin or LPS were cocultured
in 96-well U-bottom culture plates with heterologous lymphocytes, in
triplicates at a ratio of 1:10 in RPMI 1640 medium supplemented with
10% FCS plus antibiotic-antimycotic solution. After 5 d of coculture,
CD3" T cells were phenotypically evaluated as to their cytokine production
after intracellular staining for IL-4, IL-10, TNF-«, and IFN-y (all Abs and
isotype controls are from BD Biosciences or eBioscience).

Statistical analysis

Statistical analyses were performed with ¢ tests (Mann—Whitney for un-
paired data) or ANOVA, as appropriate. Differences were considered sig-
nificant when p < 0.05.

Results
Experimental model of OA induced by subtilisin

To establish a model of subtilisin-induced OA, mice were sensitized
with two s.c. sensitizations followed by two i.n. challenges, as depicted
in Fig. 1A, and as previously described (24). Sensitization and
challenge with subtilisin induced high levels of serum IgE, and this
production was enhanced when mice were sensitized to subtilisin in
the absence of alum (Fig. 1B). The specific IgG1 response induced
by subtilisin was also increased in sensitized and challenged animals,
and it was similar in magnitude comparing sensitization with or
without alum (Fig. 1C). We found that administration of subtilisin
without adjuvant during sensitization induced an intense airway
eosinophilic inflammation, as revealed by total (Fig. 1D) and dif-
ferential cell counts (Fig. 1E) in BAL. Similar results were obtained
using papain, a cysteine protease known to induce occupational
allergy (25) (Fig. 1B, 1D, 1E). Lung histology showed pronounced
airway inflammation and mucus formation in mice sensitized to
subtilisin alone compared with subtilisin/alum or control groups
(Fig. 1F). Moreover, subtilisin challenge promoted increased
bronchoconstriction to inhaled methacholine, a hallmark of
asthma (Supplemental Fig. 1A). Interestingly, subtilisin was also
able to induce the late-phase response in sensitized mice, char-
acterized by altered respiratory pattern after specific allergen
challenge (26) (Supplemental Fig. 1B). Together, these data
demonstrate that subtilisin by itself is a potent inducer of allergic
lung disease.

Because mice sensitized with protease plus alum, a pro-Th2
adjuvant, showed decreased Th2 responses compared with
mice sensitized with protease alone, alum could interfere with
subtilisin allergenicity. We found that alum reduced protease
activity in a dose-dependent manner (Fig. 1G), suggesting
that protease activity might play a role in the allergenicity of
subtilisin.

Protease activity of subtilisin initiates the development of
allergic inflammation through PAR-2

We next sought to determine whether the allergenicity of subtilisin
depended upon its protease activity. Incubation of subtilisin or
papain with specific inhibitors, PMSF or E-64, respectively, vir-
tually eliminated protease activity (93-97% of inhibition; data not
shown). Sensitization of mice with pharmacologically inactivated
subtilisin reduced recruitment of inflammatory cells to the airways
after challenge with active protease (Fig. 2A, 2B). Analysis by
flow cytometry confirmed that sensitization with inactive subtili-
sin prevented eosinophil (Siglec-F* MHC II™ cells) and neutrophil
(Gr1™&" MHC 11 cells) influx to the airways and to the lungs
(Supplemental Fig. 2A). Furthermore, subtilisin protease activity
was required for enhanced IL-4 production by lung CD4* T cells;
no IFN-y was detected (Supplemental Fig. 2B). Accordingly,
sensitization with active subtilisin led to an increased frequency
(Supplemental Fig. 2C) and number (data not shown) of Gata-3—
expressing CD4™ T cells in the lungs. No changes in Tbet-, Foxp3-,
or Rorc-expressing T cells were observed comparing both groups
(Supplemental Fig. 2C). In addition, protease activity was essential
for the induction of total IgE Abs (Fig. 2C) and mucus production
(Fig. 2D). Consistent with a previous report (15), enzymatic ac-
tivity of papain was also essential for the development of allergic
airway inflammation and IgE production (Fig. 2A—C). Of note,
subtilisin activity was required only during sensitization for the
development of allergic inflammation, as sensitization with active
subtilisin and further challenge with the inactivated form did not
prevent the establishment of allergic lung disease (data not shown).
Also, heat inactivation of subtilisin worked equally well to inac-
tivation by PMSF for both in vitro and in vivo experiments (data
not shown). Together, our results indicate that Th2 responses to
subtilisin were dependent on its protease activity.

Proteolytic activity can be directly sensed through a unique class
of G protein—coupled molecules, the PARs (27). Because PAR-2
has been implicated in allergic inflammation (28), we aimed to
determine the role of PAR-2 in subtilisin-induced airway inflam-
mation. We found that PAR-2—deficient mice showed reduced
eosinophil and neutrophil recruitment to the airways in response
to subtilisin sensitization as compared with WT mice (Fig. 2E).
IgE production was also reduced in subtilisin-sensitized PAR-2—
deficient mice (Fig. 2F). Furthermore, frequency and numbers of
lung IL-5- and IL-13-producing T cells (CD3*CD4") were de-
creased in PAR-2—deficient mice (Supplemental Fig. 2D and data
not shown, respectively). These data suggest that subtilisin initi-
ation of allergic inflammation in the lung depends upon PAR-2.

Allergic sensitization to subtilisin is dependent on MyDS88
adaptor molecule, but not TLR4

Innate signals have been increasingly recognized as fundamental
for the initiation of allergic sensitization. MyD88 is the central
signaling adaptor molecule for the TLRs and for the IL-1 family
of cytokines (29) and for the initiation of some Th2-mediated
responses (30). Some groups reported an important role of
TLR4 in allergic inflammation induced by airborne allergens in
house dust mite (31) or to the development of hypersensitivity
contact in humans caused by nickel (32). Therefore, we wished to
determine the role of MyD88 and TLR4 in Th2 responses induced
by subtilisin. Airway eosinophilia was significantly reduced in
subtilisin-sensitized MyD88-deficient mice, whereas no change
was verified in TLR4-deficient mice (Supplemental Fig. 3A, 3B,
3D, top). Total serum IgE and frequency of IL-5—producing lung
T cells from MyD88-deficient mice were similarly decreased,
whereas no significant changes were observed in TLR4-deficient
mice (Supplemental Fig. 3C, 3D, bottom). The inflammatory
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FIGURE 1. Airway allergic inflammation induced by subtilisin. (A) Experimental protocol for the development of allergic airway inflammation. C57BL/6

mice were s.c. sensitized with subtilisin or papain with or without alum on days 0 and 7 and i.n. challenged with the respective enzyme on days 14 and 21.
Control groups received saline, and samples were harvested on day 22, 24 h after the last enzyme challenge. (B) Total serum IgE and (C) subtilisin-specific
IgG1l. BAL (D) total and (E) differential cell counts. (F) Representative lung sections (stained with PAS and hematoxylin, original magnification X200)
showing mucus production and peribronchovascular cellular infiltrates. (G) Remaining specific enzymatic activities of subtilisin (left) and papain (right)
after incubation with different concentrations of alum. Error bars show ***p = 0.0001, **p = 0.001, *p = 0.01 for significant differences to control group
or ***p < 0.0001, *°p < 0.001, *p < 0.05 to protease without alum group. Data are mean + SEM and are representative of three independent experiments (n = 5)

(B-F) or are representative of, at least, five experiments (G).

cytokines IL-4, IL-6, and TNF-a as well as IL-10 were increased
in the airways of both sensitized WT and TLR4-deficient mice, but
not in MyD88 (Supplemental Fig. 3E). Thus, signaling through
MyD88 adaptor molecule is essential for subtilisin-induced al-
lergic lung inflammation. Because allergic responses to subtilisin
were intact in TLR4-deficient mice, we also exclude a possible
endotoxin contamination in subtilisin samples. Our data suggest
there is another receptor that is required for the allergic response
to subtilisin that signals through MyD8§8.

Subtilisin increases lung ILC2 frequency dependent on PAR-2

ILC2 are innate producers of type 2 cytokines and have been in-
creasingly recognized as inducers of type 2 immunity (33). Be-
cause ILC2s are constitutively present in mouse lung tissue (34),

we examined ILC2 activation by administration of subtilisin into the
airways. Notably, acute i.n. administration of subtilisin for con-
secutive 3 d (Fig. 3A) increased the frequency of IL-5—producing
lung ILC2s (characterized by negative expression of the lineage
markers CD3, CD19, CD11b, CDl11c, Grl, NKI1.1, and positive
expression of Thy-1.2%) (Fig. 3B). Next, we asked the role of PAR-2
on subtilisin-induced ILC2 activation in the lung. Interestingly, the
increased frequency of lung ILC2 in response to acute airway
sensitization to subtilisin was dependent on PAR-2 (Fig. 3B).
Because lung ILC2s were induced by i.n. exposure to subtilisin,
we further decided to explore airway sensitization to this protease
in the development of allergic inflammation. For this, we adapted
for subtilisin a previously described protocol for papain (8), which
consisted of two i.n. administrations with active subtilisin on days
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the active enzyme on days 14 and 21. Samples were harvested 24 h after the last i.n. administration, on day 22. BAL (A) total and (B) differential cell
counts. (C) Total serum IgE. (D) Representative lung sections (stained with PAS and hematoxylin, original magnification X200). C57BL/6 WT or PAR-2™/~
mice were sensitized with s.c. subtilisin on days 0 and 7 and i.n. challenged on days 14 and 21. (E, left) Total number of cells from BAL recovered on day
22. (E, right) BAL neutrophil and eosinophil numbers from WT or PAR-2"'~ mice by morphological analysis. (F) Total serum IgE. Error bars show **%p <
0.0001, **p < 0.001, *p < 0.05 for significant differences to sensitization with active protease (A—C) or to WT group (E and F). Data are mean = SEM and

are representative of three independent experiments (n = 5).

0 and 7 (Fig. 3C). BAL cell counts on day 8 showed that subtilisin
treatment induced eosinophilia that depended on PAR-2 expres-
sion (Fig. 3D). Finally, because both epithelial cells and hema-
topoietic cells express PAR-2 (27, 35, 36), we generated mixed
BM chimeras that would allow us to examine independently the
contribution of different cell types expressing PAR-2. For this,
irradiated PAR-2™/~ mice were reconstituted with WT BM (re-
ferred as WT BM to PAR-27'7), and vice versa (PAR-2'~ BM to
WT). Neither of the mixed BM chimeras developed lung eosin-
ophilia in response to subtilisin, suggesting that PAR-2 expression
is important in both hematopoietic and nonhematopoietic com-
partments for protease-induced development of allergic response
to subtilisin (Fig. 3D).

Subtilisin stimulates airway epithelial cells to express pro-Th2
cytokines

Epithelial cell-derived factors have been implicated in allergic
sensitization (37), and it is known that some of these molecules
induce ILC2 activation (38). Hence, we investigated whether
subtilisin activates epithelial cells and induces expression of
proallergic cytokines. For this, we analyzed early gene expression
of IL-1ae, TSLP, and IL-33 in a human bronchial epithelial cell
line, H292. Subtilisin treatment induced these cytokines in a dose-
dependent manner 3 h after stimulation, except for 1L-33, whose
expression peaked at 6 h (Fig. 4). Papain also induced expression
of the same cytokines in H292 cells (Fig. 4); however, the in-
tensity and kinetics were different from those seen with subtilisin
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subtilisin

FIGURE 3. Role of PAR-2 in the induc-
tion of lung ILC2 and eosinophilia pro-
moted by airway exposure to subtilisin. (A) To
analyze lung ILC2, C57BL/6 WT or PAR-
27" mice received i.n. subtilisin for con-
secutive 3 d and lung cells were analyzed on
day 4. (B) FACS plots show lung ILC2, as
defined by CD45*Lin" Thy-1.2%, after ex
vivo stimulation with PMA and ionomycin
to induce cytokine production. (C) Experi-
mental protocol used to promote allergic
inflammation by airway sensitization to C
subtilisin. WT, total PAR-27/", and the
mixed chimera (WT BM to PAR-27' and
PAR-2"'~ BM to WT) mice were i.n. sen-
sitized with 1 pg subtilisin on days 0 and 7, Days 0

i.n. subtilisin

analysis

PAR-2-/

Thy-1.2

and samples were harvested on day 8. (D)
Number of BAL eosinophils from subtilisin- A
administered mice. Error bars show *p =

0.01 for significant differences to WT group.

Data are mean = SEM and are representa-

tive of two independent experiments (n = 5—

9 mice per group).

treatment, suggesting that these proteases might activate the epi-
thelium through distinct pathways (Fig. 4). Interestingly, subtilisin
or papain also enhanced the expression of amphiregulin, an epi-
dermal growth factor family member that promotes proliferation
and tissue repair and was previously recognized as a Th2 cytokine
(39). Similar results were obtained using a murine lung epithelial
cell line, LA-4 (data not shown). We did not find that either sub-
tilisin or papain induced expression of IL-25 (IL-17E), a cytokine
previously shown to induce Th2 responses (40) (data not shown).
DCs have been reported to play a pivotal role in the initiation of
type 2 inflammation (41-43). To see whether the subtilisin pro-
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moted DC activation, we generated human DCs, as described
before (23). Our results show that active subtilisin was not able to
induce expression of HLA-DR, CD80, CD83, or CD86 on im-
mature DCs when compared with the positive control stimulated
with LPS (Supplemental Fig. 4A). Similar data were obtained by
using murine BM-derived DCs (data not shown). Furthermore,
subtilisin-pulsed human DCs could not polarize CD3* T cells to
a Th2 phenotype (Supplemental Fig. 4B). Thus, we hypothesize
DCs might not be the main cell type that senses subtilisin and
triggers type 2 immunity, at least, not in a direct way. Because
basophils were implicated in the initiation of type 2 responses to
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FIGURE 4. Subtilisin stimulates airway epithelial cells to express pro-Th2 cytokines and amphiregulin. Expression of mRNA from IL-1a (top left),
TSLP (top right), IL-33 (bottom left), and amphiregulin (bottom right) in human bronchial epithelial cell line (H292) stimulated with active subtilisin or
papain for 3 or 6 h at the indicated concentrations. FACS plots are representative of two independent experiments (n = 5 per group). Data are mean = SEM
and are representative of three independent experiments, each of them with triplicate samples.
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FIGURE 5. Subtilisin-induced Th2 responses are dependent upon MyD88 and IL-33R ST2. C57BL/6 WT, MyD88 ", or Il1rl1 ~/~ (ST2™/") mice were
sensitized with i.n. subtilisin on days 0 and 7. Control groups received saline, and samples were harvested on day 8. (A) BAL granulocytes (eosinophils are
shown on the left, and neutrophils on the right). (B) FACS plots show frequency of MHCII CD3 CD19" cells from BAL (top) or lung (bottom) of
subtilisin-sensitized groups. (C) FACS plots show IL-5 and IL-13 production by lung conventional T cells (CD45*CD3*CD4™) after stimulation with PMA
and ionomycin. Error bars show **p =< 0.001, *p =< 0.01 for significant differences to control group or **p < 0.001, *p < 0.01 to subtilisin-sensitized
C57BL/6 WT. Data are mean = SEM and are representative of two independent experiments (n = 5).

papain (14), we also determined the effect of subtilisin stimulation
on BM-derived basophils, generated as previously described (44).
Using the 4get reporter system, we did not find significant 1L-4
production by murine basophils stimulated with active subtilisin
when compared with the positive control stimulated with papain
(data not shown). Thus, our data suggest that subtilisin allerge-
nicity works through the induction of epithelial cell-derived pro-
Th2 cytokines.

Allergic inflammation to i.n. subtilisin requires the IL-33R,
ST2, and MyD88

Given that our previous results indicated an important role for
MyD88 during s.c. sensitization with subtilisin, we questioned
whether this pathway was important during i.n. subtilisin exposure.
MyD88-deficient mice exhibited impaired recruitment of inflam-
matory cells in BAL and a reduced frequency of IL-5— and IL-13—
producing lung T cells (Fig. 5; number of cells, data not shown).
These data indicate that MyD88 signaling is also required for the
development of allergic airway responses to i.n. sensitization to
subtilisin.

The epithelial-derived cytokine IL-33 is a potent inducer of ILC2
(45) and implicated in the development of type 2 immunity (46).
Furthermore, the IL-33R, ST2 (Ilrl1), is known to signal through
MyD88 (30). Considering that our data indicated the importance
of MyDS88 for subtilisin allergenicity, we investigated the role of
IL-33R signaling in the initiation of allergic inflammation to
subtilisin. Mice lacking ST2 (Ilrll /") had impaired eosinophil
recruitment (Fig. 5A, left), whereas neutrophil recruitment was
increased (Fig. 5A, right). Similar results were found by FACS
analysis, as the frequency of eosinophils (Siglec-F* MHCII ™ cells)
was substantially reduced, whereas neutrophil (Gr1* MHCII™ cells)
frequency was increased in the airways (Fig. 5B, fop) and lungs
(Fig. 5B, bottom) of ST2-deficient mice. Moreover, ST2-deficient
mice showed reduced IL-5 and IL-13 production by lung con-
ventional T cells (CD3*CD4") (Fig. 5C). Our results suggest that

subtilisin induces a Th2 response through activation of IL-33/ST2
receptor that, in turn, signals through MyD88 (47).

Subtilisin can act as adjuvant and sensitize the airway to
a bystander Ag

Because subtilisin activated lung innate allergic responses, we
tested whether this serine protease might behave as a Th2 adjuvant
to a bystander Ag. We chose to use OVA as the Ag, because its i.n.
administration does not result in allergic inflammation (48). WT
mice i.n. sensitized with subtilisin and OVA on days 0 and 7 and
i.n. challenged with OVA alone on days 14 and 21 (Fig. 6A) showed
an intense cellular influx to the airways mainly composed by
eosinophils on day 22 (Fig. 6B, 6C). Our results also showed
increased total IgE, OVA-specific IgE and IgG1 Abs (Fig. 6D),
and mucus formation (Fig. 6E) in mice i.n. sensitized with both
OVA and active subtilisin. The i.n. administration of OVA and
heat-inactivated subtilisin did not induce airway allergic inflam-
mation, production of Th2-related Abs, or mucus secretion trig-
gered by OVA challenge (Fig. 6B-E), which indicates the re-
quirement of subtilisin protease activity for OVA sensitization.
Our data suggest that subtilisin promotes allergic inflammation
to unrelated proteins.

Discussion

Subtilisin was identified as a potent allergen soon after its usage in
the detergent industries (49, 50). Two decades ago, experimental
models evaluated the allergenic potential of Carlsberg subtilisin
(51-54); however, the mechanism was not elucidated. In this
work, we developed a murine model of subtilisin-induced allergic
airway disease and demonstrated that this enzyme is a potent in-
ducer of type 2 immunity, including Th2 and ILC2 responses, and
IgE production in mice. Our data show that the ability of subtilisin
to induce Th2 response is dependent on its serine protease activity
and on the expression of PAR-2, IL-33R ST2, and MyD88. These
data support the hypothesis that detection of enzymatic activities
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FIGURE 6. Subtilisin has adjuvant activity to a bystander Ag through airway sensitization. (A) C57BL/6 mice were i.n. administered with OVA plus
active or heat-inactivated subtilisin and challenged with OVA. (B) Total (left) and (C) differential (right) cell counts in BAL. (D) Serum concentrations of
total IgE (left), OVA-specific IgE (middle), and OVA-specific IgG1 (right). (E) Representative lung sections (stained with PAS and hematoxylin, original
magnification X200). Error bars show ***p =< 0.0001, **p = 0.001 for significant differences to control groups or ***p < 0.0001, **p < 0.001, *p < 0.01 to
group sensitized with active subtilisin. Data are mean * SEM and are representative of three independent experiments (n = 5).

in allergens can promote Th2 and IgE responses (55, 56) and
offer a more integrated view of the innate mechanisms respon-
sible for the development of type 2 inflammation to a serine
protease.

The present study confirms, in a murine model of allergic asthma,
the sensitization potential of subtilisin and extends its allergenic
action to other classical features of OA rather than specific IgE
and IgG1 Ab production, such as airway and lung eosinophilia,
mucus production, type 2 cytokine production by lung Th2 cells,
airway hyperreactivity, and late-phase response. Notably, low
concentrations of subtilisin could promote these hallmarks of
allergic asthma in the absence of alum, a strong type 2 adjuvant.
In fact, our work indicates that usage of alum does not represent
a good immunization strategy to maximize the response to pro-
teases because alum impairs both serine and cysteine enzymatic
activities.

We showed subtilisin is, by itself, a potent inducer of type 2
immunity and suggested that its serine protease activity is re-
sponsible for the development of Th2 responses. Accumulating
evidence suggests that intrinsic proteolytic activity not only
facilitates allergen sensitization, but also diminishes epithelial
barrier integrity, enhances cytokine and chemokine expression as
well as affects lung chronic inflammation and directs airway
remodeling, followed by interactions with bronchial epithelium
(57, 58). Some mechanisms involved in the induction of Th2 re-
sponse described to serine proteases have in common the activa-
tion of PAR-2 (27, 59, 60). Indeed, we found a critical role for this
direct protease sensor in the development of allergic responses to
subtilisin. Recently, Page et al. (59) showed PAR-2 contribution to
allergic inflammation to German cockroach proteases in feces
(frass) only when the allergen was administered through the air-
way mucosa, but not into the peritoneal cavity. In our work, PAR-
2 was found to be required when subtilisin was administered either
s.c. or i.n.

Because airway epithelial cells responded fast and directly to
subtilisin in vitro by expressing proallergic cytokines, we predict
that the Th2-inducing effects of subtilisin might be largely de-
pendent on the activation of PAR-2 on epithelial cells. It was shown
that signaling through this receptor triggered by the recognition of
enzymatic activity leads to TSLP production in epithelial cells from
the respiratory tract (61). This production can, in turn, enhance
OX-40L expression in DCs and promotes effector functions of
basophils and other granulocytes (62). But besides its important
role in airway sensitization to subtilisin, PAR-2 was also important
in s.c. sensitization, suggesting other cell types such as keratino-
cytes might be involved in allergic response to this enzyme. Ac-
cordingly, mite proteases were shown to promote allergic inflamma-
tion through PAR-2 activation of human keratinocytes (60), and a
recent work also evidenced the role of this receptor in a model of
atopic dermatitis (63). Interestingly, however, is the fact that PAR-
2 expression was important in hematopoietic cells as well as in
nonhematopoietic compartment for the allergic process promoted
by subtilisin. This indicates epithelial cells might not be the only
cell type responsible for subtilisin allergic response.

A recent report showed a direct effect of a cockroach serine
protease, Per a 10, on human DC activation and T cell polarization
toward a Th2 phenotype and suggested enzymatic activity as re-
sponsible for driving the allergic response to Per a 10 (64). For the
cysteine protease papain, Sokol et al. (15) proposed that basophils
are a possible cell type responsible for the initiation of allergic
response through TSLP production, and two recent studies char-
acterized a particular DC subset required for the development of
Th2 immunity in response to papain (42, 43). In our work, the
serine protease subtilisin was unable to directly activate DCs or
basophils and promote further Th2 differentiation. However, sub-
tilisin activated human epithelial cells to enhance expression of
proallergic cytokines, which could, in turn, act on DCs and promote
type 2 immunity, as previously shown for IL-33 and TSLP (65, 66).
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Importantly, we found that subtilisin is a potent inducer of ILC2
in the lung, and this is also dependent on PAR-2 expression. This
newly identified cell subset represents a large proportion of IL-
5- and IL-13—producing cells in the lungs (38). Also, it has been
shown that mice deficient in ILC2 cells showed decreased lung
inflammation after i.n. papain (67). A detailed study investigating
the contribution of ILC2 and PAR-2 will be necessary for better
understanding the interaction between innate and adaptive im-
munity during type 2 responses.

A few studies have highlighted the critical role of IL-33/ST2 in
type 2 inflammation and allergic disease states (46). IL-33 plays
a role in innate type 2 responses by inducing the expansion of
ILC2, which produces IL-5 and IL-13 and contributes to respi-
ratory or gastrointestinal inflammation and antihelminth responses
(68). Moreover, a role for MyD88 and ST2 in driving the Th2
response to Trichinella spiralis has recently been demonstrated
(69). We found in this work that ST2 is required for the induc-
tion of subtilisin-induced Th2 responses. Likewise, MyD88 ex-
pression is essential for optimal Th2 responses to subtilisin.
Because prevention of allergic response to subtilisin is more
pronounced in MyD88-deficient mice than in ST2 mice, we
hypothesize that other cytokine, which also signals through the
same adaptor rather than IL-33, might play an important role in
our model.

It was previously shown that PAR-2 and TLR4 receptors, through
MyD88, synergistically cooperate to inflammatory responses (70);
however, we could not find a role for TLR4 signaling in our model.
Although PAR-2 was essential for the induction of Th2 responses
in this work, a recent study demonstrated that induction of pro-
inflammatory cytokines by house dust mite exposure is indepen-
dent of PAR-2 (71), indicating that alternative pathways, besides
PAR-2, could be involved in protease-mediated inflammation.
For example, papain has been shown to induce IL-4 production
in basophils because it requires calcium flux, activation of PI3K,
and NF-AT through a yet unknown receptor (44). The challenge
for future studies, therefore, is to determine the direct sensor in
each case and their respective biological contribution to the devel-
opment of type 2 inflammation.

Based on our in vitro data with epithelial cell line and work from
Hammad and colleagues (72), we hypothesize that IL-1oc might
also be important in allergic responses to subtilisin. IL-1a and IL-
33 cytokines, also known as alarmins, are sensors of tissue dis-
tress. Subtilisin also promoted enhanced expression of the tissue
repair factor amphiregulin. As these molecules were induced in
epithelial cells in vitro, some level of injury in vivo is anticipated;
however, we could not detect alterations indicating rupture of lung
structure, besides inflammation, when analyzing lung sections.
Nevertheless, independently of the degree of tissue damage, our
results indicate that PAR-2, ST-2, and MyD88 molecules are
crucial to induce allergic responses.

The way workers in the detergent industry were sensitized to
serine proteases remains to be elucidated. Consistent with data
shown in this work, they could have been sensitized by either
epicutaneous route or aerosol inhalation. In addition to directly
sensitizing mice through the airways, subtilisin showed a strong
Th2 adjuvant activity to a bystander innocuous OVA protein. This
indicates that airway exposure to subtilisin can promote allergic
response to the enzyme itself or to a neo airborne Ag, therefore
increasing the risk to develop asthma to environmental proteins.

Taken together, our data indicate that allergenic effect of sub-
tilisin enzyme activity depends on PAR-2, IL-33/ST2, and MyD88
signaling pathways. These observations have implications in al-
lergy models induced by proteases. In conclusion, our study defines
a new model of OA induced by the serine protease subtilisin and

provides another example of how protease sensing induces con-
served type 2 immunity.
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