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Fibrinogen-cleavage products and TLR4 promote
the generation of programmed cell death 1 ligand 2(PD-L2)* dendritic cells in allergic asthma
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DC, dendritic cell; FCP, fibrinogen cleavage products; ILC2, type 2 innate lymphoid cell;
PD-L2, programmed cell death 1 ligand 2; TLR, Toll-like receptor
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ABSTRACT

Background: Inhaled protease allergens preferentially trigg@2-mediated inflammation in
allergic asthma. The role of dendritic cells (D@s) the induction of Th2 cell responses in
allergic asthma has been well documented; howd#venmechanism by which protease allergens
induce Th2-favorable DCs in the airway remains eacl

Objective: We sought to determine a subset of DCs respa&blTh2 cell responses in allergic
asthma and the mechanism by which protease alleigdoce the DC subset in the airway.
Methods: Mice were intranasally challenged with proteadlergens or fibrinogen-cleavage
product (FCP) to induce allergic airway inflammati®Cs isolated from the mediastinal lymph
nodes were analyzed for surface phenotype and ITstiglulatory function. Anti-Thyl.2 and
Mas-TRECK mice were used to deplete innate lymphmtls and mast cells, respectively.
Adoptive cell transfer, bone marrow DC culture,i-dibtl3, and TLR4-deficient mice were used
for further mechanistic studies.

Results: Protease allergens induced a remarkable accuiowlat Th2-favorable PD-L2DCs in
the mediastinal lymph nodes, which was significamtbolished in mice depleted of mast cells
and, to a lesser extent, innate lymphoid cells. iMecstically, FCP generated by protease
allergens triggered IL-13 production from wild-typeast cells but not from TLR4-deficient mast
cells, which resulted in the increase of PD-IXCs. Intranasal administration of FCP induced an
increase of PD-L2DCs in the airway, which was significantly abotishin TLR4- and mast cell-
deficient mice. Injection of IL-13 restored PD-LRC population in mice lacking mast cells.
Conclusion: Our findings unveil the ‘protease-FCP-TLR4-masli-t_-13" axis as a molecular

mechanism for the generation of Th2-favorable PDIDZs in allergic asthma, and suggest that
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targeting PD-L2 DC pathway might be effective in suppressing gitei cell responses in the

airway.

Key messages:

Protease allergens induce PD-LRCs in the airway that favorably stimulate Th2lsethile
suppressing Th1l cells.

Mast cell-derived IL-13 induces an increase of PD-DCs in a TLR4-dependent manner.
Protease allergens generate FCPs that signal thrduB4 to stimulate 1L-13 production from

mast cells.

Capsulesummary:
FCPs, generated by proteolytic activity of allergiestimulate IL-13 production from mast cells
via TLR4 to induce PD-L2DCs that preferentially trigger Th2 cell responsesing allergic

asthma.

Keywords: protease allergen, PD-LDC, fibrinogen cleavage product, mast cell, TLR4

Abbreviations used:
BAL: Bronchoalveolar lavage
BMDC: bone marrow derived DC

CM: conditioned media
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DC: dendritic cell

DT: diphtheria toxin

FCP: fibrinogen cleavage products

ILC: innate lymphoid cell

mLN: mediastinal lymph node

PAO: protease frorAspergillus orizae

TLR: Toll-like receptor
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INTRODUCTION

Type 2 airway inflammation including allergic astanallergic rhinitis and chronic rhinosinusitis
is one of the common causes of chronic immune déssrin humarls The critical contribution

of Th2 cells to the pathology of allergic airwaylammation is well-established; however, it is
unclear how allergens trigger the differentiatidmative CD4 T cells into Th2 cell responsas
vivo. In this regard, it is noteworthy that a numberbérgens are proteases, such as Der p and
Der f proteins from house dust mite, papain fr@arica papaya, and aspergillopepsin from
Aspergillus® 3, since proteolytic activity of allergens has beemygested to exert Th2 adjuvant
effects during the induction of allergic asthmag@ested Th2-promoting effects of protease
allergens include release of proinflammatory cyteki from innate immune cells, and release of
IL-33, IL-25 and TSLP from mucosal epithelial céfts although the molecular and cellular

events driving Th2 cell responses remain incompletederstood.

Several studies have suggested that basophils actlis Th2-inducing antigen-presenting éells
® In addition, mast cells have been proposed toebeired for the allergen-driven Th2 cell
responses® On the other hand, a number of studies have dstrated that DCs and alveolar
macrophages are necessary for the differentiatfcallergen-specific Th2 cells in asthin¥,
even in the absence of basoptilsAmong diverse subsets of DCs in the periphergeme
studies have identified PD-L2 and CD301b as retiabbrkers of dermal DCs that efficiently
mount Th2 cell responses to subcutaneously adraieistprotease allergens and helminth
infection in micé® 3 Nevertheless, it has been unclear whether thesstd immune cells are

cooperatively or separately involved in initiatifidh2 cell responses, especially in case of
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allergic asthma.

In the present study, we found that that mast egltsinnate lymphoid cells play a crucial role for
the initiation of Th2 cell responses to intrangsaitease allergens by inducing Th2-favorable
PD-L2" DCs in the mediastinal lymph nodes in a TLR4-dejeam manner. Mechanistically,
protease allergens generate fibrinogen cleavageupte (FCPs) which stimulate mast cells to
produce IL-13 via TLR4. Thus, protease allergerefguentially promote Th2 cell responses in
the airway by inducing PD-L'2DCs through FCP-mediated TLR4 signaling pathwaynimst

cells.
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METHODS

Ethics statements

All animal experiments were approved by the Seoatidthal University Institutional Animal
Care and Use Committee (protocol #: SNU-140602¢ SNU-141203-1), and were performed
in accordance with guidelines for the care and afséaboratory animals of Seoul National

University.

Mice

Ragl” mice, Kit"s"Ws" Mgl2-DTR and C57BL/6 mice were purchased fromkdan laboratory
(Bar Harbor, ME, USA) or Orient Bio (Gyeonggi, Sou€orea). Mas-TRECK and Bas-TRECK
mice were generated as previously describe@agl”Mas-TRECK mice were generated by
crossingRagl” mice with Mas-TRECK mice. TLR4-deficient mice wepeovided by Drs.
Shizhuo Akira (Osaka University) and Seung-Yongd(®eoul National University). All mice

were bred and maintained in the specific pathogea-¥ivarium of the Seoul National University.

Depletion and analysis of immune cell population

To deplete basophils and/or mast cells, Bas-TREGK Mas-TRECK mice were i.p. injected
with diphtheria toxin (DT; 12 ng/gram body weightsis described previousfy To deplete
innate lymphoid cells (ILCs), wild-type and Mas-TBE mice were i.p. injected with anti-
Thy1.2 antibody or IgG2b antibody as isotype cdnfadl from BioXcell, NH, USA). In some
experiments, Mgl2-DTR mice were i.p. injected widil (50 ng/gram body weights) one day

before antigen challenges. Peritoneal cells, boagaw cells and single lymphoid cells of the
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lungs and the mLN were harvested to examine théetiep of mast cells, basophil and ILCs,
respectively. To analyze DC population in the mLB&20F4/80CD11¢MHCII™ cells were
gated and the expression of CD80, CD86, OX40L, RDLD-L2, MHCIlI and CD103 was
examined. To examine ILC population, lymphoid cdllem the lung and the mLNs were
obtained, and CD90'Rineagé cells among CD45!2cells were analyzed. To determine CO4
helper cell subsets, lymphoid cells were stimulat&tt PMA and lonomycin in the presence of
Golgistop for four hours, and the intracellular eegsion of IFN (Th1), IL-4, IL-5 or IL-13 (Th2)

or IL-17A (Th17) in the CD45ZD4" T cells was analyzed (see Fig. E1 in the Online

Repository at www.jacionline.org).

Induction of allergic airway inflammation

Allergic airway inflammation was induced as desedbpreviously. In brief, mice were
intranasally challenged with 7 péspergillus protease combined with 20 pg ovalbumin
(PAO/Ova) (all from Sigma, MO, USA) every other day total 5 times. In some experiments, 1
pg of recombinant IL-13 (Peprotech, NJ, USA) waedted with PAO/Ova. Fibrinogen-cleavage
products (FCP) were generated as previously destfibin brief, pre-warmed 5 mg of
fibrinogen (Haematologic technologies Inc., Essaxcion, VT, USA) was incubated with 6 pg
of PAO in 1 ml PBS at 37 °C for 30 minutes. In soexeriments, mice were intranasally
challenged with 40 pg FCPs alone (1 time) or togrettith 20 ug ovalbumin every other day (4
times). Eighteen hours after the last challengegmiere euthanized and analyzed as previously
described’. In some experiments, 1x16f bone marrow cultured mast cells were i.v. itgec

into Kit"*S""s" mice, and after 5 weeks, allergic airway inflamioratvas induced in the recipient
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mice by intranasal challenges with PAO/Ova. Theotoxin units (EU) of PAO, Ova and

fibrinogen are 1.7 xIYEU/pg, 1.8 x18 EU/ug and 1.8 xIDEU/ug, respectively.

DC functional studies

To isolate DCs, the mLNs of allergen-challenged eniwere obtained and treated with
collagenase IV (1 mg/ml) (Gibco, Grand Island, N)GA) and DNase | (10 pg/ml) (Bio basic
Inc., Amherst, NY, USA) in Ca-free HBSS containing 5 mM EDTA (All from Gibco, &rd
Island, NY, USA) at 37 °C for 30 minutes. CD11cells were enriched with anti-CD11c-
microbeads (Miltenyi Biotec., Bergisch Gladbach,rn@any). PD-L2 or PD-LZ DCs among
B220F4/80CD11E¢MHCII™ cells were sorted by FACSAria Ill (Becton DickimsaSan Jose,
CA).Forin vitro functional study, the FACS sorted PDL& PDLZ DCs (2x18/well)s were co-
cultured with CD62°CD44"CD25 effector/memory CD4T cells (1x18 well) in the presence
of anti-CDZ (0.5 pg/ml) antibody for 72 hours in round-bottd@6 well-plates. In some
experiments, anti-PD-L2 blocking antibodies wer@eatl (20 pg/ml). The levels of indicated
cytokines in the supernatant were measured by ELISA

Forin vivo functional study, naive C57BL/6 mice were i.veitted with FACS-sorted PD-L2r
PD-L2" DCs (1x10 cells/injection) that had been incubated withuM Ovagzs.339for 2 hours at
37 °C. Mice injected with PBS were used as conttwle week after DC transfer, the recipient
mice were intranasally challenged with 100 pug owallm (Grade VII, Sigma,Louis, MO, USA)

for three consecutive days, and the CD4ells in the lungs and in the mLN were analyzed.

DC stimulation with mast cell-conditioned media
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Bone marrow-derived mast cells were generated $0ting/ml of IL-3 and SCF (Peprotech, NJ,
USA). Mast cells were stimulated with native or ti@activated PAO, fibrinogen and FCP for 8
hours before being washed and cultured for additi@d hours. The culture supernatants were
harvested and used as ‘conditioned media (CM)’.eBorarrow-derived DCs (BMDCs) were
prepared by culturing bone marrow cells with 10nnigbf GM-CSF (Peprotech, NJ, USA).
BMDCs were stimulated by CM or 10 ng/ml of IL-13tlvior without anti-mouse IL-13 antibody

(Abcam, San Francisco, USA) for 48 hours.

M easurement of cytokines

To prepare lung homogenates, lungs of allergenlaringeéd mice were homogenized in 1 ml of
PBS including protease cocktail (GenDEPOT, TX, US4#sing tissue homogenizer (PRO
Scientific Inc., Connecticut, USA). Supernatantenir the lung homogenates were filtered
through 100 pm-pore nylon mesh (Small Parts Inc,, BSA). The levels of cytokines in the

lung extracts, CM, and in the supernatant of Tsceticultured with DCs were measured by

ELISA according the manufacturer’s instructionsi@sBience).

Real-time RT-PCR

Total RNA from FACS-sorted PD-Lar PD-LZ" DCs of mice was isolated by TRIzol reagent
(Ambion, CA, USA) and cDNA was synthesized with BNA Synthesis kit (Thermo Fisher
Scientific Inc., NY, USA). Quantitative real-timeCR was conducted using SYBR Green (Bio-
Rad, PA, USA) on an ABI 7500 Fast Real-Time PCR&ys (Applied Biosystems, MA, USA).

Target genes were normalized to fhactin level in each sample. Primer sets for gemese



170  synthesized at Cosmogenetech  (Seoul, South  Koredyos2 (sense, 5'-
171 CGAAACGCTTCACTTCCAA-3, antisense, 5- TGAGCCTATATGCTGTGGCT-3), Il112a
172 (sense, 5-CCACCCTTGCCCTCCTAAAC-3, antisense, 835GAGCTCCCTCTTGTTGTG-
173 3), Argl (sense, 5- CTTGCGAGACGTAGACC CTG-3, antisense, - 5
174 TCCATCACCTTGCCAATCCC-3),Pdcdllg2 (sense, 5-CTGCTGCCG ATACTGAACCT-3,
175 antisense, 5-CTGCGGTCAAAATCGCACTC-3), 113ral (sense, 5-
176 GGCCATCCTGCAAAATAGTG-3', antisense, 5-ACAGCGTCGG@SAACA-3’), ll4ra
177  (sense, 5’-CACCTGGAGTGAGTGGAGTC-3, antisense, 55BCAAAACAACGGGATG-3)),
178  p-actin (sense, 5-TGGAATCCTGTGGCATCCATGAAAC-3', antisenge-TAAAACGCAGCT
179 CAGTAACAGTCCG-3).

180
181  Statistical Analysis

182  All experiments were performed two to four timetatStical analysis was conducted with mean
183  + SEM by unpaired two-tailed Student’test with Prism Graphpad 5.0 (GraphPad Software In

184  USA).
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RESULTS

Protease aller gens induce the accumulation of PD-L2" DCsin the airway

As a first step to investigate the mechanism byctviprotease allergens induce allergic Th2 cell
responsesn vivo, we sought to determine if a certain subset ofddea cells (DCs) is induced
by protease allergens in the airway. Although DQ@gressing PD-L2 have been recently
identified as critical mediators of protease akergpecific Th2 cell responses in animal models
of skin sensitizatioi" ** 9 their role in the generation of Th2 cell respang® the airway
remains incompletely understood. To examine if PD-DC is involved in this process, we
analyzed DC population in the mediastinal lymphes@nLN) after intranasal challenges with
allergens. We used protease allergen fraspergillus oryzae (PAO) in combination with
ovalbumin (PAO/Ova), since intranasal challengehvBAO/Ova is known to trigger Th2 cell
dominant inflammation in the airw&y?® 2> As depicted in Figure 1A, we observed a significa
increase in the frequency of PD-LRCs among B2264/80CD11¢ DC population in the mLN

of the allergen-challenged mice in comparison twséhof unchallenged ones. Kinetic analysis
revealed that the frequency of PDLRCs gradually increased upon intranasal PAO/Ovg. (F
1B). Intranasal PAO alone induced the accumulatfoPRD-L2" DCs in the mLN as efficiently as
PAO/Ova, while heat-inactivated PAO failed to do(Ba. 1C). In addition, the number of PD-
L2" DCs appeared to be positively correlated withrthmber of IL-4 and IL-13 Th2 cells as

well as with that of eosinophils in the bronchoalee lavage (BAL) fluid in the allergen-

challenged mice (Fig. 1D).

PD-L 2" DCspromote Th2 cell responsesin allergic airway inflammation

11
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To define the phenotype and function of the PD-DEZs induced by intranasal protease allergens,
we compared the expression of costimulatory mo&sculetween PD-I2and PD-L2 DCs
obtained from the mLNs of PAO/Ova challenged m@empared with PD-L2counterparts, PD-
L2" DCs exhibited increased levels of CD80, CD86, PDand MHCII (Fig. 2A). The levels of
OX40L and CD103 were also higher in the PD-DCs than PD-L2DCs. To examine if PD-L2

is expressed in a specific DC subset, we determinecexpression of PD-L2 on CDI1bnd
CD103 DC subsets. The level of PD-L2 expression wasérigin CD11b and CD103 DC
subsets than their respective counterparts (see ERA in the Online Repository at
www.jacionline.org). The majority of PD-L2DCs co-expressed CD11b. In addition, PD-DLs
expressed significantly lower levels dlos2 and 1112a, but higher levels ofArgl (encoding
Arginase-1),Pdcdllg2 (encoding PD-L2)J113ral and ll4ra than PD-L2 DCs (Fig. 2B). To
compare the helper T cell stimulatory function lo¢ two DC subsets, each DC population was
FACS-sorted from the mLNs of PAO/Ova challenged eni@and was co-cultured with
CD62L°CD44"CD25CD4" T cells in the presence of soluble anti-CD3. CD4ells stimulated
with PD-L2" DCs produced significantly higher levels of 1Li4;5, IL-13 as well as IL-10 than
those stimulated with PD-LDCs (Fig. 2C). In addition, the amount of IL-17 svencreased
while that of IFNy was slightly but significantly reduced in the fangroup. Addition of anti-
PD-L2 blocking antibody did not significantly aftethe production of IL-5 and IL-13, indicating
little to no role of PD-L2 in inducing the Th2 ckines from effector/memory CD4T cells by

PD-L2'DC subset (see Fig. E2B in the Online Repositomvaiv.jacionline.org).

12
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To determine if PD-L2 DCs induced by intranasal protease allergens dgget Th2 cell
responsesn vivo, we purely isolated PD-"2and PD-L2 DCs, loaded with Owas 339 peptide,
and transferred them into naive syngeneic mice. ek later, the recipients were intranasally
challenged with Ova for three consecutive dayssAswn in Fig. 2D, the frequencies of IL-4,
IL-5, or IL-13-expressing Th2 cells in the lung wesignificantly higher in the recipients of PD-
L2" DCs than those of PD-LDCs, while the reverse was true for the frequenoieTh17 and
Thl cells. These results demonstrate that PD-DEs were capable of inducing Th2 cell
responsesn vivo. To further determine the Th2-inducing capacityP®-L2" DCsin vivo, we
employed MgI2-DTR mice in which injection with diteria toxin (DT) depleted about 50 % of
PD-L2" DCs due to the expression of CD3@tbthe majority of PD-L2DCs (see Fig. E3A in
the Online Repository at www.jacionline.org). Comgzhwith DT-treated wild-type mice, DT-
treated Mgl2-DTR mice exhibited significantly atterted Th2 cell responses in the lungs and in
the mLN (see Fig. E3B/C in the Online Repositorywatw.jacionline.org). Collectively, these
results demonstrate that PD-LRCs were induced in the airway by protease allesgand that

they represented a specialized DC subset promdhagell responséas vivo.

A critical role of mast cellsand innate lymphoid cellsin inducing PD-L 2" DCsin the airway

We next aimed to determine the cellular and mokaquirements for the generation of PD-L2
DCs in the airway by protease allergens. To thid, eve examined the involvement of innate
lymphoid cell (ILC), basophil and mast cell sintey have been shown to be associated with
Th2 cell responses in allergic astlini& 2 To deplete basophils and/or mast cells, we eneploy

two lines of knock-in mice, Bas-TRECK and Mas-TREGQK which DT treatment depletes

13
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solely basophils or both basophils and mast cedispectively* (see Fig. E4A and B in the
Online Repository at www.jacionline.org). To depldLCs in vivo, we utilized anti-Thyl.2
antibody. DT-treated Mas-TRECK mice showed a mdderaduction in the number of ILCs in
the lung when compared to wild-type mice (Fig. E4@d D in the Online Repository at
www.jacionline.org). Of note, we observed that tileguency of PD-L2 DCs in the mLNs after
PAO challenges was profoundly decreased in ther@dt¢d Mas-TRECK mice and, to a lesser
extent, in the anti-Thyl.2-treated mice (Fig. 38)nce DT treatment depleted both mast cells
and basophils, we next asked which cell type ipamsible for the induction of PD-L2DCs by
comparing the PD-L2DCs in Bas-TRECK and Mas-TRECK mice. As shown iguFe 3B, we
observed that the frequency and absolute cell nuoflileD-L2" DCs were profoundly reduced in
the mLNs of DT-treated Mas-TRECK, but not in the-Bdated Bas-TRECK, indicating that
mast cells rather than basophils were requirethi@induction of PD-L2DCs in the airway. DT-
treatment did not directly deplete PD-LRCsin vitro (see Fig. E5 in the Online Repository at
www.jacionline.org). The decrease of PD-L2Cs in the Mas-TRECK mice was evident as early
as 24 hours after PAO/Ova intranasal challenge Bge E5B in the Online Repository at
www.jacionline.org). Similarly, we observed thaetaccumulation of PD-L2DCs in the mLNs

of Ragl”Mas-TRECK mice was significantly attenuated by ftyl.2 and DT-treatment,
indicating that the induction of PD-LDCs by ILCs and mast cells was independent of tadap
immunity (see Fig. E5C and D in the Online Repagitt www.jacionline.org). In parallel with
these findings, we observed a significant reducitiothe frequency and number of PD-LRCs

Wsh/Wesh

in mast cell-deficienKit mice compared with those of wild-type mice uponOPBva

challenges, which was fully restored by adoptiamsfer of bone marrow-derived mast cells (Fig.

14
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To further determine the role of mast cells in icidg Th2 cell responses and allergic
inflammation in the airway, we intranasally chatied wild-type, Bas-TRECK, and Mas-TRECK
mice with PAO/Ova every other days for 5 times. Allce were treated with DT prior to
allergenic challenges to deplete respective cedufadion and to normalize the effect of the toxin
treatment. Differential cell analysis of BAL flughowed a profound reduction in the numbers of
eosinophil and, to less extent, neutrophil in M&ETK mice compared with those of wild-type
and Bas-TRECK mice (see Fig. EGA in the Online Répoy at www.jacionline.org). Similarly,
the lungs of Mas-TRECK mice showed reduced infilbra of inflammatory cells, goblet cell
hyperplasia, and mucus production compared withother two groups. Consistent with reduced
allergic phenotypes in the airway, CD® cells from the BAL fluid of Mas-TRECK mice shode
significantly lower frequencies of IL-5and IL-13 cells, and significantly higher frequencies of
IL-17" or IFNy" cells than the other two groups, leading to thereise in the ratios of Th2 to
Thl or to Th1l7 cells (see Fig. E6B/C/D in the OaliRepository at www.jacionline.org). These
results together demonstrate that mast cells plegu@ial role in inducing the accumulation of
PD-L2" DCs and Th2 cell-mediated allergic inflammatiorttie airway in response to protease

allergens.

Protease allergen-induced I L-13 from mast cells generates PD-L 2" DCs
To investigate the mechanism by which mast celtsnote the induction of PD-L2DC, we

asked if the increase of PD-LPCs is mediated by soluble factor(s) from masiscdlo answer
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this question, we prepared ‘mast cell-conditionestiim (CM)’ by obtaining culture supernatant
of mast cells that had been previously stimulatéth WAO, as illustrated in Fig. 4A. Of note,
addition of the CM prepared with native PAO, but math heat-inactivated PAO, significantly
increased the frequency of PD-Lj2opulation among MHCICD11¢ bone marrow-derived DCs
(Fig. 4B). To identify the soluble factor(s) respgilie for the increase of PD-LDC in the
conditioned media, we measured the levels of inogtekines and found that PAO stimulation
remarkably triggered the production of IL-13 ama atlesser extent, IL-25 and TSLP from mast
cells (Fig. 4C), while the level of IL-4 was undatble (<2 pg/ml). Importantly, neutralizing
antibodies to IL-13 almost completely abolisheditterease of PD-L2DCs induced by the CM
(Fig. 4D). Moreover, recombinant IL-13 was suffitig¢o induce PD-L2 population, indicating
that mast cell-derived IL-13 is necessary and sieffit to induce PD-L2DCs by PAO in thisn

vitro experimental setting.

The levels of IL-13 in the lung increased as eadyl2 hours after a single intranasal challenge
with PAO (Fig. 4E). To determine if mast cells pkayy role in the early production of IL-13 after
intranasal protease allergemsvivo, we intranasally challenged PAO into wild-type amdst
cell-deficient mice. We found that the inductionlbfl3 by protease allergens was significantly
diminished in the DT-treated Mas-TRECK mice as waslin theKits""" mice (Fig. 4F and G),
indicating that mast cells were required for thduiction of IL-13 in the lung upon protease
allergensin vivo. These results demonstrate that protease allergtgmsilated mast cells to

produce IL-13 which, in turn, induced the accumiolabf PD-LZ DC in the airwayn vivo.
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Fibrinogen-cleavage products generated by protease allergenstrigger 1L-13 from mast cells
viaTLR4

We next sought to explore the molecular mechanigrwibich protease allergens activate mast
cells to produce IL-13. Mast cells are locatechia subepithelial region in steady statand thus
unlikely have a direct access to exogenous prot@ésgens during the primary exposure. Hence
we hypothesized that a soluble factor generateprbtease allergens at epithelium reaches mast
cells in the subepithelial region and stimulates thlease of IL-13 during the primary exposure
to the allergens. As shown in Figure 5A, the prdiducof IL-13 from mast cells upon PAO
stimulation was significantly decreased when TLFRMiddent mast cells were used (Fig. 5A).
Moreover, the accumulation of PD-L2DCs in the mLN after intranasal PAO/Ova was
significantly attenuated in TLR4mice (Fig. 5B), indicating a role for TLR4 in incing IL-13
production from mast cells and in inducing PD-LRCs PAO. In this regard, a recent report
revealed that fibrinogen cleavage product (FCPegEed by proteases can act as an endogenous
TLR4 ligand on airway epithelial cells and pulmonamacrophagé& We therefore,
hypothesized that FCP generated from fibrinogemitmymatic activity of PAO might act as an
endogenous TLR4 ligand that mediates the produdfdh-13 from mast cells and subsequent
accumulation of PD-L2DCs. Of note, FCPs stimulated mast cells to prediiel3 in vitro,
which was significantly abolished when TLR4-defidiemast cells were used (Fig. 5C). In
addition, conditioned media prepared by stimulatmast cells with FCPs remarkably increased
PD-L2" DCs whereas conditioned media prepared with TLRf#ei&nt mast cells failed to do so
(Fig. 5D). Conditioned media prepared by stimulatiath native fibrinogen also failed to induce

PD-L2" DCs, indicating that proteolytic cleavage of filmgen by protease allergen was required
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for the PD-L2-inducing capacity of FCPs (Fig. 5D).

To examine the role of FCRPs vivo, we intranasally administered FCPs into C57BL/6éerand
found a remarkable increase in the level of IL+13he lungs as well as in the number of PD-L2
DCs in the mLN, which was significantly blunted ThR4-deficient mice (Fig. 5E and F). It is
noteworthy that the induction of IL-13 and PD-L®Cs in the TLR4-deficient mice was
significantly but not completely abolished, suggesthat a pathway other than TLR4 might be
involved in the sensing of FCPs by mast cells. &exnine if FCP can promote Th2 cell
responsesn vivo, we intranasally challenged C57BL/6 mice with FO®¥d or Ova alone, and
found that mice challenged with FCP/Ova exhibitegher numbers of inflammatory cells in the
BAL fluid as well as higher frequencies of Th2 selbut not Thl and Th17 cells, in the lungs
than those challenged with Ova alone (see Fig. B6E F in the Online Repository at
www.jacionline.org). To confirm the role of mastlsen the FCP-mediated increase of IL-13 and
PD-L2" DCsin vivo, we intranasally injected FCPs into DT-treated M&ECK or wild-type
mice. Compared to wild-type mice, the amount oflB.in the lungs as well as the number of
PD-L2" DCs in the mLNs was profoundly attenuated in tHeti2ated Mas-TRECK (Fig. 5G
and H), indicating that mast cells played a domimale for the FCP-mediated increase of IL-13
and PD-LZ DCsin vivo. Collectively, these results demonstrate that F@#gerated by protease
allergens stimulate mast cells to produce IL-1®uigh, at least in part, TLR4 to induce PD-L2

DCs in the airway.

Recombinant IL-13 restores PD-L2" DC population and subsequent Th2 cell responses in
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the absence of mast cellsin vivo

To directly determine if the decreased IL-13 in thast cell-deficient mice accounts for the
defective PD-L2 population and Th2 cell responsas vivo, we intranasally administered
recombinant IL-13 or saline into the DT-treated Md&ECK mice at the time of PAO/Ova
challenges and examined PD-Lj2opulation and Th2 cell responses. As depictefiguire 6A,
intranasal 1L-13 profoundly increased the frequeaagl number of PD-L2DCs in the mLNs of
the DT-treated Mas-TRECK. In addition, IL-13 sigo#ntly increased the number of eosinophils
in BALF, leading to the increase of total leukosyia the airway (Fig. 6B). Moreover, IL-13
significantly increased the frequency of Th2 cellsile decreasing that of Thl cells in the DT-
treated Mas-TRECK mice, leading to Th2 cell-dominaasponses in the airway over Thl cell
and Th1l7 cell (Fig. 6C and D). Taken together, ¢hessults demonstrate that IL-13 treatment
restores the induction of PD-LDCs and subsequent Th2 cell-dominant respons inirway

in mice lacking mast celis vivo.
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DISCUSSION

Proteolytic activity of allergens has been thoughibe necessary for inducing Th2 cell-mediated
inflammation in the airway; however, the molecuta@chanism governing the initiation of Th2
cell responses by protease allergens has been phet@ty understood. We demonstrate that
protease allergens induced an increase of PDR@2 population in the mLN in an IL-13-
dependent manner through stimulating mast celld, that this DC subset was specialized for
inducing Th2 cell responses. We also demonstraieR8Ps generated by protease allergens can
stimulate mast cells to produce IL-13 in a TLR4-@egent fashion. Intranasal administration of
FCPs resulted in the increase of PD-IIXCs in the mLN. Moreover, transfer of antigen-ledd
PD-L2" DCs efficiently induced Th2 cell responsasivo. Hence, our findings unveil ‘protease
allergens. FCP- TLR4 - mast cell- IL-13 - PD-L2" DC’ axis as a fundamental molecular basis

that contributes to Th2 cell dominant responsdkerairway in response to protease allergens.

The role of basophils and mast cells in the ingiabf Th2 cell immunity has been controversial.
In the present study, all indicators of type 2animation were profoundly diminished in the
absence of mast cells. Notably, PD-LRCs were accumulated in the mLN upon intranasal
protease allergens, which was profoundly abolished mast cell-deficient mice, and
reconstitution of mast cells almost completely semi PD-L2 DC population in the airway in
allergen-challenged mice. By contrast, we obselitdd changes in PD-L2DC population in
DT-treated Bas-TRECK mice, indicating little, ifyamole of basophils in inducing the DC subset
in vivo. Hence, mast cells rather than basophils are medjdior the induction of Th2-favorable

PD-L2" DCs in our experimental setting. On the other hdrabophils have been shown to be
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416

activated to produce IL-4 in an animal model ofagiagnduced airway inflammatién Thus it is
likely that both mast cells and basophils are imgdlin sensing protease allergens, probably
depending on the type of allergens. It will be iagting to investigate if basophils also trigges th
accumulation of PD-L2DCs. cKif DCs have been proposed to mediate Th2 cell respadns
allergic asthm@' 2% however, we observed that PD!LPCs did not express cKit (data not
shown). A recent study by Lewkowict al. has shown that anti-PD-L2 did not affect Th2
cytokine production in an HDM-induced asthma moddthough such treatment attenuated
airway hyperresponsivené&sin parallel with this study, we observed that-®i-L2 had little
effect on Th2 cytokine production from effector/mam T cells stimulated with PD-2DCs.
Thus, it is likely that PD-L2 does not exert citigole in Th2 cell responses, but is a reliable
marker for Th2-favorable DCs. On the other hand $urface phenotypes and Th2 cell-
stimulatory function of PD-L2DC induced by protease allergens in the airwayeapal to be
similar to those found in the skin draining lympbdes induced by subcutaneous injection of
protease allergefs Hence, it is possible that the induction of PD-LDC is a common
mechanism for the generation of Th2 cell respobggsrotease allergens. Further studies will be
needed to identify the molecular mechanism by wiERL2" DCs induce and/or maintain Th2
cell responses in the airway. Mast cells residsecln the blood vessel in dermis and act as
critical mediators of Th2 cell responses via IgEdmted degranulation of inflammatory
molecule$® *° It would be intriguing to study if mast cells @albave a role in inducing PD-[.2

DCs in the skin-associated lymphoid tissues.
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Protease allergens are known to induce cytokireasel from airway epithelial cells, mast cells
and basophifs®" 32 Although house dust mite extracts have been widsed to induce allergic
asthma in mice, we utilized protease fréspergillus oryzae as a model protease allergen since it
contains little endotoxin (1.7xTendotoxin unit (EU)/g)*® and intranasal injection of PAO with
ovalbumin has been used to trigger Th2 dominaetgitt asthma in mice ?*2* We found that
mast cell-conditioned media, prepared by protedisegans, increased the frequency of PD-L2
DC in an IL-13 dependent fashion. This observataised the possibility that protease allergens
directly stimulate mast cells to produce IL-13 tigder PD-LZ DCs. However, mast cells are
typically located in the sub-epithelial region bétairway and thus not immediately accessible to
allergens at the beginning of allergens expdsukeecent study showed that protease allergens
yield FCPs which can stimulate airway epithelidlscand macrophages through TLR4 to induce
the expression dlL13Ral andMuc5AC. Fibrinogen is abundant in circulation and alsespnt

in fetal bovine serum, although not as much asatted plasm¥. Interestingly, we found that
FCPs induced IL-13 production from mast céfisitro, and the accumulation of PD-LPCs in

the mLN in vivo. These results strongly suggest that proteasegaiie stimulate mast cells
indirectly by generating FCP to produce IL-13 ifla&R4-dependent manner. By contrast, since
we observed that the production of IL-13 by PAO wed completely abolished in TLR4-
deficient mast cells, it is possible to surmisd &0 activates mast cells independently of TLR4
and FCP. Further studies will be needed to clatifg mechanism for TLR4-independent
activation of mast cells by protease allergens, th@ecular characteristics of FCP and

downstream signaling pathways leading to the releasL-13.
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Several studies demonstrated that ILC2s have aatrtme in Th2 cell immunity in animal
models of helminth infection as well as allergithas£® ** ** By contrast, a recent study showed
that the induction of Th2 cell responses was netinormal in the absence of ILG2sWe
found that the size of ILC population in the lurfteachallenges with intranasal allergens was
diminished in DT-treated Mas-TRECK mice, suggestangle for mast cells in expanding ILCs
in the airway. Depletion of ILCs by anti-Thy1.2gsltly reduced PD-L2DC populationin vivo,
although the magnitude of reduction was greatenite lacking mast cells. Hence, we propose
that mast cells play two distinct roles in the iotie phase of type 2 inflammation; (i) by
producing IL-13 through recognition of FCP via TLRéhd (ii) by expanding ILC2 cells that also
contribute to IL-13 production, although it is reear how mast cells regulate the expansion of
ILCs. Collectively, the present study indicatest tiveast cells and ILCs cooperatively promote

PD-L2" DC in the airway.

In summary, the present study unveils the essemfialof ‘protease-FCP-mast cell-IL-13-PDL2
DC’ pathway as a fundamental molecular basis ferittitiation of Th2 cell responses during
protease allergen-induced airway inflammation. &ang this pathway might pave the

development of therapeutic strategies for the tmeat of allergic asthma.
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FIGURE LEGENDS

Figure 1. Induction of PD-L2" DCsin themLN in response to intranasal protease allergens.

(A) The frequencies of PD-L2DCs in the mLNs of mice challenged with intranaRalD/Ova
every other days for five times £5). The mice were analyzed one day after the laalienge.
(B) The frequencies of PD-LDCs in the mLNs after single intranasal challenga PAO/Ova
(n=5). (C) The frequencies of PD-LDCs in the mLNs at 24 hours after single challeoig®va,
heat-inactivated PAO (HI-PAO), PAO, or PAO/Ova (h=4D) Linear regression analysis
between PD-L2 DCs in the lung and IL-4 or IL-13-producing CDZ cells in the lung, or
eosinophils in the BAL fluid. Data are mean + SENdaepresent two or three independent

experiments. **, p < 0.0%**p < 0.001 vs 0 hour (B), or between two groups.

Figure 2. Phenotypic and functional characterization of PD-L 2" DCsinduced by intranasal
protease allergens. (A-C) Wild-type mice were intranasally challenged withQ?Ova every
other day for five times and the profile of PD-Idz PD-LZ DCs in the mLN were analyzed at
18 hours after the last challeng®) The histogram and geometric MFI of indicated molesu
on PD-L2 (shaded grey) or PD-L2DCs (solid black line) (n=3)B) The expression dflos2,
l112a, Argl, Pdcdllg2, 1113ral andIL4ra transcripts in the PD-L2DCs and the PD-L2DCs
(triplicated). (C) Production of the indicated cytokines by effeste@mory CD4 T cells after
stimulation with PD-L2 DCs or PD-L2 DCs for 3 days in the presence of anti-CD3 antjbod
(triplicated).(D) The frequencies of the indicated cytokine-prodgedD4 T cells in the lung of

wild-type recipients of Ova-loaded PD-1.PD-LZ" DCs or PBS (control) (n=4). Data are mean
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+ SEM and represent at least two independent expeats. *, p < 0.05; **, p < 0.01; *** p <

0.001.

Figure 3. Magt cellsand ILCs play a crucial role for the increase of PD-L2" DCsin allergen
challenged mice. (A) The frequency of PD-L2DCs in the mLNs of wild-type and Mas-TRECK
mice after single intranasal challenge with PACP&S (control) (n=3-4). All mice were treated
with DT, and additionally given anti-Thyl.2 or caoitlgG prior to the intranasal challend8,
C) The frequency and number of PD-LRCs among B2264/80CD11¢MHCII™ DCs in the
mLN of DT-treated wild-type, Bas-TRECK (BT) and MARECK (MT) mice (n=4-5)B) or in
the wild-type, mast cell-deficient midgit™ "< and mast cell-reconstitute¢it™ """ mice
after intranasal PAO/Ova every other day for fivees (n=3) C). Data are mean =+ SEM and

represent at least two independent experimens<*0.05; **, p < 0.01; ***, p < 0.001.

Figure 4. Protease-stimulated mast cells induce PD-L2" DCs in the bone marrow-derived
dendritic cell via IL-13. (A) The scheme of bone marrow-derived mast cell (BMMC)
stimulation by protease and the generation of BM&t@ditioned medium (CM)(B) The
frequencies of PD-L2 DCs after culturing bone marrow-derived dendritiells with CM
prepared by stimulating mast cells with PAO, heattivated PAO (HI-PAO), or PBS (control).
(C) The amounts of IL-13, IL-25 and TSLP in the CMeafstimulation with the indicated
reagents (triplicated]D) The frequency of PD-'2DCs among bone marrow-derived DCs after
stimulation with CM in the presence or absencerai-&-13 (5 pg/ml), or with recombinant

murine IL-13 (rmIL-13, 1 pg/ml)(E) Kinetics of IL-13 in the lung homogenates aftesiagle
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dose of intranasal PAO/Ova<B). (F-G) The quantity of IL-13 in the lung of wild-type and
Mas-TRECK mice (Fpr wild-type andKit™ "™ mice (G) at 18 hour after allergen challenge
(n=5). Data are mean = SEM and represent at leasiniependent experiments. *, p < 0.05; **,

p <0.01; *** p < 0.001 between two groups (A-D@, or vs 0 hour (E).

Figure 5. Fibrinogen cleavage products generated by protease allergens induce IL-13 and
PD-L2" DCsin a TLR4 and mast cell-dependent manner. (A) The production of 1L-13 from
wild-type (WT) or TLR4-deficient (TLR4 KO) BMMC adtr stimulation with PAO (filled bar) or
HI-PAO (open bar) (triplicated(B) The frequency of PD-L'2DCs in the mLNs of wild-type or
TLR4 KO mice after single intranasal challenge WO (n=3).(C) The production of IL-13
from wild-type or TLR4 KO mast cells after stimutat with FCP (filled bar) or heat-inactivated
FCP (open bar) (triplicated{D The frequency of PD-U2BMDCs after culturing bone marrow-
derived DCs with CM from WT (open circle) or TLRAXK(closed circle) mast cells stimulated
with fibrinogen or FCP (triplicated{E) The amount of IL-13 in the lung extracts of wilghé or
TLR4 KO mice at 24 hour after single intranasa¢ation of FCP or PBS (control) (n=4F) The
frequency and number of PD-LDCs in the mLN of wild-type or TLR4 KO mice at 2ur
after single intranasal injection of FCP (n=343-H) The amount of IL-13 in the lung extracts
of wild-type or Mas-TRECK mice (G), and the freqagrand number of PD-'2DCs in the
mLN of wild-type or Mas-TRECK mice (H) at 24 houftea single intranasal injection of FCP
(n=4). Data Data are mean + SEM and representaat tevo independent experiments. **, p <

0.01; *** p < 0.001.
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Figure 6. Administration of 1L-13 drives Th2 cell responsesin the absence of mast cells. (A)
The frequencies and numbers of PD-LRCs in the mLN of DT-treated wild-type or Mas-
TRECK mice at 24 hours after single intranasal R with or without recombinant IL-13
(n=3). (B-D) DT-treated Mas-TRECK mice were intranasally ingectwith PAO/Ova with
recombinant IL-13 (rmlL-13) or PBS every other day five times. Differential counts of
leukocytes in BAL fluid B), the frequencies of the indicated cytokine-pras@mong CD4T
cells in the lungC), and the ratios of Th2 cell to Th17 cell or tolT¢ell D) were analyzed at 18
hour after the last challenge<#-5). Data are mean £+ SEM and represent two inckgpen

experiments. *, p < 0.05; **, p < 0.01; ***, p <@1.
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EXTENDED FIGURE LEGENDS

FIG E1. Gating strategy for DC, ILC and CD4" T cell analysis. Cells were first gated on size
and singularity followed by FSC and SSB) The cells were further gated on B22td F4/80
to exclude B cells and macrophages, and Cbahd MHCII cells were defined as DC@-C)
For ILC or CD4 T cell analysis, CD90:2ineagécells or CD4 cells were gated from CD45.2
cells. Among CD4 T cells, IL-4- and/or IL-5-producers (Th2), IL-17@roducers (Th17), and

IFNy-producers (Th1) were further analyzed by intradetl staining.

FIG E2. Expression of PD-L2 on CD11b" and CD103" DCs. (A) PD-L2 expression on CD11b
and CD103 DCs from the mLN of mice in mice given 5 times kérages of PAO/Ova every
other day (triplicated).(B) FACS sorted PD-L2and PD-LZ DCs were co-cultured with
CD62L°CD44"CD25 effector/memory CD4T cells for 3 days after incubation with 20 pg of
anti-PDL2 antibody for 2 hours. The level of IL-BdalL-13 in culture supernatant was evaluated
by ELISA (triplicated). Data are mean + SEM andresent one experiment of two independent

experiments. **, p<0.01; *** p<0.001

FIG E3. Depletion of CD301b" DCs attenuated Th2 cell responses in the airway. (A) The
frequency of PD-L2 DCs in the mLNs of DT-treated wild-type or Mgl2-BTmice after
intranasal challenges with PAO/Ova (n=3{8) The frequencies of IL-4-, IL-5-, IL-13-, IL-17A
and IFNy-producing CDZ T cells in the lung.(C) The amounts of Th2 cytokines after
stimulation of lymphoid cells from the mLN with OvRata are mean + SEM and represent three

independent experiment. *, p < 0.05; **, p < 0.6, p < 0.001.
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654

655 FIG EA4. Depletion of mast cells, basophils and ILC. (A and B) Wild-type, Bas-TRECK or
656 Mas-TRECK mice were i.p. injected with diphtherxin (DT) every day for 3 days. One day
657  after the last injection, bone marrow cells anditpeeal cavity cells were analyzed for the
658 presence of basophil (CD4%axRI") (A) and mast cell (c-KiFceRI") (B), respectively(C-D)
659  Wild-type and Mas-TRECK mice were i.p. injected lwianti-Thyl.2 antibody or isotype
660 antibody (IgG2b). 24 hours after single PAO/Ovallemge, the frequency (C) and the number (D)
661 of ILCs (CD90.2Lineagé gated from CD452cells) in lungs were analyzed. Data are mean *
662  SEM and represent two independent experiment. 3*,0.001.

663

664 FIG E5. Defective accumulation of PD-L2" DCs in the mLNs of mast cell-depleted mice
665 after intransal protease allergens. (A) BMDCs of wild-type or Mas-TRECK mouse were
666 treated with various doses of DT. After 24 hour, B8k were analyzed for the PD-L2
667  expression (triplicated{B-ED) The frequency of PD-L2DCs in the mLNs of Mas-TRECK (B),
668 Ragl’Mas-TRECK (C) or anti-Thyl.2-treatd®hgl’ Mas-TRECK (D) mice (n=3-4). Mas; Mas-
669 TRECK. Data are mean = SEM and represent two inigrg experiments. **, p<0.01; ***
670  p<0.001.

671

672  FIG E6. Development of allergic airway inflammation by PAO/Ova or FCP/Ova. (A-D) DT-
673 treated wild-type, Bas-TRECK and Mas-TRECK mice evieitranasal injected with PAO/Ova in
674  total of 5 times every other day (n=4-6A) Differential count of leukocytes in the BAL flui@B)

675  Histochemical analysis of the lung of the indicateite. (C) The frequencies of the indicated
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676

677

678

679

680

681

cytokine producers among CD7 cells in the BAL fluid.(D) The ratios of Th2 cell to Th17 cell
or Th2 cell to Thl cell. BT; Bas-TRECK, MT; Mas-TRK. (E-F) Differential cell count in the
BAL fluid (E) and the frequencies of the indicated cytokinedpo@rs among CD4T cells in the
BAL fluid (F) in wild-type mice given four times of intranagava with or without FCP (n=4).
Data are mean + SEM and represent at least twpambent experiments. *, p < 0.05; **, p <

0.01; *** p < 0.001.
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