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ABSTRACT 1 

Background: Inhaled protease allergens preferentially trigger Th2-mediated inflammation in 2 

allergic asthma. The role of dendritic cells (DCs) on the induction of Th2 cell responses in 3 

allergic asthma has been well documented; however, the mechanism by which protease allergens 4 

induce Th2-favorable DCs in the airway remains unclear. 5 

Objective: We sought to determine a subset of DCs responsible for Th2 cell responses in allergic 6 

asthma and the mechanism by which protease allergens induce the DC subset in the airway.  7 

Methods: Mice were intranasally challenged with protease allergens or fibrinogen-cleavage 8 

product (FCP) to induce allergic airway inflammation. DCs isolated from the mediastinal lymph 9 

nodes were analyzed for surface phenotype and T cell stimulatory function. Anti-Thy1.2 and 10 

Mas-TRECK mice were used to deplete innate lymphoid cells and mast cells, respectively. 11 

Adoptive cell transfer, bone marrow DC culture, anti-IL-13, and TLR4-deficient mice were used 12 

for further mechanistic studies. 13 

Results: Protease allergens induced a remarkable accumulation of Th2-favorable PD-L2+ DCs in 14 

the mediastinal lymph nodes, which was significantly abolished in mice depleted of mast cells 15 

and, to a lesser extent, innate lymphoid cells. Mechanistically, FCP generated by protease 16 

allergens triggered IL-13 production from wild-type mast cells but not from TLR4-deficient mast 17 

cells, which resulted in the increase of PD-L2+ DCs. Intranasal administration of FCP induced an 18 

increase of PD-L2+ DCs in the airway, which was significantly abolished in TLR4- and mast cell-19 

deficient mice. Injection of IL-13 restored PD-L2+ DC population in mice lacking mast cells. 20 

Conclusion: Our findings unveil the ‘protease-FCP-TLR4-mast cell-IL-13’ axis as a molecular 21 

mechanism for the generation of Th2-favorable PD-L2+ DCs in allergic asthma, and suggest that 22 
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targeting PD-L2+ DC pathway might be effective in suppressing allergic T cell responses in the 23 

airway. 24 

 25 

Key messages: 26 

Protease allergens induce PD-L2+ DCs in the airway that favorably stimulate Th2 cells while 27 

suppressing Th1 cells.  28 

Mast cell-derived IL-13 induces an increase of PD-L2+ DCs in a TLR4-dependent manner. 29 

Protease allergens generate FCPs that signal through TLR4 to stimulate IL-13 production from 30 

mast cells. 31 

 32 

Capsule summary: 33 

FCPs, generated by proteolytic activity of allergens, stimulate IL-13 production from mast cells 34 

via TLR4 to induce PD-L2+ DCs that preferentially trigger Th2 cell responses during allergic 35 

asthma. 36 

 37 

Keywords: protease allergen, PD-L2+ DC, fibrinogen cleavage product, mast cell, TLR4 38 

 39 

Abbreviations used: 40 

BAL: Bronchoalveolar lavage 41 

BMDC: bone marrow derived DC 42 

CM: conditioned media 43 
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DC: dendritic cell 44 

DT: diphtheria toxin 45 

FCP: fibrinogen cleavage products 46 

ILC: innate lymphoid cell 47 

mLN: mediastinal lymph node 48 

PAO: protease from Aspergillus orizae 49 

TLR: Toll-like receptor  50 
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INTRODUCTION 51 

Type 2 airway inflammation including allergic asthma, allergic rhinitis and chronic rhinosinusitis 52 

is one of the common causes of chronic immune disorders in humans1. The critical contribution 53 

of Th2 cells to the pathology of allergic airway inflammation is well-established; however, it is 54 

unclear how allergens trigger the differentiation of native CD4+ T cells into Th2 cell responses in 55 

vivo. In this regard, it is noteworthy that a number of allergens are proteases, such as Der p and 56 

Der f proteins from house dust mite, papain from Carica papaya, and aspergillopepsin from 57 

Aspergillus2, 3, since proteolytic activity of allergens has been suggested to exert Th2 adjuvant 58 

effects during the induction of allergic asthma. Suggested Th2-promoting effects of protease 59 

allergens include release of proinflammatory cytokines from innate immune cells, and release of 60 

IL-33, IL-25 and TSLP from mucosal epithelial cells2-4, although the molecular and cellular 61 

events driving Th2 cell responses remain incompletely understood.  62 

 63 

Several studies have suggested that basophils could act as Th2-inducing antigen-presenting cells4-64 

6. In addition, mast cells have been proposed to be required for the allergen-driven Th2 cell 65 

responses7, 8. On the other hand, a number of studies have demonstrated that DCs and alveolar 66 

macrophages are necessary for the differentiation of allergen-specific Th2 cells in asthma9, 10, 67 

even in the absence of basophils11. Among diverse subsets of DCs in the periphery, recent 68 

studies have identified PD-L2 and CD301b as reliable markers of dermal DCs that efficiently 69 

mount Th2 cell responses to subcutaneously administered protease allergens and helminth 70 

infection in mice12, 13. Nevertheless, it has been unclear whether these innate immune cells are 71 

cooperatively or separately involved in initiating Th2 cell responses, especially in case of 72 
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allergic asthma.  73 

 74 

In the present study, we found that that mast cells and innate lymphoid cells play a crucial role for 75 

the initiation of Th2 cell responses to intranasal protease allergens by inducing Th2-favorable 76 

PD-L2+ DCs in the mediastinal lymph nodes in a TLR4-dependent manner. Mechanistically, 77 

protease allergens generate fibrinogen cleavage products (FCPs) which stimulate mast cells to 78 

produce IL-13 via TLR4. Thus, protease allergens preferentially promote Th2 cell responses in 79 

the airway by inducing PD-L2+ DCs through FCP-mediated TLR4 signaling pathway in mast 80 

cells.  81 
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METHODS 82 

Ethics statements 83 

All animal experiments were approved by the Seoul National University Institutional Animal 84 

Care and Use Committee (protocol #: SNU-140602-2 and SNU-141203-1), and were performed 85 

in accordance with guidelines for the care and use of laboratory animals of Seoul National 86 

University.  87 

 88 

Mice 89 

Rag1-/- mice, KitW-sh/W-sh, Mgl2-DTR and C57BL/6 mice were purchased from Jackson laboratory 90 

(Bar Harbor, ME, USA) or Orient Bio (Gyeonggi, South Korea). Mas-TRECK and Bas-TRECK 91 

mice were generated as previously described14. Rag1-/-Mas-TRECK mice were generated by 92 

crossing Rag1-/- mice with Mas-TRECK mice. TLR4-deficient mice were provided by Drs. 93 

Shizhuo Akira (Osaka University) and Seung-Yong Sung (Seoul National University). All mice 94 

were bred and maintained in the specific pathogen-free vivarium of the Seoul National University.  95 

 96 

Depletion and analysis of immune cell population 97 

To deplete basophils and/or mast cells, Bas-TRECK and Mas-TRECK mice were i.p. injected 98 

with diphtheria toxin (DT; 12 ng/gram body weights), as described previously14. To deplete 99 

innate lymphoid cells (ILCs), wild-type and Mas-TRECK mice were i.p. injected with anti-100 

Thy1.2 antibody or IgG2b antibody as isotype control (all from BioXcell, NH, USA). In some 101 

experiments, Mgl2-DTR mice were i.p. injected with DT (50 ng/gram body weights) one day 102 

before antigen challenges. Peritoneal cells, bone marrow cells and single lymphoid cells of the 103 
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lungs and the mLN were harvested to examine the depletion of mast cells, basophil and ILCs, 104 

respectively. To analyze DC population in the mLNs, B220-F4/80-CD11c+MHCII+ cells were 105 

gated and the expression of CD80, CD86, OX40L, PD-L1, PD-L2, MHCII and CD103 was 106 

examined. To examine ILC population, lymphoid cells from the lung and the mLNs were 107 

obtained, and CD90.2+Lineage- cells among CD45.2+ cells were analyzed. To determine CD4+ T 108 

helper cell subsets, lymphoid cells were stimulated with PMA and Ionomycin in the presence of 109 

Golgistop for four hours, and the intracellular expression of IFNγ (Th1), IL-4, IL-5 or IL-13 (Th2) 110 

or IL-17A (Th17) in the CD45.2+CD4+ T cells was analyzed (see Fig. E1 in the Online 111 

Repository at www.jacionline.org). 112 

 113 

Induction of allergic airway inflammation 114 

Allergic airway inflammation was induced as described previously15. In brief, mice were 115 

intranasally challenged with 7 µg Aspergillus protease combined with 20 µg ovalbumin 116 

(PAO/Ova) (all from Sigma, MO, USA) every other day for total 5 times. In some experiments, 1 117 

µg of recombinant IL-13 (Peprotech, NJ, USA) was injected with PAO/Ova. Fibrinogen-cleavage 118 

products (FCP) were generated as previously described16. In brief, pre-warmed 5 mg of 119 

fibrinogen (Haematologic technologies Inc., Essex Junction, VT, USA) was incubated with 6 µg 120 

of PAO in 1 ml PBS at 37 °C for 30 minutes. In some experiments, mice were intranasally 121 

challenged with 40 µg FCPs alone (1 time) or together with 20 µg ovalbumin every other day (4 122 

times). Eighteen hours after the last challenge, mice were euthanized and analyzed as previously 123 

described17. In some experiments, 1×107 of bone marrow cultured mast cells were i.v. injected 124 

into KitW-sh/W-sh mice, and after 5 weeks, allergic airway inflammation was induced in the recipient 125 
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mice by intranasal challenges with PAO/Ova. The endotoxin units (EU) of PAO, Ova and 126 

fibrinogen are 1.7 ×10-3 EU/µg, 1.8 ×10-3 EU/µg and 1.8 ×10-5 EU/µg, respectively. 127 

 128 

DC functional studies 129 

To isolate DCs, the mLNs of allergen-challenged mice were obtained and treated with 130 

collagenase IV (1 mg/ml) (Gibco, Grand Island, NY, USA) and DNase I (10 µg/ml) (Bio basic 131 

Inc., Amherst, NY, USA) in Ca2+-free HBSS containing 5 mM EDTA (All from Gibco, Grand 132 

Island, NY, USA) at 37 °C for 30 minutes. CD11c+ cells were enriched with anti-CD11c-133 

microbeads (Miltenyi Biotec., Bergisch Gladbach, Germany). PD-L2- or PD-L2+ DCs among 134 

B220-F4/80-CD11c+MHCII+ cells were sorted by FACSAria III (Becton Dickinson, San Jose, 135 

CA).For in vitro functional study, the FACS sorted PD-L2+ or PDL2- DCs (2×104/well)s were co-136 

cultured with CD62LloCD44hiCD25- effector/memory CD4+ T cells (1×105/ well) in the presence 137 

of anti-CD3ε (0.5 µg/ml) antibody for 72 hours in round-bottom 96 well-plates. In some 138 

experiments, anti-PD-L2 blocking antibodies were added (20 µg/ml). The levels of indicated 139 

cytokines in the supernatant were measured by ELISA.  140 

For in vivo functional study, naïve C57BL/6 mice were i.v. injected with FACS-sorted PD-L2- or 141 

PD-L2+ DCs (1×105 cells/injection) that had been incubated with 10 µM Ova323-339 for 2 hours at 142 

37 °C. Mice injected with PBS were used as control. One week after DC transfer, the recipient 143 

mice were intranasally challenged with 100 µg ovalbumin (Grade VII, Sigma,Louis, MO, USA) 144 

for three consecutive days, and the CD4+ T cells in the lungs and in the mLN were analyzed. 145 

 146 

DC stimulation with mast cell-conditioned media 147 
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Bone marrow-derived mast cells were generated with 10 ng/ml of IL-3 and SCF (Peprotech, NJ, 148 

USA). Mast cells were stimulated with native or heat-inactivated PAO, fibrinogen and FCP for 8 149 

hours before being washed and cultured for additional 24 hours. The culture supernatants were 150 

harvested and used as ‘conditioned media (CM)’. Bone marrow-derived DCs (BMDCs) were 151 

prepared by culturing bone marrow cells with 10 ng/ml of GM-CSF (Peprotech, NJ, USA). 152 

BMDCs were stimulated by CM or 10 ng/ml of IL-13 with or without anti-mouse IL-13 antibody 153 

(Abcam, San Francisco, USA) for 48 hours.  154 

 155 

Measurement of cytokines 156 

To prepare lung homogenates, lungs of allergen-challenged mice were homogenized in 1 ml of 157 

PBS including protease cocktail (GenDEPOT, TX, USA) using tissue homogenizer (PRO 158 

Scientific Inc., Connecticut, USA). Supernatants from the lung homogenates were filtered 159 

through 100 µm-pore nylon mesh (Small Parts Inc., FL, USA). The levels of cytokines in the 160 

lung extracts, CM, and in the supernatant of T cells cocultured with DCs were measured by 161 

ELISA according the manufacturer’s instructions (eBioscience). 162 

 163 

Real-time RT-PCR 164 

Total RNA from FACS-sorted PD-L2- or PD-L2+ DCs of mice was isolated by TRIzol reagent 165 

(Ambion, CA, USA) and cDNA was synthesized with a cDNA Synthesis kit (Thermo Fisher 166 

Scientific Inc., NY, USA). Quantitative real-time PCR was conducted using SYBR Green (Bio-167 

Rad, PA, USA) on an ABI 7500 Fast Real-Time PCR Systems (Applied Biosystems, MA, USA). 168 

Target genes were normalized to the β-actin level in each sample. Primer sets for genes were 169 
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synthesized at Cosmogenetech (Seoul, South Korea): Nos2 (sense, 5’-170 

CGAAACGCTTCACTTCCAA-3’, antisense, 5’- TGAGCCTATATTGCTGTGGCT-3’), Il12a 171 

(sense, 5’-CCACCCTTGCCCTCCTAAAC-3’, antisense, 5’-GGCAGCTCCCTCTTGTTGTG-172 

3’), Arg1 (sense, 5’- CTTGCGAGACGTAGACC CTG-3’, antisense,  5’-173 

TCCATCACCTTGCCAATCCC-3’), Pdcd1lg2 (sense, 5’-CTGCTGCCG ATACTGAACCT-3’, 174 

antisense, 5’-CTGCGGTCAAAATCGCACTC-3’), Il13ra1 (sense, 5’-175 

GGCCATCCTGCAAAATAGTG-3’, antisense, 5’-ACAGCGTCGGCAAGAACA-3’), Il4ra 176 

(sense, 5’-CACCTGGAGTGAGTGGAGTC-3’, antisense, 5’-AGGCAAAACAACGGGATG-3’), 177 

β-actin (sense, 5’-TGGAATCCTGTGGCATCCATGAAAC-3’, antisense, 5’-TAAAACGCAGCT 178 

CAGTAACAGTCCG-3’).  179 

 180 

Statistical Analysis 181 

All experiments were performed two to four times. Statistical analysis was conducted with mean 182 

± SEM by unpaired two-tailed Student’s t test with Prism Graphpad 5.0 (GraphPad Software Inc., 183 

USA).  184 
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RESULTS  185 

Protease allergens induce the accumulation of PD-L2+ DCs in the airway 186 

As a first step to investigate the mechanism by which protease allergens induce allergic Th2 cell 187 

responses in vivo, we sought to determine if a certain subset of dendritic cells (DCs) is induced 188 

by protease allergens in the airway. Although DCs expressing PD-L2 have been recently 189 

identified as critical mediators of protease allergen-specific Th2 cell responses in animal models 190 

of skin sensitization13, 18, 19, their role in the generation of Th2 cell responses in the airway 191 

remains incompletely understood. To examine if PD-L2+ DC is involved in this process, we 192 

analyzed DC population in the mediastinal lymph nodes (mLN) after intranasal challenges with 193 

allergens. We used protease allergen from Aspergillus oryzae (PAO) in combination with 194 

ovalbumin (PAO/Ova), since intranasal challenge with PAO/Ova is known to trigger Th2 cell 195 

dominant inflammation in the airway15, 20, 21. As depicted in Figure 1A, we observed a significant 196 

increase in the frequency of PD-L2+ DCs among B220-F4/80-CD11c+ DC population in the mLN 197 

of the allergen-challenged mice in comparison to those of unchallenged ones. Kinetic analysis 198 

revealed that the frequency of PD-L2+ DCs gradually increased upon intranasal PAO/Ova (Fig. 199 

1B). Intranasal PAO alone induced the accumulation of PD-L2+ DCs in the mLN as efficiently as 200 

PAO/Ova, while heat-inactivated PAO failed to do so (Fig. 1C). In addition, the number of PD-201 

L2+ DCs appeared to be positively correlated with the number of IL-4+ and IL-13+ Th2 cells as 202 

well as with that of eosinophils in the bronchoalveolar lavage (BAL) fluid in the allergen-203 

challenged mice (Fig. 1D). 204 

 205 

PD-L2+ DCs promote Th2 cell responses in allergic airway inflammation 206 
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 207 

To define the phenotype and function of the PD-L2+ DCs induced by intranasal protease allergens, 208 

we compared the expression of costimulatory molecules between PD-L2+ and PD-L2- DCs 209 

obtained from the mLNs of PAO/Ova challenged mice. Compared with PD-L2- counterparts, PD-210 

L2+ DCs exhibited increased levels of CD80, CD86, PD-L1 and MHCII (Fig. 2A). The levels of 211 

OX40L and CD103 were also higher in the PD-L2+ DCs than PD-L2- DCs. To examine if PD-L2 212 

is expressed in a specific DC subset, we determined the expression of PD-L2 on CD11b+ and 213 

CD103+ DC subsets. The level of PD-L2 expression was higher on CD11b+ and CD103+ DC 214 

subsets than their respective counterparts (see Fig. E2A in the Online Repository at 215 

www.jacionline.org).The majority of PD-L2+ DCs co-expressed CD11b. In addition, PD-L2+ DCs 216 

expressed significantly lower levels of Nos2 and Il12a, but higher levels of Arg1 (encoding 217 

Arginase-1), Pdcd1lg2 (encoding PD-L2), Il13ra1 and Il4ra than PD-L2- DCs (Fig. 2B). To 218 

compare the helper T cell stimulatory function of the two DC subsets, each DC population was 219 

FACS-sorted from the mLNs of PAO/Ova challenged mice, and was co-cultured with 220 

CD62LloCD44hiCD25-CD4+ T cells in the presence of soluble anti-CD3. CD4+ T cells stimulated 221 

with PD-L2+ DCs produced significantly higher levels of IL-4, IL-5, IL-13 as well as IL-10 than 222 

those stimulated with PD-L2- DCs (Fig. 2C). In addition, the amount of IL-17 was increased 223 

while that of IFNγ was slightly but significantly reduced in the former group. Addition of anti-224 

PD-L2 blocking antibody did not significantly affect the production of IL-5 and IL-13, indicating 225 

little to no role of PD-L2 in inducing the Th2 cytokines from effector/memory CD4+ T cells by 226 

PD-L2+DC subset (see Fig. E2B in the Online Repository at www.jacionline.org).  227 

 228 
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To determine if PD-L2+ DCs induced by intranasal protease allergens can trigger Th2 cell 229 

responses in vivo, we purely isolated PD-L2− and PD-L2+ DCs, loaded with Ova323-339 peptide, 230 

and transferred them into naïve syngeneic mice. One week later, the recipients were intranasally 231 

challenged with Ova for three consecutive days. As shown in Fig. 2D, the frequencies of IL-4, 232 

IL-5, or IL-13-expressing Th2 cells in the lung were significantly higher in the recipients of PD-233 

L2+ DCs than those of PD-L2− DCs, while the reverse was true for the frequencies of Th17 and 234 

Th1 cells. These results demonstrate that PD-L2+ DCs were capable of inducing Th2 cell 235 

responses in vivo. To further determine the Th2-inducing capacity of PD-L2+ DCs in vivo, we 236 

employed Mgl2-DTR mice in which injection with diphtheria toxin (DT) depleted about 50 % of 237 

PD-L2+ DCs due to the expression of CD301b on the majority of PD-L2+ DCs (see Fig. E3A in 238 

the Online Repository at www.jacionline.org). Compared with DT-treated wild-type mice, DT-239 

treated Mgl2-DTR mice exhibited significantly attenuated Th2 cell responses in the lungs and in 240 

the mLN (see Fig. E3B/C in the Online Repository at www.jacionline.org). Collectively, these 241 

results demonstrate that PD-L2+ DCs were induced in the airway by protease allergens, and that 242 

they represented a specialized DC subset promoting Th2 cell responses in vivo. 243 

 244 

A critical role of mast cells and innate lymphoid cells in inducing PD-L2+ DCs in the airway 245 

We next aimed to determine the cellular and molecular requirements for the generation of PD-L2+ 246 

DCs in the airway by protease allergens. To this end, we examined the involvement of innate 247 

lymphoid cell (ILC), basophil and mast cell since they have been shown to be associated with 248 

Th2 cell responses in allergic asthma6, 22, 23. To deplete basophils and/or mast cells, we employed 249 

two lines of knock-in mice, Bas-TRECK and Mas-TRECK, in which DT treatment depletes 250 
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solely basophils or both basophils and mast cells, respectively14 (see Fig. E4A and B in the 251 

Online Repository at www.jacionline.org). To deplete ILCs in vivo, we utilized anti-Thy1.2 252 

antibody. DT-treated Mas-TRECK mice showed a moderate reduction in the number of ILCs in 253 

the lung when compared to wild-type mice (Fig. E4C and D in the Online Repository at 254 

www.jacionline.org). Of note, we observed that the frequency of PD-L2+ DCs in the mLNs after 255 

PAO challenges was profoundly decreased in the DT-treated Mas-TRECK mice and, to a lesser 256 

extent, in the anti-Thy1.2-treated mice (Fig. 3A). Since DT treatment depleted both mast cells 257 

and basophils, we next asked which cell type is responsible for the induction of PD-L2+ DCs by 258 

comparing the PD-L2+ DCs in Bas-TRECK and Mas-TRECK mice. As shown in Figure 3B, we 259 

observed that the frequency and absolute cell number of PD-L2+ DCs were profoundly reduced in 260 

the mLNs of DT-treated Mas-TRECK, but not in the DT-treated Bas-TRECK, indicating that 261 

mast cells rather than basophils were required for the induction of PD-L2+ DCs in the airway. DT-262 

treatment did not directly deplete PD-L2+ DCs in vitro (see Fig. E5 in the Online Repository at 263 

www.jacionline.org). The decrease of PD-L2+ DCs in the Mas-TRECK mice was evident as early 264 

as 24 hours after PAO/Ova intranasal challenge (see Fig. E5B in the Online Repository at 265 

www.jacionline.org). Similarly, we observed that the accumulation of PD-L2+ DCs in the mLNs 266 

of Rag1-/-Mas-TRECK mice was significantly attenuated by anti-Thy1.2 and DT-treatment, 267 

indicating that the induction of PD-L2+ DCs by ILCs and mast cells was independent of adaptive 268 

immunity (see Fig. E5C and D in the Online Repository at www.jacionline.org). In parallel with 269 

these findings, we observed a significant reduction in the frequency and number of PD-L2+ DCs 270 

in mast cell-deficient KitW-sh/W-sh mice compared with those of wild-type mice upon PAO/Ova 271 

challenges, which was fully restored by adoptive transfer of bone marrow-derived mast cells (Fig. 272 
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3C).  273 

 274 

To further determine the role of mast cells in inducing Th2 cell responses and allergic 275 

inflammation in the airway, we intranasally challenged wild-type, Bas-TRECK, and Mas-TRECK 276 

mice with PAO/Ova every other days for 5 times. All mice were treated with DT prior to 277 

allergenic challenges to deplete respective cell population and to normalize the effect of the toxin 278 

treatment. Differential cell analysis of BAL fluid showed a profound reduction in the numbers of 279 

eosinophil and, to less extent, neutrophil in Mas-TRECK mice compared with those of wild-type 280 

and Bas-TRECK mice (see Fig. E6A in the Online Repository at www.jacionline.org). Similarly, 281 

the lungs of Mas-TRECK mice showed reduced infiltration of inflammatory cells, goblet cell 282 

hyperplasia, and mucus production compared with the other two groups. Consistent with reduced 283 

allergic phenotypes in the airway, CD4+ T cells from the BAL fluid of Mas-TRECK mice showed 284 

significantly lower frequencies of IL-5+ and IL-13+ cells, and significantly higher frequencies of 285 

IL-17+ or IFNγ+ cells than the other two groups, leading to the decrease in the ratios of Th2 to 286 

Th1 or to Th17 cells (see Fig. E6B/C/D in the Online Repository at www.jacionline.org). These 287 

results together demonstrate that mast cells play a crucial role in inducing the accumulation of 288 

PD-L2+ DCs and Th2 cell-mediated allergic inflammation in the airway in response to protease 289 

allergens. 290 

 291 

Protease allergen-induced IL-13 from mast cells generates PD-L2+ DCs 292 

To investigate the mechanism by which mast cells promote the induction of PD-L2+ DC, we 293 

asked if the increase of PD-L2+ DCs is mediated by soluble factor(s) from mast cells. To answer 294 
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this question, we prepared ‘mast cell-conditioned media (CM)’ by obtaining culture supernatant 295 

of mast cells that had been previously stimulated with PAO, as illustrated in Fig. 4A. Of note, 296 

addition of the CM prepared with native PAO, but not with heat-inactivated PAO, significantly 297 

increased the frequency of PD-L2+ population among MHCII+CD11c+ bone marrow-derived DCs 298 

(Fig. 4B). To identify the soluble factor(s) responsible for the increase of PD-L2+ DC in the 299 

conditioned media, we measured the levels of innate cytokines and found that PAO stimulation 300 

remarkably triggered the production of IL-13 and, to a lesser extent, IL-25 and TSLP from mast 301 

cells (Fig. 4C), while the level of IL-4 was undetectable (<2 pg/ml). Importantly, neutralizing 302 

antibodies to IL-13 almost completely abolished the increase of PD-L2+ DCs induced by the CM 303 

(Fig. 4D). Moreover, recombinant IL-13 was sufficient to induce PD-L2+ population, indicating 304 

that mast cell-derived IL-13 is necessary and sufficient to induce PD-L2+ DCs by PAO in this in 305 

vitro experimental setting.  306 

 307 

The levels of IL-13 in the lung increased as early as 12 hours after a single intranasal challenge 308 

with PAO (Fig. 4E). To determine if mast cells play any role in the early production of IL-13 after 309 

intranasal protease allergens in vivo, we intranasally challenged PAO into wild-type and mast 310 

cell-deficient mice. We found that the induction of IL-13 by protease allergens was significantly 311 

diminished in the DT-treated Mas-TRECK mice as well as in the KitW-sh/W-sh mice (Fig. 4F and G), 312 

indicating that mast cells were required for the induction of IL-13 in the lung upon protease 313 

allergens in vivo. These results demonstrate that protease allergens stimulated mast cells to 314 

produce IL-13 which, in turn, induced the accumulation of PD-L2+ DC in the airway in vivo. 315 

 316 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

17 

 

Fibrinogen-cleavage products generated by protease allergens trigger IL-13 from mast cells 317 

via TLR4 318 

We next sought to explore the molecular mechanism by which protease allergens activate mast 319 

cells to produce IL-13. Mast cells are located in the subepithelial region in steady state24, and thus 320 

unlikely have a direct access to exogenous protease allergens during the primary exposure. Hence 321 

we hypothesized that a soluble factor generated by protease allergens at epithelium reaches mast 322 

cells in the subepithelial region and stimulates the release of IL-13 during the primary exposure 323 

to the allergens. As shown in Figure 5A, the production of IL-13 from mast cells upon PAO 324 

stimulation was significantly decreased when TLR4-deficient mast cells were used (Fig. 5A). 325 

Moreover, the accumulation of PD-L2+ DCs in the mLN after intranasal PAO/Ova was 326 

significantly attenuated in TLR4-/- mice (Fig. 5B), indicating a role for TLR4 in inducing IL-13 327 

production from mast cells and in inducing PD-L2+ DCs PAO. In this regard, a recent report 328 

revealed that fibrinogen cleavage product (FCP) generated by proteases can act as an endogenous 329 

TLR4 ligand on airway epithelial cells and pulmonary macrophages16. We therefore, 330 

hypothesized that FCP generated from fibrinogen by enzymatic activity of PAO might act as an 331 

endogenous TLR4 ligand that mediates the production of IL-13 from mast cells and subsequent 332 

accumulation of PD-L2+ DCs. Of note, FCPs stimulated mast cells to produce IL-13 in vitro, 333 

which was significantly abolished when TLR4-deficient mast cells were used (Fig. 5C). In 334 

addition, conditioned media prepared by stimulating mast cells with FCPs remarkably increased 335 

PD-L2+ DCs whereas conditioned media prepared with TLR4-deficient mast cells failed to do so 336 

(Fig. 5D). Conditioned media prepared by stimulation with native fibrinogen also failed to induce 337 

PD-L2+ DCs, indicating that proteolytic cleavage of fibrinogen by protease allergen was required 338 
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for the PD-L2+-inducing capacity of FCPs (Fig. 5D).  339 

 340 

To examine the role of FCPs in vivo, we intranasally administered FCPs into C57BL/6 mice and 341 

found a remarkable increase in the level of IL-13 in the lungs as well as in the number of PD-L2+ 342 

DCs in the mLN, which was significantly blunted in TLR4-deficient mice (Fig. 5E and F). It is 343 

noteworthy that the induction of IL-13 and PD-L2+ DCs in the TLR4-deficient mice was 344 

significantly but not completely abolished, suggesting that a pathway other than TLR4 might be 345 

involved in the sensing of FCPs by mast cells. To determine if FCP can promote Th2 cell 346 

responses in vivo, we intranasally challenged C57BL/6 mice with FCP/Ova or Ova alone, and 347 

found that mice challenged with FCP/Ova exhibited higher numbers of inflammatory cells in the 348 

BAL fluid as well as higher frequencies of Th2 cells, but not Th1 and Th17 cells, in the lungs 349 

than those challenged with Ova alone (see Fig. E6E and F in the Online Repository at 350 

www.jacionline.org). To confirm the role of mast cells in the FCP-mediated increase of IL-13 and 351 

PD-L2+ DCs in vivo, we intranasally injected FCPs into DT-treated Mas-TRECK or wild-type 352 

mice. Compared to wild-type mice, the amount of IL-13 in the lungs as well as the number of 353 

PD-L2+ DCs in the mLNs was profoundly attenuated in the DT-treated Mas-TRECK (Fig. 5G 354 

and H), indicating that mast cells played a dominant role for the FCP-mediated increase of IL-13 355 

and PD-L2+ DCs in vivo. Collectively, these results demonstrate that FCPs generated by protease 356 

allergens stimulate mast cells to produce IL-13 through, at least in part, TLR4 to induce PD-L2+ 357 

DCs in the airway. 358 

 359 

Recombinant IL-13 restores PD-L2+ DC population and subsequent Th2 cell responses in 360 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

19 

 

the absence of mast cells in vivo 361 

To directly determine if the decreased IL-13 in the mast cell-deficient mice accounts for the 362 

defective PD-L2+ population and Th2 cell responses in vivo, we intranasally administered 363 

recombinant IL-13 or saline into the DT-treated Mas-TRECK mice at the time of PAO/Ova 364 

challenges and examined PD-L2+ population and Th2 cell responses. As depicted in Figure 6A, 365 

intranasal IL-13 profoundly increased the frequency and number of PD-L2+ DCs in the mLNs of 366 

the DT-treated Mas-TRECK. In addition, IL-13 significantly increased the number of eosinophils 367 

in BALF, leading to the increase of total leukocytes in the airway (Fig. 6B). Moreover, IL-13 368 

significantly increased the frequency of Th2 cells while decreasing that of Th1 cells in the DT-369 

treated Mas-TRECK mice, leading to Th2 cell-dominant responses in the airway over Th1 cell 370 

and Th17 cell (Fig. 6C and D). Taken together, these results demonstrate that IL-13 treatment 371 

restores the induction of PD-L2+ DCs and subsequent Th2 cell-dominant responses in the airway 372 

in mice lacking mast cells in vivo.  373 
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DISCUSSION  374 

Proteolytic activity of allergens has been thought to be necessary for inducing Th2 cell-mediated 375 

inflammation in the airway; however, the molecular mechanism governing the initiation of Th2 376 

cell responses by protease allergens has been incompletely understood. We demonstrate that 377 

protease allergens induced an increase of PD-L2+ DC population in the mLN in an IL-13-378 

dependent manner through stimulating mast cells, and that this DC subset was specialized for 379 

inducing Th2 cell responses. We also demonstrate that FCPs generated by protease allergens can 380 

stimulate mast cells to produce IL-13 in a TLR4-dependent fashion. Intranasal administration of 381 

FCPs resulted in the increase of PD-L2+ DCs in the mLN. Moreover, transfer of antigen-loaded 382 

PD-L2+ DCs efficiently induced Th2 cell responses in vivo. Hence, our findings unveil ‘protease 383 

allergens→FCP→TLR4→mast cell→IL-13→PD-L2+ DC’ axis as a fundamental molecular basis 384 

that contributes to Th2 cell dominant responses in the airway in response to protease allergens.  385 

 386 

The role of basophils and mast cells in the initiation of Th2 cell immunity has been controversial. 387 

In the present study, all indicators of type 2 inflammation were profoundly diminished in the 388 

absence of mast cells. Notably, PD-L2+ DCs were accumulated in the mLN upon intranasal 389 

protease allergens, which was profoundly abolished in mast cell-deficient mice, and 390 

reconstitution of mast cells almost completely restored PD-L2+ DC population in the airway in 391 

allergen-challenged mice. By contrast, we observed little changes in PD-L2+ DC population in 392 

DT-treated Bas-TRECK mice, indicating little, if any, role of basophils in inducing the DC subset 393 

in vivo. Hence, mast cells rather than basophils are required for the induction of Th2-favorable 394 

PD-L2+ DCs in our experimental setting. On the other hand, basophils have been shown to be 395 
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activated to produce IL-4 in an animal model of papain-induced airway inflammation25. Thus it is 396 

likely that both mast cells and basophils are involved in sensing protease allergens, probably 397 

depending on the type of allergens. It will be interesting to investigate if basophils also trigger the 398 

accumulation of PD-L2+ DCs. cKit+ DCs have been proposed to mediate Th2 cell responses in 399 

allergic asthma26, 27; however, we observed that PD-L2+ DCs did not express cKit (data not 400 

shown). A recent study by Lewkowich et al. has shown that anti-PD-L2 did not affect Th2 401 

cytokine production in an HDM-induced asthma model, although such treatment attenuated 402 

airway hyperresponsiveness28. In parallel with this study, we observed that anti-PD-L2 had little 403 

effect on Th2 cytokine production from effector/memory T cells stimulated with PD-L2+ DCs. 404 

Thus, it is likely that PD-L2 does not exert critical role in Th2 cell responses, but is a reliable 405 

marker for Th2-favorable DCs. On the other hand, the surface phenotypes and Th2 cell-406 

stimulatory function of PD-L2+ DC induced by protease allergens in the airway appeared to be 407 

similar to those found in the skin draining lymph nodes induced by subcutaneous injection of 408 

protease allergens13. Hence, it is possible that the induction of PD-L2+ DC is a common 409 

mechanism for the generation of Th2 cell responses by protease allergens. Further studies will be 410 

needed to identify the molecular mechanism by which PD-L2+ DCs induce and/or maintain Th2 411 

cell responses in the airway. Mast cells reside close to the blood vessel in dermis and act as 412 

critical mediators of Th2 cell responses via IgE-mediated degranulation of inflammatory 413 

molecules29, 30. It would be intriguing to study if mast cells also have a role in inducing PD-L2+ 414 

DCs in the skin-associated lymphoid tissues. 415 

 416 
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Protease allergens are known to induce cytokine release from airway epithelial cells, mast cells 417 

and basophils4, 31, 32. Although house dust mite extracts have been widely used to induce allergic 418 

asthma in mice, we utilized protease from Aspergillus oryzae as a model protease allergen since it 419 

contains little endotoxin (1.7×10-3 endotoxin unit (EU)/µg)16 and intranasal injection of PAO with 420 

ovalbumin has been used to trigger Th2 dominant allergic asthma in mice15, 20, 21. We found that 421 

mast cell-conditioned media, prepared by protease allergens, increased the frequency of PD-L2+ 422 

DC in an IL-13 dependent fashion. This observation raised the possibility that protease allergens 423 

directly stimulate mast cells to produce IL-13 to trigger PD-L2+ DCs. However, mast cells are 424 

typically located in the sub-epithelial region of the airway and thus not immediately accessible to 425 

allergens at the beginning of allergens exposure7. A recent study showed that protease allergens 426 

yield FCPs which can stimulate airway epithelial cells and macrophages through TLR4 to induce 427 

the expression of IL13Ra1 and Muc5AC16. Fibrinogen is abundant in circulation and also present 428 

in fetal bovine serum, although not as much as unclotted plasma16. Interestingly, we found that 429 

FCPs induced IL-13 production from mast cells in vitro, and the accumulation of PD-L2+ DCs in 430 

the mLN in vivo. These results strongly suggest that protease allergens stimulate mast cells 431 

indirectly by generating FCP to produce IL-13 in a TLR4-dependent manner. By contrast, since 432 

we observed that the production of IL-13 by PAO was not completely abolished in TLR4-433 

deficient mast cells, it is possible to surmise that PAO activates mast cells independently of TLR4 434 

and FCP. Further studies will be needed to clarify the mechanism for TLR4-independent 435 

activation of mast cells by protease allergens, the molecular characteristics of FCP and 436 

downstream signaling pathways leading to the release of IL-13. 437 

 438 
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Several studies demonstrated that ILC2s have a crucial role in Th2 cell immunity in animal 439 

models of helminth infection as well as allergic asthma22, 33, 34. By contrast, a recent study showed 440 

that the induction of Th2 cell responses was relatively normal in the absence of ILC2s35. We 441 

found that the size of ILC population in the lung after challenges with intranasal allergens was 442 

diminished in DT-treated Mas-TRECK mice, suggesting a role for mast cells in expanding ILCs 443 

in the airway. Depletion of ILCs by anti-Thy1.2 slightly reduced PD-L2+ DC population in vivo, 444 

although the magnitude of reduction was greater in mice lacking mast cells. Hence, we propose 445 

that mast cells play two distinct roles in the inductive phase of type 2 inflammation; (i) by 446 

producing IL-13 through recognition of FCP via TLR4, and (ii) by expanding ILC2 cells that also 447 

contribute to IL-13 production, although it is not clear how mast cells regulate the expansion of 448 

ILCs. Collectively, the present study indicates that mast cells and ILCs cooperatively promote 449 

PD-L2+ DC in the airway. 450 

 451 

In summary, the present study unveils the essential role of ‘protease-FCP-mast cell-IL-13-PDL2+ 452 

DC’ pathway as a fundamental molecular basis for the initiation of Th2 cell responses during 453 

protease allergen-induced airway inflammation. Targeting this pathway might pave the 454 

development of therapeutic strategies for the treatment of allergic asthma.  455 
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FIGURE LEGENDS 467 

Figure 1. Induction of PD-L2+ DCs in the mLN in response to intranasal protease allergens. 468 

(A) The frequencies of PD-L2+ DCs in the mLNs of mice challenged with intranasal PAO/Ova 469 

every other days for five times (n = 5). The mice were analyzed one day after the last challenge. 470 

(B) The frequencies of PD-L2+ DCs in the mLNs after single intranasal challenge with PAO/Ova 471 

(n = 5). (C) The frequencies of PD-L2+ DCs in the mLNs at 24 hours after single challenge of Ova, 472 

heat-inactivated PAO (HI-PAO), PAO, or PAO/Ova (n=4). (D) Linear regression analysis 473 

between PD-L2+ DCs in the lung and IL-4 or IL-13-producing CD4+ T cells in the lung, or 474 

eosinophils in the BAL fluid. Data are mean ± SEM and represent two or three independent 475 

experiments. **, p < 0.01; ***p < 0.001 vs 0 hour (B), or between two groups. 476 

 477 

Figure 2. Phenotypic and functional characterization of PD-L2+ DCs induced by intranasal 478 

protease allergens. (A-C) Wild-type mice were intranasally challenged with PAO/Ova every 479 

other day for five times and the profile of PD-L2- or PD-L2+ DCs in the mLN were analyzed at 480 

18 hours after the last challenge. (A) The histogram and geometric MFI of indicated molecules 481 

on PD-L2- (shaded grey) or PD-L2+ DCs (solid black line) (n=3). (B) The expression of Nos2, 482 

Il12a, Arg1, Pdcd1lg2, Il13ra1 and IL4ra transcripts in the PD-L2- DCs and the PD-L2+ DCs 483 

(triplicated). (C) Production of the indicated cytokines by effector/memory CD4+ T cells after 484 

stimulation with PD-L2- DCs or PD-L2+ DCs for 3 days in the presence of anti-CD3 antibody 485 

(triplicated). (D) The frequencies of the indicated cytokine-producing CD4+ T cells in the lung of 486 

wild-type recipients of Ova-loaded PD-L2-, PD-L2+ DCs or PBS (control) (n=4). Data are mean 487 
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± SEM and represent at least two independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 488 

0.001. 489 

 490 

Figure 3. Mast cells and ILCs play a crucial role for the increase of PD-L2+ DCs in allergen 491 

challenged mice. (A) The frequency of PD-L2+ DCs in the mLNs of wild-type and Mas-TRECK 492 

mice after single intranasal challenge with PAO or PBS (control) (n=3-4). All mice were treated 493 

with DT, and additionally given anti-Thy1.2 or control IgG prior to the intranasal challenge. (B, 494 

C) The frequency and number of PD-L2+ DCs among B220-F4/80-CD11c+MHCII+ DCs in the 495 

mLN of DT-treated wild-type, Bas-TRECK (BT) and Mas-TRECK (MT) mice (n=4-5) (B) or in 496 

the wild-type, mast cell-deficient mice Kit(w-sh/w-sh) and mast cell-reconstituted Kit(w-sh/w-sh) mice 497 

after intranasal PAO/Ova every other day for five times (n=3) (C). Data are mean ± SEM and 498 

represent at least two independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001. 499 

 500 

Figure 4. Protease-stimulated mast cells induce PD-L2+ DCs in the bone marrow-derived 501 

dendritic cell via IL-13. (A) The scheme of bone marrow-derived mast cell (BMMC) 502 

stimulation by protease and the generation of BMMC-conditioned medium (CM). (B) The 503 

frequencies of PD-L2+ DCs after culturing bone marrow-derived dendritic cells with CM 504 

prepared by stimulating mast cells with PAO, heat-inactivated PAO (HI-PAO), or PBS (control). 505 

(C) The amounts of IL-13, IL-25 and TSLP in the CM after stimulation with the indicated 506 

reagents (triplicated). (D) The frequency of PD-L2+ DCs among bone marrow-derived DCs after 507 

stimulation with CM in the presence or absence of anti-IL-13 (5 µg/ml), or with recombinant 508 

murine IL-13 (rmIL-13, 1 µg/ml). (E) Kinetics of IL-13 in the lung homogenates after a single 509 
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dose of intranasal PAO/Ova (n = 5). (F-G) The quantity of IL-13 in the lung of wild-type and 510 

Mas-TRECK mice (F) or wild-type and Kit(w-sh/w-sh) mice (G) at 18 hour after allergen challenge 511 

(n = 5). Data are mean ± SEM and represent at least two independent experiments. *, p < 0.05; **, 512 

p < 0.01; ***, p < 0.001 between two groups (A-D, F-G), or vs 0 hour (E). 513 

 514 

Figure 5. Fibrinogen cleavage products generated by protease allergens induce IL-13 and 515 

PD-L2+ DCs in a TLR4 and mast cell-dependent manner. (A) The production of IL-13 from 516 

wild-type (WT) or TLR4-deficient (TLR4 KO) BMMC after stimulation with PAO (filled bar) or 517 

HI-PAO (open bar) (triplicated). (B) The frequency of PD-L2+ DCs in the mLNs of wild-type or 518 

TLR4 KO mice after single intranasal challenge with PAO (n=3). (C) The production of IL-13 519 

from wild-type or TLR4 KO mast cells after stimulation with FCP (filled bar) or heat-inactivated 520 

FCP (open bar) (triplicated). (D The frequency of PD-L2+ BMDCs after culturing bone marrow-521 

derived DCs with CM from WT (open circle) or TLR4 KO (closed circle) mast cells stimulated 522 

with fibrinogen or FCP (triplicated). (E) The amount of IL-13 in the lung extracts of wild-type or 523 

TLR4 KO mice at 24 hour after single intranasal injection of FCP or PBS (control) (n=4). (F) The 524 

frequency and number of PD-L2+ DCs in the mLN of wild-type or TLR4 KO mice at 24 hour 525 

after single intranasal injection of FCP (n=3-4). (G-H) The amount of IL-13 in the lung extracts 526 

of wild-type or Mas-TRECK mice (G), and the frequency and number of PD-L2+ DCs in the 527 

mLN of wild-type or Mas-TRECK mice (H) at 24 hour after single intranasal injection of FCP 528 

(n=4). Data Data are mean ± SEM and represent at least two independent experiments. **, p < 529 

0.01; ***, p < 0.001. 530 

 531 
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Figure 6. Administration of IL-13 drives Th2 cell responses in the absence of mast cells. (A) 532 

The frequencies and numbers of PD-L2+ DCs in the mLN of DT-treated wild-type or Mas-533 

TRECK mice at 24 hours after single intranasal PAO/Ova with or without recombinant IL-13 534 

(n =3). (B-D) DT-treated Mas-TRECK mice were intranasally injected with PAO/Ova with 535 

recombinant IL-13 (rmIL-13) or PBS every other day for five times. Differential counts of 536 

leukocytes in BAL fluid (B), the frequencies of the indicated cytokine-producers among CD4+ T 537 

cells in the lung (C), and the ratios of Th2 cell to Th17 cell or to Th1 cell (D) were analyzed at 18 538 

hour after the last challenge (n = 4-5). Data are mean ± SEM and represent two independent 539 

experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001.  540 
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EXTENDED FIGURE LEGENDS 632 

FIG E1. Gating strategy for DC, ILC and CD4+ T cell analysis. Cells were first gated on size 633 

and singularity followed by FSC and SSC. (A) The cells were further gated on B220- and F4/80- 634 

to exclude B cells and macrophages, and CD11c+ and MHCII+ cells were defined as DCs. (B-C) 635 

For ILC or CD4+ T cell analysis, CD90.2+Lineage- cells or CD4+ cells were gated from CD45.2+ 636 

cells. Among CD4+ T cells, IL-4- and/or IL-5-producers (Th2), IL-17A-producers (Th17), and 637 

IFNγ-producers (Th1) were further analyzed by intracellular staining. 638 

 639 

FIG E2. Expression of PD-L2 on CD11b+ and CD103+ DCs. (A) PD-L2 expression on CD11b+ 640 

and CD103+ DCs from the mLN of mice in mice given 5 times challenges of PAO/Ova every 641 

other day (triplicated). (B) FACS sorted PD-L2- and PD-L2+ DCs were co-cultured with 642 

CD62LloCD44hiCD25- effector/memory CD4+ T cells for 3 days after incubation with 20 µg of 643 

anti-PDL2 antibody for 2 hours. The level of IL-5 and IL-13 in culture supernatant was evaluated 644 

by ELISA (triplicated). Data are mean ± SEM and represent one experiment of two independent 645 

experiments. **, p<0.01; ***, p<0.001. 646 

 647 

FIG E3. Depletion of CD301b+ DCs attenuated Th2 cell responses in the airway. (A) The 648 

frequency of PD-L2+ DCs in the mLNs of DT-treated wild-type or Mgl2-DTR mice after 649 

intranasal challenges with PAO/Ova (n=3-4). (B) The frequencies of IL-4-, IL-5-, IL-13-, IL-17A 650 

and IFNγ-producing CD4+ T cells in the lung. (C) The amounts of Th2 cytokines after 651 

stimulation of lymphoid cells from the mLN with Ova. Data are mean ± SEM and represent three 652 

independent experiment. *, p < 0.05; **, p < 0.01; ***, p < 0.001. 653 
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 654 

FIG E4. Depletion of mast cells, basophils and ILC. (A and B) Wild-type, Bas-TRECK or 655 

Mas-TRECK mice were i.p. injected with diphtheria toxin (DT) every day for 3 days. One day 656 

after the last injection, bone marrow cells and peritoneal cavity cells  were analyzed for the 657 

presence of basophil (CD49b+FcεRI+) (A) and mast cell (c-kit+FcεRI+) (B), respectively. (C-D) 658 

Wild-type and Mas-TRECK mice were i.p. injected with anti-Thy1.2 antibody or isotype 659 

antibody (IgG2b). 24 hours after single PAO/Ova challenge, the frequency (C) and the number (D) 660 

of ILCs (CD90.2+Lineage- gated from CD45.2+ cells) in lungs were analyzed. Data are mean ± 661 

SEM and represent two independent experiment. ***, p < 0.001. 662 

 663 

FIG E5. Defective accumulation of PD-L2+ DCs in the mLNs of mast cell-depleted mice 664 

after intransal protease allergens. (A) BMDCs of wild-type or Mas-TRECK mouse were 665 

treated with various doses of DT. After 24 hour, BMDCs were analyzed for the PD-L2+ 666 

expression (triplicated). (B-CD) The frequency of PD-L2+ DCs in the mLNs of Mas-TRECK (B), 667 

Rag1-/-Mas-TRECK (C) or anti-Thy1.2-treated Rag1-/-Mas-TRECK (D) mice (n=3-4). Mas; Mas-668 

TRECK. Data are mean ± SEM and represent two independent experiments. **, p<0.01; ***, 669 

p<0.001. 670 

 671 

FIG E6. Development of allergic airway inflammation by PAO/Ova or FCP/Ova. (A-D) DT-672 

treated wild-type, Bas-TRECK and Mas-TRECK mice were intranasal injected with PAO/Ova in 673 

total of 5 times every other day (n=4-6). (A) Differential count of leukocytes in the BAL fluid. (B) 674 

Histochemical analysis of the lung of the indicated mice. (C) The frequencies of the indicated 675 
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cytokine producers among CD4+ T cells in the BAL fluid. (D) The ratios of Th2 cell to Th17 cell 676 

or Th2 cell to Th1 cell. BT; Bas-TRECK, MT; Mas-TRECK. (E-F) Differential cell count in the 677 

BAL fluid (E) and the frequencies of the indicated cytokine-producers among CD4+ T cells in the 678 

BAL fluid (F) in wild-type mice given four times of intranasal Ova with or without FCP (n=4). 679 

Data are mean ± SEM and represent at least two independent experiments. *, p < 0.05; **, p < 680 

0.01; ***, p < 0.001. 681 
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