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IL-33 promotes food anaphylaxis in epicutaneously-sensitized mice by targeting mast cells. 1 
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Abstract  24 

Background. Cutaneous exposure to food allergens predisposes to food allergy, which is 25 

commonly associated with atopic dermatitis (AD). The levels of the epithelial cytokine IL-33 are 26 

increased in skin lesions and serum of AD patients. Mast cells (MC) play a critical role in food 27 

anaphylaxis and express the IL-33 receptor ST2. The role of IL-33 in MC-dependent food 28 

anaphylaxis is unknown. 29 

Objective. To determine the role and mechanism of action of IL-33 in food anaphylaxis 30 

in a model of IgE-dependent food anaphylaxis elicited by oral challenge of epicutaneously (EC)-31 

sensitized mice.  32 

Methods. WT, ST2-deficient and MC-deficient KitW-sh/W-sh mice were EC sensitized with 33 

ovalbumin (OVA) then challenged orally with OVA. Body temperature was measured by 34 

telemetry, Il33 mRNA by qPCR, and IL-33, OVA-specific IgE and mouse mast cell protease 1 35 

(mMCP-1) by ELISA. Bone marrow-derived MCs (BMMCs) degranulation was assessed by 36 

flow cytometry. 37 

Results. Il33 mRNA expression was upregulated in tape-stripped mouse skin and 38 

scratched human skin. Tape stripping caused local and systemic IL-33 release in mice. ST2 39 

deficiency, as well as ST2 blockade prior to oral challenge, significantly reduced the severity of 40 

oral anaphylaxis without affecting the systemic Th2 response to the allergen. Oral anaphylaxis 41 

was abrogated in KitW-sh/W-sh mice, and restored by reconstitution with WT, but not ST2-deficient, 42 

BMMCs. IL-33 significantly enhanced IgE-mediated degranulation of BMMCs in vitro. 43 

Conclusion. IL-33 is released following mechanical skin injury, enhances IgE-mediated 44 

MC degranulation, and promotes oral anaphylaxis following EC sensitization by targeting MCs. 45 

IL-33 neutralization may be useful in treating food anaphylaxis in AD patients. 46 

 47 
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Key messages: IL-33 is released locally and systemically after skin mechanical injury. IL-33R 48 

(ST2) deficiency or blockade significantly attenuates food anaphylaxis in a mouse model of food 49 

allergy elicited by oral challenge of EC-sensitized mice. IL-33 acts on MCs to promote IgE-50 

mediated MC degranulation. 51 

Capsule Summary: IL-33 acts on mast cells to promote food anaphylaxis elicited by oral 52 

challenge in cutaneously sensitized mice. 53 

 54 

Keywords: 55 

IL-33; ST2; food allergy; atopic dermatitis; mast cells 56 

 57 

Abbreviations: 58 

AD: atopic dermatitis 59 

BMMC: bone marrow-derived mast cell� 60 

EC: epicutaneous 61 

DNP-HSA: Dinitrophenyl conjugated human serum albumin 62 

IL: interleukin 63 

LAMP-1: lysosomal-associated membrane protein 1 64 

mAb: monoclonal antibody 65 

MC: mast cell 66 

mMCP-1: mouse mast cell protease 1 67 

OVA: ovalbumin 68 

TNP-BSA: trinitrophenyl conjugated bovine serum albumin 69 

WT: wild type   70 
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INTRODUCTION 71 

The global incidence of food allergy has increased in the last decade. In the US, 28% of 72 

children are sensitized to food allergens1, and 5-7% suffer from food allergy2. Food allergy 73 

symptoms range from skin rashes to severe anaphylaxis, and even death3. Atopic dermatitis (AD) 74 

is a chronic pruritic inflammatory skin disease characterized by a defect in skin barrier function, 75 

associated in many cases with filaggrin deficiency, and made worse by mechanical injury 76 

inflicted by scratching the dry inflamed skin. Allergen introduction via the disrupted skin barrier 77 

in AD elicits Th2 dominated systemic and local immune response with elevated levels of total 78 

and antigen specific serum IgE, and increased local and systemic production of Th2 cytokines4. 79 

IgE-mediated food allergy and AD often coexist, with one to two-third of AD patients having 80 

documented food allergy5. Epidemiologic data suggests that sensitization to peanut protein may 81 

occur in children through the application of peanut oil to inflamed skin6. In addition, early-life 82 

environmental peanut exposure is associated with an increased risk of peanut sensitization and 83 

allergy in children who carry a filaggrin mutation7. These observations support the hypothesis 84 

that food allergy develops through transcutaneous sensitization in children with an impaired skin 85 

barrier. 86 

Epithelial cytokines released in response to mechanical injury include TSLP, IL-25 and 87 

IL-338. IL-33, a member of the IL-1 cytokine family, is produced by keratinocytes, fibroblasts, 88 

endothelial cells, macrophages, and other immune cells9. IL-33 promotes IL-4 and IL-13 89 

production by in vitro differentiated Th2 lymphocytes10, polarizes skin-derived dendritic cells to 90 

drive a Th2 response following epicutaneous (EC) sensitization to peanut extract11, and causes 91 

elevation of serum IgE levels and eosinophilia when injected in vivo12. IL-33 has been shown to 92 

be important for the Th2 response to intranasal sensitization with house dust mite antigen and 93 

intragastric sensitization with peanut13, but not to EC sensitization with OVA14. Forced IL-33 94 
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local overexpression by keratinocytes induces AD-like symptoms15. IL-33 levels are increased in 95 

the skin lesions and serum of patients with AD16,17 and in mouse skin following EC sensitization 96 

with OVA16. A polymorphism in the gene coding for ST2, a chain of the IL-33 receptor (IL-97 

33R), has been associated in humans with AD18. ST2 is a member of the IL-1 receptor family 98 

encoded by Il1rl1, and forms a dimer with IL-1R accessory protein in a ligand-dependent 99 

manner. ST2 is expressed in Th2 lymphocytes, mast cells (MCs), eosinophils, basophils, type 2 100 

innate lymphocytes, smooth muscle cells and endothelial cells19. 101 

MCs play an important role in allergic diseases and particularly in food anaphylaxis by 102 

virtue of their degranulation and mediator release following antigen-driven IgE-mediated 103 

crosslinking of the high affinity IgE receptor FcεR1 expressed on their surface20,21. IL-33 induces 104 

the release of proinflammatory cytokines by MCs and promotes their survival22-24. IL-33 has also 105 

been reported to trigger antigen-independent MC degranulation in naïve mice12, but the role of 106 

IL-33 in IgE-dependent MC degranulation has been controversial25,26. A recent report found IL-107 

33 to be essential for IgE-dependent anaphylaxis in EC sensitized mice, but the mechanism 108 

involved was not investigated27. 109 

We have reported that EC sensitization of mice by application of OVA to skin 110 

mechanically injured by tape stripping, results in allergic skin inflammation with many features 111 

of AD, and in IgE-dependent anaphylaxis upon oral challenge28,29. We have used this model to 112 

verify the role and determine the mechanism of action of IL-33 in food anaphylaxis following EC 113 

sensitization. We demonstrate that tape stripping the skin induces local and systemic release of 114 

IL-33, that IL-33 signaling potentiates antigen-driven IgE-dependent MC degranulation in vitro, 115 

and that IL-33 promotes food anaphylaxis in EC sensitized mice by targeting its receptor on 116 

MCs. 117 

  118 
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METHODS  119 

Mice. Wild-type (WT) BALB/c mice were purchased from Taconic (Germantown, NY). 120 

ST2-deficient Il1rl1-/- mice, obtained from Dr McKenzie, and KitW-sh/W-sh mice, obtained from Dr 121 

Stassen, and bred for >9 generations on BALB/c background have been previously described30,31. 122 

All mice were housed in a specific pathogen-free environment and fed an OVA-free diet. All 123 

procedures were performed in accordance with the Animal Care and Use Committee of Boston 124 

Children’s Hospital. 125 

Human Subjects. After obtaining informed consent, the inner side of the forearm of two 126 

healthy non-allergic adult subjects was scratched 30 times with a #11 sterile blade with care not 127 

to draw blood. Six hrs. later a 4 mm punch biopsy was obtained from the scratched site and 128 

another one from a skin site on the contralateral forearm. RNA was extracted from the skin with 129 

Total RNA isolation kit (Ambion). cDNA was prepared with iscript cDNA synthesis kit (Biorad). 130 

Quantitative real-time PCR was done with the Taqman gene expression assay, universal PCR 131 

master mix and ABI prism 7300 sequence detection system (Applied Biosystems). IL33 mRNA 132 

fold induction was calculated using delta-delta ct with normalization to the internal control β-2 133 

microglobulin. An arbitrary unit of 1 was assigned to the mean value of unmanipulated skin 134 

samples. 135 

 Il33 mRNA expression and its release upon tape stripping. The back skin of 136 

anesthetized mice was shaved and subjected to tape stripping six times with a film dressing 137 

(TegadermTM, 3M). Six hours later RNA was extracted and Il33 expression was measured as 138 

described for human skin samples. For measuring IL-33 release, patches of ~1cm2 skin were 139 

excised from unmanipulated back or immediately post-tape stripping. Subcutaneous fat was 140 

removed and the patches were cultured for 1 hr in complete RPMI. IL-33 in the supernatant and 141 

the serum was measured using Quantikine ELISA kit (R&D). 142 
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EC sensitization and oral antigen challenge. EC sensitization was described 143 

previously32. Briefly, EC sensitization consists of three one-week cycles of tape stripping 144 

followed by application of OVA or saline. For each cycle, 6 to 8 week-old female mice were 145 

anesthetized, and their back skin was shaved and tape-stripped with a film dressing 146 

(TegadermTM, 3M) 6 times at day 0 and 3 times at day 3 of each cycle. Two-week rest intervals 147 

were observed between the cycles. EC sensitization consisted of applying a 1cm2 gauze 148 

containing 100 µg OVA (Sigma-Aldrich) after each tape stripping and securing it with a film 149 

dressing. On the last day of sensitization (day 49) mice were challenged intragastrically with 100 150 

mg of OVA in 150 µL of saline buffer (scheme in Fig. 2A). Temperature changes were measured 151 

every 5 min following OVA challenge using the DAS-6001 Smart Probe and IPTT-300 152 

transponders (Bio Medic Data Systems) injected subcutaneously. Sera were collected 60 min 153 

after challenge.  154 

Passive sensitization and oral challenge. 6 to 8 week-old female mice were injected 155 

intravenously with 10 µg of anti-trinitrophenyl (TNP) IgE monoclonal antibody (mAb) as 156 

previously described33. The following day, the mice were challenged intragastrically with 12.5mg 157 

of TNP conjugated bovine serum albumin (TNP-BSA). Temperature changes were measured as 158 

described above. 159 

ELISA for mMCP-1 and anti-OVA IgE. Mouse mast cell protease 1 (mMCP-1) and 160 

anti-OVA IgE concentrations were measured in sera collected 60 min after oral challenge by 161 

means of ELISA, using a kit for mMCP1 (eBioscience) and homemade sandwich ELISA for 162 

anti-OVA IgE. The capture detection antibody (rat anti-mouse IgE clone R35-72) was obtained 163 

from BD Bioscience and purified mouse anti-OVA IgE (clone TOe) standard antibody was 164 

produced in the lab. OVA was biotinylated using a kit (Pierce) and used for detection  165 
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Th2 cytokine production by splenocytes. Spleen single cell suspensions were cultured 166 

at 2×106/ml in the presence of OVA (200 µg/ml) for 96 hours as described previously34. The 167 

levels of IL-4 and IL-13 were measured in supernatants by ELISA (eBioscience) following the 168 

manufacturer’s instructions. 169 

IL-33 receptor neutralization. 50 µg of anti-ST2 mAb (clone DJ8, MD Bioproducts) or 170 

rat IgG1 isotype control mAb (clone HRPN, BioXcell) were injected intravenously twice on day 171 

-2 and day -1 prior to challenge. 172 

Bone Marrow derived-Mast Cells (BMMCs) culture. The bone marrow cells from 173 

femora and tibiae of 4 to 6 weeks-old female mice were cultured, for 4 to 12 weeks in complete 174 

RPMI supplemented with IL-3 (10ng/ml) and stem cell factor (20ng/ml) (Peprotech). The 175 

phenotype of BMMCs was assessed by flow cytometry. Uniformly, >90% of living cells were c-176 

Kit +FcεRI+. 177 

BMMCs reconstitution of MC-deficient mice. 5x106 BMMCs from BALB/c WT (WT 178 

BMMCs) and BALB/c Il1rl1-/- (Il1rl1-/- BMMCs) mice were resuspended in 200µl PBS and 179 

injected intraperitoneally in 4 to 6 week-old female KitW-sh/W-sh mice. To allow BMMC 180 

engraftment, mice were given an 8-week rest before EC sensitization. 181 

Flow cytometry analysis of MCs.  Cell isolation from the jejunum was performed as 182 

previously described35. Briefly, the jejuna were harvested, flushed with PBS supplemented with 183 

2% fetal calf serum, opened longitudinally and cut in 1 cm long pieces. To remove epithelial 184 

cells, intestinal pieces were incubated in HBSS without Ca2+/Mg2+ supplemented with 10 mM 185 

EDTA, 10 mM HEPES, 0.5% fetal calf serum, and 1.5 mM DTE, for 20 minutes at 37°C twice. 186 

Intestinal pieces were then digested in HBSS with Ca2+/Mg2+, 20% fetal calf serum, 100 U/mL 187 

collagenase VIII (Sigma-Aldrich), and 5 µg/mL DNase (Sigma-Aldrich) for 60 at 37°C. Lamina 188 

propria cells were purified with a 40% Percoll gradient (GE Healthcare). Peritoneal lavage was 189 
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performed with cold PBS.  The cell suspensions were washed, incubated with TruStain FcX 190 

(anti-CD16/32 antibody; 10 µg/ml; Biolegend) and stained with the following mAbs: PE-Cy7 191 

anti-CD45 (30F11), Biotin anti-CD3 (17A2), Biotin anti-CD19 (1D3), Biotin anti-B220 (RA3-192 

6B2), Biotin anti-Gr1 (RB6-8C5), APC anti-c-Kit (ACK2) from eBioscience, PerCP-Cy5.5 anti-193 

FcεRI (MAR-1), PE anti-IgE (RME-1) from Biolegend, and eF450 or BV605 Streptavidin and 194 

eF506 viability dye from eBioscience and BD Biosciences. For intracellular staining, cells were 195 

stimulated with Ionomycin (0.5ug/ml; Sigma), Phorbol 12,13-dibutyrate (1ug/ml; Sigma), 196 

Brefeldin A (eBioscience), Monensin (eBioscience) in complete RPMI for 3 hours before surface 197 

staining. Then, cells were fixed and permeabilized (BD Biosciences Cytofix/Cytoperm) and 198 

stained in permeabilization solution with BV421 anti-IL-9 (RM9A4) from BD Biosciences. Cells 199 

were analyzed by flow cytometry using an LSRFortessa machine (BD Biosciences). The data was 200 

analyzed with FlowJo software. 201 

Histologic analysis of MCs. 1 cm pieces of jejunum were fixed in 4% paraformaldehyde 202 

and embedded in paraffin. Paraffin sections were stained with chloroacetate esterase (CAE).  203 

BMMCs stimulation, degranulation and staining. BMMCs were plated at a density of 204 

5x104 cells per ml in a 96 U-bottom well plate in a total of 200 µl complete RPMI per well and 205 

incubated overnight, with 50 ng/ml IgE anti-dinitrophenyl (DNP) (clone SPE-7, Sigma-Aldrich) 206 

in the presence of the following: medium, 100 ng/ml IL-33 (Peprotech), IL-33 and 5 µg/ml of 207 

anti-ST2 mAb DJ8 or isotype control mAb. The next day 50 ng/ml DNP conjugated human 208 

serum albumin (DNP-HSA, Sigma-Aldrich) or medium were added and 10 min later the cells 209 

were incubated for 15 min on ice with TruStain FcX, then stained for 20 min with eF506 viability 210 

dye from eBioscience, BV421 anti-IgE (R35-72) from BD Horizon and APC-Cy7 anti-LAMP-1 211 

(1D4B) from Biolegend and washed. Live cells were pre-gated and analyzed as described above. 212 
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Il6, Il9, Il13 mRNA expression.by BMMCs BMMC, were cultured with IL-33 or/and 213 

Fc�RI crosslinking following the above conditions and harvested one hr. following stimulation.  214 

RNA was extracted with Total RNA isolation kit (Ambion) and quantitative real-time PCR 215 

performed as per the instructions of Applied Biosystems. 216 

Statistical analysis. Results of allergen challenge studies were analyzed using 2-way 217 

ANOVA. Other results were analyzed by one-way ANOVA or non-parametric t tests. A p value 218 

of less than 0.05 was considered significant.  219 
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RESULTS 220 

Mechanical skin injury upregulates local Il33 expression and IL-33 release. 221 

Scratching is a hallmark of AD36. We examined whether tape stripping, a surrogate for 222 

scratching, induces Il33 expression in mouse skin. Gene array analysis for mRNA expression 223 

revealed a 2.66±0.21 fold increase in Il33 mRNA expression in mouse skin obtained 24 hrs. after 224 

tape stripping compared to unmanipulated skin from the same mice (n=3 per group). This 225 

increase was confirmed by qPCR analysis of Il33 mRNA levels which showed a 3.89±0.36 fold 226 

increase 6 hours after tape-stripping compared to unmanipulated skin (Fig. 1A). To verify that 227 

mechanical skin injury also induces IL33 expression in human skin, we examined the effect of 228 

scratching on IL33 gene expression in the skin of two normal non-allergic human subjects. qPCR 229 

analysis revealed a significant 2.14±0.31 fold increase in IL33 mRNA levels 6 hrs. after 230 

scratching compared to unmanipulated skin from the same individuals (Fig. 1B), indicating that 231 

mechanical injury inflicted by scratching also upregulates IL33 mRNA expression in human skin. 232 

IL-33 can reside intracellularly or can be released extracellularly. To investigate whether 233 

IL-33 is released in the milieu following mechanical skin injury, we cultured tape-stripped or 234 

unmanipulated skin (area of 1 cm2) and measured IL-33 in the culture supernatants one hr. later. 235 

Tape stripping caused a significant increase in IL-33 release (223±74 pg/ml for tape-stripped skin 236 

versus 110±61 pg/ml for control, n=6, p<0.05) (Fig. 1C). Application of OVA antigen to the skin 237 

immediately after tape stripping had no detectable effect on IL-33 release by skin explants 238 

compared to tape striping alone (data not shown).  IL-33 serum levels are increased in patients 239 

with AD17. We examined whether tape stripping causes a rise in circulating IL-33 levels in mice.  240 

Serum IL-33 levels rose significantly from 24.4±7.3 pg/ml to 40±7.4 pg/ml (n=6, p<0.05) one hr. 241 

following tape stripping and returned to normal by 6 hrs and at 24 hrs (Fig. 1D). These results 242 
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demonstrate that mechanical injury upregulates local Il33 expression and causes local and 243 

systemic IL-33 release in mice. 244 

Absence of IL-33R (ST2) attenuates food anaphylaxis. We previously reported that 245 

oral antigen challenge of mice EC sensitized by the application of OVA to tape-stripped skin 246 

results in IgE-dependent systemic anaphylaxis29. We used ST2-deficient Il1rl1-/- mice to examine 247 

the role of IL-33 in this model. WT mice that had been EC sensitized with OVA   demonstrated a 248 

significant and robust drop of body temperature following oral challenge compared to saline-249 

sensitized controls (Fig. 2A). OVA-sensitized ST2-deficient mice had a significantly attenuated 250 

drop in body temperature compared to OVA-sensitized WT mice (Fig. 2A, p<0.001, n=4-5 per 251 

group). Anaphylaxis in our model is associated with an increase in serum mMCP1 levels29, a MC 252 

degranulation product. Consistent with the drop in body temperature, serum levels of mMCP-1 253 

measured 60 min post-challenge were significantly increased in OVA-sensitized WT mice 254 

compared to saline-sensitized WT controls (Fig. 2B). Serum mMCP-1 levels were significantly 255 

lower in OVA-sensitized ST2-deficient mice compared to OVA-sensitized WT controls (Fig. 2B, 256 

p<0.05, n=4-5 per group).  257 

The impaired anaphylaxis in Il1rl1-/- mice in our model was not due to decreased load of 258 

MCs. The numbers of MCs in intestine and skin at baseline were comparable in Il1rl1-/- mice and 259 

WT controls (Fig 2C and data not shown).  We previously showed that EC sensitization with 260 

OVA causes expansion of MCs in the jejunum of WT mice29. MC expansion in the jejunum 261 

following EC sensitization was comparable in Il1rl1-/- mice and WT controls (Fig. 2C, left 262 

panel).  Recently IL-9, expressing ST2+ MCs designated as MMC9s were shown to be expanded 263 

in the intestine of orally immunized mice37.  EC sensitization caused expansion of c-Kit+IgE+IL-264 

9+ MMC9s in the jejunum of WT mice (Fig. 2C, right panel). The numbers of jejunal MMC9s at 265 

baseline and their expansion following EC sensitization were comparable in Il1rl1-/- mice and 266 
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WT controls (Fig. 2C, right panel). These results suggest that IL-33 has no detectable role in the 267 

homeostasis of intestinal MCs and MMC9s, or their expansion following EC sensitization.    268 

Degranulation of mast cells is thought to occur by antigen-dependent crosslinking of IgE 269 

receptors. Hence, we determined if the decrease in mMCP1 in the sera of ST2-deficient mice 270 

could be due to reduced OVA-specific IgE in the serum. However, there was no significant 271 

difference in the serum levels of OVA-specific IgE antibody between OVA-sensitized WT and 272 

ST2-deficient mice (Fig. 2D). The Th2 cytokines IL-4 and IL-13 have been reported to promote 273 

IgE-dependent anaphylaxis38,39. There was no significant difference in the ability of splenocytes 274 

from OVA-sensitized WT and ST2-deficient mice to secrete the Th2 cytokines IL-4 and IL-13 275 

upon in vitro re-stimulation with OVA (Fig. 2E). These results demonstrate that IL-33 plays an 276 

important role in food anaphylaxis elicited by oral challenge following EC sensitization, without 277 

affecting the production of antigen-specific IgE antibody or antigen-driven Th2 cytokine 278 

production by splenocytes in EC sensitized mice.  279 

EC sensitization elicits an immune response that involves the production of both Th2 280 

cytokines and IgE antibody. Because Th2 cytokines can promote oral anaphylaxis38,39, it was 281 

important to establish whether IL-33 can promote oral anaphylaxis purely mediated by IgE. This 282 

was examined using a well-established model of passive oral anaphylaxis. Passively sensitized 283 

WT mice with anti-TNP IgE demonstrated a robust decrease of body temperature and a 284 

significant increase in serum mMCP1 levels following oral gavage with TNP-BSA (Fig. 2F, G). 285 

Under the same conditions, ST2-deficient Il1rl1-/- mice had a significantly attenuated drop of 286 

body temperature, and a significantly attenuated increase in serum mMCP1 compared to WT 287 

controls (Fig. 2F. G). This result indicates that IL-33 plays a role in oral anaphylaxis purely 288 

mediated by IgE antibody. 289 
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 ST2 blockade attenuates food anaphylaxis. Our food anaphylaxis model involves 290 

initial EC sensitization to antigen and a subsequent oral challenge with the same antigen. The 291 

attenuation of oral anaphylaxis in OVA-sensitized ST2-deficient mice despite the presence of 292 

intact OVA-specific IgE and Th2 responses suggested that IL-33 does not affect the sensitization 293 

phase in our model but might promote food allergy by acting on the effector phase of anaphylaxis 294 

elicited by oral antigen challenge. To test this hypothesis, we examined the effect of blocking 295 

ST2 shortly prior to oral challenge. WT mice EC sensitized with OVA were treated for two 296 

consecutive days prior to oral OVA challenge with either 50 µg of the rat anti-mouse ST2-297 

neutralizing mAb DJ8, or rat IgG1 isotype control mAb. Treatment with anti-ST2 mAb resulted 298 

in a significantly lower drop in body temperature compared to treatment with isotype control 299 

(Fig. 3A, p<0.001, n=7-9 per group). Serum mMCP-1 levels 60 min after oral OVA challenge 300 

were significantly lower in OVA-sensitized WT mice treated with anti-ST2 mAb compared to 301 

isotype control (Fig. 3B, p<0.001). Consistent with the results in Il1rl1-/- mice, ST2 blockade in 302 

WT mice had no significant effect on the expansion of intestinal MCs elicited by OVA 303 

sensitization (data not shown). Treatment of saline-sensitized WT mice with anti-ST2 mAb had 304 

no effect on body temperature or serum mMCP-1 level compared to treatment with isotype 305 

control (Fig. 3A, B). These results indicate that IL-33 signaling promotes the effector phase in 306 

food anaphylaxis. 307 

Patients with food anaphylaxis come to clinical attention having undergoing one or more 308 

episodes of anaphylaxis. We therefore also examined whether IL-33 plays a role in established 309 

food anaphylaxis. WT mice were EC sensitized with OVA, challenged orally with OVA rested 310 

for 2 weeks, then were administered anti-ST2 mAb or isotype control mAb on day -2 and day -1 311 

of a final oral OVA challenge. At that time serum IL-33 levels were within the normal range 312 

(data not shown). Consistent with our previous results, all mice dropped their body temperature 313 
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on the first OVA challenge (data not shown). ST2 blockade prior to the subsequent oral antigen 314 

challenge significantly reduced the temperature drop and the mMCP-1 release compared to 315 

treatment with isotype control mAb (Fig. 3C, D). These results suggest that IL-33 plays an 316 

important role in already established food anaphylaxis. 317 

ST2 expression by MCs is important for food anaphylaxis in EC-sensitized mice. 318 

ST2 is expressed by a variety of cells that include MCs, which are key players in IgE-dependent 319 

anaphylaxis40,41. The role of MCs in our model was verified using KitW-sh/W-sh mice that are 320 

deficient in MCs. OVA-sensitized KitW-sh/W-sh mice completely failed to undergo food 321 

anaphylaxis as evidenced by no significant change in body temperature following oral OVA 322 

challenge compared to the robust drop in temperature observed in OVA-sensitized genetically 323 

matched WT controls (Fig. 4A). The OVA-specific IgE response was comparable in EC-324 

sensitized MC-deficient mice and WT controls (Fig 4B).    325 

KitW-sh/W-sh mice have abnormalities in cell lineages other than MCs42. To ascertain the 326 

role of MCs, and the importance of ST2 expression by the MC in our model, we reconstituted by 327 

intraperitoneal injection KitW-sh/W-sh mice with BMMCs derived from WT or ST2-deficient Il1rl1-
328 

/- mice. Eight weeks administration of BMMCs, the reconstituted mice were subjected to EC 329 

sensitization with OVA or saline for seven weeks, then orally challenged with OVA as depicted 330 

in Fig. 4C. Flow cytometry analysis of peritoneal lavage cells revealed the absence of CD45+Lin-
331 

c-Kit+FcεRI+ MCs in KitW-sh/W-sh mice, as expected. In contrast, the percentages and numbers of 332 

peritoneal lavage MCs in KitW-sh/W-sh mice reconstituted with WT or ST2-deficient BMMCs were 333 

comparable to those in genetically matched WT controls (Fig. 4D). In addition, the numbers of c-334 

Kit +IgE+ MCs in the jejunum were comparable in KitW-sh/W-sh mice reconstituted with WT 335 

BMMCs and those reconstituted with ST2-deficient BMMCs, although they were significantly 336 

lower than in WT mice  (Fig. 4E, left panel). MCs in the reconstituted mice localized to the 337 
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muscularis layer (Fig 4E, right panel). Reconstitution with WT BMMCs partially restored food 338 

anaphylaxis in OVA-sensitized KitW-sh/W-sh mice, as evidenced by a significant drop in body 339 

temperature (Fig. 4F), definitively demonstrating a role for MCs in our food anaphylaxis model. 340 

In contrast, reconstitution with ST2-deficient BMMCs completely failed to restore anaphylaxis in 341 

OVA-sensitized KitW-sh/W-sh mice (Fig. 4F) indicating that IL-33 signaling in MCs is critical for 342 

food anaphylaxis in our model. None of the three groups of mice EC sensitized with saline had a 343 

drop in body temperature following oral OVA challenge (data not shown). There was no 344 

detectable mMCP1 in the sera of KitW-sh/W-sh mice reconstituted with WT BMMCs (data not 345 

shown), consistent with the absence of mMCP1 production by BMMCs43 and the lack of 346 

detectable of mucosal MC in reconstituted mice. Reconstitution of KitW-sh/W-sh mice by 347 

intravenous administration of BMMCs 44, resulted in poor reconstitution of intestinal MCs with 348 

intestinal MC numbers that were 5-fold lower than those attained following intraperitoneal 349 

administration  of BMMCs (data not shown).   350 

IL-33 signaling in BMMCs enhances IgE-mediated degranulation. Since expression 351 

of ST2 by MCs was critical for their ability to support IgE-dependent anaphylaxis in our model, 352 

we examined the effect of IL-33 on IgE-mediated MC degranulation. WT BMMCs were 353 

incubated overnight with anti-DNP IgE mAb, with or without recombinant mouse IL-33. This 354 

was followed by addition of medium or DNP-HSA to cross-link FcεRI-bound IgE. Ten minutes 355 

later, the cells were stained for surface expression of lysosomal-associated membrane vesicle 1 356 

(LAMP-1), indicative of the fusion of intracellular lysosomal secretory granules with the cell 357 

plasma membrane and thereby of degranulation. No increase in surface LAMP-1 (sLAMP-1) 358 

expression was observed in BMMCs cultured with anti-DNP IgE mAb and challenged with 359 

medium (Fig. 5A-C). BMMCs cultured with anti-DNP IgE mAb and IL-33 and challenged with 360 

medium also had no detectable increase in sLAMP-1 expression (Fig. 5A-C). As expected, DNP-361 
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HSA challenge of BMMCs cultured with anti-DNP IgE mAb caused an increase in the 362 

percentage of sLAMP-1+ cells, as well as in the mean fluorescence intensity (MFI) of sLAMP-1 363 

expression (Fig. 5A-C). Crosslinking of FcεRI on BMMCs that had been cultured in the presence 364 

of IL-33 and anti-DNP IgE resulted in significantly higher percentage of sLAMP-1+ cells and 365 

significantly higher levels of sLAMP1 expression compared to FcεRI crosslinking in the absence 366 

of IL-33 (Fig. 5A-C). To ascertain that the potentiating effect of IL-33 on IgE/FcεRI mediated 367 

MC degranulation is exerted via ST2 signaling we examined the effect of addition of the anti-368 

ST2 mAb DJ8 to the BMMC cultures. Addition of anti-ST2 mAb 4 hrs before addition of IL-33, 369 

but not isotype control, reversed the potentiating effect of IL-33 on IgE-mediated upregulation of 370 

sLAMP1 expression (Fig. 5A-C).  ST2-deficient BMMCs showed a reduced response to FcεRI 371 

crosslinking compared to WT ���Cs (Fig. 5D), suggesting that endogenous IL-33 may enhance 372 

IgE mediated MC release  373 

MC produce cytokines, including IL-6, IL-13, and IL-9 with the latter two enhancing IgE 374 

mediated anaphylaxis37,45. FcεRI crosslinking and IL-33 each upregulated Il6, Il13 and Il9 375 

mRNA expression by WT BMMCs  (Fig. 6A-C). Importantly IL-33 and FcεRI crosslinking 376 

synergized in driving Il6, Il13 and Il9 mRNA expression by WT BMMCs (Fig. 6A-C), but the 377 

synergy was significant only for Il6 and Il13 mRNA. The synergy was abrogated by the addition 378 

of neutralizing anti-ST2 mAb, but not isotype control mAb (Fig. 6A-C). These results indicate 379 

that IL-33 signaling promotes IgE-stimulated degranulation as well as cytokine release by 380 

BMMCs.   381 

  382 
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DISCUSSION 383 

 We demonstrate that IL-33 is released locally and systemically following mechanical skin 384 

injury, enhances IgE-mediated MC degranulation in vitro, and promotes oral anaphylaxis 385 

following EC sensitization by targeting MCs. These findings strongly suggest that IL-33 provides 386 

an important link between cutaneous sensitization to food allergens and food anaphylaxis in 387 

patients with a disrupted skin barrier, such as those with AD. 388 

 Disruption of the skin barrier in AD results in dry itchy skin, which triggers intense 389 

scratching. We demonstrate that scratching normal human skin, as well as tape stripping mouse 390 

skin, a surrogate for scratching, upregulated local Il33 mRNA expression. We also demonstrated 391 

that IL-33 protein is released from mechanically injured mouse skin. Although IL-33 can be 392 

produced by dermal fibroblasts, endothelial cells, macrophages, activated MCs and other immune 393 

cells9, keratinocytes are likely to be a major source of IL-33 released in response to mechanical 394 

injury inflicted by scratching and tape stripping which mainly disrupt the upper epidermal layer 395 

of the skin. Importantly, our tape stripping protocol, which affects only ~10% of the mouse total 396 

body surface area, resulted in a significant two-fold elevation in their circulating level of IL-33. 397 

These results indicate that IL-33 released upon mechanical skin injury can potentially target ST2-398 

expressing cells, including MCs, at distant sites. AD often involves more than 10% of the total 399 

body surface area, and the median IL-33 level in AD patients serum is more than 10 folds that of 400 

healthy controls16,46. These observations suggest that the mouse model we have used to examine 401 

the role of IL-33 in food anaphylaxis following EC sensitization is relevant to patients with AD. 402 

 We demonstrated that IL-33 plays an important role in food anaphylaxis elicited by oral 403 

OVA challenge of mice EC sensitized with OVA. This was evidenced by significant attenuation 404 

of the body temperature drop and the release of mMCP-1 in the blood in ST2-deficient mice 405 

compared to WT controls. IL-33 also was important for passive oral anaphylaxis as evidenced by 406 
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attenuation of body temperature drop and mMCP-1 release in ST2-deficient mice, passively 407 

sensitized with anti-TNP IgE and challenged with TNP-BSA, compared to WT controls. 408 

Although IL-33 has been reported to promote Th2 responses10,11, protection from oral 409 

anaphylaxis in ST2-deficient mice was not associated with a reduction in OVA-specific serum 410 

IgE antibody levels, or with decreased production of Th2 cytokines by antigen-stimulated 411 

splenocytes. Furthermore, IL-33 was shown not to be important for the homeostasis of skin MCs 412 

and intestinal MCs including MMC9s, or the expansion of small intestinal MCs following EC 413 

sensitization. In a recent report, IL-33 deficiency was found to protect EC-sensitized mice from 414 

anaphylaxis without a detectable effect on antigen-specific IgE antibody or Th2 responses27,47. 415 

TSLP and IL-25, which can promote Th2 responses, are released by tape stripped mouse skin 416 

(Ref.36 and data not shown). IL-33 may be redundant with these two cytokines in causing Th2 417 

polarization of the immune response to cutaneously introduced antigens. In fact, TSLP has been 418 

reported to be important for the optimal induction of the Th2 response to EC sensitization48,49. To 419 

our knowledge, the role of IL-25 in this response has not been investigated. 420 

The action of IL-33 in promoting oral anaphylaxis in EC-sensitized mice was exerted at 421 

the effector phase of the response and, in particular, it targeted the MCs. Disruption of IL-33 422 

signaling by administration of neutralizing anti-ST2 mAb starting two days prior to oral 423 

challenge resulted in the inhibition of oral anaphylaxis to a level comparable to that observed in 424 

ST2-deficient mice. Importantly, we demonstrated that ST2 blockade attenuated oral anaphylaxis 425 

in mice EC sensitized with OVA that had previously undergone oral anaphylaxis in response to 426 

oral antigen challenge, a scenario that mimics the clinical situation of patients who present 427 

established food anaphylaxis. This finding suggests that ST2 blockade may be useful in the 428 

treatment of patients with food allergy.  429 
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We demonstrated that IL-33 promotes oral anaphylaxis in EC-sensitized mice by 430 

targeting MCs. Experiments using MC-deficient KitW-sh/W-sh mice indicated that MCs are 431 

absolutely required for anaphylaxis in our model. Reconstitution of MC-deficient KitW-sh/W-sh 432 

mice with BMMCs from WT mice partially restored MCs in their jejunum and their ability to 433 

undergo oral anaphylaxis following EC sensitization with OVA. The severity of the temperature 434 

drop in EC-sensitized MC deficient KitW-sh/W-sh mice in response to oral challenge was less than in 435 

WT controls, likely because reconstitution with BMMCs does not fully restore MCs levels in all 436 

tissues back to normal42. In contrast to reconstitution with WT BMMCs, reconstitution of MC-437 

deficient KitW-sh/W-sh mice with ST2-deficient BMMCs completely failed to restore anaphylaxis, 438 

although the numbers of MCs in the jejunum were comparable in the two groups. These findings 439 

indicate that IL-33 acts on its receptor on MCs to promote IgE-dependent oral anaphylaxis. Both 440 

full length and truncated IL-33 act on MCs, although the truncated form may be more potent50. 441 

Both forms of IL-33 are detected by the ELISA assay kit we used. The respective role of the two 442 

IL-33 forms in our model requires investigation. 443 

MC degranulation is critical for IgE-dependent anaphylaxis40,41. We demonstrated that IL-444 

33 signaling enhances antigen-driven IgE-dependent MC degranulation and cytokine expression 445 

in vitro. The potentiating effect of IL-33 on MC degranulation was specific, because itwas 446 

blocked by neutralizing anti-ST2 mAb. IL-33 by itself caused no MC degranulation. IL-33 447 

signaling activates p38 MAP kinase19. p38 is thought to enhance FcεRI-driven β-hexosaminidase 448 

release by MCs51. The mechanism by which IL-33 promotes IgE-dependent MC degranulation 449 

requires investigation. 450 

An important question unanswered by the present study is whether keratinocyte-derived 451 

systemically released IL-33 is the primary source of the IL-33 that promotes oral anaphylaxis in 452 

our model. The answer to this question awaits the generation and study of mice with selective 453 
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deficiency of IL-33 in keratinocytes. Regardless, our findings suggest that disruption of IL-33 454 

signaling by neutralizing antibodies to IL-33, or IL-33R or by soluble IL-33R (ST2), may be of 455 

value in treating food allergy in patients with AD. 456 

  457 
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Figures legend 458 

Fig 1. IL-33 expression in the skin is upregulated by mechanical injury and allergic 459 

skin inflammation. A. Il33 mRNA levels in unmanipulated (unm.) skin and skin obtained 6 hrs. 460 

after tape stripping (T/S) from WT BALB/c mice (n=3). B. IL33 mRNA levels in unmanipulated 461 

(unm.) skin and skin obtained 6 hrs. after scratching from two healthy non-allergic adults. C. IL-462 

33 levels in the supernatants of an area of one cm2 of unm. or T/S mouse skin following culture 463 

for one hr. (n=6 per group). D. IL-33 levels in the serum obtained from unm. mice and one, 6 and 464 

24 hours after tape stripping the skin (n=6 per group). Columns and vertical bars in A-C 465 

represent mean and SEM respectively. Symbols and vertical bars in D represent mean and SEM 466 

*: p<0.05, **: p<0.01, ***: p<0.001. 467 

Fig 2. ST2 deficiency reduces food anaphylaxis in EC-sensitized mice. A, B. 468 

Experimental design protocol for oral anaphylaxis in EC-sensitized mice (A, upper panel, change 469 

in body temperature (A, lower panel) and serum mMCP1 level (B) in EC-sensitized mice. EC 470 

sens.= EC sensitization. Sal= saline. OVA= Ovalbumin. C. Total jejunal MC numbers (left 471 

panel) and MMC9 numbers (right panel) in unsensitized mice versus mice EC sensitized with 472 

OVA  (n=4 each group) D, E. Serum OVA-specific IgE  (D) and IL-4 and IL-13 secretion by 473 

splenocytes (E) in mice EC-sensitized with saline (S) or OVA (O) (n=4-5 each group). F, G. 474 

Change in body temperature (F) and serum mMCP1 level (G) in WT mice passively sensitized 475 

with anti-TNP IgE mAb and orally challenged with TNP-BSA. mMCP1 was measured 0 min 476 

post challenge. Each experiment has been repeated at least a second time independently with 477 

similar number of mice and similar results. Symbols and vertical bars in A and F represent mean 478 

and SEM. Columns and vertical bars in B-E and G represent mean and SEM. *: p<0.05, **: 479 

p<0.01. ***: p<0.001. ns= not significant. 480 
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Fig 3. ST2 blockade reduces food anaphylaxis in EC-sensitized mice. A, B. Change in 481 

body temperature (A) and serum mMCP-1 (B) levels following oral OVA challenge of EC-482 

sensitized WT mice treated 48 and 24 hrs. prior to oral challenge with rat anti-ST2 mAb DJ8 483 

(αST2), or rat IgG1 isotype control (Ctrl.). C, D. Change in body temperature (C) and serum 484 

mMCP-1 levels (D) in WT mice EC sensitized with OVA, previously orally challenged with 485 

OVA, rested for 2 weeks, and then administered anti-ST2 DJ8 mAb or isotype control mAb 486 

(Ctrl.) on days -2 and -1 then rechallenged orally with OVA. mMCP1 was measured 60 min post 487 

challenge. Each experiment is a pool of 2 independent experiments. Symbols and vertical bars in 488 

A and C represent mean and SD. Columns and vertical bars in B and D represent mean and SD. 489 

EC sens.= EC sensitization. Sal= saline. *: p<0.05, ***: p<0.001.  490 

Fig 4. ST2 expression by mast cells is important for food anaphylaxis in EC-491 

sensitized mice. A. Change in body temperature following oral OVA challenge of EC-sensitized 492 

WT or KitW-sh/W-sh BALB/c mice. B. Serum OVA-specific IgE in EC-sensitized mice. C. 493 

Experimental design protocol for oral anaphylaxis in EC-sensitized BMMC-reconstituted KitW-
494 

sh/W-sh BALB/c mice. D. Representative FACS staining (left panel) and quantitation (right panel) 495 

of CD45+Lin -c-Kit+FcεRI+ cells in the peritoneal lavage of WT, KitW-sh/W-sh BALB/c mice and 496 

KitW-sh/W-sh BALB/c mice reconstituted with WT or ST2-deficient BMMCs (n=4-5 per group). E. 497 

Jejunal MC numbers (left panel) and representative CAE staining of MC in the jejunum (right 498 

panel, 400X) (n=4-5 per group).  F. Change in body temperature following oral OVA challenge 499 

of OVA-sensitized KitW-sh/W-sh BALB/c mice reconstituted with WT or ST2-deficient BMMCs or 500 

left unreconstituted. Each experiment has been repeated at least a second time independently with 501 

similar number of mice and similar results. Symbols and vertical bars in A and E represent mean 502 
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and SEM. Columns and vertical bars in D represent mean and SEM. EC sens.= EC sensitization. 503 

Sal= saline. *: p<0.05, **: p<0.01, ***: p<0.001. ns= not significant. 504 

Fig 5. IL-33 signaling in BMMCs promotes antigen-driven IgE-mediated 505 

degranulation. A-D. Representative FACS contour plots of surface LAMP-1 staining in gated 506 

WT IgE+ cells (A) and ST2-deficient IgE+ cells (D, left panel), percentages of WT (B) and ST2-507 

deficient (D, right panel) LAMP-1+ cells, and MFI of sLAMP1 expression on WT cells (C) in 508 

BMMCs cultured overnight with anti-DNP IgE and the indicated stimuli, then challenged with 509 

medium or DNP-HSA as shown. Each experiment has been repeated at least a second time 510 

independently with 3-5 BMMC cultures per group. Columns and vertical bars represent mean 511 

and SEM. Ctrl.= control. **: p<0.01, ***: p<0.001. 512 

Fig. 6. IL-33 and FcεεεεRI crosslinking synergize in driving Th2 cytokine mRNA 513 

expression by MCs. A-C. mRNA levels of Il6 (A), Il13 (B) and Il9 (C) in WT BMMCs cultured 514 

overnight with anti-DNP IgE and the indicated stimuli, then challenged with medium or DNP-515 

HSA as shown, and analyzed one hour after challenge. n=6 BMMC cultures per group. Each 516 

experiment has been repeated a second time independently with similar number of samples and 517 

similar results. Columns and vertical bars represent mean and SEM. ***: p<0.001. ns= not 518 

significant. 519 

  520 
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