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Abstract 30 

Background: The attempt to induce oral tolerance as a treatment for food allergy has been 31 

hampered by a lack of sustained clinical protection. Immunotherapy by non-oral routes, 32 

such as the skin, may be more effective for the development of maintained tolerance to 33 

food allergens. 34 

Objective: To determine the efficacy and mechanism of tolerance induced by epicutaneous 35 

immunotherapy in a model of food-induced anaphylaxis. 36 

Methods: C3H/HeJ mice were sensitized to ovalbumin (OVA) orally or through the skin and 37 

treated with EPIT using OVA-Viaskin® patches or OIT using OVA. Mice were orally 38 

challenged with OVA to induce anaphylaxis. Antigen-specific Treg induction was assessed 39 

by flow cytometry using a transgenic T cell transfer model.  40 

Results: Using an adjuvant-free model of food allergy generated by epicutaneous 41 

sensitization and reactions triggered by oral allergen challenge, we found that 42 

epicutaneous immunotherapy induced sustained protection against anaphylaxis. We show 43 

that the gastrointestinal tract is deficient in de novo generation of Tregs in allergic mice. 44 

This defect was tissue-specific, and epicutaneous application of antigen generated a 45 

population of gastrointestinal-homing LAP+Foxp3- Tregs. The mechanism of protection was 46 

found to be a novel pathway of direct TGF-β-dependent Treg suppression of mast cell 47 

activation, in the absence of modulation of T or B cell responses.  48 

Conclusions: Our data highlights the immune communication between skin and 49 

gastrointestinal tract, and identifies novel mechanisms by which epicutaneous tolerance 50 

can suppress food-induced anaphylaxis.  51 

 52 
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Graphical abstract printed with permission from Mount Sinai Health System. Figure 53 

created by Jill K. Gregory, CMI 54 

 55 

 56 

Key Messages:  57 

• Epicutaneous immunotherapy protects against food-induced anaphylaxis 58 

independent of the initial route of sensitization 59 

• Treg generation by the oral route is impaired in allergic mice, while epicutaneous 60 

antigen delivery induces gut-homing LAP+ Foxp3- Tregs 61 

• EPIT prevents food-induced anaphylaxis by a TGFβ-dependent mechanism 62 

• Tregs directly suppress mast cell activation in response to a food challenge 63 

 64 

Capsule summary: Application of food allergen to intact skin, but not the gastrointestinal 65 

tract, of allergic mice generates gastrointestinal-homing LAP+ Tregs that directly suppress 66 

mast cell activation and protect from food-induced anaphylaxis by a TGFβ-dependent 67 

mechanism. 68 

 69 

Key words: Epicutaneous immunotherapy, oral immunotherapy, food allergy, regulatory T 70 

cells, mast cells.  71 

 72 

Abbreviations:  Epicutaneous immunotherapy (EPIT); Latency-associated peptide (LAP); 73 

Mesenteric lymph node (MLN); Oral immunotherapy (OIT). 74 

 75 

 76 

 77 
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Introduction 79 

 Food allergies are increasing in Western countries and are currently estimated to 80 

affect 3-6% of the population1. There is no cure, and the standard of care is allergen 81 

avoidance, which is difficult to maintain and accidental exposures leading to reactions are a 82 

common experience for those with food allergies2. Subcutaneous allergen immunotherapy 83 

has been extensively used for venom allergy and some respiratory allergies. However, its 84 

use in food allergy has not been pursued due to the high risk of anaphylactic shock3. 85 

Allergen immunotherapy delivered by the oral route (oral immunotherapy, OIT) has been 86 

the focus of several recent trials 4, 5. It was thought that the oral route, in addition to being 87 

safer than subcutaneous immunotherapy, would facilitate sustained immune tolerance due 88 

to the regulatory tone of the mucosal immune system. While OIT successfully induces a 89 

desensitized state, defined as protection while on therapy, permanent tolerance induction 90 

after OIT has been more elusive 4, 6-8.  91 

 Oral tolerance is a state of systemic unresponsiveness induced by antigens delivered 92 

by oral route. It is an active process mediated by antigen-specific regulatory T cells 9, 10. The 93 

therapeutic potential of oral tolerance has been studied for multiple sclerosis 11, arthritis 12, 94 

diabetes 13 and colitis 14. The translation of oral tolerance from prevention to treatment 95 

strategy has been limited, suggesting that prior immunity may impair the development of 96 

regulatory responses. This is consistent with the lack of sustained tolerance in response to 97 

OIT in human trials 4, 6, 8 and in mouse models of OIT 15, 16.  98 

We hypothesized that an altered gastrointestinal immune milieu in food allergy was 99 

preventing the generation of Tregs, and that provision of antigen by an alternative route 100 

could bypass this defective regulatory response. The skin is a highly active immune site 101 
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capable of generating tolerance or immunity. We investigated the epicutaneous route 102 

through the use of Viaskin® patches that have been shown to suppress inflammation in 103 

experimental models of asthma and eosinophilic esophagitis through the generation of 104 

regulatory T cells 17-21. We show for the first time that the epicutaneous route of antigen 105 

delivery protected mice from food-induced anaphylaxis and supported the selective 106 

expansion of a population of unique gut-homing LAP+ Tregs. These Tregs did not function 107 

by suppressing IgE antibodies, but instead directly suppressed mast cell activation, leading 108 

to sustained clinical protection against food-induced anaphylaxis.  These data show that the 109 

unique immune communication between skin and gastrointestinal tract can be used to 110 

generate long term tolerance in food allergy.  111 

  112 

113 
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Methods 114 

Mice 115 

C3H/HeJ and Balb/c mice were obtained from Jackson Laboratories (Bar Harbor, 116 

ME) and NCI (Frederick, MD), respectively. DO11.10 mice (Jackson Laboratories) were 117 

maintained as breeding colonies at Mount Sinai. All procedures were approved by the Icahn 118 

School of Medicine at Mount Sinai Institutional Animal Care and Use Committee. 119 

 120 

Sensitization of mice 121 

Mice were sensitized once a week for 6 weeks with ovalbumin (OVA, grade V; Sigma, 122 

St Louis, MO) or peanut by epicutaneous or oral exposure. For skin sensitization, 123 

abdominal fur was removed with depilatory cream (Veet; Reckitt Benckiser, Parsippany, 124 

NJ), immediately followed by application of 100ug OVA or 1mg of peanut extract in 50ul of 125 

PBS spread on the skin to dry. Epicutaneous sensitization was performed in the absence of 126 

adjuvant or tape stripping. Mice were orally sensitized with 1mg of OVA or 10mg of ground 127 

peanut + 10ug of cholera toxin (CT) (List Biologicals, Campbell, CA) by gavage. Mice were 128 

passively sensitized by injection with 100ul of pooled serum from actively sensitized mice. 129 

Oral challenge was performed as previously described 15. See Supplemental Materials for 130 

additional information. 131 

 132 

Immunotherapy treatment 133 

After sensitization, mice received epicutaneous or oral immunotherapy. 134 

Epicutaneous immunotherapy was performed using EDS Viaskin® patches (DBV 135 

Technologies, Paris, France) loaded with 100ug OVA, as previously described 18. Briefly, 136 

mice were anesthetized, the back shaved with an electric clipper, depilatory cream applied, 137 
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and 24h later the patch was placed on the back for 48h. This was repeated once per week 138 

for 8 weeks. Oral immunotherapy was performed by the administration of 1mg of OVA per 139 

day, in drinking water, daily, for 8 weeks.  140 

 141 

Adoptive cell transfer experiments 142 

CD4+ T cells from DO11.10 mice were purified by negative selection (StemCell 143 

Technologies, Vancouver, British Columbia, Canada), labeled with CFSE (Invitrogen, Life 144 

Technologies, Grand Island, NY, USA) and 3-5 x 106 CD4+ Tcells transferred i.v. into naïve, 145 

OVA-sensitized, or peanut-sensitized Balb/c recipients. Twenty-four hours later, mice were 146 

exposed to OVA by OVA-Viaskin
®

 for 48h, or by daily gavage for 5 days. One week after first 147 

exposure, tissues were harvested for assessment by flow cytometry. 148 

 149 

TGFββββ blockade  150 

EPIT-treated mice were injected intraperitoneally with neutralizing anti-TFGβ 151 

(1D11) (1mg) or isotype control (both from BioXCell, West Lebanon, NH) 24h before 152 

challenge. 153 

 154 

In vivo Treg transfer 155 

LAP+CD25- or LAP-CD25- T cells were sorted from DO11.10 mice and transferred 156 

(105 cells/mouse) into passively sensitized Balb/c mice. After 24h, recipient mice were 157 

orally challenged with OVA. Symptoms were monitored and blood samples were obtained 158 

30 min after challenge.  In some experiments, 1mg of anti-TGFβ antibody was injected at 159 

the same time as the cells. 160 
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 161 

Serum MCPT-7 ELISA 162 

For detection of MCPT-7, serum was incubated on plates covered with anti-163 

mTryptase β-1/MCPT7 (R&D Systems, Minneapolis, MN), followed by detection with 164 

biotinylated anti-mTryptase β-1 (R&D systems), HRP-labeled avidin (eBioscience, San 165 

Diego, CA) and TMB substrate (eBioscience).  166 

 167 

Statistics 168 

Differences between groups were analyzed by Mann-Whitney U test, ANOVA or 169 

Kruskal-Wallis test followed by post-hoc analysis with the Dunn’s, Sidak’s or Tukey’s 170 

multiple comparisons test or by multiple t test with Sidak-Bonferroni method for 171 

correction of multiple comparisons when appropriate. Data analysis was done by using 172 

Prism software (GraphPad, San Diego, CA). Results are expressed as mean ± SEM. A value 173 

of p<0.05 was considered significant. 174 

175 
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Results 176 

Epicutaneous immunotherapy induces sustained clinical protection in a model of food-177 

induced anaphylaxis  178 

A lack of permanent tolerance to foods after OIT has been described in both mouse 179 

and human studies. We studied the outcome of EPIT and OIT in a model of oral OVA-180 

induced anaphylaxis. To determine if the route of primary sensitization was a factor in the 181 

outcome of immunotherapy, we used mice that had been sensitized to OVA through either 182 

epicutaneous or oral routes, followed by 8 weeks of EPIT or OIT (Fig 1, A). At the end of the 183 

treatment, mice were orally challenged with OVA and anaphylaxis measured by drop in 184 

body temperature. Mice sensitized by the epicutaneous route developed anaphylaxis upon 185 

oral challenge with OVA, while mice subjected to EPIT or OIT were completely protected 186 

(Fig 1, B). When mice were challenged again to test sustained protection after 4 weeks 187 

without treatment, mice treated with EPIT were still significantly protected against 188 

anaphylaxis while mice treated with OIT regained clinical reactivity. However, there was no 189 

statistical difference between OIT and EPIT treated groups at the 12 week time-point. In 190 

mice orally sensitized to OVA using cholera toxin adjuvant, mice treated with EPIT were 191 

completely protected from anaphylaxis (Fig 1, C) but mice treated with OIT were not 192 

protected. However, 4 weeks later, even EPIT-treated mice lost protection against 193 

anaphylaxis (Fig 1, C). We hypothesized that this difference in outcome between mice 194 

sensitized by the oral or epicutaneous routes could be due to exogenous adjuvant (cholera 195 

toxin) needed during oral sensitization. To test that, mice were sensitized by the 196 

epicutaneous route using cholera toxin adjuvant and then subjected to EPIT. Similar to the 197 

response to EPIT in orally sensitized mice, mice sensitized by the epicutaneous route with 198 

exogenous adjuvant were protected from anaphylaxis while on EPIT therapy but not after 199 
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termination of EPIT (Fig E1). Our results show that independent of the primary route of 200 

sensitization, EPIT led to a robust clinical protection against food-induced anaphylaxis.  201 

Blood samples were taken to quantify specific immunoglobulins and basophil 202 

activation. There was a significant increase in OVA-specific IgG1 and IgG2a after 8 weeks of 203 

EPIT (Fig 2, A), that persisted in skin-sensitized mice at week 12. IgE levels also increased 204 

during the treatment but remained stable after 12 weeks. Despite these changes in 205 

immunoglobulin levels, functional assays did not support a role for antibodies in clinical 206 

protection after EPIT. Basophil activation tests showed no significant difference between 207 

untreated and EPIT-treated mice (Fig 2, B). Secondly, passive sensitization of naïve mice 208 

with sera from untreated or EPIT-treated mice generated similar degrees of anaphylaxis 209 

after recipient mice were orally challenged (Fig 2, C). These results suggest that although 210 

EPIT modified the humoral response to OVA, the protection against anaphylaxis was likely 211 

mediated by a mechanism other than blocking antibodies. 212 

 213 

Expansion of Tregs by oral antigen is impaired in allergic mice 214 

We hypothesized that the altered gut immune environment in food allergy is poorly 215 

tolerogenic and the lack of maintained clinical tolerance after oral immunotherapy is 216 

related with defect in Treg generation in the gut when antigen is applied orally. To study 217 

the response to immunotherapy of antigen-specific Tregs in the gastrointestinal tract of 218 

allergic mice, we used an adoptive transfer model. CFSE-labeled CD4+ T cells from DO11.10 219 

transgenic mice (recognizing the 323-339 epitope of the egg allergen ovalbumin (OVA)) 220 

were transferred to naïve or OVA-sensitized recipient mice prior to repeated low-dose 221 

feeding with OVA (Fig 3, A). We quantified the expansion of Foxp3+ cells and LAP+ cells 222 
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within proliferating cells (Fig 3, B). After 5 days of oral antigen, there was an expansion of 223 

both Foxp3+ and LAP+ antigen-specific Treg populations in MLN of naïve mice (Fig 3, C), 224 

consistent with induction of a tolerance response. LAP+ T cells in the proliferating 225 

compartment did not express CD25, while non-transgenic LAP+ T cells found within the 226 

MLN were found to be either negative or positive for CD25. We confirmed in suppression 227 

assays that LAP+ T cells had regulatory activity similar to LAP-CD25+ Tregs independent of 228 

the expression of CD25 (Fig E2). The expansion of Tregs after oral antigen was observed in 229 

MLN but not in distal sites such as spleen (Fig 3, D). By contrast, in mice that were OVA-230 

sensitized prior to T cell transfer and OVA feeding, the expansion of Foxp3+ and LAP+ Tregs 231 

was completely abrogated (Fig 3, C). The defect in Treg generation after oral antigen 232 

feeding was observed in mice sensitized by either the oral or the epicutaneous routes and 233 

therefore is a feature of the allergic state. When mice were sensitized to a bystander 234 

antigen (peanut), the generation of OVA-specific Tregs was not impaired, demonstrating 235 

the antigen specificity of this Treg defect (Fig 3, E).  236 

 237 

Epicutaneous immunotherapy expands LAP+ Tregs in the gastrointestinal tract of allergic 238 

mice 239 

Based on the results of the anaphylaxis model, we hypothesized that antigen 240 

delivered via the skin could induce Tregs in sensitized mice. We first examined the 241 

induction of antigen-specific Tregs in the skin-draining lymph nodes. There was an 242 

increase in proliferating LAP+ but not Foxp3+ Tregs in comparison with untreated mice in 243 

brachial lymph nodes 1 week after applying antigen (Fig 4, B). As with oral exposure, there 244 

was no selective expansion of Tregs in the spleen after epicutaneous OVA. Unexpectedly, 245 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 Tordesillas et al, Page  13

there was a significant expansion of LAP+ Tregs in the MLN of mice after epicutaneous OVA 246 

(Fig 4, B). Furthermore, this expansion of LAP+ Tregs in the MLN was not impaired in mice 247 

sensitized by either the oral or skin routes (Fig 4, C). There was also an increased 248 

frequency of DO11.10 cells in the small intestinal lamina propria after epicutaneous OVA, 249 

which were highly enriched in LAP+ Tregs (Fig 4, D). This was selective to the 250 

gastrointestinal tissues, as other non-draining lymph nodes (inguinal lymph nodes) 251 

demonstrated no expansion of LAP+ Tregs (data not shown). These data demonstrate that 252 

epicutaneous antigen exposure can result in the appearance of Tregs in the gastrointestinal 253 

tract, and this is observed in naïve mice and also allergic mice that have impaired Treg 254 

generation in response to oral antigen exposure.  255 

 256 

LAP+ T cells are primed for gut homing in skin-draining lymph nodes 257 

Tissue homing normally reflects the site of priming, such that T cells primed in skin-258 

draining lymph nodes home back to the skin, and T cells primed in the mesenteric lymph 259 

nodes home back to the lamina propria. We therefore asked how epicutaneous antigen 260 

could induce LAP+ T cells to appear selectively in the MLN. We first examined kinetics of 261 

cell proliferation at different sites. Two days after patch placement only brachial lymph 262 

nodes showed evidence of T cell proliferation (Fig 5, A). After 3 days, CFSE-low cells began 263 

to appear in inguinal and mesenteric lymph nodes and in the small intestinal lamina 264 

propria. Mice that had received DO11.10 T cells but did not received antigen stimulation 265 

had a low frequency of CFSE-high cells in the absence of CFSE-low cells at each of the sites 266 

examined. To determine if the appearance of CFSE-low T cells at distal sites was due to 267 

migration of cells primed in brachial lymph nodes or due to transport of antigen to distal 268 
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sites, we treated mice with FTY720, a sphingosine-1-phosphate receptor agonist that 269 

prevents exit of T cells from lymph nodes. Cells were recovered 3 days after patch 270 

application. The percentage of CFSE-low cells was decreased by FTY720 treatment in 271 

inguinal and mesenteric lymph nodes and the small intestinal lamina propria (Fig 5, B and 272 

5, C), while proliferation of cells in the brachial lymph node was unaffected.  These data 273 

indicate that T cells are primed with antigen within the brachial lymph node and 274 

subsequently migrate to gastrointestinal tissues.  275 

We next studied the expression of tissue-homing markers by T cells primed in skin-276 

draining lymph nodes. After epicutaneous OVA exposure, there was a high expression of 277 

the skin-homing marker CCR422 in all CFSE-low cells and also some induction of the pan-278 

mucosal homing marker CCR623, while the gut-homing marker CCR924 was only slightly 279 

increased and α4β725 was not expressed (Fig 6, A). By contrast, during oral OVA exposure, 280 

proliferating cells in MLN showed high levels of CCR9 and α4β7. Focusing on the 281 

expression of tissue-homing markers in different subsets of T cells, we observed that more 282 

than 80% of LAP+Foxp3- T cells expressed CCR9 and more than 50% expressed CCR6 in 283 

skin-draining lymph nodes after epicutaneous OVA (Figure 6, B and 6, C). This was cell-type 284 

specific, as neither Foxp3+ nor non-Tregs expressed CCR6 or CCR9 after epicutaneous 285 

antigen exposure. LAP+ cells did not express the gut-homing marker α4β7. All of the 286 

different subsets of T cells expressed high levels of CCR4, which is in agreement with 287 

priming through the skin. This data shows that there was a unique imprinting of gut 288 

homing capacity upon the LAP+ Treg subset.  289 

The surface phenotype of LAP+ cells was more similar to non-Tregs than to the 290 

Foxp3+ Treg population. There was no expression of conventional Treg markers such as 291 
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GITR, CD25 and CD103, and lower levels of ICOS than seen in the Foxp3+ population 292 

(Figure 6, D). The LAP+ cells expressed intermediate levels of CTLA-4.  The different 293 

populations showed similar levels of CD69, CD44 and PD1, and did not express granzyme B.  294 

 295 

Clinical protection induced by EPIT occurs through a TGFβ-dependent mechanism 296 

We hypothesized that Tregs induced during EPIT could be acting directly on allergic 297 

effector cells to suppress hypersensitivity reactions during anaphylaxis without affecting T 298 

and B cell responses. Because TGFβ has been related to the suppression capacity of LAP+ T 299 

cells, mice treated with EPIT were injected with neutralizing anti-TGFβ antibody or isotype 300 

control 24h before challenge (Fig 7, A). Acute suppression of TGFβ completely abrogated 301 

the protection induced by EPIT (Fig 7, B). The acute time frame of this neutralization would 302 

be too short for modification of B cell responses, and supports the hypothesis that Tregs 303 

may directly suppress mast cells. To test this hypothesis, OVA-specific DO11.10 LAP+ Tregs 304 

or non-Tregs as control were transferred into Balb/c mice that had been passively 305 

sensitized with serum containing high levels of OVA-specific IgE. The next day, mice were 306 

orally challenged with OVA and the mast cell protease MCPT-7 was measured in sera 307 

obtained 30min after challenge (Fig 7, C). Passively sensitized mice responded to oral OVA 308 

challenge with an increase in circulating MCPT-7 (Fig 7, D). Mice receiving OVA-specific 309 

LAP+ cells, but not non-Tregs (LAP-,CD25-), had decreased MCPT-7 in the serum after oral 310 

challenge as well as a trend toward reduced onset of allergic symptoms (7/10 untreated 311 

mice versus 2 of 6 mice receiving LAP+ Tregs). Transfer of LAP+ Tregs without antigen 312 

specificity (purified from naive Balb/c mice) did not suppress mast cell activation in vivo 313 

(data not shown). When mice were injected with anti-TGFβ antibody at the moment of the 314 
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transfer, the levels of MCPT-7 were partially restored (Fig 7, E), indicating that the 315 

suppression of mast cell activation by Tregs is dependent, at least in part, on TGFβ. 316 

Although LAP+ Tregs showed the potential to release IL-10 (Fig E3, A), degranulation of 317 

bone-marrow derived mast cells stimulated with IL-10 for 24h was in fact enhanced, while 318 

TGFβ suppressed degranulation (Fig E3, B). In summary, we show that antigen-specific 319 

LAP+ Tregs are induced by epicutaneous immunotherapy, and can directly suppress mast 320 

cell activation and downstream type-I hypersensitivity reactions.  321 

322 
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Discussion 323 

Oral tolerance is a state of antigen-specific systemic unresponsiveness that is 324 

mediated by Tregs educated in the mesenteric lymph nodes by CD103+ DCs 26. To restore 325 

immune tolerance in food-allergic patients, immunotherapy given through the oral route 326 

has emerged as a promising treatment 4, 5. Although desensitization, defined as protection 327 

from reactions while on therapy, has been achieved in the majority of subjects treated with 328 

OIT, a lack of permanent tolerance and recurrence of reactions to foods has been found 329 

after OIT is discontinued 4, 6, 8. Our data suggest that an impaired generation of Tregs in the 330 

food allergic gastrointestinal tract underlies this resistance to oral tolerance induction, and 331 

we identify skin-gut immune communication as a novel means to induce tolerance. 332 

Previous studies have documented the efficacy of this approach in suppression of allergic 333 

inflammation17-21, and for the first time we demonstrate efficacy in food-induced systemic 334 

anaphylaxis.  335 

Allergen-specific immunotherapy has been described as a sequential response, with 336 

an early decrease in mast cell and basophil activity associated with a rise in allergen-337 

specific IgG4 antibodies, and a subsequent generation of allergen-specific Tregs that is 338 

essential for the development of sustained tolerance. Treg development is believed to be 339 

necessary to suppress Th2 responses, and reduce allergen specific IgE and effector cell 340 

activation 27. Our data show that the intestine of food allergic mice is not capable of 341 

supporting Treg generation in response to fed antigens. This is in agreement with recently 342 

reported results 16, and provides an explanation for the lack of sustained efficacy of OIT in 343 

the treatment of food allergy in humans 28 and mice 15. Our data show that this Treg defect 344 

is limited to the sensitizing allergen, which may be due to the suppressive effect of mast cell 345 

activation on Treg generation 16. Mast cell degranulation can induce maturation and 346 
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migration of DCs to lymph nodes 29 and mast cell activators have been shown to function as 347 

adjuvants 30. Our data show that this defect in Treg generation was tissue-specific, and the 348 

skin could support Treg generation in sensitized mice. This Treg generation in skin was 349 

paralleled by a trend of increased efficacy of epicutaneous immunotherapy compared to 350 

oral immunotherapy in preventing anaphylaxis. Therefore site of immunotherapy is a 351 

critical factor in clinical efficacy.  352 

Oral tolerance is mediated by antigen-specific Foxp3+ Tregs induced in the 353 

periphery 9. Th3 regulatory cells, characterized by the expression of LAP on their surface, 354 

were also originally described as key players in the development of oral tolerance. Feeding 355 

of self-antigens including myelin basic protein induces an expansion of Th3 cells in mice 356 

and humans 11, 31. These previously described Th3 cells are consistent with the phenotype 357 

of gastrointestinal T cells induced by epicutaneous antigen exposure in our study. Th3 cells 358 

induced by feeding can suppress experimental models of colitis, systemic lupus 359 

erythematosus, multiple sclerosis and diabetes 32-36. Although not specifically termed Th3 360 

cells, LAP+Foxp3- cells induced by inhaled antigen can suppress allergic eosinophilia in the 361 

lung 37. In humans, Th3 cells have been found in blood 38 and in tumors, with higher 362 

immunosuppressive activity than Foxp3+ Tregs 39, 40. In addition, children with food allergy 363 

have reduced numbers of Th3 cells in the duodenal mucosa 41, 42. The suppressive effects of 364 

Th3 cells are mediated by secreted TGFβ and IL10 34, 38, 40 and also by contact through 365 

membrane-bound TGFβ1 43. The LAP+Foxp3- cells have been described as CD69+CTLA-4+, 366 

with variable reported CD25 expression between studies, possibly indicating differences in 367 

the level of activation 34, 37, 38, 40, 43-45. In our study, we observed that LAP+Foxp3- cells 368 

induced by epicutaneous antigen were CD69+CD25-CTLA-4low. However, they did not 369 
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express markers associated with Foxp3+ Tregs, such as GITR or CD103. We confirmed the 370 

regulatory role of these LAP+ Tregs in standard suppression assays, and more relevant to 371 

food allergy, showed that they could directly suppress mast cell activation triggered by oral 372 

food challenge. Our results emphasize a key role of this overlooked population of Tregs in 373 

the protection against food allergy and anaphylaxis.  374 

The selective induction of gastrointestinal homing of LAP+ Tregs by epicutaneous 375 

antigen was a novel and unexpected finding. The gastrointestinal tract and skin provide 376 

tissue-specific T cell imprinting, such that T cells home back to the initial site of priming 46, 377 

47 48, 49. When we examined antigen-specific proliferating T cells as a whole, these 378 

paradigms were true. However, when LAP+ T cells were examined in skin-draining lymph 379 

nodes, CCR9 and CCR6 were highly expressed on LAP+ T cells together with CCR4, 380 

conferring a phenotype capable of homing to multiple tissues including the gastrointestinal 381 

tract. This was unique to this population and not observed on Foxp3+ Tregs or non-Tregs. 382 

Intranasal vaccination has also been described to elicit migration of antigen-specific T cells 383 

to the MLN that can protect against intestinal pathogens 50, 51, indicating that tissue-specific 384 

imprinting is a flexible and cell-type specific process. Understanding how to manipulate 385 

this homing potential has major implications for vaccine and immunotherapy design.   386 

The mechanism by which immunotherapy leads to clinical protection has primarily 387 

been thought to be due to changes in the antibody repertoire, with sustained protection 388 

requiring a loss of allergen-specific IgE. However, in human immunotherapy trials allergen-389 

specific IgE and basophil activation have not been able to discriminate between those with 390 

transient desensitization versus sustained tolerance 4, 8. Regulatory T cells are thought to 391 

participate in this process by suppressing Th2 responses necessary for the maintenance of 392 
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IgE. The suppression of Th2 responses would also be expected to reduce local tissue 393 

inflammation. EPIT has previously been described to suppress airway hyperreactivity and 394 

allergic esophago-gastro-enteropathy 17-19 through the generation of CD25+ Tregs 21. We 395 

show that TGFβ is critical for protection against anaphylaxis, but through a novel 396 

mechanism involving a direct suppression of mast cell activation by Tregs rather than 397 

through modulation of antibody levels. It has been reported that CD25+ Tregs can inhibit 398 

mast cell degranulation directly through a contact-dependent manner 52 and that transfer 399 

of Tregs can suppress anaphylaxis 53. In vitro studies identify the suppressive mechanisms 400 

as OX40-OX40L interactions 54 and soluble and surface-bound TGFβ 53, 55, 56. In addition, 401 

CD25+ Tregs reduce FcεRI surface expression on mast cells, reducing antigen sensitivity 52. 402 

Our in vitro studies support a role for TGFβ, but not IL-10, in suppression of mast cells. 403 

However, neutralization experiments in vivo suggest additional mechanisms beyond TGFβ 404 

contribute to mast cell suppression. Although our data focus on LAP+ Tregs due to our 405 

finding that they are the main Treg cells induced early in EPIT, our data do not rule out a 406 

role for Foxp3+CD25+ Tregs in clinical protection. Neutralization of TGFβ would also be 407 

expected to suppress the activity of Foxp3+ induced Tregs. Th3 cells promote the 408 

development of Foxp3+ Tregs 57 and therefore there may be a contribution by both Treg 409 

subsets after prolonged immunotherapy. 410 

Our data show for the first time that epicutaneous immunotherapy generates gut-411 

homing antigen-specific LAP+ Tregs that can directly suppress systemic anaphylaxis 412 

without upstream modification of humoral or cellular immunity. This changes the 413 

paradigm by which Tregs are thought to contribute to tolerance to allergens. Optimization 414 

of antigen delivery and Treg generation by the epicutaneous route may be the most 415 
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effective means for the generation a safe and effective treatment for food allergy leading to 416 

sustained immune tolerance. 417 

 418 
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Figure Legends 602 

Figure 1. EPIT induces sustained protection against food-induced anaphylaxis. (A) 603 

Experimental schematic. (B) Oral challenge with OVA in skin-sensitized mice at weeks 8 604 

and 12. Body temperature 30 min after challenge is shown. (C) Oral challenge with OVA in 605 

orally-sensitized mice at weeks 8 and 12. Data are individual mice from 2 independent 606 

experiments. x = death. * p < 0.05, **p<0.01, ***p < 0.001. 607 

 608 

Figure 2. OVA-specific IgG1 and IgG2a generated during EPIT do not modify basophil 609 

reactivity or protect against anaphylaxis. (A) IgE, IgG1 and IgG2a levels in serum prior 610 

to oral challenge from skin- or orally-sensitized mice at week 8 and 12 after EPIT or OIT. 611 

Data are mean ± SEM. (B) OVA-induced basophil activation measured by upregulation of 612 

CD200R. (C) Oral challenge of mice were passively sensitized with sera from naïve, 613 

untreated or EPIT-treated mice. Data show individual mice from 2 independent 614 

experiments. *p < 0.05 vs untreated mice. 615 

 616 

Figure 3. Impact of sensitization on Treg generation by oral antigen. (A) Experimental 617 

schematic. (B) Gating strategy of OVA-specific Tregs. (C,D) Foxp3+ and LAP+ T cells 618 

generated in MLN (C) and spleen (D) of mice sensitized to OVA by the oral or skin route 619 

versus naive. (E) Foxp3+ and LAP+ T cells in MLN from naïve, OVA-sensitized mice or 620 

peanut-sensitized mice. Data are mean + SEM of at least 5 mice/group in 2 independent 621 

experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001. 622 

 623 
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Figure 4. Epicutaneous antigen expands LAP+ T cells in skin and gastrointestinal 624 

lymph nodes. (A) Experimental schematic. (B) Foxp3+ and LAP+ T cells in skin-draining 625 

lymph nodes, MLN and spleen of naïve mice. (C) Foxp3+ and LAP+ T cells in MLN of mice 626 

sensitized by the oral or skin route versus naive. (D) OVA-specific cells in lamina propria 627 

after EPIT. Data are mean + SEM of at least 6 mice/group (3 mice/group for lamina 628 

propria) in two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. 629 

 630 

Figure 5. T cells are primed by epicutaneous antigen in brachial lymph nodes prior 631 

to migration to other tissues. (A) Proliferation of DO11.10 T cells recovered from 632 

brachial, inguinal and mesenteric lymph nodes and lamina propria 48h and 72h after 633 

application of antigen. (B) Proliferation of DO11.10 T cells in mice treated with FTY720. (C) 634 

Summary data showing the impact of FTY720 on proliferation at different sites. Data are 635 

mean + SEM of 3 mice/group. 636 

 637 

Figure 6. LAP+ T cells express CCR9 and CCR6 after activation in skin-draining lymph 638 

nodes. (A) Expression of tissue-homing markers in DO11.10 T cells from brachial or 639 

mesenteric lymph nodes after epicutaneous or oral antigen, respectively. (B) 640 

Representative plots of the expression of tissue-homing markers by T cell subsets activated 641 

by epicutaneous antigen. (C) Summary data of chemokine receptor expression in sub-642 

populations. Data are mean + SEM of 5 mice/group in 2 independent experiments. (D) 643 

Representative plots showing Treg surface markers. Minus control is staining control. 644 

 645 
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Figure 7. Tregs can directly suppress mast cell activation. (A) Experimental schematic. 646 

(B) Temperature measured 30 min after oral OVA challenge. (C) Experimental schematic. 647 

(D) MCPT-7 levels in serum obtained 30 min after challenge. (E) Levels of MCPT-7 in serum 648 

from mice injected with anti-TGFβ or isotype control calculated as % with respect to 649 

untreated mice.. Data are mean ± SEM of at least 6 mice/group in 3 independent 650 

experiments. * p < 0.05, **p < 0.01. 651 

 652 
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SUPPLEMENTARY MATERIALS 1 

 2 

 3 

Supplementary Methods 4 

 5 

Oral challenge and assessment of anaphylaxis 6 

Mice were orally challenged with increasing doses of OVA (10mg, 20mg and 50mg) 7 

by gavage, every 30 min. Mice experiencing anaphylaxis at the lower dose (drop in 8 

body temperature below 36°C) were not challenged with the higher dose. Body 9 

temperature was monitored by rectal thermometer (WPI Instruments, Sarasota, 10 

FL).  11 

 12 

Suppression assays 13 

CFSE-CD4+ T cells (5 x 104 cells/well) were obtained from naïve Balb/c mice as 14 

described in Methods and cultured in the presence of irradiated T-cell depleted 15 

splenocytes (5 x 104 cells/well). LAP+CD25-, LAP-CD25+, LAP+CD25+ and LAP-16 

CD25- T cells were FACS sorted from naïve Balb/c mice and added to the cultures in 17 

varying proportions. Cells were stimulated with anti-CD3 (0.5ug/mL) (eBioscience) 18 

for 3 days and cell proliferation was evaluated by CFSE dilution. 19 

 20 

Measurement of antigen-specific immunoglobulins 21 

OVA-specific IgE was measured by capture ELISA by using DIG-labeled OVA for 22 

detection, as previously described1. OVA-specific IgG1 and IgG2a levels were 23 

measured by ELISA using biotinylated monoclonal antibodies (all from BD 24 

Biosciences, San Diego, CA).  25 

 26 
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Basophil activation test 27 

Basophil activation tests were performed as previously described 2. Blood was 28 

diluted in RPMI and incubated at 37°C for 90 minutes with 20ug/mL of OVA. Red 29 

blood cells were lysed, and cells were stained with CD49b and IgE to detect the 30 

population of basophils, after gating out T and B cells with CD3/CD19 staining. 31 

CD200R was used as basophil activation marker (all antibodies were from 32 

eBioscience). 33 

 34 

Flow cytometry 35 

Lymph nodes and spleen cells were isolated and stained with specific antibodies 36 

according to standard techniques. Lamina propria was isolated as previously 37 

described 1. All antibodies were from eBioscience unless otherwise stated. Cells 38 

were blocked with FcBlock before staining with surface antibodies and live/dead 39 

aqua viability reagent (Invitrogen). Cells were fixed and permeabilized (using 40 

Foxp3-optimized buffers from eBioscience), for intracellular staining. For Treg 41 

staining, the antibodies used were anti-CD3 (145-2C11), anti-CD4 (GK1.5), anti-LAP 42 

(TW7-16B4), anti-CD25 (PC61.5), anti-Foxp3 (intracellular) (FJK-16s) and anti-43 

DO11.10 TCR (KJ1-26). Phenotyping of Tregs was performed using anti-GITR (DTA-44 

1), anti-CD103 (2E7), anti-Granzyme B (intracellular)(GB11; BioLegend), anti-CTLA-45 

4 (intracellular) (UC10-4B9; BioLegend), anti-CD44 (IM7) (BioLegend), anti-CD69 46 

(H1.2F3) (BioLegend), anti-ICOS (7E.17G9), anti-PD-1 (RMP1-30) and anti-GATA3 47 

(intracellular)(TWAJ). For migration maker staining, the antibodies used were anti-48 

CCR9 (CW-1.2) (BioLegend), anti-CCR6 (29-2L17)(BioLegend), anti-CCR4 (2G12) 49 
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and anti-α4β7 (DATK32). Cells were acquired on a LSR Fortessa cytometer (BD 50 

Bioscience) and analysis performed using FlowJo software (Treestar, Ashland, OR).  51 

 52 

Measurement of cytokines after PMA/ionomycin stimulation 53 

LAP+CD25- and LAP-CD25- were FACS sorted and stimulated with PMA/ionomycin 54 

for 24h. Supernatants were recovered and IL-10 was quantified by ELISA following 55 

manufacturer’s instructions (eBioscience). 56 

 57 

Mast cell activation assays 58 

Mast cells were derived from Balb/c mice as described elsewhere3. To assess β-59 

hexosaminidase release, mast cells were culture in RPMI supplemented with 60 

5ng/mL IL-3 with or without IL-10 or TGFβ (Peprotech, Rocky Hill, NJ) for 24h. 61 

Then, they were sensitized with 1ug/mL anti-DNP IgE for 3h and activated with 62 

100ng/mL DNP-BSA (both from Sigma) for 30min, at 37°C. After activation, the 63 

release of β-hexosaminidase was measured as previously described4 and the 64 

percent of β-hexosaminidase was determined by dividing the amount of β-65 

hexosaminidase in the supernatant by the total amount present in the supernatant 66 

and cell pellet.  67 

  68 
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Supplementary Figure Legends 85 

 86 

Figure E1. Mice epicutaneously sensitized with OVA plus cholera toxin 87 

adjuvant do not have sustained protection against anaphylaxis after EPIT. Mice 88 

were sensitized through the skin with OVA in the presence of cholera toxin and 89 

challenged at week 8 and week 12. Temperature was measured 30 min after 90 

challenge. Data are individual mice from 2 independent experiments.  91 

 92 

Figure E2. LAP+CD25- T cells are able to suppress proliferation of CD4+ T cells 93 

in vitro. (A) Graphic showing the four different populations found in naïve mice 94 

attending to the expression of LAP and CD25. (B) CFSE-labeled CD4+ T cells from 95 

Balb/c mice were cultured in the presence of irradiated T-cell depleted splenocytes. 96 

LAP+CD25-, LAP-CD25+ and LAP+CD25+ T cells were FACS sorted from naïve mice 97 

and added to the cultures in varying proportions. Cells were stimulated with anti-98 

CD3 for 3 days and cell proliferation was evaluated by CFSE dilution. Representative 99 

plots of proliferation in cultures with different proportions of CFSE-CD4+T 100 

cells:LAP+CD25- T cells are shown. (C) Suppression (%) of the different Tregs 101 

subsets is represented. Data are mean + SEM of 3 independent experiments.  102 

 103 

Figure E3. IL-10 released by LAP+CD25- T cells does not inhibit mast cell 104 

activation. (A) LAP+CD25- and LAP-CD25- (non-Tregs) T cells were stimulated 105 

with PMA/ionomycin and IL-10 was quantified in the supernatants. (B) β-106 

hexosaminidase release was calculated for bone-marrow derived mast cells 107 

incubated with IL-10 or TGFβ and activated with DNP-BSA. Data are mean + SEM of 108 
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5 replicates in 2 independent experiments . *p < 0.05, **p < 0.01, ****p < 0.0001 vs 109 

untreated mast cells. 110 

 111 




