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Differential food protein-induced inflammatory responsesin swinelines

selected for reactivity to soy antigens
To the editor

Food protein=induced enterocolitis, commonly triggered by milk and soy protein, is orethe ris
but immunologicamechanisms of the diseaae poorly understood (1). Mosnimal models of
food allergy utilize mice which have significant limitations in obtaining translatable information
(2). Here, wesreport a novel porcine model of soy-induced entaiitiscking Food Protein-
Induced:Enterocolitis Syndrome (FPIES) thratinly affects neonates and young child(8r6).

An advantage of using a swine model is their relative longer growing period duricly w
induction and-assessment of food allergy responses can be studied (7). Moreover, higher
similarities in anatomy, immunology, and diet are also useful characteristics. Our model utilizes
two related pig lines (L1 and L2), created by selective breddim®ygenerations based on their
low (L1) and high (L2) responses to soy proteins injected in the hypodermi @yimals

develop eosinophilic enteritis similar to human FPIES upon sensitization and subseduent ora
challenges'with'soy proteins, whllé animals develop moderate neutrophilia in the small
intestire but'do'not develop clinically overt inflammatory responses. Enhanced respbssgs
reactivei=4-producing CD4T and nonT cells were detected the intestine of.2, whereas

low levels of Th2 but normaévels of Thl cells were detectedLih animals
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To induce food allergy responséq, and L2animalswere sensitized 3 times widsoy
extract and cholera toxip.), and then orally challenged with soy-containing diet (Figure 1A).
L1 and L2 had different levels of inflammation in the jejunum. While both L1 and L2 developed
enteritis based on leukocyte infiltration in the jejunum, L2 developed a significagkier
inflammatary.response, indicated by low villus heights and high mucosal layeratiest
(Figure SA, B;AB, C), which is reminiscent of the small intestiftesions of certain FPIES
patientg4:6)."Histological examinatioof the inflamed jejunum tissues revealed eosinophilic
infiltration(seme marked by black arrowgharticularly in the lamina proprexreaof L2 animals
(Figure B). In contrast, mononuclear phagocytes and neutrofgrgen arrowsyvith small

numbers okasinophils infiltrated the jejumu of soychallenged L1 animals.

To more quantitatively examine leukocytege determinethefrequency of the
infiltrating eosinophils and neutrophils the soychallenged animalgy flow cytometry
SWCTSIRPLa*cells represent neutrophils, whereas SWEIRPl o cells represent eosinophils
in pigs @). The frequency of eosinophils was greatly increased in the blood and jejusoyn of
challenged L2 animals (FiguB2A; 2A). In contrast, the frequency of neutrophibss increased
in the jejunum.of L1 animals upon soy challeifiggureS2B).

GATAS3Is a major transcription fact@xpressed by Th2 and innate type 2 lymphoid cells
(ILC2). CCL111s a chemoattractant f@osinophilsiL18 is also called interferogamma
inducing factor andssociated witiTh1 responses. In line with the eosinophil respoBsdA3
andCCL11.were highly up-regulated in the jejunum of L2, HLi8 expression was upegulated
in the jejunum.of L1 following soghallenge (Figure S3A). In aditit, L2 had lower expression
of IL17A compared to L1 (Figure S3B).

Next, wesexamined the levels of Thl and Th2 effector cells. L1 has higher-stataly
levels of Tha=eells in the blood. Soy challenge decreased them in the blosligity increased
them in thejejunum (Figure S3C, D). Th2 numbers were decreased in the blood of both lines
followingssoy challenge but were considerably increased in the MLN andjtimeim of L2
animals only (Figure S3C, Figure 2B)verall the Th2/Thlratio washigh in the blood of
unchallenged and in the gut tissues of challengeanirdals(FigureS3E). Soychallenge
appears to shitffector T cells, particularlyh2 cells from the blood to gut tissues.
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We also detectesby-responsive CD4T cells and nortGD4" cellsin the blood o2
animalschallenged with soy di€FigureS4A). Only L2, but not L1,CD4" and CD4cells
underwent proliferatioex vivo in the presence of soy antigdRrsgureS4A; 2C).Thesecells
expressed 4, but notiFN-y, at increased level§igure S4B) These results confirthat L2
animalshavesincreased numbers of soy prot&aetive Th2 cellsNon-T cells such as innate
lymphoid cells(ILC3, canalsoproduce the Th1/2 cytokinel.-4-, but notH-N-y—, expressing
CD3 non-T cells were also increased in the jejunum of L2 (Figi#&, B). L2 had higher
frequencies of FoxP3r cells thanL1 animalsupon soy challengg&igureS5C, D). Thus, Tregs

were notguantitativelysuppressed in the L2 animals.

Importantly, ®y-fed L2 animalsdisplayed retarded growth during the @8y feeding
period(Figure2Db). Flow cytometry examination of intestinal tissues revealerkased
frequencies.ofh2, Thi, andcoxP3 T cellsin the jejununof soyfed L2 pigs (not shown).
These results indicate that natural soy exposure through the oral routeisamdaerse immune

responses in the intestine of L2 animals, leading to decreased grenfdimance

We have established a swine model of food aller§lgis model willbe particularly
useful instudying food proteninduced allergy respons@s the intestineThis model is unique
in that it employs two swine lines with~12% genetic relatedness among individual animals.
Therefore, this model better mimics the genetichjerogeneousuman populations. The two
lines were different in immune responses to soy proteins in terms of Theoslisophilsand
non-T cell ll==4,producers, which could be ILCZhus, the two linesepresent individuals with
high and lew.susceptibility to food proteimduced inflammatory responses. Especially, ltBe
animals have heavy infiltration with eosinophils and Th2 éelthe small intestine, thus similar
to the eosinophil type FPIE$-6). We demonstrated that the increased sensitivity to soy
antigens can deteriorate animal health evidenced by retarded giduwghmodel will be highly
useful for developing pharmaceuticals for prevention or treatments of foodyakesonsedt
can also serve as a testing model for developing-allpagenic foods including baby formulas
and animalfeeds effective for growth. Future work includes generation of stalsedmie
depth immunological and genetic studies to understand undgrha@chanisms.

This article is protected by copyright. All rights reserved



84

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

105

106

References

1. Connors L, O'Keefe A, Rosenfield L, Kim H. NogE-mediated food hypersensitivity.
Allergy Asthma Clin Immunol 201814(Suppl 2):56.

2. Larsen..dJM, Bogh KL. Animal models of allergspecific immunotherapy in food
allergy: Oyerview and opportunitieSlin Exp Allergy 201848(10):1255-1274.

3. Leonard “SA, Pecora V, Fiocchi AG, Nowskegrzyn A. Food proteimduced
enterocolitis syndrome: &view of the new guideline$vorld Allergy Organ J 201811(1):4.

4. Fontaine JL, Navarro J. Small intestinal biopsy in cows milk protein allergy amagf
Arch Dis Child«197550(5):357-362.

5. Savilahti E. Immunochemical study of the malabsorption syndravith cow's milk
intoleranceGut 1973,14(6):491-501.

6. Kuitunen P, Rapola J, Savilahti E, Visakorpi JK. Response of the jejunal mucosa to cow's
milk in the“malabsorption syndrome with cow's milk intolerance. A digirid electron
microscopic studyActa Paediatr Scand 197362(6):585-595.

7. Gonzalez LM, Moeser AJ, Blikslager AT. Porcine models of digestive diséeestuture

of large_animal translational researd¢hans Res 2015166(1):12-27.

8. CalbrixsR, Guernsey J, Schinckel A, Stewart T, Herman EM, Helm R. Develomhent
tools torstudy-immunenediated allergenic responses to food and fekd. \Wilson RF, editor.
Designing Soybeans for 21st Century Markets. Elsevier 2012:239-252.

9. Ezquerra A, Revilla C, Alvarez B, Perez C, Alonso F, Dominguez J. Porcine

myelomonocytic markers and cell populatioBsy Comp Immunol 200933(3):284-298.

This article is protected by copyright. All rights reserved



107
108

109
110
111
112

113
114
115

116
117
118

119
120
121

122
123
124
125
126

127

128
129
130
131

132

133
134

Seika Hashimoto-Hill, * Myunghoo Kim, " L eon Friesen,"**Kolapo M. Ajuwon,” Eliot
Herman, ® Allan Schinckel,*and Chang H. Kim?®"

'Department of Comparative Pathobiology, Purdue University, West Lafayétte, |
47907;2Department of Pathology, University of Michigan School of Medicine, Ann Arbor, Ml
48109:Mary"HyWeiser Food Allergy Center, University of Michigan School of MegicAnn
Arbor,

M 48109;4Department of Animal Science, Purdue University, West Lafayette, IN 47907,
U.S.A;>Schoolof Plant Sciences, University of Arizona, Tucson, AZ

*Equal contribution

**Correspondence to Chang Kim, Department of Pathology and Mary H. Weiser FoaglyAller
Center, University of Michigan School of Medicine, Ann Arbor, M1 48109, USA; Phone: 734-
647-8153; Email addresshhkim@umich.edu

Current address: MK (Department of Animal Science, Pusan National Unheddi63

Republic of Korea).

Author contributions: CHK, AS, and EH conceived the immunological study and obtained
funding. Immunological characterizations of the animals were perform&#HpWK, LF and
CHK. Animal derivation, maintenance, immunizations, oral challenge, and/or tissuegpi@pa
were carried.out by AS, KMA, and SH. SH, MK and LF prepared the data figuresdGifikd

the manuscript; and all were involved in completing the manuscript for submission.

Fundingrinfermation: This study was supported, in part, from grants from the Purdue College
of Veterinary Medicine, USDA NIFA (Grant no. 2015-67017-23140), and NIH (1R01AI1121302,
1R01DKO076616, and RO1AI080769). CK is the Kenneth and Judy Betz Endowed Professor at
the Mary H. Weiser Food Allergy Center at University of Michigan.

Conflict of interest: The authors declare fimancial or commercial conflicts of interest.

Acknowledgments. We thank the Purdue animal esce graduate students for their helpful

assistance with animal experiments and tissue preparation.

This article is protected by copyright. All rights reserved


mailto:chhkim@umich.edu�

135

136
137

138
139
140 Figurelegends

141  Figure 1. Differential soy-induced inflammatory responsesin two pig lines. (A) The soy

142  challenge group was sensitized with immunization i.p. with soy proteincex®@0ug) and

143  cholera toxin (CT, 2@g) and then challenged with 28% soy meal. Control groups received CT
144  only without soy proteinand were not challengeuith soy. (B) Representative histological

145 images of jejununof L1 and L2 pigswith eosinophil counts in challenged animals.

146  Representativeasinophils (black) and mononuclear cells/neutrophils (green) are highlighted
147  with arrows(C)Severe cases aftestinal inflammation il.2 animals *Significant differences

148  (p<0.05; n=8"per group).
149

150 Figure 2. Elevated levels of eosinophilsand Th2 cells and soy-diet-induced growth

151  retardation. Frequencies of eosinoph{l&) andTh2 cells(B) in L2 animals (C) Ex vivo

152  proliferationefperipheral bloo€CD4" T cells in response to soy proteins) (Browth rates of

153 L2 animalsen soy diet. For panel A-C, the data from animals challenged again on day 41 and
154  euthanized on day 42 were similar to those challenged once in FignilAherefore the data

155  were combinedFor panel D, weaned L2 pigs were placed on soy-free diet for 7 days and then on
156  soyfree or 18% soy didbr the next 21 days. *Significant differences (p<0.05; n=4-9 per

157  group).
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