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Objective: To provide a concise summary of current literature about gastrointestinal
immunopathology of food protein-induced enterocolitis syndrome (FPIES) and other non-
immunoglobulin E (IgE)-mediated food allergic diseases.

Data Sources: Data were extracted from PubMed, Medline, and Science Direct databases.

Study Selections: Original articles, review articles, and guidelines published in the recent five
years in peer-reviewed journals were summarized first. The original articles cited were
reviewed and relevant results were extracted.

Results: Patients with FPIES and non-IgE-mediated food allergic diseases developed vomiting,
diarrhea, and food aversion expelled food allergen from their body. Not only T helper type 2
(Th2) immunity, Thi, Th17, innate immunity, and epithelial mucosal barrier defect were also
important for the pathogenesis. Eosinophils, widely identified in the biopsy samples, were a key
player or late-recruited cells for tissue repairs in those diseases. Intestinal dysbiosis and their
metabolites stimulated enterochromaffin cells or enteroendocrine cells to produce serotonin,
interfering with intestinal motility and subsequently affecting brain function. FPIES and non-IgE-
mediated food allergic diseases were likely part of the atopic march. Allergic inflammation in
intestinal mucosa might result in subsequent inflammation in the airway mucosa, indicating the
theory of “one mucosa, one disease”.

Conclusion: The immune responses of FPIES and non-IgE-mediated food allergic diseases were
not limited in the gastrointestinal tracts, but also trigger wider inflammatory response beyond
the gastrointestinal tract. More research will be required for the systemic effect and intestinal
microbiome of those diseases.
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Introduction

Our immune system has evolved to protect us frorows external threats, whether
infectious (bacteria, viruses, and parasites),tberonoxious substances (venoms, toxins).
Allergy is defined as the consequence of a mistatgend/or exaggerated immune
response, often to intrinsically harmless or evendficial substances, such as fobds.
Based on the nature of the immune response, a@kergire categorized into
immunoglobulin E (IgE)-mediated, non-lgE-mediatadd mixed typé.This review will
focus on the gastrointestinal immunopathology obdfoprotein-induced enterocolitis
syndrome (FPIES), food protein-induced proctoc®lfifPIAP), and food protein-induced
enteropathy (FPE). We will also draw some compasswith eosinophilic esophagitis
(EOE), which is regarded as a mixed type food gitediseasé,and has been extensively

and thoroughly reviewed elsewhére.

The predominant symptoms of non-IgE-mediated fodtergic diseases are
gastrointestinal, including vomiting, diarrhea, atigsphagia, which from a teleological
perspective is consistent with the body attemptingeliminate allergens from the
gastrointestinal tractPatients with acute FPIES develop delayed ongetiteve vomiting
and sometimes diarrhea after food ingestion, atiénga with chronic FPIES, FPIAP, and
FPE typically present with diarrhea and/or bloothots.” EOE patients, in contrast, present
predominantly with abdominal pain, nausea, and tiagiin early childhood, often
progressing to dysphagia by adolescence and addlfhSome patients become sensitive
to the tastes and smells of allergic foods, exjmgstheir aversion and avoiding oral

intake®®
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Because of its increasing prevaleic8 non-IgE-mediated food allergy has become a
growing research field. In the first part of thieview, we will summarize the
gastrointestinal pathology and immune mechanismeath specific disease. In the
following section, we will review the associatiohtbe important enteric nervous system
neurotransmitter, serotonin, and the role of therotiiome in regulating it, and the
pathophysiology of the non-IgE-mediated food aler@/e will hypothesize a possible
mechanism of serotonin and the enteric nerve sy$tenkPIES, in particular. We will
review the association and possible function ofiregshils in non-lgE-mediated food
allergy. Lastly, we will discuss the associationween non-lge-mediated food allergic

diseases and IgE-mediated diseases, and suggest fesearch directions.
Gut immunity and non-IgE-mediated food aller gy

As summarized in Table 1, pathogenesis of non-Igiiated food allergy involves
not only type 2 T helper cells (Th2), but also itearhl, and Th1l7 immune responses.
Activation of T cells by antigen has been demonsttan patients with milk, soy, and rice
FPIES™ However, the specificity of this response has befeailenged as antigen-induced
T cell activation is also observed in many normalividuals*? Furthermore, by analyzing
antigen-activated cells following oral food chatyes (OFC) of FPIES, two groups have
independently demonstrated innate immune activagiorvivo — specifically following
positive but not negative challeng&s**By using mass cytometry analysis, Goswai
al., observed that numerous innate immune cellsydicy monocytes, neutrophils, natural
killer cells, and eosinophils were activated follog positive challenge. In contrast,
Mehr et al. found that Thl7-related transcription factors aytbkines, including signal

transducer and activator of transcription 3 (STAT8ansforming growth factor-beta
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(TGF-B), and interleukin (IL)-6, were upregulated duremgacute FPIES reactidhTaken
together, both innate immune responses and ThlT7ateddsignaling pathway are likely
playing a role in the pathogenesis of FPIES (Tdhleand Th2 cytokines or cells and
innate immunity cells and inflammatory cytokines ymalso be involved in the
pathophysiology of FPIAP and FPE.

Serotonin, enteric nerve system, and non-l1gE-mediated food aller gy

Serotonin is an important neurotransmitter in db#h central nerve system, where it
mediates mood stability, and the enteric nerveesystwhere it regulates intestinal
motility.*® More than 90% of serotonin is synthesized ancestar the enterochromaffin
cells or sensory enteroendocrine cells of the fimesand can be released by mechanical
pressure, nutrients, or noxious substances appbethe intestinal epitheliu: *®
Serotonin subsequently activates the enteric nerggstem triggering the peristalsis and
secretion of the intestinal tract or, in the calsa pathological stimulus, causing vomiting

and diarrhea to expulse irritants or food allergén

The receptors mediating the action of serotoninraanly classified into 7 major
groups. The 5-HT3 receptor, distributed in the pegral and central nerve system, is the
major receptor involved both in intestinal secnetamd motility and central nerve system
functions'’ 5-HT3 receptors are also expressed in immune mftatimatory cells such
as monocytes, T cells, and dendritic c&lIsTherefore, serotonin is poised to be

extensively involved in inflammatory and infecticnsestinal diseases: %

Accumulating evidence supports a role for serotonithe pathogenesis of FPIES.

First, ondansetron, a highly selective 5-HT3 antégfo most widely used for
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chemotherapy-induced vomiting, has been demondtritebe an effective treatment

resolving the acute manifestation of FPRES.

Second, serotonin has been demonstrated to irdesi¢h the balance between Th17
and regulatory T cell® As mentioned above, Mekt al., by comparing gene expression
changes before and after an oral food challengaodstrated that the key transcription
factor and cytokines of Th17 immune response, tioly STAT3, TGFB, and IL-6, were
all upregulated during an FPIES acute reactfonn the Thl7-mediated 2,4,6-
trinitrobenzenesulfonic acid-induced colitis rat def ondansetron had an anti-
inflammatory effect by blocking 5-HT3 recepfrThe imbalance between Th17 and

regulatory T cells caused by serotonin participatdbe pathogenesis of FPIES.

Third, serotonin is associated with eosinophils dadrier functions. Eosinophil
infiltrations have been observed in the histopatbichl findings of FPIES and FPIAP
(Table 1)® #® Serotonin has also been demonstrated to be a thetinofactor for
eosinophils. Serotonin also disrupts the barriercfion of mucosad? In an organoid
model, serotonin can disrupt the integrity of tseghageal barrier functici.Until now,
there is still no evidence showing that high lesekerotonin also disrupts the intestinal
barrier function, which is worth further researdterefore, serotonin is an important
mediator for the histopathological changes in FP#88 other non-IgE-mediated food

allergic diseases.

The gut-brain axis is a bidirectional interactiagtleeen our brain and intestine, and
the microbiome plays an important role in this &ighe gut microbiota regulates the
secretion of serotonin by interacting with the emtaromaffin cells in the coldfi.Yanoet

al. demonstrated that metabolites including shortrcHatty acids, such as butyrate, as

4
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well as the secondary bile acid, deoxycholate, ypeed by indigenous spore-forming
bacteria enhanced the production of serotonin frastonic enterochromaffin celfs.
Expression of tryptophan hydroxylase, a criticagépstof serotonin synthesis, was
upregulated after germ-free mice received intratdofusion of deoxycholate. Yareh al.
revealed spore-formin@lostridium from mice and humans had the capability to in@eas
the production of serotonin in the colonic enterodmaffin cells in micé? Meanwhile, Ye
et al. demonstrated that tryptophan catabolites, indmbel indole-3-carboxaldehyde,
produced by the gut microbiome, activated intestepithelial sensory enteroendocrine
cells and increased their secretion of serotbhilihe increase of serotonin activates

cholinergic enteric and vagus nerves, causing &see intestinal motility?

In Figure 1, we illustrate the hypothesis thatititeractions between gut microbiome
and enterochromaffin cells/enteroendocrine cellsigedserotonin production, which may
then play an important role in FPIES and other lgifHmediated food allergies. Intestinal
dysbiosis causes the overproduction of serotonthenintestinal tract, which is similar in
patients with inflammatory bowel disease or irrieabbowel syndromé&® Overproduced
serotonin causes dysregulation of the intestinalilityp subsequently inducing diarrhea
and/or vomiting:’ Serotonin attracts eosinophils into the gastrsiitial tract, presenting
as the typical histological findings of non-IgE-rimedd food allergy’ Serotonin also
interrupts the barrier integrity of the esophafjuSerotonin then affects the central nerve
system, resulting in food aversion, nausea, anditumgn either via stimulation of the
vagus nerve, cholinergic enteric nerves, and/oivelgl to the CNS via platelets where

serotonin can be storéd.

Gut microbiota and non-l1gE-mediated food aller gy
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Research about the gut microbiota alterations in-Ig&-mediated food allergic
diseases is very limited. Regarding FPIES, Ba&yel. claimed that the microbiota from
FPIES infants’ stool was enriched with bacterianfréhe Gammaproteobacteria and
Porphyromonadaceae families3? As for FPIAP, Kumagagt al. enrolled 15 exclusively
breastfeeding infants with blood-streaked stoolb.oA the infants had no evidence of
diarrhea, anal fissure, stool pathogens, or othedical condition and FPIAP was
diagnosed® When compared with 15 exclusively breastfeeding-matched healthy
controls, they found that the 15 FPIAP infants hadre Klebsiella spp., but less
Escherichia coli and Bacteroides fragilis in their stoof® Liu et al. performed fecal
microbiota transplantation in 19 FPIAP infants pectum and showed increased
microbiota diversity after transplantation. Afterechl microbiota transplantation,
Bacteroides, Escherichia, and Lactobacillus genera increased in FPIAP infants, and
Clostridium, Veillonella, Streptococcus, and Klebsiella genera decreaséd.The FPIAP
symptoms resolved in two days after fecal micrabimansplantation, and no relapse was
observed. There are no reports on dysbiosis in HaEher gut microbiome research is

required to investigate the precise mechanismtektmal dysbiosis in FPIES and FPIAP.
Eosinophils and non-1gE-mediated food aller gy

Eosinophils appear to be a common pathologicalfean non-IgE-mediated food
allergic diseases (Table 1). Colonic biopsies inlEHSP patients showed increased
eosinophil infiltration, and eosinophils were fregtly identified from infants with chronic
FPIES?® 3° Eosinophil activation was also identified followimpositive OFC in FPIES
patients®® In FPIAP patients, the characteristic finding bé trectosigmoid biopsy was

acute inflammation with 5 or more eosinophils pighlpowered field> As for FPE, even
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though the predominant histological findings weitous atrophy, eosinophil granule

major basic protein was significantly increasedtmbiopsy samples (Table ).

Eosinophils play a diverse role in our immune syst&raditionally, eosinophils are
regarded as an amplifier of type 2 immunity, playian important role in immune
defense from multicellular parasites (e.g., hellmsntticks) and in hypersensitivity
reactions (such as asthma and allergic rhinifi$l.C2 and Th2 cells produce IL-5 to
recruit eosinophil into the inflammatory sites awdivate the production of eosinopffil.
Eosinophil counts and associated mediators werstifebel as severity markers and
therapeutic targets in atopic diseases. One ob#st examples was asthma. However,
increasing evidence demonstrates that eosinoptelsnaportant for tissue remodeling
and repairment after an immune respotiddore research will be required to clarify the

precise role of eosinophils in non-IgE-mediateddfadiergic diseases.
Barrier function and non-IgE-mediated food aller gy

Barrier function impairment is one of the maniféistas observed in non-IgE-
mediated food allergies. For example, increaseekimal permeability was identified in
children with non-lIgE-mediated cow’s milk aller}.Even those cow’s milk allergic
infants with only cutaneous manifestations hadeased intestinal permeabilityy Before
food elimination, the permeability of the mucosanir FPE patients’ jejuna to horseradish
peroxidase was increased in vitro. The permeabiktyirned to normal after allergen
elimination?* The increase of intestinal permeability indicatbdt those infants have
altered intestinal epithelial barrier function, sad presumably by the intestinal
inflammation and villous atrophy secondary to tee/'s milk allergy®° Direct evidence

for barrier function change in FPIES and FPIARaking.
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Comparison of EoE with FPIES and other non-IgE-mediated food aller gy

EoE is an immune-mediated inflammatory diseaséhefesophagus characterized
by esophageal dysfunction and esophageal eosimopffiltration. EOE is regarded as a
food allergic disease because food is a commogdrigf EoE and food elimination is an
effective treatment for EoE#? EoE is by far the most well-studied entity in rigi and
IgE-mediated mixed food allergies. We will make arglel comparison of EoE with

FPIES and other non-lgE-mediated food allergicabss here.

FPIES, FPIAP, FPE, and EoE are different in sevetalical aspects. The
diagnosis of FPIES, FPIAP, and FPE usually begiurad infancy and early childhood
while the first peak of EoE diagnosis is somehaterlaaround 5 to 10 years in agé> **

* FPIES, FPIAP, and FPE commonly resolve over time EoE does ndt*> ****

Even though eosinophils were reported to be idedtiin FPIES and other non-
IgE-mediated food allergic diseas@s®® ¢ EoE is the only entity with a specific
pathological diagnostic criterion af 15 eosinophils per high power field on esophageal
biopsies® Eosinophil and its associated mediator and cy&skite.g. IL-5, IL-13, and
eotaxin-3) are important for the pathogenesis o Edut the role of eosinophils in

FPIES and other non-IgE-mediated food allergicaies are much less well defined.

Barrier impairment is another feature of EOE. Degl®io-1, a major component of
the desmosome maintaining epithelial cell-to-celhesion, is downregulated in EoE
patients! IL-13 in EoE patients induces the loss of desninglevia calpain 14° The
EoE patients also have decreased expression gfitg a crucial factor preserving the

epithelial integrity’” The barrier defect of EOE, measured by electtisalie impedance
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spectroscopy during endoscopy, was correlatedwidil esophageal eosinophilia and the
severity of EoE®® And as mentioned above, serotonin disrupts thegiity of the

esophageal barrier function in an organoid métiéh comparison, the evidence of
barrier dysfunction for FPIES or non-IgE-mediateabd allergic diseases are not

sufficient.

The esophageal microbiota associated with the patiesis of EOE is quite
different from that in FPIES and other non-IgE-nag¢eld diseases. When the bacterial
DNA was extracted from the biopsied sampMsisseria and Corynebacterium genera
were enriched in patients with active EOE, &re@ptococcus andAtopobium genera were
more common in non-EoE contrdfSWhen the bacterial DNA was extracted from the
capsule of the esophageal string tésemophilus genera were predominant and the
bacterial loads were higher in the untreated Eofieps>° Until now, no research
demonstrated that the EoE microbiota change waxciassd with serotonin production.
However, Wenet al. demonstrated that short-chain fatty acids produbg the
esophageal microbiome bound to free fatty acid ptece3 on pathogenic Th2 cells,

inducing the production of Th2 cytokines (e.g. ILH4-5, and IL-13) in EoE patients.
One mucosa, one disease: Non-1gE-mediated food allergy as part of atopic march

We believe that increasing evidence shows thatlgBrmediated food allergic
diseases are part of the disease spectrum assbcigte the atopic march.
Chronologically, FPIAP occurs early in infancy (Z2eks to 2 months), followed by
atopic dermatitis (eczema), FPIES, IgE-mediated] fatbergies, and later-on EoE and
asthma. To be specific, 40.4% of FPIES children éezkma, and children with FPIAP

had 1.5 times more with a history of eczema whenpaoed with healthy controfs* Su

9
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et al. demonstrated 23% of FPIES patients had a pasirpief FPIAP? Martin et al.
recently demonstrated that FPIAP infants, indepenftem its association with eczema,
were more than twice as likely to develop IgE-mestidood allergy, especially to cow’s
milk, the most common trigger of FPIAPHill et al. demonstrated that children with
atopic dermatitis, IgE-mediated food allergy, afidrgic rhinitis were at higher risk to
develop EoE later in their life. EOE was considet®d these authors to be a late
manifestation of the atopic marth.The loss-of-function mutation of filaggrin is
common to both atopic dermatitis and EoE — onédnefdossible mechanisms explaining
EoE as a late manifestation of the atopic mafcRadanoet al. reported that EoE
patients had higher probabilities to have symptoorapatible with FPIAP before 1 year
old.> Taking all those findings together, non-lgE-meeliafood allergic diseases are
intertwined with IgE-mediated diseases, as seerthiyodds ratios for comorbidity
summarized in Figure 2. While EoE is considere@ dste manifestation, FPIAP might
be the earliest presentation of the atopic mareknesarlier than IgE-mediated food
allergy (Figure 373 °>*We acknowledge that the precise mechanism of -askt FPIES,
FPIES that does not remit in young childhood, aadyeonset of inflammatory bowel
diseases are less well understood and are likehg mamplicated, and their roles in the

allergic march are not well defined. But these ddag of great interest in future studies.

The concept of “one airway, one disease” was pregpdsy Bacheret al. Most
asthmatic patients have concomitant allergic risiniand the allergic inflammation
occurring both in nasal and bronchial mucosa wadgdtive of the comorbidity? The
barrier defect, such as filaggrin in EOE and ataj@onatitis, was shared by IgE-mediated

and non-lgE-mediated allergic disea$e&oE triggered by aeroallergens in seasonal

10



228  allergic patients was another hint that esophagedlairway mucosal inflammation have
229  certain interaction in those patientgllergic cytokine profiles in the gastrointestinal
230 mucosa were similar to that in the airway mucosastfima patient¥.In a mouse model

231 of parasitic infection, inflammatory ILC2 inducew the intestine circulated to the lung,
232 contributing to type 2 immunit}? We believe that ILC2 would be a possible link

233  between non-lgE-mediated food allergy and otherrgdeliated allergy.

234 Although there is no direct evidence of their inmevhent in FPIES, FPIAP and
235 non-lgE mediated food allergies, Mucosal-associateariant T cells (MAIT) could play
236 an important role in the pathogenesis of these itond. MAIT cells are innate-like T
237  cells present in both blood stream and barrieaéisgcluding the intestine, oral, airway,
238 skin, and female genital mucoSaThey serve an important role in the cross-talkveen
239  diverse environmental factors, such as microbicand,the adaptive immune system, and
240 are considered crucial in homeostatic function adl vas inflammatory conditions.

241  Studies of MAIT cells function in non-IgE food aitges could be fruitful.

242 Invariant natural killer T cells (iINKT) are a unigwroup of T lymphocytes that are
243 activated by both microbial glycolipid antigens atidtary lipid from cow’s milk€? iNKT

244  could provide a clue in understanding the mechamiemFPIES, as well as FPIAP and
245  other non-IgE mediated food allergies. Furthermargigen-specific human Treg cells in
246  the lungs play an important role in regulating tafee versus allergy to minute quantities
247  of inhaled aeroallergef$.This not only provided insight into antigen-spicifreg cell

248 response, but also implicated potential therapestrategies in the treatment and

249  prevention of allergies. No such data exist fordf@dergens in the gastrointestinal tract.

11



250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

With the support from research in the future, wghhiextend the concept of “one airway,

one disease” into “one mucosa, one disedse”.

The association of non-1gE-mediated food allergy with IBD, celiac disease, and

EGID

Non-lgE-mediated food allergic diseases may alsee h@ome links with celiac
diseases and bowel inflammatory diseases, the @hdisease entities of intestinal
mucosa inflammation with underlying immune mechisis Our group observed that
FPIES patients had a higher prevalence of famistohies with inflammatory bowel
disease (IBD) (9.4% vs. 0.6%) and celiac diseasg¥{/vs. 0.75%) than the general
population’ In a large population-based prospective epidergiotd study of IBD
patients, either Crohn’s disease (CD) or ulceratigis (UC), were at increased relative
risk to have EoE (5.4 for CD and 3.5 for UE)n another case-control study, Miretzal.
found that patients with EOE alone, versus thogk toth IBD and EoE, were diagnosed
earlier and were male predomin&ht.Finally, Thompsoret al., found that children and
adults with celiac diseases were 16 times mordylitehave eosinophilic esophagiffs.
Although there are not yet well-characterized commeechanisms/pathways to explain
the possible link among EoE, celiac disease and, IB2 interplay among innate
immunity, regulatory T cell response, antigen-dniv@daptive immune reactions and
microbiome-derived inflammation likely plays a ratethe development of these clinical

conditions. Further studies are needed.

Overlapping features between chronic FPIES and FPE/Eosinophilic gastroenteritis.

12



271 Chronic FPIES s difficult to differentiate from EP and/or eosinophilic
272 gastritis/gastroenteritis (Table 2)Chronic FPIES usually has progressive vomiting and
273 bloody stools if the offending food is not elimiaedt The predominant symptom of FPIAP
274 is bloody stool. The typical symptoms of FPE areonlt diarrhea with malabsorption and
275  steatorrhea, but blood in stool is rarely ndtéds for eosinophilic gastroenteritis, food
276  intake is not acutely associated with symptoms,eosinophil infiltration of the mucosa is
277  necessary for the diagnosis of eosinophilic gésfgestroenteritis. Our group revealed that
278 23.2% of children with FPIES had a past historffBIAP? Further research is needed to
279  investigate the precise relationship between chr&RIES, FPIAP, FPE, and eosinophilic

280  gastroenteritis.
281  Conclusion

282 The dramatic rise in the prevalence of non-IgE-ratedi food allergies over the
283  past few decades cannot be explained by genetior§aaloné. Environmental and diet
284  changes have modified the microbiome of our skdapiratory, and intestinal mucosa. As
285 the proposed model in this review, these changesitantestinal microbiome may favor
286 the increased production of serotonin, with thessgient consequence to our gut
287 motility and feeding behavior. The original propgnmune responses to noxious

288  substances and parasites have turned increasogbact to the foods we need.

289 The basic immune responses of most non-IgE-mediatedl allergic diseases are
290  still not clearly understood. Even though eosintsplare widely identified in those
291 diseases, their role as a key player or as a &sponder to the exaggerated immune
292 response requires further research. FPIES, FPIAR, ather non-IgE-mediated food

293  allergic diseases behave as antigen-specific dgise&ven though MAIT cells, iNKT, or

13
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314

antigen-specific Treg are potential candidates, ghary sensor(s) of allergen is(are)
still unknown. More research about the immunopagiegis of non-IgE-mediated food

allergy is urgently needed.

Finally, non-IgE mediated food allergy likely shaudisease mechanisms with other
atopic and mucosal inflammatory conditions. Thegioal atopic march refers to the
natural history of allergic disease, initially peesed as atopic dermatitis, following by
asthma and allergic rhinitis. “One airway, one d&® suggests the close association of
allergic rhinitis and asthma. However, increasingdence suggests that the trivial
immune change of the gut also contributes subsinto respiratory allergic diseases.
EoE, an allergic inflammatory disease limited te #sophagus, has been suggested as a
late manifestation of the atopic march. We hypd#ieethat allergic inflammation within
the mucosa of either the respiratory tract or esbp@astrointestinal tract is
mechanistically related. The overlap of common ass and the additional associations
of these disorders with celiac disease and IBDCh&rrsuggest that common pathogenic
mechanisms of mucosal inflammation likely exist.eTéommon genetic or epigenetic
background is another possible link between thoseades. Gut microbiome association
and mucosa innate immune responses are likely eatcéimter of future research in
understanding the mechanisms of FPIES, FPIAP, g&hdr mon-IgE mediated food
allergies. Insight into the mechanisms of theseatis entities will help with developing
strategies to prevent allergic inflammation of thké mucosa, rather than treat them as

separated diseases.
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Table 1. Pathological and Immunological Charadiesgsof Non-IgE-mediated Food Allergic Diseases

FPIES

FPIAP

FPE

EoE

Pathological
findings

Upper endoscopic findings

: Colonoscopic findings:

Gastric edema, erythema,
and mucosal friability, and
erosion in vomiting and
failure-to-thrive infants.

Colonoscopic findings:
Decreased vascularity,
friability, ulceration, and
occasional crypt abscess i
those with rectal bleeding

Focal mucosal erythema,
friability, ulceration,
lymphoid nodular
hyperplasia, ecchymosis.

=]

Endoscopic findings:
Villous atrophy and crypt
hyperplasia on duodenal
and jejunal biopsy

Endoscopic findings:
Decreased vasculature,
white plaques, linear
furrows, stricture, ring
formation.

Pathological findings:
Esophageal biopsy 15
eosinophils/hpf

Cytokine milieu

From mucosal biopsy:
} TNF-x
y TGF-5 receptor

From serum:

? IL-10

} IP-10 (CXCL-10)

| Latent TGF{ produced
by PBMCs in response to
food protein

From colonic biopsy:
} CXCL13 (B cell
attractant)

} CCL11 (eotaxin-1)
» IL-6

From sera:
| Interferon-y /IL-4 ratio

From jejunal biopsy:
» IFN-v and IL-4 in
jejunal biopsy

From duodenal biopsy:

* eosinophil granule major

basic proteins

Y IL-4

M IL-5

M IL-13

} CCL26 (eotaxin-3)

Cellular changes

} Eosinophils in intestinal
biopsies, blood, and stool
} Lymphocytes, plasma
cells, polymorphonuclear
leukocytes in those with
rectal bleeding.

From colonic biopsies:

» CD3+ cells

} Eosinophils£ 5
eosinophils/hpf),
Neutrophil, lymphocytes.

From sera:

From jejunal biopsy:

} Lymphocytes, plasma
cells, eosinophils, activate
CD4+ cells,

} Eosinophils
} Mast cells
l 1 Th2 cells

P INKT
}ILC2




After a positive OFC,
innate immune cells were
activated. Innate immune
gene and Thl7-related gel
were upregulated.

} Eosinophils
I T regulatory cells
} Ratio of naive to

“?‘nemory T cells
CDA4+ cells shifted toward
Th2

From duodenal biopsy

} Cytotoxic lymphocytes
M IL-13 secreting
lymphocytes

Immunoglobulin

| Food-specific levels of
IgG, 1gG4, and IgA in
peripheral blood

« 2-12% patients have
coexisting IgE-mediated
food allergy or

} IgA-bearing cell in
mucosal biopsies

No evidence for role of IgH

sensitization.

From serum:
} Food-specific IgA

From jejunal biopsy:

} IgA-and IgM-containing
cells

No association with IgE

1 1gG4, as well as other
subtypes of IgG

1 1gA

1 igM

Adapted and modified from Feuille et al. Curr AffgrAsthma Rep (2015)15:50.




Table 2. Comparison of chronic FPIES, FPE, andnepsiilic gastrointestinal disease

Chronic FPIES FPE Eosinophilic gastrointestinakdse
Symptoms
Vomiting Intermittent but progressive Intermittent Intermittent
Diarrhea Moderate Severe Moderate
Bloody stool Occasional Rare Sometimes
Failure to thrive In severe form Moderate Occadiona
Laboratory findings
Anemia Moderate Moderate Mild-to-moderate
Hypoalbuminemia In severe form Moderate Mild-to-aey
Methemoglobinemia Occasional in severe form No No
Peripheral blood eosinophilia No No Present
Stool occult blood Frequently No Sometimes
Malabsorption/Stool reducingNo Yes No
substances
Food intake association Yes Yes No

Diagnosis

Vomiting and diarrhea Patients with
subsided after triggering foodmalnutrition and
elimination. Acute FPIES malabsorption with
symptoms (delayed vomiting villous atrophy and
with lethargy and pallor) crypt hyperplasia in
developed after triggering  biopsied samples.
food reintroduction.

Biopsy demonstrated increased
eosinophils in the samples.




Central Nerve System:
« Food aversion
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Spore-Forming Bacteria
TIncrease serotonin

Enteric Nerve System:
« Peristalsis
« Secretion

of intestinal glands
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Figure 1. Serotonin might be the key mediator participating in the FPIES and non-IgE-
mediated food allergic diseases. Intestinal dysbiosis increased the production of serotonin
in the enterochromaffin cells or sensory enteroendocrine cells. And then, serotonin
affects the peristalsis in the intestine and induced nausea, vomiting, and food aversion in
the central nerve system. FPIES: Food protein-induced enterocolitis syndrome; I1gE:

immunoglobulin E.

Figure 2. The hazard ratio matrix demonstrated the effect of primary allergic diagnosis
on the likelihood of secondary allergic diagnosisin children. AD: Atopic dermatitis; |gE-
FA: immunoglobulin E-mediated food alergy; EoE: Eosinophilic esophagitis; AR:
Allergic rhinitis, FPIAP: Food protein-induced allergic proctocolitis. The hazard ratio
presented in this figure were adapted from Martin et al. 2020*, Hill et al. 2018°*, and
Radano et al. 2014,

Figure 3. The proposed new atopic march including IgE-mediated atopic disease and
non-1gE-mediated food allergy. Food protein-induced allergic proctocolitis (FPIAP) is
the earliest manifestation in the atopic march, and eosinophilic esophagitis (EOE) isthe
late manifestation in the march. AR: Allergic rhinitis; AD: Atopic dermatitis.



Key M essages.

Non-IgE-mediated food allergic diseases are paatabic march, indicating “one
mucosa, one disease”.

Not only Th2 immune responses, Thl, Th17, innataumity, and epithelial
mucosal barrier defect are important for immunopgémesis.

Serotonin, a key mediator of the gut-brain axiaypla role in the pathogenesis of
FPIES and other non-IgE-mediated food allergicaiss.

Eosinophils, widely identified in FPIES and non-igtediated food allergic
disease, are key amplifiers of type 2 immune respswr late-recruited cells for
repair, which require further researches.

Cells sensing food allergen and further intestmedrobiome researches are

required.



