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Abstract

Background: Food protein-induced enterocolitis syndrome (FPIES) is a non-IgE-mediated food 

allergy characterized by profuse vomiting within hours of ingestion of the causative food. We 

have previously reported that FPIES is associated with systemic innate immune activation in the 

absence of a detectable antigen-specific antibody or T cell response. The mechanism of specific 

food recognition by the immune system remains unclear.

Objective: To identify immune mechanisms underlying FPIES reactions by proteomic and flow 

cytometric analysis of peripheral blood.

Methods: Children with a history of FPIES underwent a supervised oral food challenge. Blood 

samples were taken at baseline, upon symptom onset, and 4 h post-symptoms. We analyzed 

samples from 23 children (11 reactors, 12 outgrown). 184 protein markers were analyzed by 

proximity ligation assay and verified by multiplex immunoassay. Analysis of cell subset activation 

was performed by mass cytometry and spectral cytometry.

Results: Symptomatic FPIES challenges were associated with significant elevation of cytokines 

and chemokines including IL-17 family markers (IL-17A, IL-22, IL-17C, CCL20), T cell 

activation (IL-2), and innate inflammatory markers (IL-8, Oncostatin M, LIF, TNFα, IL-10, IL-6). 

The mucosal damage marker REG1A was also significantly increased. These biomarkers were not 

increased in asymptomatic challenges or IgE-mediated allergy. Phospho-STAT3 was significantly 
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elevated in myeloid and T cells post-challenge in individuals with symptoms. Mass cytometry 

indicated preferential activation of non-conventional T cell populations, including γδ T cells and 

CD3+CD4-CD8-CD161+ cells, however the potential sources of IL-17 in PBMCs were primarily 

CD4+ Th17 cells.

Conclusions: These results demonstrate a unique IL-17 signature and activation of innate 

lymphocytes in FPIES.

Capsule Summary:

Symptomatic FPIES challenges resulted in a systemic release of markers associated with an innate 

IL-17 response and mucosal barrier damage.

Keywords

Food protein-induced enterocolitis syndrome (FPIES); oral food challenge; proteomics; Th17; 
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Introduction

Food protein-induced enterocolitis syndrome (FPIES) is a non-IgE-mediated food allergy 

that commonly presents in infancy 1. Although typically outgrown in the first years of life, 

symptoms can persist into adolescence and adulthood. An adult-onset form of FPIES to 

shellfish has also been described 2. Cow’s milk is the most common trigger of FPIES in 

infancy, however a wide range of foods can trigger reactions, and these foods show limited 

overlap with foods that induce IgE-mediated food allergy 3–5. FPIES reactions involve 

profuse, repetitive vomiting within 1–4 hours of food ingestion, and patients with severe 

reactions may experience shock-like symptoms including lethargy and pallor.

The mechanisms responsible for immune recognition of FPIES food triggers remain unclear. 

An increase in circulating neutrophils 4 hours post-challenge is part of the criteria for 

defining positive FPIES oral food challenges (OFC)1. We have also found that acute FPIES 

reactions are associated with a broad systemic innate activation, including neutrophils, 

monocytes, eosinophils, and pan-lymphocyte activation observed 4 h after symptom onset 
6. This was supported by work from Mehr et al describing changes in innate inflammatory 

gene expression in whole blood after an FPIES OFC 7. There is no detectable food-specific 

antibody response in acute FPIES, and there is a lack of direct evidence for a pathogenic 

antigen-specific T cell response 6, 8, 9. To obtain a better understanding of immune 

mechanisms associated with symptoms in FPIES, we measured a broad panel of biomarkers 

in serum of patients undergoing a supervised OFC and examined these markers at baseline, 

at symptom onset, and 4 h post-symptoms.

Results/Discussion

Patients with a history of FPIES were challenged as part of their clinical care to determine 

if reactivity to foods had been outgrown. Since 07/2014, biospecimens from 68 OFCs 

had been collected. Pre/post serum samples were available for 11 positive reactions, and 

specimens from 12 asymptomatic challenges from those with outgrown FPIES were selected 
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as controls. Additional patient information is shown in Table E1. Participants ranged in age 

from 1.5 to 16 years. Serum samples were obtained at baseline (T0), at time of symptoms 

(Ts, approximately 2 h after challenge), and 4 h after symptom onset in those with reactions 

(Ts+4). In those with no symptoms, a second serum sample was obtained prior to discharge, 

approximately 4 h after challenge (T+4). We used two panels to measure a total of 184 

biomarkers by proximity ligation assay (Olink). Results were analyzed first by comparing 

post-challenge values to baseline in those with active FPIES. At 4h post-symptoms, 14 

biomarkers were significantly different (q value <0.05) compared to baseline (Table 1, 

Figure 1A). Three of the top four differentially expressed analytes were in the Th17 pathway 

(IL-17A, IL-17C, CCL20). IL-23 was below the level of detection. The most differentially 

expressed protein (by q value) was REG1A, which is expressed in the pancreas and intestine 

and regulates mucosal barrier function downstream of the Th17 cytokine IL-22. Consistent 

with previous reports 10, IL-2 was also increased after a FPIES reaction. Chemokines 

produced by intestinal epithelial cells (CCL25, CXCL9, IL-8) were increased, as were a 

number of innate cytokines known to be produced by monocytes (IL-6, IL-10, OSM, LIF, 

TNF). At symptom onset, IL-17A, IL-8, and IL-2 were significantly elevated (Table 1, 

Figure 1A). In samples obtained post-challenge from asymptomatic challenges (outgrown 

FPIES), no biomarkers were significantly elevated compared to baseline (Table 1, Figure 

1A).

To verify key changes using a quantitative assay, we measured serum cytokines by multiplex 

immunoassay. As shown in Figure 1B, IL-17, IL-22, and IL-2 were significantly elevated 

during symptomatic but not asymptomatic FPIES challenges. As a disease specificity 

control, we used 10 samples from children undergoing a double-blind placebo-controlled 

peanut challenge who experienced vomiting during their peanut challenge. Cytokines 

associated with FPIES challenge were unchanged during IgE-mediated reactions to peanut 

(Figure 1B). IL-17, IL-22, and IL-2 values were highly and significantly correlated with 

each other (Rs=0.84, p = 3×10−9, (IL-17/IL-22), Rs=0.77, p=1 × 10−11 (IL-17/IL-2).

To assess the impact of elevated cytokines on peripheral immune cells, we examined cell 

subsets in whole blood obtained before and after OFC by mass cytometry. We used surface 

markers and detection by intracellular phospho-proteins (p38, ERK1/2, STAT1, STAT3, 

STAT6). Markers are shown in Table E2. STAT3 was significantly elevated post-challenge 

in individuals with reactions but not individuals who tolerated the challenge (Figure 2A,B). 

Signaling was observed in myeloid cells (eosinophils, neutrophils, monocytes), pDCs, and 

CD4+ T cells. Gating of cell subsets is shown in Figure E1. STAT3 is downstream of 

signaling through IL-6, IL-10, LIF, and OSM, all elevated in FPIES reactions. This suggests 

that the systemic innate immune activation observed in FPIES reactions, including pan-T 

cell activation, is likely mediated by cytokines. To determine if IL-17 had systemic effects 

during FPIES reactions, we examined target genes downstream of IL-17 from our previously 

published dataset of RNA sequencing of whole blood pre/post challenge 6. We observed 

significant upregulation of the S100A8 and S100A9 genes, and MMP9, all known IL-17 

target genes (Figure 2C).

The next question was the potential source of IL-17. We had previously not been able to 

detect increased food antigen-responsive T cells in peripheral blood 6, consistent with other 
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findings 9. In addition to CD4+ Th17 cells, mucosal associated invariant T cells 11, γδ T 

cells12, and ILC3s 13 have been described as sources of IL-17. We re-analyzed previously 

published mass cytometry data where we had used activation markers to identify cells 

activated during challenge 6. We gated on CD4+CD45RA-CD161+ cells to enrich for Th17 

cells, CD3+CD4-CD45RA-CD161+ cells to enrich for invariant mucosal T cells, and γδ T 

cells. Using the activation marker CD69, we observed that the greatest degree of activation 

post-challenge was observed in γδ T cells and CD161+CD4- T cells (Figure 3A). However, 

activation does not necessarily equate with cytokine production.

We were not able to examine IL-17 production in vivo from any of our whole blood 

mass cytometry samples as the samples were fixed prior to storage. To assess the potential 

of different cell subsets for IL-17 production in active and outgrown FPIES subjects, we 

stimulated PBMCs with PMA or anti-CD3/CD28 prior to staining with cell subset markers 

and intracellular cytokines (Table E3). We first gated on all IL-17+ cells after stimulation 

(first gating on live singlets) and examined cell subset markers (Figure 3B). We compared 

marker expression in IL-17+ cells versus all live cells. This approach was used to determine 

the dominant features of IL-17-positive cells. There was enrichment of CD4, CCR6, and 

CD161 in the IL-17+ population compared to all cells after stimulation with anti-CD3/

CD28, but no enrichment of CD8, γδ TCR or CD56. A similar pattern was observed after 

PMA stimulation (with the exception of CD4, which was downregulated by PMA). These 

markers are consistent with conventional Th17 cells.

We next gated known cell populations to examine IL-17 expression (gating shown in 

Figure E2). IL-17 was primarily restricted to the memory CD4+CD45RA-CCR6+ or 

CD4+CD45RA-CD161+ compartment after stimulation with anti-CD3/CD28 or PMA, 

consistent with conventional Th17 cells (Figure 3C). The finding of correlated release of 

IL-2, IL-17 and IL-22 in serum are also consistent with Th17 cells as the source of IL-17. 

There was no significant difference in the quantity of IL-17 expressed by T cell subsets from 

active or outgrown FPIES subjects after stimulation with anti-CD3/28 (Figure 3C) or PMA 

(Figure 3E). We enriched for ILCs by gating on lineage negative (CD3-CD19-CD14-CD16-

CD123-) CD127+ CD25+ cells. Although we did not have ILC3-specific markers, there was 

no IL-17 expression in this compartment after PMA stimulation (data not shown). IL-10 and 

TNFα, produced by Tregs and all T cell subsets, respectively, were not different between 

active and outgrown FPIES (Figure 3D and not shown). IL-17/TNFα co-expression was 

also not different between FPIES and outgrown samples when stimulated with polyclonal 

stimulation (not shown). We do not find evidence for an aberrant source or quantity of IL-17 

produced after polyclonal stimulation. Thus, the exaggerated type 17/inflammatory response 

seen during FPIES reactions is elicited with specificity (to food exposure in vivo) rather than 

hyperresponsiveness to polyclonal or innate stimuli.

We and others have tried without success to identify a pathogenic antigen-specific T cell 

response to foods in FPIES using ex vivo stimulation of peripheral blood 6, 9. This approach 

is successful at detecting responsive Th2 cells in IgE-mediated food allergy 14, 15. Others 

have observed a Th2 response together with TNFα and IL-6 in FPIES 8, 16, but these 

results have failed to provide distinguishing characteristics of the T cells compared to 

IgE-mediated food allergy or atopic controls. We speculate that the pathogenic T cell 
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response to foods is restricted to tissue resident memory cells that are not detectable in 

peripheral circulation. In celiac disease, another non-IgE-mediated food-triggered disease, 

antigen-specific T cells are observed in circulation after 6–14 days of gluten challenge 17, 18. 

Tissue-resident human CD4+ T cells in the gastrointestinal tract persist over a long period of 

time, are polyfunctional cytokine producers including IL-17, and can also produce perforin 

and granzyme capable of mediating gastrointestinal mucosal damage 19, 20. In the absence 

of access to gastrointestinal tissue in FPIES (endoscopy and biopsy are not required for 

diagnosis or management), a prolonged low-dose exposure to the food may be necessary to 

dislodge T cells from the tissue or expand them such that they can be observed ex vivo.

In summary, we found that FPIES reactions were associated with a release of pro-

inflammatory cytokines including IL-17 family cytokines. Functional enrichment analysis 

(KEGG pathways) of the upregulated markers identified IL-17 signaling (p=7.7 × 10−13) 

and rheumatoid arthritis (p=5.8 × 10−13), indicating shared inflammatory pathways with 

IL-17-mediated autoimmune disease. The release of cytokines was associated with signaling 

in myeloid cells and CD4+ T cells in peripheral blood and changes in gene expression in 

peripheral blood. We speculate that pathogenic T cells specifically activated by foods are 

restricted to the intestinal mucosa, hindering detection and phenotypic analysis of these cells 

in peripheral blood.
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Refer to Web version on PubMed Central for supplementary material.
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OSM oncostatin M
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Key Messages:

• Acute FPIES reactions are associated with an elevated IL-17 pathway 

response detectable at symptom onset and persisting through symptom 

resolution.

• STAT3 activation demonstrated systemic cytokine activity, and IL-17 target 

genes were found to be upregulated by mRNA expression in whole blood.

• FPIES reactions were associated with activation of CD3+CD4-CD8- CD161+ 

and γδ+ T lymphocytes, however potential sources of IL-17 include Th17 

cells.
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Figure 1: Biomarkers in serum during FPIES challenges.
A.Biomarkers measured by Olink were measured in blood taken at baseline (T0), time of 

symptom onset (Ts), and 4 h after symptoms (Ts + 4). In those who tolerated the challenge 

(Outgrown, in blue), blood was obtained at baseline (T0) and 4 h after challenge (T+4). Data 

are expressed as normalized protein units (Log2 scale). Within group analysis by paired T 

test, between group analysis by T test. *p<0.05, **<0.01, ***<0.001, ****<0.0001. Each 

data point is one individual. B. Multiplex immunoassay detection of IL-17, IL-22, and IL-2. 

For additional disease controls, serum samples from 10 peanut allergic (PA) children who 
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experienced vomiting during peanut challenges were measured. Within group analysis by 

Mann-Whitney U test.
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Figure 2: Functional impact of cytokine release.
A: Representative histograms showing p-STAT3 in identified subsets at baseline (blue) and 

4 h after symptoms (orange) as measured by mass cytometry. B: summary data of median 

intensity of STAT3 in cell subsets before and after challenge, in those with active (n=4) or 

outgrown (n=3) FPIES. C: Expression of IL-17A target genes measured by RNA sequencing 

of whole blood obtained before or after FPIES challenge. Each dot indicates one patient. 

*p<0.05 by paired analysis.
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Figure 3: Source of IL-17A in peripheral blood after stimulation.
A. T cell subset activation in peripheral blood as defined by CD69 upregulation. B. To 

assess potential sources of IL-17, PBMCs from active or outgrown FPIES were stimulated 

with anti-CD3/CD28 or PMA for 6 h. IL-17+ live singlets were gated, and expression of 

cell surface markers compared to all live singlets. Left: Quantification of enrichment of 

each marker across 8 samples. Right: Representative heat map of the transformed ratio of 

expression of markers under CD3/28 or PMA stimulation conditions comparing IL-17+ cells 
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to all live singlets. C-E: T cell subsets were gated manually and IL-17 (C) and IL-10 (D) 

expression quantified after stimulation with CD3/CD28 (C,D) or PMA (E). (n=4/group)
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Table 1:

Differentially abundant plasma biomarkers

Ts+4 vs T0 Ts vs T0 T4 vs T0 (Outgrown)

P value Difference q value P value Difference q value P value Difference q value

REG1A 0.00000 1.649 0.000 0.0479 0.4157 >0.99 0.945 0.014 >0.99

IL-17A 0.00000 3.879 0.000 0.00008 3.042 0.004 0.0623 0.814 >0.99

CCL20 0.00004 3.888 0.002 0.01238 2.399 0.145 0.1227 0.960 >0.99

IL-17C 0.00006 4.648 0.002 0.21497 1.028 0.963 0.1153 0.682 >0.99

IL8 0.00017 2.809 0.004 0.00001 3.498 0.001 0.0220 0.913 0.839

CXCL9 0.00193 1.450 0.021 0.53305 0.172 0.963 0.8391 −0.059 >0.99

IL10 0.00152 1.664 0.021 0.18411 0.376 0.950 0.5412 0.175 >0.99

IL2 0.00183 2.271 0.021 0.00064 1.722 0.020 0.3822 0.126 >0.99

IL6 0.00161 1.779 0.021 0.03533 1.198 0.289 0.0063 1.588 0.611

OSM 0.00223 1.769 0.021 0.52136 0.331 0.963 0.8642 −0.062 >0.99

LIF 0.00295 0.614 0.025 0.01899 0.191 0.177 0.1598 0.394 >0.99

CCL25 0.00672 0.740 0.048 0.26773 0.254 0.963 0.9124 −0.023 >0.99

TNF 0.00673 0.767 0.048 0.00721 0.729 0.120 0.9850 0.014 >0.99

HGF 0.00761 0.591 0.050 0.44960 0.134 0.963 0.2414 −0.131 >0.99

CCL4 0.00982 1.152 0.056 0.00773 1.299 0.120 0.7342 0.094 >0.99

TGF-a 0.00981 1.359 0.056 0.16102 0.450 0.950 0.9260 −0.023 >0.99

CCL3 0.02001 0.923 0.108 0.01488 1.028 0.155 0.5454 0.150 >0.99

CXCL1 0.03006 0.729 0.152 0.01185 0.781 0.145 0.6001 −0.161 >0.99

MCP-1 0.04146 1.061 0.198 0.00479 1.358 0.112 0.2082 0.382 >0.99

Difference = normalized protein units (Log2 scale). Significant values bolded. T0 = baseline, Ts = Time of symptoms, Ts+4 = 4 hours after 
symptoms. In asymptomatic (outgrown) challenges, a single post-challenge sample was obtained 4 hours after challenge (T4).
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