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Abstract

Background: The innate immune system is activated at the onset of food protein-induced
enterocolitis syndrome (FPIES) symptoms. However, the precise mechanism through which
this immune response is initiated remains unclear.
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1. Introduction

Food protein-induced enterocolitis syndrome (FPIES) is a non-IgE-dependent food allergy
that causes gastrointestinal symptoms, such as vomiting, diarrhea, and blood loss, following
ingestion of food allergens!2. The introduction of allergenic foods early in life can prevent



the development of IgE-dependent food allergies®, and the prevalence of IgE-dependent food
allergies is decreasing. However, the increase in FPIES cases despite the early introduction of
such foods has become problematic?:5. The incidence of egg yolk-related FPIES has increased
in recent years, especially in Japan, contributing to a reduced quality of life. Therefore, there
is an urgent need to elucidate the pathogenesis of FPIES and establish effective prevention
and treatment strategies.

Since FPIES is a non-IgE-dependent allergy, the responses of antigen-specific T cells to the
food allergen have been extensively studied®. However, although FPIES was associated with
a significant increase in serum IL-17 family levels”—which is mainly secreted by Thl7 cells
and associated with neutrophil activation—cytometric analysis of peripheral blood has shown
activation not of antigen-specific T cells but of systemic innate immune responses, such as
increased neutrophil counts and activation of neutrophils, eosinophils, monocytes, and natural
killer cells®. Similarly, transcriptome analysis of the whole peripheral blood showed high
expression of genes related to innate immune responses in FPIES®.

To advance the pathogenetic analysis of FPIES, further research is needed on how innate im-
mune overactivation occurs in an antigen-specific manner. However, few studies have focused
on the time point before abnormal activation of innate immunity. This may be due to the
difficulty in evaluating immunological status using classical immunological analyses such as
flow cytometry or ELISA.

In this study, we aimed to elucidate the pathogenic mechanisms underlying FPIES symptom
development by examining the serum and salivary proteomic profiles of individuals with FPIES
before symptom onset. This study could provide empirical evidence of the potential causes of
FPIES.

2. Methods
2.1. Study design

This multicenter observational study was conducted in accordance with the principles of the
Declaration of Helsinki. The study protocol was approved by the Ethical Review Board of
Chiba University (Chiba, Japan; approval number: M10335). Written informed consent was
obtained from each participant and/or their guardian.

The exclusion criteria were a) complications of atopic dermatitis or bronchial asthma; b)
history of or current treatment for underlying medical conditions other than allergic diseases,
such as heart, liver, or renal disease; and c) [?]3.5 kUA /L specific IgE against egg yolk.

2.2. Sampling of clinical specimen

Whole blood was collected at 1 and 2 h after egg yolk ingestion and, if possible, at the onset of
acute FPIES symptoms from nine participants consenting to both serum and saliva collection;
eight participants consented only to saliva collection. Serum was separated from the blood,
divided into aliquots, cryopreserved, and stored frozen at < —20 °C until analysis.

2.3. Proteomic analysis

The Kazusa DN A Research Institute, a collaborating institution, performed proteomic analysis
of cryopreserved serum and saliva.
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2.3.1. Sample preparation for proteome analysis



JOUTAE TEEMAEATIOV VO TNEOTEOUE ovVaAPols wepe TeEpPOpUEd og OdcocpilfBed
npewovoAd-13 Boephd, 51 ool copnhes (17 copnies Begpope OP", 17 caunieg 1
7 aptep OP", avd 17 capniec 2 1 agptep OP") wepe diocored w 100 uM Tewo-H'A (nH
8.0) covrauwvivy 4% codiup dodecdh cLAgate (ZAX), 20 uM No™A, avd 10% acetovitet-
Ae (A°N) vowy o Buwopuntop BP-II (XONI" BIO, Kavayawa, Qanav). Tne =Etpoacted
npotewvg (40 py) wepe yvavtipied vowy o IIicpge BTA Ilpoteww Acocad Kt (Trneppo
Pionep TcevTiprg, Qoitnow, MA, TXA) at 200 vy/pA. Tre npotew eETpacte WEpPE
peduced witn 20 uM teio(2-capBodetndr)nnoonnive gop 10 wiv at 80 °°, porhowed B
aAxratiov witn 35 M odoacetaulde @op 30 wiv v Tne dapx. Ilpotewy muplLplcaTiov
avd diyeoTiov wepe meppopred Lowy tne XII3 petnodll. Tednrtic diyecTiov wag nep-
poped vowy 500 vy /A Tedrnow niatwup (Ilpopeya, Madicov, QI, TXA) ocpviynt
at 37 °°. Tne dvyeotc wepe nuplpied vowy TA-Twt IAB (TA Xcieveeg, Toxdo, Oanav)
AGGoREJLVY TO TNE LAVLUPUGTURER'C NEOTOGOoA. Trne nenTideg wepe EedLocOAEd v degdA
woktooe veoneviph yAdgcoh (AMNT) covrauwvivy 0.1% zpupluopoacetic acd (TPA)L?
avd yvavtipled vowy o BA acoad at 200 vy /uA.

To remove high-abundance proteins, 32 serum samples (9 samples before OFC, 9 samples 1
h after OFC, 9 samples 2 h after OFC, and 5 samples at symptom onset) were treated using
Topl4 Abundant Protein Depletion Mini Spin Columns (Thermo Fisher Scientific) following
the manufacturer’s instructions. The filtrates were dissolved in 100 mM Tris-HC1 (pH 8.0)
containing 4% SDS, 20 mM NaCl, and 10% ACN using the Bioruptor BR-II. The reduction and
alkylation of proteins and the SP3 method were performed as previously described. Peptides
were dissolved in 0.01% DMNG containing 0.1% TFA.

2.3.2. Liquid chromatography with tandem mass spectrometry (LC-MS/MS)

A" wog TERPOPUEDS witn SiyecTEd TENTIOES AoadeD SipegTAd wTto o 75 w X 30 g VavoA™
vavogamihiapdh cohupv (6Avv Tegnvolroyieg, Pigniovd, A, TXA) at 50 °° avd tnev
cenapated vowy o 100-pwy yeadievt (poPihe tnace A = 0.1% PA w watep, B = 0.1%
PA v 80% A'N) covoiwstivy op 0 v 7% B, 86 pwv 37% B, 93 ww 70% B, avd 100
piv 70% B at o phow pate o 150 vA/pwv ov av TAtiMoate 3000 PXAvavo A" cdotep
(Tneppo Pionep Scieviiprg). M /MY o¢ Tne eAUTED TENTIZES WAS TERPOPUEDS LOVY o
yvodpunore Opfitparn EEniopigc 480 ndLetd waoce onegtpopetep (Treppro Pionep Xcie-
vTiplg) ot o vopprah ATA owdow. Trne MXE1 occoav pavye ®wag COET TO o QUAN CGALY
o n/T 495-T745 at paocs pecoluTiov og 60,000, auto youv covteol (AI") Topyet op 3
X 108, avd pagipup vdegtiov Tipe o ‘Auto.’ MX2 wag nepgpopped at w/g 200-1,800,
pecoluTtiov o¢ 45,000, av AT™ topyet op 3 X 10°% (pafipvp wdegtiov Tipe og ‘Auto’),
avd @LEed vopuaiiled colliciov evepyd o 26%. Trne woohatiov widtn gop M2 wag
cet to 4 Tn. Pop tne 500-740 /T wwdow nattepV, oV ONTUIIEDS WIVE0W APPAVYEUEVT
wac voed w Jcapypold AIA (Ilpoteope oprwoape, ITopTtAavd, OP, TXA).
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2.3.3. Data processing

The raw data were searched against an in silico predicted spectral library using DIA-NN (ver-
sion 1.8.1, https://github.com/vdemichev/DiaNN). The in silico predicted spectral library
was generated from the human protein sequence database (UniProt id UP000005640, review-
ed, canonical, 20,591 entries, March 7, 2023, download). The spectral library was generated
using the following parameters: digestion enzyme, trypsin; missed cleavage, 1; peptide length,
7—45; precursor charge, 2—4; precursor m/z, 495—745; fragment ion m/z, 200-1800. Additional-



ly, “FASTA digest for library-free search/library generation,” “Deep learning-based spectra,
RTs, and IM prediction,” “n-term M excision,” and “C carbamidomethylation” were enabled.
For the DIA-NN search, the following parameters were applied: mass accuracy, 10 ppm; MS1
accuracy, 10 ppm; protein inference based on genes; utilization of neural network classifiers in
single-pass mode; quantification strategy using robust LC (high precision); cross-run normali-
zation set to “RT-dependent.” Additionally, “unrelated runs,” “use isotopologues,” “heuristic
protein inference,” and “no shared spectra” were enabled. The protein identification threshold
was <1% for both peptide and protein false discovery rates.

2.3.4. Statistics and bioinformatics

Protein expression was analyzed using Perseus software 1.6.15.0 (htt-
ps://maxquant.net/perseus/). Protein quantification data were log2-transformed and filtered
to ensure that at least one group contained a minimum of 70% valid values for each protein.
The remaining missing values were imputed using random numbers drawn from a normal
distribution (width = 0.3, downshift = 1.8). A two-tailed Welch’s t-test was used to compare
significant differences between the groups. Thep-values were corrected post hoc using the
Benjamin and Hochberg procedure for multiple comparison tests. Statistical significance was
set at p < 0.05.

For functional annotation and pathway enrichment analysis of differentially expressed pro-
teins, we utilized Enricher-KG!4, a knowledge graph and web server application apply-
ing gene set libraries from Enrichr!®. Gene Ontology (GO) biological process terms (htt-
ps://geneontology.org) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 2021 human
pathways (https://www.genome.jp/kegg/pathway.html) were used for the analysis. Statistical
significance was set at p < 0.05. Metascape'® (https://geneontology.org) was used for cluster
analysis of enriched ontologies of the top 150-rankeddifferentially expressed proteins and their protein—
protein interactions. The molecular complex detection (MCODE) algorithm!” was applied to
identify densely connected network components.

2.4. ELISA and statistical analysis

Serum proteasome levels were measured using a 20S/26S Proteasome ELISA Kit (Enzo Life
Sciences, Farmingdale, NY, USA). Serum levels of NEDD8 were measured using a Human
NEDDS8 ELISA Kit (MyBioSource, San Diego, CA, USA). Statistical analysis of the ELISA
data was performed using JMP Pro®) 15.2.1 software. The Mann—Whitney U test was used
to compare groups (two-sided), with p < 0.05 considered significant.

3. Results
4. Discussion

We aimed to clarify the pathogenesis of FPIES symptom development based on the serum
and saliva proteomic profiles before symptom onset. We observed a transient increase in se-
rum proteasome- and neddylation-related protein levels before the onset of FPIES symptoms,
possibly triggering the activation of various innate immune cell types at symptom onset. Re-
gardless of the onset of symptoms, high expression of proteins related to neutrophil activation
was found in the serum and saliva before symptom onset, suggesting that initial neutrophil
activation may not be necessary to initiate FPIES symptom development. However, it might
be prolonged and worsen the symptoms when they occur.

The novelty of this study lies in its use of proteomics to explore factors related to FPIES pa-
thogenesis up to symptom onset. FPIES is considered as triggered by specific antigens. After
symptom onset, there is an increase in IL-17 levels”, indicating Th17 cell activation. However,
the onset of FPIES symptoms within 1-4 h suggests that the initial response of FPIES may be



due to an innate rather than a cellular immune response. Moreover, early ingestion of allerge-
nic foods to prevent the development of IgE-mediated food allergies by inducing oral immune
tolerance (induction of antigen-specific regulatory T cells) may conversely be related to a hig-
her incidence of FPIES*5. Further, the relatively early acquisition of tolerance!®'® compared
with that in IgE-dependent allergy suggests that FPIES pathogenesis may be associated with
abnormal innate immunity activation, while the T cell-mediated immune response may be a
secondary event.

In our in-depth proteomic analysis, the levels of proteasome subunit- and neddylation-related proteins we-
re significantly increased in the sera of the OFC-positive group before FPIES symptom onset, suggesting
that pathways involving these proteins participate in symptom development. Both are involved in protein
degradation and regulation of inflammation, suggesting that key pathway activation events occur early after
exposure to the trigger food in FPIES patients.

The ubiquitin-proteasome system?®, which labels unnecessary or defective proteins polyubiquitin for sub-
sequent degradation to peptides via the proteasome, is responsible for selective non-lysosomal protein de-
gradation. The biologically functional proteasome complex has been detected in normal human blood plas-
ma/serum (known as the circulating proteasome) and is highly expressed in various diseases, including
malignancies, autoimmune disorders, sepsis, and other conditions?!. Notably, this is the first study to report
the high expression of proteasomes in allergic disease.

Neddylation is a post-translational modification that occurs when NEDDS, a ubiquitin-like protein, is co-
valently bound to a target protein??. Neddylation is catalyzed by Cullin family and non-Cullin proteins.
NEDDS and neddylation-related proteins are often upregulated in various diseases, such as cardiac, metabo-
lic, chronic liver, neurodegenerative, and immune-related diseases??. As with proteasomes, no reports exist on
the high expression of neddylation-related proteins in allergic diseases; however, they play a regulatory role
in inflammatory cytokine and interferon production during innate immune responses in various infectious
diseases. Neddylation-related proteins may also be involved in the innate immune response to trigger food
in FPIES.

Proteins related to neutrophil activation were upregulated in the serum and saliva after ingestion of the
trigger food. In the OFC-positive group, we observed high expression of proteins related to neutrophil
extracellular trap formation?® at symptom onset, which may trigger the previously reported increase in
peripheral blood neutrophil count and activation after symptom onset. However, the high expression of
proteins associated with neutrophil activation was also observed in blood and saliva samples of the OFC-
negative group, suggesting that neutrophil activation may be inconsequential in the development of FPIES
symptoms. Regardless, this is the first evidence in a proteomic study of neutrophil activation before the
onset of symptoms.

The present study has some limitations. First, we compared positive and negative groups in the OFC using a
specific quantity of trigger food (cooked egg yolk) rather than comparing healthy subjects and patients expe-
riencing egg yolk-induced FPIES. This approach was ethically justified because it avoided oral challenge tests
in healthy children and collecting blood and saliva samples. Although it was not feasible to examine protein
variation in FPIES relative to healthy subjects, in-depth proteomic analysis allowed for the examination of
a vast number of proteins, both in serum and saliva, revealing factors related to symptom induction. Se-
cond, MS-based proteomic analysis could not detect proteins of all molecular weights, such as cytokines and
chemokines, owing to its limited measurement range, which precluded evaluation of the IL-17 inflammatory
signature. Integrated analysis of the proteome using multiple advanced approaches for molecule and pathway
analysis is needed to elucidate FPIES pathogenesis. Finally, this study was designed with a small sample size
because only a few patients consented to collect both blood and saliva samples, as it is relatively invasive
to take multiple blood samples from infants during OFC, when symptom induction can occur. However, as
proteomic studies can be performed with high precision even with a small number of samples, we considered
that our serum data do reveal the proteomic profiles of FPIES. Nevertheless, analysis of a larger sample is
warranted to obtain detailed proteomic profiles and corroborate the results of the current study.



Taken together, our findings demonstrate that proteasome- and neddylation-related proteins were highly
expressed before the onset of FPIES symptoms, which has not been previously reported. The presence
or degree of this response to the trigger food may be related to FPIES onset, though further detailed
investigation of their involvement in pathogenesis is warranted.
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Tables
Table 1. Characteristics of study participants

not-yet-known not-yet-known not-yet-known unknown

All participants(N = 17) O

P

Participants consenting to both serum and saliva collection, n 9 4
Participants consenting to saliva but not serum collection, n 8 2
Female, % 58.8 5(
Age (months), median (IQR) 15 (13-17) 1
Height (cm), median (IQR) 76.0 (75.1-78.3) i
Weight (kg), median (IQR) 9.3 (8.7-10.1) 9.
Peripheral blood eosinophils (cells/uL), median (IQR) 290 (146-475) 3!
Serum total IgE (IU/mL) 4.0 (0.0-14.0) 1:
Egg yolk-specific IgE (kUA /L), median (IQR) 0.0 (0.0-0.33) 0.
Egg white-specific IgE (kUA /L), median (IQR) 0.0 (0.0-1.21) 0.
Duration between last symptom of FPIES due to egg yolk and OFC (weeks), median (IQR) 29 (25-37) 2
Time to symptom onset at OFC (minutes), median (IQR) 2
IgE-dependent symptoms at OFC, % 0 0

OR, odds ratio; CI, confidence interval; IQR, interquartile range. Odds ratios with 95% CI
not >1 and p< 0.5 are written in bold.

Figure legends

Figure 1. Serum proteins differentially expressed 1 and 2 h after OFC and at symptom onset
relative to before OFC

Colored areas in the volcano plots show differentially expressed proteins upregulated and downregulated (A)
1 h after OFC, (B) 2 h after OFC, (C) at symptom onset relative to before OFC in the OFC-positive group



and (D) 1 h after OFC and (E) 2 h relative to before OFC in the OFC-negative group. Proteome analysis of
serum samples was performed using four biological replicates for the OFC-positive group and five biological
replicates for the OFC-negative group.

Figure 2. Comparison of enriched ontology clusters among top 150-ranked proteins upregu-
lated 2 h after OFC between OFC-positive and OFC-negative group

We performed enrichment analysis using the top 150-ranked proteins upregulated 2 h after OFC. We selected
the term with the lowestp -value within each cluster as the representative term in the dendrogram. The
heatmap cells are colored according to theirp -values, and grey cells indicate a lack of enrichment for that
term in the corresponding gene list.

Figure 3. Protein—protein interaction network and MCODEs of merged proteins upregulated
2 h after OFC in the OFC-positive and OFC-negative group

Densely connected protein—protein networks were identified using the Molecular Complex Detection
(MCODE) algorithm in Metascape. Blue circles: proteins in Serum-UpPOS2. Red circles: proteins in
Serum-UpNEG2. The biological interpretation of each MCODE is presented in Table S1.

Figure 4. Enrichment analysis of proteins upregulated at symptom onset

Most relevant GO terms (pink bars) and KEGG pathways (gray bars) related to 73 proteins in serum-UpS,
but not in Serum-UpPOS2 or Serum-UpNEG2. Bar length represents the significance of the specific gene
set or term in the enrichment analysis using Enricher-KG.
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Figure 1. Serum proteins differentially expressed 1 and 2 h after OFC and at symptom

onset relative to before OFC

Colored areas in the volcano plots show differentially expressed proteins upregulated and
downregulated (A) 1 h after OFC, (B) 2 h after OFC, (C) at symptom onset relative to before
OFC in the OFC-positive group and (D) 1 h after OFC and (E) 2 h relative to before OFC in the
OFC-negative group. Proteome analysis of serum samples was performed using four biologi-
cal replicates for the OFC-positive group and five biological replicates for the OFC-negative

group.
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G0:0010256: endomembrane system organization
R-HSA-195258: RHO GTPase Effectors

G0:0030036: actin cytoskeleton organization

GO0:0001775: cell activation

R-HSA-2682334: EPH-Ephrin signaling

G0:0051493: regulation of cytoskeleton organization
R-HSA-76002: Platelet activation, signaling and aggregation
GO0:0009611: response to wounding

hsa04611: Platelet activation

G0:0010810: regulation of cell-substrate adhesion

WP306: Focal adhesion

G0:0045116: protein neddylation

G0:0032446: protein modification by small protein conjugation
R-HSA-8951664: Neddylation

Figure 2. Comparison of enriched ontology clusters among top 150-ranked proteins
upregulated 2 h after OFC between OFC-positive and OFC-negative group

We performed enrichment analysis using the top 150-ranked proteins upregulated 2 h after
OFC. We selected the term with the lowest p-value within each cluster as the representative
term in the dendrogram. The heatmap cells are colored according to their p-values, and grey
cells indicate a lack of enrichment for that term in the corresponding gene list.
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Figure 3. Protein—protein interaction network and MCODEs of merged proteins upregu-
lated 2 h after OFC in the OFC-positive and OFC-negative group

Densely connected protein—protein networks were identified using the Molecular Complex
Detection (MCODE) algorithm in Metascape. Blue circles: proteins in Serum-UpPOS2. Red
circles: proteins in Serum-UpNEG2. The biological interpretation of each MCODE is presented
in Table S1.
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Figure 4. Enrichment analysis of proteins upregulated at symptom onset

Most relevant GO terms (pink bars) and KEGG pathways (gray bars) related to 73 proteins in
serum-UpS, but not in Serum-UpPOS2 or Serum-UpNEG2. Bar length represents the signifi-
cance of the specific gene set or term in the enrichment analysis using Enricher-KG.
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Table_1.docx available at https://authorea.com/users/571877/articles/1192987-in-depth-
proteomic-profiles-prior-to-symptom-development-in-food-protein-induced-enterocolitis
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