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Abstract

Introduction: Food allergic reactions can be severe and potentially life-threatening and the
underlying immunological processes that contribute to the severity of reactions are poorly
understood. The aim of this study is to integrate bulk RNA-sequencing of human and mouse
peripheral blood mononuclear cells during food allergic reactions and in vivo mouse models of
food allergy to identify dysregulated immunological processes associated with severe food allergic
reactions.

Methods: Bulk transcriptomics of whole blood from human and mouse following food allergic
reactions combined with integrative differential expressed gene bivariate and module eigengene
network analyses to identify the whole blood transcriptome associated with food allergy severity.
In vivo validation immune cell and gene expression in mice following IgE-mediated reaction.

Corresponding Author: Professor Simon P. Hogan, PhD, Mary H Weiser Food Allergy Center, Department of Pathology, Michigan
Medicine, University of Michigan, 109 Zina Pitcher Place, Ann Arbor, MI 48109-2200, F: 734-615-2331. sihogan@med.umich.edu.
Authors contributions: AS, MR, ST, AY, VG, JK conducted experiments, acquired data, analyzed data and interpreted. CFS, SB, PK
analyzed data and helped interpret clinical data. SPH analyzed and interpreted data and wrote the manuscript.

Conflict of Interests: The authors have declared that no conflict of interest exists.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sharma et al. Page 2

Results: Bulk transcriptomics of whole blood from mice with different severity of food allergy
identified gene ontology (GO) biological processes associated with innate and inflammatory
immune responses, dysregulation of MAPK and NFkB signaling and identified 429 genes that
correlated with reaction severity. Utilizing two independent human cohorts, we identified 335
genes that correlated with severity of peanut-induced food allergic reactions. Mapping mouse
food allergy severity transcriptome onto the human transcriptome revealed 11 genes significantly
dysregulated and correlated with severity. Analyses of whole blood from mice undergoing an
IgE-mediated reaction revealed a rapid change in blood leukocytes particularly inflammatory
monocytes (Ly6C Ly6G™) and neutrophils that was associated with changes in CLEC4E,
CD218A and GPR27 surface expression.

Conclusions: Collectively, IgE-mediated food allergy severity is associated with a rapid innate
inflammatory response associated with acute cellular stress processes and dysregulation of
peripheral blood inflammatory myeloid cell frequencies.
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Introduction

Severe food allergy-related reactions, termed food-triggered anaphylaxis, are serious life
threatening reactions responsible for 30,000-120,000 emergency department visits, 2,000

- 3000 hospitalizations, and approximately 150 deaths per year in the United States 1-2.

The onset of symptoms are variable, occurring within seconds to a few hours following
exposure to the casual dietary allergen, and often affects multiple organ systems including
gastrointestinal (GI), cutaneous, respiratory and cardiovascular 3. The recommended
treatment for these food allergies is strict food avoidance and ready access to self-injectable
epinephrine 4; however, accidental ingestion is unfortunately common 58,

The unpredictable nature and the daily risk for potential life-threatening reaction causes food
allergy suffers and caregivers to experience significantly impaired quality of life 10, The
poor quality of life combined with limited therapeutic options have led to intensive focus
on the development and usage of approaches such as skin prick test (SPT), food specific
IgE levels and basophil activation test (BAT) to accurately predict food allergy diagnosis,
the likelihood of having a reaction and the severity of food allergic reactions. However,

the utility of these approaches to predict food threshold dose and food reaction severity

are somewhat conflicting 11-15, Furthermore, while there has been significant advancement
in the understanding of the immunological processes that underlie food sensitization and
effector phase of IgE-FceRI-dependent mast cell (MC) degranulation the contribution of
immunological pathways and processes to the severity of a food allergic reaction are poorly
understood.

We have previously described a passive model of IgE-mediated oral antigen-induced food
reaction whereby intestinal 1L-9 transgenic mice are administered antigen specific IgE (anti-
TNP-IgE) and subsequently challenged with a single oral dose of antigen [TNP-ovalbumin
(OVA)] inducing an acute allergic reaction characterized by gastrointestinal (GI) and
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systemic symptoms 16, Furthermore, we have demonstrated that severity of the IgE-mediated
reaction is dependent on IL-4-priming of the vascular endothelial compartment 17. Herein,
we have utilized this experimental model system to induce mild to moderate and severe
IgE-mediated food reactions in mice and performed mouse bulk transcriptomic analyses of
whole blood during a food allergic reaction to identify key genes and pathways associated
with progression of disease severity. We have mapped the differentially expressed genes that
correlated with severity onto human bulk transcriptomic analyses of whole blood during

a food allergic reaction to identify a common core innate immune program defined by
inflammatory myeloid cell populations identifying an association between rapid innate
immune activation and cellular stress and apoptosis response and development of severe
food-induced reactions in mouse and humans.

Materials and Methods

Animals.

Intestinal 1L-9 transgenic (ilL9Tg) mice were generated as previously described!8. Six-
eight-weeks-old, age- and weight-matched littermates were used in all experiments. The
mice were handled under an approved Institutional Animal Care and Use Committee
protocols at University of Cincinnati and Michigan animal facility.

Mouse models of anaphylaxis:

For passive oral antigen-induced anaphylaxis, ilL9Tg mice, were sensitized and challenged
as previously described!’. Briefly, mice were injected intravenously (i.v.) with 10 pg of
anti-TNP-IgE (200 pL of saline) with or without IL-4C (recombinant, IL-4—neutralizing,
anti—IL-4 monoclonal antibody [mAb] complex, 1:5 weight) (anti-IL-4 mAb, clone
BVD4-1D11.2). Twenty-four hours later, mice were held in the supine position and orally
gavaged with 250 pL of TNP-Ovalbumin (OVA,; 50 mg) in saline. Before the intragastric
(i.9.) challenge, mice were deprived of food for 5-6 hours. Challenges were performed
with i.g. feeding needles (01-290-2B; Fisher Scientific Co., Pittsburgh, PA). For passive
anaphylaxis, ilL9Tg mice were injected i.v. with 10 pg of anti-IgE (EM-95) in 100ul saline
and anaphylaxis assessment performed’. Control mice were defined as mice that received
anti-TNP IgE and subsequently received saline via i.g. challenge and did not experience
shock (hypothermia) response 30 minutes following challenge (FC). Mice that experienced
a mild to moderate reaction received anti-TNP IgE and subsequently received i.g. OVA-TNP
and experienced a 1.5 - 1.9°C temperature loss within 30 minutes of oral FC. Mice that
experienced a severe reaction received anti-TNP IgE and IL-4C and i.g. OVA-TNP and
experienced a = 3.7°C temperature loss within 30 minutes of the FC.

Anaphylaxis Assessments:

Hypothermia (significant loss of body temperature) was used as an indication of an
anaphylactic reaction. Rectal temperature was taken with a rectal probe and a digital
thermocouple thermometer (Model BAT-12; Physitemp Instruments, Clifton, NJ, USA).
Temperature was taken prior to the challenge and then every 15 min for 30 or 60 minutes to
identify maximum temperature change as previously described?’.

Clin Exp Allergy. Author manuscript; available in PMC 2024 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sharma et al. Page 4

Processing of blood samples and RNA isolation.

Whole blood samples were collected from ilL9Tg mice 2 hours following the intragastric
challenge into PAXgene Blood RNA Tubes (Qiagen, Germantown, MD, USA) and frozen
at —80°C. Total RNA was isolated using PAXgene Blood miRNA Kit and fully automated
QIlAcube system (Qiagen), according to manufacturer’s isolation protocol. The purity of
isolated RNA was assessed using the NanoDrop 2000c spectrophotometer and integrity
was determined on Agilent 2100 Bioanalyzer using RNA 6000 Nano LabChip kit (Agilent
Technologies, Santa Clara, CA, USA). All samples used for library preparation had RNA
integrity values greater than 7.0. Extracted RNA samples were stored at —80°C before
further processing.

Sample Library Preparation.

We performed library preparation using the TrueSeq stranded total RNA sample preparation
kit (Illumina, San Diego, CA, USA), according to the manufacturer’s protocol. After Ribo-
Zero rRNA depletion, the remaining RNA was purified, fragmented, and primed for first
strand cDNA synthesis with reverse transcriptase (SuperScript 11) and random primers,
followed by second strand cDNA synthesis performed in the presence of dUTP. Blunt
ended double strand DNA was 3’ adenylated and multiple indexing adapters (T-tailed) were
ligated to the ends of the ds cDNA. Fragments with adapter molecules on both ends were
selectively enriched with 15 cycles of PCR reaction. Forty-four libraries were normalized to
the final concentration of 10 nM and then pooled in equimolar concentrations. Sequencing
was performed on the Illumina Hiseq 2000 sequencing system in 2 x 100 sequencing cycles
using pair-end sequencing mode.

RNA sequencing data analysis:

Mice transcriptome: FASTQC program and Trimmomatic tool were used to examine

the quality of raw reads and filtering poor quality reads, respectively. Genome indexing

was performed using Bowtie2 and the reads were aligned to the mm9 mouse reference
genome (GRCm38) using HiSAT2 program with the default options. We performed RNAseq
analyses of n = 3 control, n = 5 mild-moderate and n = 4 severe reactive groups. Read counts
were generated using the feature-counts function from the subRead package.

Differential gene expression: Downstream analysis was performed using DEseq2 in R
(R Core Team, Vienna, Austria) and IDEP 9.1 webtool where the read counts were analyzed
to identify the differentially expressed genes (DEGS). Given the small sample size and that
our primary outcome was to capture all genes associated with food allergic severity we did
not apply a false discovery rate (FDR) criteria and filtered DEGs using the less stringent
criteria of p-value < 0.05 and fold change (FC) > 2. Heatmaps were generated using python
script using the normalized scale for top 50 differentially expressed genes.

Gene ontology (GO) enrichment analysis: Identification of GO biological processes
using DAVID Bioinformatics Resources 6.8. Common and unique genes and pathways were
identified and represented as Venn diagram (https://bioinformatics.psh.ugent.be/webtools/
Venn/). Network analysis was performed in Cytoscape3.7.1. To identify matrix of
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the correlation coefficients and the correlation p-values between significant DEGs and
Temperature loss, we used flattenCorrMatrix function from Hmisc package in R.

Co-expression network analysis: To create co-expression networks from mice
transcriptome data, we used widely known clustering package Weighted Gene Correlation
Network Analysis (WGCNA) as previously described 2. This program constructs co-
expression modules using hierarchical clustering on a correlation network generated from
the transcriptome data. The minimum recommended sample size for WGCNA analyses is

n = 15 total samples due to sample-to-sample variability within groups. As our /n vivo
experiments included usage of strain and aged matched mice and the co-efficient of variation
of the temperature loss datasets was < 1 for all samples (control, mild-moderate and severe)
and we performed these analyses with n = 12 total samples. Initially, pair wise Pearson
correlation was calculated between each gene pair and a network adjacency was calculated
by raising the co-expression similarity to a power p. We selected a soft-threshold power of
15 by performing an analysis of the network topology. Correlation network identified by

the expression data were used to construct topological overlap matrix (TOM). Correlated
genes were hierarchically clustered using ‘1 — TO’ as the distance measure, and the modules
were defined by using a dynamic tree cutting algorithm 20. The genes are assigned to the
module based on the highest module membership measure, also known as eigengene-based
connectivity KME. Association of the modules with the severity were identified using the
eigengene and topology connectivity test (p-value < 0.05). FlattenCorrMatrix function was
used to identify the correlation matrix for the gene’s present significant modules and the
temperature loss data.

Gene expression threshold cutoff analyses: All genes with a read count >0

and average normalized counts were determined using IDEP 9.1 webtool. To identify
uniquely expressed RNA transcripts specific to one condition, we used criteria of average
normalized count > 5 in one group and < 5 in the comparative group. Identification

of GO biological processes using DAVID Bioinformatics Resources 6.8. Common and
unique genes and pathways were identified and represented as Venn diagram (https://
bioinformatics.psb.ugent.be/webtools/\Venn/).

Human transcriptome: To identify the genes associated with severity of food allergic
reactions, we utilized the raw RNAseq datasets derived from the serial whole blood samples
obtained from 19 children before, during, and after randomized, double-blind, placebo-
controlled oral challenges to peanut (n = 19 subjects, discovery cohort)?L, All clinical
characteristics, allergy status, sample collection, sample library preparation and sequencing
are described in 2. For RNAseq data analysis, the quality was analyzed using FASTQC
and qualified raw reads were aligned to Human genome GRch38 using HiSAT2 program
with the default options. Read counts were identified using the feature-counts function from
the subRead package. DESeq?2 package was used to identify the significantly DEGs for
each combination of study groups (baseline, 2 hours and 4 hours for Placebo and Peanut)
with the p < 0.05, FDR 10% and FC > 2. Downstream analysis such as pathways and the
network analysis were performed as described above. To identify the genes associated with
severity score, we used FC of all DEGs for each individual (by dividing the gene expression
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of Peanut 4 and Peanut 0) and severity score identified for each subject and performed
correlation analysis in R. The severity score was determined using a threshold-weighted
reaction severity score calculated for each individual as the product of symptom grade and
dose factor as previously described 22, Scoring based on the product and combination of
symptom grade and eliciting dose has been used in prior studies of peanut allergy severity
23.24 peanut severity genes identified within an independent cohort (n = 21 subjects)

are previously described 22, Study design, clinical characteristics, allergy status, sample
collection, sample library preparation and sequencing of the replication cohort are described
in 2122 To identify core anaphylaxis severity transcriptome genes associated with food
allergy severity the in vivo mouse severity gene set (429 genes) was mapped onto the human
severity genes set (335 genes) using the MGI database to identify homologous genes.

Flow cytometry:

Results:

Peripheral blood from mice was collected into K3 EDTA tubes by submandibular puncture
2 or 6 hours following anti-1gE treatment. 100l of whole blood was RBC-lysed and washed
twice with staining buffer (2% FBS, 1 mM EDTA). Cell viability within samples was
routinely assessed to be ~90-95% using trypan blue staining. Samples were Fc blocked
using rat anti-mouse anti-CD16 / CD32 antibodies (BD Biosciences, San Jose, CA, USA)
and stained with Anti-CLEC4E (MBL International, Woburn, MA) and/or GPR27-Biotin
(Antibodies-Online Inc., Limerick, PA, USA) (1:50) at room temperature (RT) for 30
minutes. Samples were washed twice with staining buffer and stained with Donkey anti-rat
AF488 (Invitrogen, Waltham, MA) and Streptavidin-PECy7 (BD Biosciences, San Jose, CA,
USA) (1:100 each) on ice for 30 minutes. Samples were washed twice and stained with

rat anti-mouse antibodies for Ly6C-Allophycocyanin (APC)-Cy7, Ly6G-Phycoerythrin (PE),
CD11b-BV421 and armenian hamster anti-mouse CD3e-Brilliant Violet (BV) 605 (1:100
dilution), with or without rat anti-mouse CD218a-APC (Biolegend, San Diego, CA) (1:50)
on ice for 30 minutes. Cells were subsequently washed twice and resuspended in 100ul

of staining buffer. For analyzing expression of CLEC4E, GPR27 and CD218A respective
Fluorescence Minus One (FMO) controls were used as previously described?5. Samples
were acquired using a NovoCyte (Agilent Technologies, Santa Clara, CA, USA) and data
was analyzed using FlowJo software (V9) (BD Biosciences).

To begin to define the dysregulated pathways associated with severe food allergic reactions
we collected whole blood from control mice and mice that experienced mild-moderate and
severe IgE-mediated food allergic reaction and performed bulk transcriptomics analysis on
whole blood two hours following oral antigen exposure (Figure 1 and 2). Control mice were
defined as mice that did not experience shock (hypothermia) response 30 minutes following
oral food challenge (OFC). Mice that experienced a 1.5 - 1.9°C temperature loss within 30
minutes of oral FC were defined as mild to moderate reactive and mice that experienced >
3.7°C temperature loss within 30 minutes of the FC were defined as severe reactive (Fig 1
and Fig 2A and B).
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Data processing, normalization and quality control resulted in a RNA seq data set consisting
of n = 20,728 genes from n = 12 blood samples (control n = 3; mild moderate n =5 and
severe n = 4). Comparison of the gene expression between the three groups (cut-off criteria
p < 0.05; Fold Change (FC) > 2) identified a total of 757 differentially expressed genes
(DEGS) with 307 DEGs (81 upregulated and 226 down regulated) between the control and
the mild-moderate reactive (mild transcriptome); 359 DEGs (136 upregulated and 223 down
regulated) between the control and the severe reactive group (severe transcriptome) and

306 DEGs (186 upregulated and 120 down regulated) between the mild-moderate and the
severe reactive group (Severe-specific transcriptome) (Supplementary Table S1). Mapping
the DEGs identified 176 unique DEGs within the mild-moderate reactive transcriptome

that were enriched for biological processes associated with defense response including
FfarZ, mrcl, Fegr2b (Fig 2 C and D ); 190 unique DEGs within the severe reactive-specific
transcriptome enriched for genes involved in immune system and inflammatory response
including /tgb2l, Il4ra, cish, Havcr2, rgs1 and gadd45g (Fig 2C and D, Top 50 DEGs shown
in 2D; Supplementary Table S2). A total of 85 common DEGs within the mild-moderate
and severe reactive transcriptomes were enriched for biological processes associated with
defense response including Socs1, Osm, nampt, Cd83and Gpr65and 179 DEGs between
the mild and severe (Severe-specific transcriptome) (Fig 2C and D, Supplementary Table
S2). To determine the relationship between DEG’s and severity of the food allergic reaction,
we examined for a correlation between 757 DEGs and level of shock (maximum temperature
loss). Of the 757 DEGs, 203 genes correlated with temperature loss (41 DEG negatively
correlated and 162 DEGs positively correlated) (Fig 2E; Supplementary Table S3). Genes
that negatively correlated with anaphylaxis severity were enriched for biological processes
associated with inflammatory response, immunoglobulin mediated, innate response genes
including Gpr27, Tdgfl, Gadd45g, Lyé6g, Cish (Supplementary Table S4). Genes that
positively correlated with severity ({ DEG and + Temperature Loss) were enriched

for biological processes associated with cellular response to TNF, cellular response to
lipopolysaccharide and innate immune response, T cell response genes including Ca200r3,
1118r1, Cx3crl1, Gpr68, Angptl, Tiel, Ccr6, 117, Trbv24 (Fig 2E and Supplementary Table
S4).

We next performed Weighted gene co-expression network analysis (WGCNA) to identify
co-expressed gene modules that are associated with the severity traits. Using a total 27,600
gene transcripts, WGCNA identified 94 co-expression modules of which 14 modules were
significantly enriched (= 30 genes and p < 0.05) (Fig. 3A; Supplementary Table S5).
Performing eigengene and topology connectivity analyses of the 14 significant modules,

5 modules were associated with severe anaphylaxis group (Fig. 3A-C). Three modules;
turquoise (1802 genes), midnightblue (176 genes) and white (124 genes) demonstrated

a positive correlation with severe anaphylaxis (p < 0.05,r=1,r=0.71 and r = 0.64,
respectively). 2 modules; purple (157 genes) and grey (333 genes) negatively correlated

in severe anaphylaxis (p < 0.05, r = —0.57 and r = —0.86 respectively) (Figure 3B and

C). Top pathways enriched within the severity modules that positively correlated with
severity include innate immune response, inflammatory response, response to hypoxia and
apoptotic processes, negative regulation of apoptotic process and positive regulation of
apoptotic process (Supplementary Table S6). Top pathways enriched with severity modules
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that negatively correlated with severity included protein metabolic processes (protein
phosphorylation proteolysis protein ubiquitination) and DNA regulatory processes (DNA
repair and cellular response to DNA damage stimulus). Correlation analyses between the
genes within these modules with temperature loss identified a total of 286 genes correlated
with temperature loss of which 171 genes demonstrated a negative correlation and 115 genes
demonstrated a positive correlation with severity (Figure 3C and Supplementary Table S7).
We combined the DEGs that correlated with severity (n = 203) (Figure 1 and 2) and the
WGNA analyses genes that correlated with severity (n = 286) (Fig 3) to define a gene set of
429 severity genes in the mouse (Figure 1).

The WGCNA analyses revealed enrichment of modules associated with innate immune
activation and cellular stress response in severity of the food allergic reaction. To define
which of these processes were associated with the specific phases of the food allergic
reaction (steady state — mild / moderate or mild / moderate - severe), we performed

gene expression threshold cutoff analyses. To do this we identified uniquely expressed
RNA transcripts specific to no food reaction (control), mild-moderate and severe food-
induced reaction using a criterion of average normalized count > 5 in one group and

< 5 in the comparative group (Fig 3D). The whole blood transcriptome of untreated

mice consisted of 9315 genes, mild-moderate mice 9296 genes and the severe reactive
consisted of 9259 genes (Supplementary Table S8). Mapping of the mild transcriptome
onto the untreated transcriptome identified 328 unique genes, severe transcriptome onto the
untreated transcriptome identified 383 genes and there were 352 genes that were unique

in the severe compared with the mild-moderate transcriptome (Supplementary Table S8).
Comparison of the expressed genes identified 328 genes specific to the mild reaction,

383 genes to the severe reaction and 352 genes between the mild and severe groups
(Supplementary Table S8). GO pathway analysis of the uniquely expressed genes revealed
enrichment of GO biological processes through food allergic severity progression (Fig 3B;
Supplementary Table S9). We identified enrichment of biological processes associated with
cellular response to hypoxia, negative regulation of inflammatory response and NF-kB
transcription factor activity and response to mechanical stimulus in whole blood from
control (steady state) to mild-moderate disease progression. Progression from the mild

to severe phase was associated with the biological processes enriched including negative
regulation of peptidase activity, ubiquitin-dependent protein catabolic process, cholesterol
metabolic process and protein polyubiquitination (Fig 3E). Comparison of the control to
the severe reactive group identified enrichment of biological processes including defense
response, peptidyl-serine phosphorylation and positive regulation of ERK1 and ERK2
cascade. Enrichment of genes associated with GO biological processes observed throughout
the course of disease progression (control to mild and mild to severe reactions) included
innate immune response, inflammatory processes, apoptotic processes, cellular response
to DNA damage stimulus, fatty acid biosynthetic process, and phospholipid biosynthetic
process (Fig 3E and Supplementary Table S9). Collectively, these studies suggest that
transition from steady state to mild-moderate disease is largely associated with whole
blood innate immune activation and inflammation, whereas mild-moderate to severe disease
progression is enriched for cellular stress, DNA damage and apoptotic response.

Clin Exp Allergy. Author manuscript; available in PMC 2024 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sharma et al.

Page 9

Recently, we performed RNAseq on serial whole blood samples from a cohort of peanut
allergic subjects (n = 19, discovery cohort) and an independent cohort of peanut allergic
subjects (h = 21) that underwent physician supervised double-blind oral food challenge to
both peanut and placebo?l. RNA seq performed at baseline (T0), two (T2) and four (T4)
hours during the peanut and placebo challenge of peanut allergic subjects and in silico
analyses involving linear mixed-effects and probabilistic causal gene network modeling
identified six key driver genes (L7B4R, PADI4, IL1RZ2, PPP1R3D, KLHLZ2 and ECHDC3)
and leukocytes associated with the peanut response module in acute peanut allergic reactions
21 However, the relationship of these key genes to disease severity was not examined. We
re-analyzed the raw RNAseq datasets to identify all DEGs independent of factor variables
(order, weights, age and individual collection dates) and performed correlation analysis to
identify the DEGs that correlated with disease severity.

Similarly, to the previous study, comparative analysis of the RNA expression in whole blood
at TO and T2 between the placebo and peanut challenges from the discovery cohort revealed
no significant differential expression of genes (p < 0.05, FC > 2, FDR < 0.1) (Figure

4A). Comparison between TO and T2 and T2 and T4 post peanut challenge revealed no
differentially expressed genes (Fig 4A; Supplementary Table S10). Comparison of baseline
and T4-post PN-challenge identified 213 DEGs (p < 0.05, FC > 2, FDR < 0.1, Fig 4A).
Comparison of genes expressed at T4-post placebo challenge versus T4-post PN-challenge
revealed 165 DEGs (Fig 4A, Supplementary Table S10). Mapping the 165 DEGs between
T4-post placebo and PN-challenge onto 213 DEGs between baseline and T4-post PN
challenge identified a total of 242 unique DEGs (Fig 4A). Within the 242 unique DEGs,
136 DEGs were common between Peanut (TO vs T4) and T4-post placebo and peanut
challenge, 77 DEGS were specific to Peanut (TO vs T4) and 29 DEGS unique to T4-post
placebo and peanut challenge (Fig 4B). We combined the 136 common DEGs and 77 DEGs
specific to T4 PN challenge to identify n = 213 DEGs dysregulated by PN challenge (Fig
4B; Supplementary Table S11). GO pathway analyses of the 213 genes revealed enrichment
of genes involved in /innate immune responses, defense response to bacterium and response
to lipopolysaccharide (Fig 4C). Indeed, network pathway analysis of the 213 genes revealed
that 162 genes possessed direct protein-protein interactions with the top interactive proteins
including 7LR4, MMP9, FCGR3B, TREM1, S100A9, NFKBIA that are associated with
IL-17 and NF-kappa B signaling pathways (Fig 4D and E; Supplementary Table S12).
Correlation analysis of the raw count expression of the n = 213 DEGs with disease severity
only identified two genes that significantly correlated with severity (BEND7p = 0.02; r =
0.052 and TLR8p = 0.04, r = 0.052). We next performed correlation analyses of the fold
change of the n = 213 DEGs with disease severity and identified n = 54 genes that correlated
with severity within the discovery cohort (Figure 1B).

Using a linear mixed model approach, we have previously identified 3090 DEGs from whole
blood that were associated with reaction severity (FDR > 0.05) in an independent cohort

of peanut allergic subjects (n = 21 subjects), of which 318 genes were replicated in our
discovery cohort (n = 19 subjects) 22. We pooled the n = 54 DEGs that correlated with
severity in the current analyses with the 318 DEGs identified by Do et al., 22 to generate

335 genes that were differentially expressed following PN challenge and associated with
severity (Fig 1). We next mapped the whole blood DEGs that correlated with severity
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from the mouse (n = 429 genes) onto the DEGs (n = 335 genes) identified within the
human cohorts and identified 11 genes which we defined as food allergy severity core
transcriptome (Fig 5A and B; Supplementary Table S13). These included four genes that
negatively correlated with severity including CLEC4E, IFNgR1, MRSA and ATXN10and
seven genes that positively correlated with severity including /L-18R1, CD200R1, CD59,
CBS, ECHDC3, CCDC50and SLC35E3. Analyses of the individual mice within the steady
state, mild and severe food allergic groups demonstrated a significant correlation with gene
MRNA expression and disease severity (Fig 5C).

To determine whether changes in gene mRNA expression correlated with changes in protein
expression in whole blood, we examined leukocytes in whole blood of IL9Tg mice at 2- and
6-hours following induction of passive IgE-mediated reaction (Fig 6A). Given the observed
innate immune phenotype and alterations in myeloid cell populations as demonstrated

by RNAseq, we primarily focused on identification of the myeloid cells compartment.
Employing the myeloid cell markers CD11b, Ly6C and ly6G we were able to distinguish
neutrophils (CD11b* Ly6C~ Ly6G*), neutrophil progenitors (CD11b* Ly6C~ Ly6G!ow),
inflammatory monocytes (CD11b* Ly6Chidh Ly6G™) and patrolling monocytes (CD11b*
Ly6C!oW y6G™) in the blood of mice (Figure 6B). Flow cytometry analyses revealed

that anti-IgE induced a significant alteration in the absolute numbers of myeloid cell
populations including neutrophils (CD11b* Ly6C~ Ly6G™), neutrophil progenitors (CD11b*
Ly6C™ Ly6G!oW), inflammatory monocytes (CD11b* Ly6CNi9" Ly6G™) but not controlling
monocytes (CD11b* Ly6C!oW Ly6G™) (Figure 6A and B). Moreover, we observed a rapid
increase in absolute numbers of neutrophils at two hours that returned to baseline levels

by six hours (Figure 6C). Intriguingly neutrophil progenitor absolute numbers remained
constant at two hours but significantly increased by six hours (Figure 6C and D).

Similarly absolute frequency of inflammatory monocytes remained unchanged two hours but
significantly increased 3-fold by six hours (Figure 6C and D). We next analyzed for changes
in expression of the food allergy severity transcriptome genes on peripheral blood myeloid
cells during IgE-mediated reaction. We focused our analysis on the food allergy severity
transcriptome genes, Clec4e and //18r1 (CD218A) and an Orphan G protein-coupled
receptor Gpr27, a DEG in both mouse and human analyses and correlated with severity

in the mouse but not in humans. Intriguingly, we revealed increased expression of CLECAE
and GPR27 on inflammatory monocytes six hours following induction of the IgE-mediated
reaction (Fig 6D). Similarly, we observed increased expression of GPR27 and CLECA4E

and decreased expression of CD218A on patrolling monocytes at six hours (Fig 6D). We
observed decreased surface expression of CLEC4E and CD218A on neutrophils two hours
following induction of the IgE-mediated reaction with levels significantly increasing 6
hours post challenge. We did not observe any significant different in expression of these
molecules on T cells and other leukocytes at two- and six-hours post IgE challenge (Fig 6D)
demonstrating that the altered expression was specific to myeloid cell compartment.

Discussion

Herein we have integrated /n vivo and in silico mouse and human data sets to identify
core differentially expressed genes and pathways involved in the progression of a severe
food allergic reaction. We identified enrichment of defense, innate immune, stress response,
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apoptosis and protein metabolism pathways within the whole blood through the progression
of a food allergic reaction severity. The mouse-human core severity transcriptome consisted
of 11 genes involved in defense and innate immunity (CLECE4E, IL18R1, IFNGRI,
CD200R1, CD59) and stress response and apoptosis (CD59B, CBS, ECHDC3 AND
SLC35E3) and we demonstrate rapid dysregulation of frequency and CLEC4E, GPR27 and
CD218A expression on blood myeloid cell populations (inflammatory monocytes, patrolling
monocytes and neutrophils) following IgE-mediated reaction in mice. Collectively, these
studies reveal rapid innate immune activation and cellular stress and apoptosis response is
associated with severity of food-induced reactions in mouse and humans.

We recently reported RNAseq on serial whole blood samples from a cohort of peanut
allergic subjects (n = 19, discovery cohort) and an independent cohort of peanut allergic
subjects (n = 21) that underwent physician supervised DBPCFC and identified six key
driver genes associated with the peanut response module in acute peanut allergic reactions
21 Furthermore, we identified 3090 DEGs from whole blood that were associated with
reaction severity (FDR > 0.05) in the peanut allergic subjects (n = 21 subjects), of

which 318 genes replicated in our discovery cohort (n = 19 subjects) 22. The linear mixed-
effects and probabilistic causal gene network modeling revealed key genes associated with
disease severity however whether DEGs correlated with disease severity was not previously
reported. Herein, we decided to use a discovery approach utilizing less stringent criteria

to capture all genes associated with disease severity. We therefore, re-analyzed the raw
RNAseq datasets from the n = 19 subject discovery cohort to identify all DEGs independent
of factor variables (order, weights, age and individual collection dates) that correlated with
disease severity and pooled those genes with the previously identified DEGs that were
identified to be associated with disease severity 22 to generate 335 gene food allergy severity
transcriptome in humans. We then mapped these DEGs onto DEGs from whole blood that
correlated with disease severity in the mouse model system (n = 429) and identified 11 genes
significantly dysregulated and correlated with severity.

The whole blood analyses in the mouse revealed enrichment of pathways involved

in immune system, inflammatory response and cytokine mediated signaling pathway.
Correlative analyses revealed significant dysregulation of a core interactive signaling
network linked with innate immunity (7/r3, Cx3crl, Cxcl5, Ly6g, Kirk1, 1/18r1, Acodl,
Tnip3), complement activation (Cr2, Ncrl) and negative regulation of protease activity
(serpinbba, Serpinb6b and Sperinb2) with increased severity of the food-induced reaction.
Similarly, peanut-induced DEGs in whole blood from peanut-challenged individuals

were highly enriched for genes associated with innate immune response, response to
lippolysaccharide and positive regulation of NF-KappaB transcription factor activity
including CXCL8, S100A8, S100A9, TLR4, TLR2 AND NFKBIA. These observations

are consistent with microarray analyses of patients that experienced food- drug- and insect-
induced anaphylaxis that revealed increased mRNA of genes (7LR4, MYD88, TREM],
CD64) associated with innate immune activation 26 suggesting that anaphylactic reactions in
general are linked with activation of these processes in leukocytes within the whole blood 27.

The 11 common genes significantly dysregulated and correlated with severity in human and
mouse included CLEC4E, IL18R1, IFNGR1, CD200R1, CD59, CBS, ECHDC3, CCDC50,
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SLC35E3, MSRA and ATXN10. Notably, a number of these core anaphylaxis severity
genes were innate immune genes including CLEC4E, IFNGRI1, IL18R1, GPR27 AND
CD59B. IFNGRL is expressed by most hematopoietic and non-hematopoietic cells and plays
an important role in host defense against intracellular bacterial pathogens and myeloid

cells are a key target of IFNy during early innate inflammatory responses 28, IFNy
activation of IFNGR1 receptor complex (IFNGR1 / IFNGR2) in monocytes induces classical
M1 (microbicidal) activation state and STAT-1-dependent cytokine and chemokine gene
transcription and myeloid cell reactive nitrogen and oxygen species formation 2°. 1L18R1

is a member of the interleukin one receptor family and is known to be expressed on
neutrophils and monocyte populations 3031 and IL-18R1 activation leads to downstream
NFKB and MAP kinase signaling pathways in myeloid cells. IL18 is also known to

reduce cytokine and chemokine expression in neutrophils and promote respiratory burst
thereby promoting early innate immune responses 32. CD59B is a glycoprotein expressed
on monocytes and granulocytes and is known to interfere with complement pathway C9 to
C5b-C8 protein-protein interaction inhibiting the assembly of the membrane attack complex
and lytic activity 3334, Complement activation and LPS are known to enhance Cd59

MRNA expression via NFKB signaling and acts to protect immune cells from complement
attack 3°. While IgE-mediated responses do not activate the complement pathway directly,
there is evidence supporting complement activation in anaphylaxis 36. CLEC4E (Mincle)

is a C-Type Lectin Domain Family 4 Member E type Il transmembrane C-type lectin
receptor expressed in macrophages and neutrophils 3738, CLECAE is known to recognize
multiple different ligands associated with cell stress including pathogens, glycolipids
(B-glucosylceramide), cholesterol sulfate and the nuclear protein spliceosome-associated
protein 130 (SAP130) released from necrotic cells. Activation of CLECA4E stimulates NFkB
and MAPK-signaling cascades and downstream transcription of inflammatory genes39.
CLECA4E deficiency is known to protect against tissue damage and subsequent atrophy of
the kidney after ischemia-reperfusion injury 0. GPR27 is a highly conserved, orphan G
protein coupled receptor (GPCR) expressed on granulocytes (neutrophils, eosinophils) and
monocytes and has been linked with regulation of glucose homeostasis #1. The observed link
between dysregulation of myeloid cell genes and severe IgE-mediated reaction is consistent
with the observed increased expression of myeloid cell, neutrophils and monocytes genes in
patients with anaphylaxis 2642,

We identified that IgE-mediated reactions were associated with a rapid change in myeloid
cell absolute numbers in blood with neutrophils increasing ~3-fold within 2 hours
followed by an increase in inflammatory monocytes at 6 hours post reaction. Furthermore,
we observed significant differential expression of CLEC4E, GPR27 and CD218A on
both inflammatory and patrolling monocytes and neutrophil progenitors and neutrophils.
Collectively, these observations suggest that IgE activation in mice is associated with
rapid monocyte and neutrophil activation and tissue margination. Previous studies have
reported increased myeloperoxidase levels in humans during anaphylaxis 42. Similarly,
increased levels of neutrophil activation markers including MMP9, TREM1, S100A8 and
S100A9 have been observed in the serum of patients during anaphylaxis#2. We currently
do not know the molecular basis of the rapid raise in peripheral blood neutrophil absolute
numbers. Steady state peripheral blood circulating neutrophil levels are maintained by a
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fine balance between granulopoiesis, mobilization from the bone marrow and release of
the pool of neutrophils marginated to the vascular endothelium 43. The observed change
in mature neutrophils (Ly6GHiLy6C!°"CD11b*) and not neutrophil progenitors (CD11b*
Ly6G!'oWLy6C™) absolute numbers in the blood at 2 hours suggests that the marginating
pool of neutrophils maybe contributing to the neutrophilia. One challenge of studying
neutrophil and monocyte activation in anaphylaxis in humans is the usage of epinephrine
21,2642 g_adrenergic agonists are known to activate monocytes and neutrophils and alter
circulating myeloid cell levels 44454345 The mouse studies were performed in the absence
of epinephrine administration, suggesting that the observed monocyte and neutrophil
changes that are observed in both human and mouse anaphylaxis may not be attributed
to epinephrine.

Our gene expression threshold cutoff analyses identified novel genes expressed within

the whole blood leukocyte populations during steady state, mild - moderate and severe
conditions. These analyses provided insight intothe sequential genes and pathways
associated with progression of the severity of the reaction. We identified that progression
from steady state to mild / moderate disease was associated with enrichment of
inflammatory and innate immune responses as well as evidence of stress response (apoptotic
process, cellular response to DNA damage stimulus). Whereas progression from mild /
moderate to severe reaction, was associated with significant enrichment of cellular stress and
altered protein and cellular metabolism pathways suggesting increased cellular catabolism
and stress. We identified Enoyl-CoA Hydratase Domain Containing 3 (ECHDC3) and
Cystathionine beta-Synthase (CBS) as core anaphylaxis severity genes. ECHDC3 is a
mitochondrial enzyme that is thought to be involved in B-oxidation pathway of fatty

acid metabolism 46. CBS acts through regulation of hydrogen sulfide generation and
homocysteine metabolism during hypoxia 4’. Hypoxia is often associated with severe
anaphylactic shock 48, Collectively, these studies suggest that progression to mild disease
phenotype is linked with a dominant innate inflammatory immune activation and transition
to severe phenotype is associated with cell catabolism and stress response. A causative role
for the innate inflammatory immune activation to cell catabolism and stress response and the
severity of the reaction remains to be determined. We speculate that that the increased innate
immune activation of the whole blood myeloid cell compartment gives rise to innate NFkB-
activating cytokines and activation of reactive oxygen species (ROS)-related mechanisms
which promotes cellular stress and altered protein and cellular catabolism driving severity of
the food allergic reaction.

We have utilized an integrative combinatorial approach employing mouse model systems
and human data sets to identify dysregulation of critical genes and pathways involved in
innate immune activation in the myeloid cell compartment in progression of severity of

IgE mediated reactions. These studies identify new genes and pathways that may help
explain the progression of the severity phenotype and possibly identify biological markers of
IgE-mediated anaphylactic reactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key message

. Food allergy severity transcriptome consists of innate immune activation,
cellular stress, and apoptosis response genes

. Dysregulation of Clec4e, 1/18r1 (CD218A) and Gpr27 surface expression on
inflammatory monocytes following IgE-mediated reaction.

. These studies identify genes and pathways associated with progression of the
severity of IgE-mediated reactions.
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In-silice and In-vivo validation of genes

Figure 1: Flowchart of approach to identifying Food allergy severity transcriptome.
A. Graphic representation of the pipeline analyses identifying murine DEGs in whole blood

that correlate with severity of oral antigen-induced IgE-mediated reaction. DEGs (FC >

2, p < 0.05) that correlated with severity (Temperature change) (203 genes) and WGCNA
analysis identifying co-expression genes networks correlated with severity (n = 286 genes)
identifying n = 429 unique genes described as Gene set A. B Human transcriptome and
severity correlation. Pipeline for human analyses analyzing DEGs in whole blood that
correlated with severity in peanut allergic individuals in discovery cohort (n = 19) and
independent cohort (n = 21) who underwent physician-supervised peanut challenge. In the
discovery cohort, of the DEGs (FC >2, FDR < 0.1 and p value < 0.05) between T4 and TO
of peanut challenge (n = 213), n = 54 genes correlated with severity. Mapping the n = 54
genes that correlated with severity onto the n = 318 genes that correlated with severity in the
independent cohort (n = 21)22 identified 335 unique genes described as Gene set B. Mapping
the murine and human unique genes that correlated with severity identified 11 core common
genes described as anaphylaxis severity transcriptome.
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Figure 2: A. Whole blood differentially expressed genes associated with severity of IgE-mediated
food allergy in mice.

A. Description of Anaphylaxis groups, treatment and Maximum temperature change (AT°C)
in mice. B. Graphical representation of Maximum temperature change (AT°C) inilL9Tg
mice immunized with anti-TNP-IgE and subsequently received oral gavage OVA-TNP. Data
represents mean + SD of Maximum temperature change in mice 30 minutes following o.g.
OVA-TNP. Symbols represents individual mice. * p<0.05, **p<001, ***p<0001. C. Venn
diagram showing common and unique differential expressed genes (DEGs) from Pairwise
differential gene expression analyses between Control vs Mild, Mild vs Severe and Control
vs Severe groups (FC > 2, p < 0.05). D. Heatmap showing top 50 dysregulated genes in

all the conditions. Biological processes for group specific genes extracted using DAVID
analyses. E. Scattered plot showing FC of DEGs (FC > 2, p < 0.05) that correlated with
Maximum temperature change (AT°C). Color code describes genes identified by group
comparisons.
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Figure 3: Identification of genes and pathways associated with progression of severe food allergy

in mice.

A. Genes modules that significantly correlate with severity identified by WGCNA Co-

expression network analysis. Gene modules were created using hierarchical clustering on a
correlation network created from transcriptome data. 14 significant modules were identified
with at least 30 genes criteria and p-value <0.05. 5 modules were found to be associated
with severe anaphylaxis group. Positively correlated modules were shown in red color and
negatively associated modules were shown in blue color. Top values describe significance
and bracketed values correlation value. B. GO analyses of the five gene modules that
significantly correlated with severity Genes were extracted from each gene module and GO
analyses was performed using DAVID. To identify the major category of gene ontologies,
parent ontologies were extracted using Categorizer database with Immune class category.
C. Total number of genes identified within gene modules by WGCNA analyses and the
total number of DEGs and genes that correlated with severity within each module. D.
Venn diagram showing common and unique genes expressed in different severity conditions.
Disease severity specific genes were identified by performing Pairwise gene expression
analyses between control vs Mild, control vs severe and mild vs severe. Expressed genes
(normalized count > 5) were identified in each group. E. Venn diagram representing gene
ontologies associated with specific disease conditions derived from the identified Disease
severity specific genes. A list of uniquely expressed genes were used to identify the
biological processes (gene ontology) using DAVID analysis. C. Table showing Top 5 GO
biological processes from (E) identified by Catagorizer (Immune class) enriched from the
unique genes expressed during the different transitions of severity (normal — Mild; Mild
—> Severe and normal — Severe). The arrows represent biological processes specific to the

transition of severity phases.
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Figure 4: A. Identification of genes and pathways associated with progression of severe peanut-
induced food allergy.

A. Graphical representation of blinded Food Challenge protocol and description of DEGs

(p value < 0.05, FDR < 10% and FC > 2) in serial peripheral blood samples prior to and 2
hours and 4 hours following peanut challenge NA represents No DEGs identified between
samples using the described criteria. Peanut baseline (To) vs Peanut 4hr had 213 DEGs
while Placebo 4 vs Peanut 4 had 165 DEGs. There are a total 242 dysregulated gene when
combined both the list. B Venn diagram representing Common and unique DEGs when
comparing DEGs between Peanut TO vs peanut T4 (n = 213) and Placebo T4 vs peanut

T4 (n = 165). Unique and common genes associated with Peanut allergy when compared
with Peanut at base and Placebo after 4 hr. C Bar plot representing the top biological
process enriched in n = 242 DEGs following peanut challenge. Gene ontology analysis was
performed using DAVID. Bar plot is constructed using —Log1q p values. The number of
genes associated with the biological processes are shown on the top of each pathway bar
column. D Protein-protein interaction (PPI) analysis of 242 genes. PPI interactions were
identified using string database and network was constructed using Cytoscape tool. Color of
each node (gene) represents whether common or unique DEG described in B. Green- unique
to peanut TO vs T4; brown- common between peanut TO vs T4 and Placebo (T4) and Peanut
(T4). E Top 15 highly interacted genes in network identified based on degree distribution.
All the genes are arranged in high to low degree. Degree shows the direct connection with
other genes in network.
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Figure 5: Common Food Allergy severity core transcriptome.
A. Venn diagram showing unique and common DEGs that correlate with severity in mouse

and humans. The n = 429 mouse genes identified to correlate with severity were mapped
onto the n = 335 genes identified within the discovery and independent cohorts from peanut
allergic individuals identifying 11 common genes. B Table of correlation values, p values
and the 11 genes identified as anaphylaxis severity core transcriptome in mice and human.
Temperature loss correlation and p value of its significance is from mice transcriptome data.
Gene functions were identified using KEGG database. C Scattered line graph showing gene
expression (normalized counts) and maximum temperature Change during anaphylaxis in
individual mice. Correlation value are also represented on each plot.
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Figure 6. Flow cytometry analyses of myeloid cell populations in peripheral blood of mice
following passive IgE-mediated anaphylaxis.

A. Experimental protocol, B. Representative flow plots showing identification of myeloid
cell populations in the peripheral blood of mice gating on CD3- CD11b+ populations

and gating on Ly6C and Ly6G populations. Following cell populations were defined as
CD3~ CD11b* neutrophils (CD11b* Ly6C~ Ly6G™), neutrophil progenitors (CD11b* Ly6C™
Ly6G!'oW), inflammatory monocytes (CD11b* Ly6Chi9" Ly6G™) and patrolling monocytes
(CD11b* Ly6C'*% Ly6G™) in the blood of mice. Cell populations (B) and absolute leukocyte
count (C) in the blood of naive (top panel) mice and mice treated with anti-1gE at 2 hours
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(Middle panel) and at 4 hrs (lower panel) following challenge. E. Percentage and Absolute
count of neutrophils (CD11b* Ly6C~ Ly6G™), neutrophil progenitors (CD11b* Ly6C™
Ly6G'oW), inflammatory monocytes (CD11b* Ly6CNi9M y6G™) and patrolling monocytes
(CD11b* Ly6C!oW Ly6G™) in the blood of naive (orange) mice and mice treated with
anti-IgE at 2 hours (blue) and at 4 hrs (purple) following challenge. Data represents mean +
SD of n = 4 mice from two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.005,
*x*p < 0.001.
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