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IL-4-BATF signaling directly modulates IL-9 producing mucosal mast cell (MMC9) function in experimental food allergy
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Abstract

Background: We have previously identified IL-9 producing mucosal mast cell (MMC9) as the
primary source of IL-9 to drive intestinal mastocytosis and experimental IgE-mediated food
allergy. However, the molecular mechanisms that regulate the expansion of MMC9s remain

unknown.

Objective: We hypothesized that IL-4 regulates MMC9 development and MMC9-dependent

experimental IgE-mediated food allergy.

Methods: We utilized an epicutaneous sensitization-model and performed bone marrow (BM)
reconstitution experiments, to test the requirement of IL-4Ra signaling on MMC9's in
experimental IgE-mediated food allergy. Flow cytometric, bulk and single cell RNA-seq analysis
on small intestine (SI)-MMC9s was performed to illuminate MMC9 transcriptional signature and
the effect of IL-4Ra signaling on MMC9 function. BM-derived MMC9 culture system was used to
define IL-4-BATF signaling in MMC9 development.

Results: Epicutaneous sensitization and BM reconstitution based models of IgE-mediated food
allergy revealed an IL-4 signaling-dependent cell-intrinsic effect on SI- MMC9 cell accumulation
and food allergy severity. RNA-seq analysis of SI-MMC9 cells identified 410 gene transcripts
reciprocally regulated by IL-4 signaling, including 119 and Basic leucine zipper ATF-like
transcription factor (Batf). In silico analyses identified a 3491-gene MMC9 transcriptional
signature and identified two transcriptionally distinct SI-MMC9 populations enriched for
metabolic or inflammatory programs. Employing an in vitro MMC9-culture model system we
show that generation of MMC9-like cells was induced by IL-4 and this was in part dependent on
BATF.

Conclusion: IL-4Ra signaling directly modulates MMC9 function and exacerbation of
experimental IgE-mediated food allergic reactions. IL-4Ra regulation of MMCS9s is in part BATF-

dependent and via modulation of metabolic transcriptional programs.
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Clinical Implications

Blockade of IL-4Ra-dependent pathways abrogate MC function and IgE-mediated food allergic
responses through control of MMC9 cell functionality.

Key Words

Food allergy; Interleukin-4; Interleukin-9; mast cell; Basic leucine zipper ATF-like transcription
factor; transcriptome, metabolism.
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Capsule Summary

IL-4R/BATF-signaling mechanism regulates IL-9 producing mucosal mast cell transcriptional
programs and induction of experimental IgE-mediated food allergy.
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Introduction

Food allergies are an adverse IgE-mediated hypersensitivity reaction that affect millions of
people worldwide (1, 2), with increasing prevalence over the past few decades (3, 4). Clinical
symptoms of food allergy (FA) range from mild reactions to severe and affect multiple organs,
including the gastrointestinal, respiratory, skin and cardiovascular systems (5). While recently
an experimental biologic has been approved for peanut OIT treatment in allergic patients aged
4-17 years old, this therapeutic is to be used in conjunction with peanut-avoidant diet and has
several limitations which prevent wider application (6). Thus, a better understanding of the
immune mechanisms and signaling pathways underlying food allergy is clearly warranted to
permit development of more effective and safe therapies to provide long term protection across

patients of different ages and reactivity (7).

Over the last decade, there has been significant advancement in our understanding of the
underlying basic mechanisms that drive IgE-mediated food-induced reactions. Experimental
studies employing mouse model systems have identified a role for CD4" T helper 2 (Th2) cells
and type-2 innate lymphoid cells (ILC2s) in the generation of food-specific IgE (8-10).
Interleukin-4 (IL-4) induces IgE isotype switching and is required for food-specific IgE production
by B cells and priming of the vascular endothelial compartment to mast cell-derived mediators
including histamine (11-13). IL-9-IL9R signaling promotes MC maturation and induction of the
necessary S| mastocytosis (14, 15). IL-13 stimulates intestinal epithelial secretory antigen
passages (SAPs) that permits translocation of soluble dietary antigens directly to mucosal mast
cells (MCs) leading to cross-linking the IgE bound to FceRIl on MCs and release of mediators,
including histamine, platelet-activating factor, serotonin, proteases (tryptase and chymase) and
lipid-derived mediators (prostaglandins [PGD2] and leukotrienes [LTC4, LTD4 and LTE4]), and

induction of the clinical manifestations associated with food-triggered anaphylaxis (16, 17).

While there has been advancement in identification of the cellular source of IL-4 and IL-13 in
food allergy, the cellular source of IL-9 is not fully illuminated (18). Our group previously

low

identified a Lin" c-Kit" FceRla"™ Bs-integrin® ST2" IL-9 producing cell population that secretes a
prodigious amount of IL-9 and can rapidly develop into a granular MC following IL-3 + SCF
exposure, which we have termed IL-9-producing mucosal mast cell (MMC9) (19). We have
shown that the frequency of this population positively correlated with susceptibility to food
allergy in different mice strains and adoptive transfer of MMC9s in sensitized mice led to the
development of SI mastocytosis and rapid induction of food allergy symptoms (19). Collectively,

these studies identify MMC9s as a critical cell that primes the intestinal environment for
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induction of SI mastocytosis and subsequent development of food-induced IgE-mediated
reactions (19). Importantly, the cytokine sequelae underlying the development and regulation of
MMCS9s, the existence of potential subpopulations and transcriptional programs expressed by

MMCS9 cells are largely unexplored.

In this study, we examined the role of IL-4 signaling in the regulation of MMC9 development and
function, and in turn induction of food-induced anaphylaxis. Herein, we show that IL4 signaling
directly regulates the accumulation of MMC9 in the SI and consequentially controls Sl
mastocytosis and anaphylaxis outcomes independent of effects on IgE and CD4" Th2 cells.
Molecular analyses revealed that IL-4R-signaling regulates an MMC9 gene expression profile.
Notably, loss and gain of function analyses revealed that IL-4R signaling directly regulates
MMC9 expression of IL-9 and Basic leucine zipper ATF-like transcription factor (BATF). RNA-
seq analysis identified a 3491-gene MMC9 transcriptional signature. scRNA-seq analysis of
MMCS9s identified transcriptionally distinct SI-MMC9 populations enriched for either metabolic or
inflammatory programs. In silico approaches identified that the metabolic transcriptional
program enriched in MMC9s was IL-4Ra-responsive. Utilizing, a novel MMC9-like cell culture
model system and Batf” mice, we demonstrated that IL-4 promotes MMC9-like cell
development in part via BATF-dependent process. Collectively, these studies identify an
intricate role for IL-4R signaling in regulation of MMC9 transcriptional programs and functionality

and exacerbation of food-induced anaphylaxis.
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Methods:

Animals

Wild-type (WT) BALB/c, IL-4-IRES-eGFP (4GeT mice, stock number 004190) were originally
provided by the Jackson Labs and bred in-house at Cincinnati Children’s Hospital and Medical
Center (CCHMC, Cincinnati, Ohio) and later at University of Michigan (Ann Arbor, Michigan).
ll4ra™ and ll4ra""*" mice were obtained from Fred Finkelman (CCHMC, Cincinnati, Ohio). IL-9-
GFP (INFER mice) (20) were obtained from Richard Flavell (Yale University School of Medicine,
New Haven, Connecticut). Batf”™ mice (21, 22) were provided by Richard L Reinhardt (National
Jewish Health, Denver, Colorado). All the strains of mice used in these studies were on BALB/c
background. All the experimental procedures were approved by the Institutional Animal Care
and Use Committee of CCHMC and University of Michigan.

Adoptive transfer and epicutaneous sensitization based models of food allergy

For skin sensitization food allergy model, mice were first sensitized by applying 20 ul of MC903
(0.1 uM Calcipotriol, Tocris Bioscience, Bristol, UK), followed by 5ul of OVA (200mg/ml) (Sigma
Aldrich, St. Louis, Missouri) to the ear for 14 days consecutively and then orally gavaged with
OVA (50 mg in 250 ul saline) three times a week for a total of seven gavages (19). In
reconstitution experiments, sensitized IL-4-GFP mice were intravenously injected with 5x10°
donor bone marrow cells one day after sub-lethal irradiation (9.5 Gy), then subjected to a
second sensitization and seven oral OVA challenges, administered three times a week (14).
Animals in mock sensitization groups were not sensitized with antigen for epicutaneous

sensitization and adoptive transfer models of food allergy.

Measurement of parameters of food allergy

Mice were monitored for 45 minutes for food allergy symptoms after oral challenges. Mice were
sacrificed 60 minutes after the last oral challenge. Hypothermia was measured by recording
rectal temperature prior to last oral challenge and then again every 15 minutes after oral
challenge for 45 minutes. Diarrhea incidence and hematocrit were recorded between 45-60
minutes after the last challenge as previously described (14). Blood samples and intestinal
tissues were collected from mice immediately after mice sacrifice. Serum samples were
analyzed using ELISA kits for OVA-specific IgE (MD Bioproducts, Oakdale, Minnesota), MCPT-
1 (eBioscience, San Diego, California), and OVA-specific IgG1 (Alpha Diagnostic International,
San Antonio, Texas). For intestinal histological analyses, duodenal tissues were fixed in 10%

formalin and processed by standard histological technigues. 5 um tissue sections were stained
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with Leder stain for chloroacetate esterase (CAE) activity in intestinal mast cells (15). Stained

cells were quantified as previously described (19).

Lamina Propria (LP) cell isolation

Small intestinal LP cell isolation was done as described previously (14). Briefly, small intestines
were cut longitudinally and incubated in HBSS with 5 mM EDTA 4°C for 30 min before vortexing
to remove epithelial cells. The remaining tissues were minced and digested with 2.4 mg/ml
collagenase A (Roche Diagnostic, Indianapolis, Indiana) and 0.2 mg/ml DNase | (Roche) at
37°C for 30 min. After removal of tissue debris, liberated cells suspended in 44% Percoll were
loaded above 67% Percoll before centrifugation. LP cells were collected from the interface
between 44% and 67% Percoll, washed with complete media, and suspended in complete
media.

Flow cytometric analysis and cell sorting

Viability of SI-LP cells was routinely confirmed > 95% using trypan blue exclusion. LP cells from
small intestines of mice, treated with Fc Block (BD Biosciences, San Jose, California) were first
stained with phycoerythrin (PE)-conjugated anti-c-Kit (2B8, BD Biosciences,), PE-Cy7-
conjugated anti-FceRla (MAR-1, Biolegend, San Diego, California), biotinylated anti-T1/ST2
(DJ8, MD Bioproducts, Oakdale, MN), allophycocyanin (APC)-conjugated anti-IL-17RB, APC-
Cy7-conjugated anti-CD3e (145-2C11, BD Biosciences), V500-conjugated anti-CD4 (RM4-5,
BD Biosciences), fluorescein isothiocyanate (FITC)-conjugated anti-B7integrin (M293, BD
Biosciences), PerCP-Cy5.5-conjugated monoclonal antibodies against lineages (Lin) markers:
CD11b (M1/70), CD11c (HL3), Gr-1 (RB6-8C5) (BD Biosciences), CD8a (53-6.7), B220 (RA3-
6B2, Biolegend), followed by brilliant Violet 421-labeled streptavidin (Biolegend) before analysis
with a FACSCanton Il (BD Biosciences) or cell sorting with a FACSAria Il (BD Bioscience). In
some experiments, cells were prestained with Live/Dead NIR (Life technologies, Grand Island,
NY) to confirm viability. MMC9 cells were identified by staining as SSC°" Lin- CD3" CD4™ c-Kit"
FceRla" ST2" cells, CD4" Th2 cells were identified as SSC°" Lin” CD3* CD4" IL17-RB" cells
similar to our previous study (23). ILC2s were identified as SSC°" Lin” CD3 CD4" c-Kit™" IL17-
RB" cells (10). BM-derived MMC9-L cells were identified by first staining with brilliant violet (BV)
421-conjugated anti-c-Kit (Biolegend), biotinylated anti-FceRla (MAR-1, BD Biosciences), PE-
Cy7-conjugated anti-ST2 (RMST2-2, Invitrogen, Carlsbad, California), BV786-conjugated anti-
B7integrin (M293, Biolegend), APC-conjugated anti-CD27 (LG.7F9, Invitrogen), PerCP-Cy5.5-
conjugated monoclonal antibodies against lineages (Lin) markers described above, including

PerCP-Cy5.5-conjugated anti-CD3¢ (BD Biosciences, San Jose, California), followed by APC-
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Cy7-labeled streptavidin (BD Biosciences, San Jose, California). For intracellular staining of
MMCS9s, SI-LP cells were restimulated with Phorbol 12-myristate 13-acetate (PMA) (100ng/ml)
and ionomycin (1pg/ml) and treated with golgi blocker (5ug/ml) (Sigma Aldrich), followed by
fixation, permeabilization (Life Technologies) and staining with APC-anti-IL-9 (RM9A4,
Biolegend) as described (19). For intracellular staining of MMC9-L cultures, cells were treated
with golgi blocker (5ug/ml) in the last 5 hrs of the culture period and subsequently stained as

described above.

MMC9-like culture model system

Bone marrow cells were obtained from Wild-type (WT) BALB/c, IL-9-GFP (20) and Batf” (21,
22) mice as previously described (24). Briefly, cells were cultured in complete media containing
mSCF and miL-3 (both 20 ng/ml) (Peprotech, Inc. Rocky Hill, New Jersey) for the first 6 days.
On day 3, non-adherent cells were collected and resuspended in media containing mSCF and
miL-3. On day 6, non-adherent cells were obtained, spun down and suspended in media
containing either SCF and IL-3 or the combination of mSCF, mIL-3 and mliL-4 (20ng/ml)
(Peprotech, Inc. Rocky Hill, New Jersey). Cells were cultured for 4 more days, non-adherent
cells were collected and suspended in media with fresh cytokines on d10 and resuspended at
1x 10° cells/ml, 200pul/well in 96 well plates. Cells were stimulated with mIL-33 (100ng/ml) for 24
hours.

Ex-vivo cytokine production and gPCR

For cytokine production, sorted MMC9s were washed with sterile flow cytometry buffer,
resuspended in complete RPMI media and stimulated with PMA (100ng/ml) and ionomycin
(Lug/ml) for 24 hours. Culture supernatants were used for IL-9 (Biolegend) and MCPT-1
ELISAs, as described previously. In some experiments, RNA lysates were prepared from sorted
MMCS9s for gene expression analysis by RNA-seq and gPCR.

Sequencing Analyses

Bulk RNA-seq sample preparation: RNA was isolated from freshly sorted MMC9s using the
Quick RNA microprep kit (Zymo Research, California, USA). In some cases, cDNA synthesis
was done using iScript reverse transcription supermix for RT-gPCR (Biorad). gPCR was
performed for genes as described previously (19). In some experiments, RNA was used for
RNA-seq performed using the Sequencing Core at CCHMC using pooled RNA samples from

12-20 biological replicates of mice for each group.
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scRNA-seq sample preparation: Analyses was performed by CCHMC DNA Sequencing and
Genotyping Core utilizing Fluidigm C1 Single Cell Full Length Messenger RNA (mRNA)
Sequencing. In brief, single cell MMC9 cells (SI Lin-GFP™ IL-17RB" c-Kit" ST2* B7Zintegrin®"
cells) were prepared using the C1™ Single-Cell Auto Prep System (Fluidigm, San Fransisco,
CA), according to the manufacturer's instructions. Flow-sorted cells were counted and
suspended ~ 30,000 cells per 100 pl PBS and loaded onto a primed C1 Single-Cell Auto Prep
Integrated Fluidic Chip for mRNA-Seq (5-10 um). Cells were lysed on chip and reverse
transcription was performed using Clontech SMARTer® Kit using the mRNA-Seq: RT + Amp
(1771x) according to the manufacturer’s instructions. Single cell cDNAs were transferred to a 96
well plate and diluted with 5 pl C1™ DNA Dilution Reagent and quantified using Quant-iT™
PicoGreen® dsDNA Assay Kit (Life Technologies, Grand Island, NY) and Agilent High
Sensitivity DNA Kit (Agilent Technologies (Santa Clara, CA). Libraries were prepared using
Nextera XT DNA Library Preparation Kit (lllumina Inc, Santa Clara, CA) on cDNAs at 100 pg/l.
In each single-cell library preparation, a total of 125pg cDNA was tagmented at 55 °C for 20
minutes. Libraries were pooled and purified on AMPure® bead-based magnetic separation
before a final quality control using Qubit® dsDNA HS Assay Kit (Life Technologies) and Agilent
High Sensitivity DNA Kit. We required the majority of cDNA fragments to be between 375—
425bp to qualify for sequencing. Single cell libraries were subjected to paired-end 75bp RNA-
Sequencing on a HiSeq 2500 (lllumina Inc., San Diego, CA). 96 scRNA-Seq libraries were
sequenced per HiSeq 2500 gel (~300 million bp/gel).

RNA-seq Data processing

Bulk analyses: Raw reads were aligned to the reference mm9 mouse genome (GRCm38)
using Hisat-build pipeline (25). Relative gene expression was quantified using FeatureCounts
function from the subread-2.0.0 package (26). Differentially expressed genes were identified
with at-least = + 1.5 fold Reads Per Kilobase of transcript, per Million mapped reads (RPKM)
and heat map was generated using the Python on the normalized scale. PANTHER (27) and
KEGG (28) databases were used to identify important pathways altered by differentially
regulated genes within 114ra"°*"-MMC9, Il4ra”-MMC9 and by the 410 genes reciprocally altered
within both 114ra""®F-MMC9 and Il4ra”-MMC9. RNA-seq, as described in our previous
study (14) was used to obtain correlational analysis between 119 and Batf/Nfil3 mRNA

expression.
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To generate the 3491 gene transcript MMC9 transcriptome we identified common transcripts
from the RNA-seq analyses of isolated WT MMC9 cells from the Sl of food allergic mice
(Supplementary Table S4) and 3738 gene transcripts described in GSE 72921 (19). Cell
analyses of the MMC9 transcriptome was performed using the Enrichr tool (29, 30) and the
BioGPS mouse cell type and Tissue gene expression profile Dataset (31-33) and protein-protein
interaction network was identified using String (https://string-db.org/)(34). Functional and
enrichment pathway analyses were performed using String (https://string-db.org/), DAVID
(DAVID V6.8 (https://david.ncifcrf.gov/tools.jsp) (35, 36) and PANTHER V14.0
(http://pantherdb.org/) (37, 38) pathway enrichment databases.

Single cell RNA-seq analysis: We obtained scRNA-Seq reads from 81 S| Lin- IL-4GFP" IL-
17RB" c-Kit" ST2" B7integrin® cells that were aligned to the reference mouse genome
(GRCm38) to obtain relative gene expression as RPKM as described in the bulk sequencing
analyses. n = 6 cells were excluded due to low quality cells as identified by low RPKM values
and downregulated biological categories that correspond to basic molecular function and
biological processes (results not shown). To exclude identification of gene transcripts that may
be detected as part of random noise, we performed filtering analyses excluding transcripts that
were detected in fewer than 15 % of the total cells (n = 75 cells). Prioritized transcripts based on
average RPKM and expression by at least 10 cells. Functional and enrichment pathway analyses
was performed on 10% DEGs (604 / 6030 genes) using DAVID (DAVID V6.8
(https://david.ncifcrf.gov/tools.jsp) (35, 36). We applied R Seurat package to identify the
subpopulation of the MMC9 cells and Uniform Manifold Approximation and Projection (UMAP)
(https://arxiv.org/abs/1802.03426)(39) dimensional reduction technique to visualize and explore
these datasets. As a default, Seurat performs differential expression based on the non-
parametric Wilcoxon rank sum test. We identified 3 subpopulations of MMC9 cells with this
analysis. Differentially expressed genes with a + 1.5 fold in IL-4 signaling from the bulk RNAseq
of MMC9 cells were mapped over all the three clusters. Above 90% gene of the matched genes
(between IL-4 signaling and scRNA-seq clusters) were mapped on metabolic cluster. Figure 5
represents the metabolic cluster mapped with IL4 signaling associated genes. Genes from this
cluster were selected for gene-pathway network analysis. Functional and enrichment pathway
analyses were performed using String (https://string-db.org/), DAVID (DAVID V6.8)
(https://david.ncifcrf.gov/tools.jsp) (35, 36) and PANTHER V14.0 (http://pantherdb.org/) (37, 38)
pathway enrichment databases. Input for pathway-gene interactions was prepared using Perl

script, and the network was constructed and analyzed using Cytoscape 3.7.1 (40).
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Statistical analysis. In experiments comparing multiple experimental groups, statistical
differences between groups were analyzed using the one/two-way ANOVA parametric test. In
experiments comparing two experimental groups, statistical differences between groups were
determined using a Student’s t-test or Wilcoxon-Mann-Whitney test. Results are considered
significant at P < 0.05. All data was analyzed using Prism (GraphPad Software, San Diego, CA,
USA).
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Results:

IL-4 signaling drives SI MMC9 to control food allergic outcomes.

To gain insight into the impact of IL-4 signaling on MMCS9s in the food allergic phenotype in
mice, we employed complementary IL-4Ra gain and loss of function approaches utilizing wild
type (WT), 114ra”®" (41) and ll4ra” mice (42). Epicutaneous sensitization and repeated oral
gavage challenge with Ovalbumin (OVA) antigen (Figure S1A) (19) increased the Sl Lamina
propria (SI-LP) frequency and total numbers of Lin" c-Kit" FceRla™ ST2* IL9" MMC9s and CD4"
IL-17RB* Th2 cells in WT mice (Figure 1A-E, Figure S1B and S2A) (19). Genetic deletion of
ll4ra abrogated OVA-induced amplification of SI MMC9 and CD4" Th2 cells (Figure 1 A-E and

Figure S2A). Conversely, gain of function of the ll4ra (ll4ra""*"

mice) led to increased
percentage and total numbers of SI MMC9 cells and CD4" Th2 cells compared to WT mice
(Figure 1A-E and Figure S2A). Percentage and total numbers of Sl Lin" CD3" CD4 IL-17RB"
ILC2s in 1l4ra"™F mice were significantly reduced compared to the WT mice and Il4ra’ mice
(Figure 1F and Figure S2A and B). Importantly, the opposing effects of IL4ARa-signaling on S
MMC9 and CD4" Th2 cell levels in ll4ra” and I14ra¥"*" mice were directly associated with
development of IgE-mediated food allergy (Figure 1G-L). Moreover, ll4ra” mice that possessed
reduced levels of SI MMC9 and CD4" Th2 cells compared with WT mice, did not develop
symptoms of food allergy (diarrhea and hypovolemic shock) or demonstrate an SI mastocytosis
or systemic MC activation (Figure 1G-L). Conversely, ll4ra"’®" mice which demonstrated
heightened levels of SI MMC9 and CD4" Th2 cells compared with WT mice, demonstrated a
more severe food allergy phenotype (diarrhea and hypovolemic shock) and possessed
exaggerated S| mastcocytosis and systemic MC activation (Figure 1G-L). The increased

Y709F

incidence and severity of food-induced anaphylaxis in ll4ra mice was not related to

increased serum levels of OVA-specific IgE or MMC9 FceRla expression, however total serum

IgE levels were significantly increased in ll4ra"®" mice (Figure S2C-E). Furthermore,

Y709F

demonstration that MMC9 levels in mock-sensitized Il4ra mice following repetitive oral OVA

gavage challenge was significantly lower than that observed in epicutaneously sensitized and

Y709F

repeated oral gavage challenged ll4ra mice and comparable to that observed in sensitized

and challenged ll4ra” mice indicates that the observed heightened SI MMC9 levels is not a
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consequence of increased basal levels (Figure S3A). We concluded that IL-4 signaling impacts
antigen-induced CD4" Th2 cell and MMC9 frequency and function and development of food-
induced anaphylaxis.

IL-4 signaling in MMCS9 cells is required for food-induced SI MMC9 amplification and food
allergic responses.

To determine if IL4Ra signaling directly impacted MMC9 function, we employed an adoptive
transfer model of food allergy (19) whereby OVA-sensitized WT mice are sub-lethally irradiated

Y79% or ll4ra’ mice and subsequently

and reconstituted with bone marrow (BM) from WT, ll4ra
receive repeated oral challenges (Figure S4A-B). The advantage of this model system is that it
permits distinction between the requirement of IL-4Ra on CD4" T cells and MMC9 cells as
recipient mice possess CD4" Th2 cells of recipient origin and innate cells including MMC9s and
ILC2s, from donor origin (Figure S4C and D) (19). Transfer of WT BM to OVA-sensitized WT
mice and repeated oral challenge with OVA reconstituted the SI CD4" Th2 compartment and
maintained the levels of ILC2 and MMC?9 cells to levels comparable to that observed in WT mice
sensitized and repetitively challenged with OVA (Figure 1C-F and 2A and B). OVA challenge of
WT mice reconstituted with ll4ra"*F BM induced significantly higher frequency of MMC9s
compared to WT mice that received WT BM (Figure 2A and B) and conversely, OVA challenge
of WT mice that received Il4ra” BM had significantly lower frequency of MMC9s (Figure 2A and
B). Consistent with previous observations, S| LP-sorted MMC9s derived from WT, ll4ra""*F or
ll4ra™ origin possessed a hypogranular phenotype (Figure S5) (19). The frequency of CD4" Th2
cells and ILC2s was similar between groups suggesting that IL-4 signaling directly regulates the
expansion of MMC9 cells independent of CD4" Th2 cells (Figure 2A and B). Importantly, the
reciprocal regulation of the levels of SI MMC9 cells was associated with the development of SI
MCs, systemic MC activation and development of the food allergy phenotype (Figure 2C-F and
S6). That is, WT mice that received ll4ra"°% BM possessed heightened SI MCs, systemic MC
activation and disease symptoms (diarrhea occurrence) following dietary antigen challenge
compared to mice that received WT BM. Conversely, WT mice that received ll4ra” BM did not
develop S| mastocytosis or have evidence of systemic MC activation or disease symptoms
following OVA challenge (Figure 2 C-F and S6A). Importantly, the altered SI MMC9 cells and
MC phenotype was not related to changes in OVA-specific or total IgE (Figure 2F and S6B).
Furthermore, repetitive oral OVA gavage challenge of mock-sensitized WT mice that received
ll4ra¥"*F BM did not amplify SI MMC9 levels indicating that the observed phenotype is not a

consequence of heightened basal levels of 1l4ra’’®" S| MMC9 levels (Figure S3B).Next, to
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determine whether the effect of IL-4 signaling on MMC9 was associated with altered IL-9
production, we compared the 119 gene and protein expression of flow-sorted MMC9 cells of WT,
l14ra"% and Il4ra™ origin from SI-LP of recipient WT mice. 19 mRNA and protein expression
was increased ~2-3 fold in ll4ra""*"-derived MMC9 as compared to WT-derived MMC9 cells
(Fig 2G). These datasets suggest a role for IL-4Ra signaling in IL-9 expression in MMC9 cells
and MMC9 frequency and control of food allergen-induced SI mast cell levels, MC activation
and concomitant food allergic outcomes.

IL-4 signaling directly regulates MMC9 gene expression

To gain greater insight into the IL4Ra-dependent regulation of MMC9 function we performed
RNA-sequencing analysis of flow-sorted MMC9s from SI-LP of WT mice reconstituted with
MMC9s of WT, 114ra""*" and Il4ra” origin. We identified dysregulation of 4253 genes (n =
2437114ra¥"°, n = 2957 ll4ra”, FC > + 1.5-fold) in Il4ra¥"*F and ll4ra”-MMC9s compared with
WT MMC9 cells (Figure 3A). 2437 genes (Up n = 981, Down n = 1456, FC > + 1.5-fold) were
significantly altered in expression in Il4ra¥"" MMC9s (Figure 3A and Supplementary Table S1)
and 2,957 genes (Up n = 1874, Down n = 1083, FC > * 1.5-fold) were significantly altered in
expression in ll4ra” MMC9s (Figure 3A and Supplementary Table S2). Of the 42C53
dysregulated genes, 1141 genes were dysregulated in both 114ra¥"°*" and ll4ra” MMC9 cells and
410 of these genes were reciprocally dysregulated in both Il4ra""*F and ll4ra”™ MMC9 cells
compared with WT (Figure 3A-C and Supplementary Table S3). Moreover, 102 genes were

increased in 114ra¥"%%"

and decreased in ll4ra”™ MMC9 cells; and 308 genes were decreased in
l14ra""*F and increased in ll4ra” MMC9 cells (Figure 3A-C). Within these 410 reciprocally-
regulated genes (Figure 3B), 119 was identified as the most dysregulated gene, with 5.2-fold
induction in I14ra¥"*" MMC9s and 7-fold reduction in Il4ra” MMC9s (Figure 3B and C). Notably,
we also observed reciprocal dysregulation of two transcription factor genes by IL-4 signaling:
Basic leucine zipper ATF-like transcription factor (BATF) and NFIL3, encoded by the gene E4
promoter-binding protein 4 (E4bp4) (Figure 3B-D). Indeed, correlation analyses of mRNA levels
of 119 and Batf across multiple cell types, including MMCS9s, ILC2s, Th2, BM-derived MCs,
peritoneal MCs, mast cell progenitors (MCp), CD8" T cells, eosinophils, B cells, and non-Th2
CDA4 T cells revealed a strong positive correlation between 119 and Batf expression (Figure 3E
and F). These studies reveal that IL-4Ra signaling regulates IL-9 mRNA expression in MMC9s

and expression of this cytokine correlated with Batf and Nfil3 mRNA expression.

MMC9 Transcriptome
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We have previously performed RNA-seq analyses on isolated MMC9 cells from the Sl of food
allergic mice and identified 3738 gene transcripts (GSE 72921) (19). Herein, we identified 9,408
expressed genes in WT-origin MMC9 cells purified from the Sl of food allergic WT recipient
mice that received WT BM (Supplementary Table S4). Comparison of the two gene expression
profiles identified 3491 common gene transcripts, which we now define as the MMC9
transcriptional signature (Figure 3G and Supplementary Table S5). Analyses of the MMC9
transcriptome revealed that the differentially expressed genes (DEGs) were significantly
enriched for many canonical mast cell proteases, mast cell protease (Mcpt) Mcptl, Mcpt2,
Mcpt4, Mcpt8, carboxypeptidase A3 (Cpa3), chymase (Cma) -1 and 2, cathepsin G (Ctsg) as
well as mast cell-specific genes: Fc Fragment Of IgE Receptor la (Fcerla), ADAM
Metallopeptidase With Thrombospondin Type 1 Motif 9 (Adamts9), Hematopoietic Prostaglandin
D Synthase (Hpgds), L-tryptophan transporter (Slc7a5), DOPA decarboxylase (Ddc)
monoamine oxidase (Maob) (Supplementary Table S6) (43). DAVID functional annotation
clustering analyses of the 3491 common DEGs identified enrichment of GO molecular functions
involved in the regulation of transcriptional activity (RNA and mRNA binding), cell-cell adhesion
(cadherin binding) and intracellular signaling (Ubiquitin, kinase and purine ribonucleoside
binding) and biological processes including gene expression, rRNA processing and metabolic
processes (Supplementary Table S6). KEGG pathway enrichment analyses revealed highly
significant enrichment in DEGs associated with disease-related dysfunctional and metabolic
disorders (Alzheimer’'s disease, Parkinson's disease, Huntington Disease and NAFLD) and
metabolic pathways (thermogenesis, oxidative phosphorylation) (Figure 3H; Supplementary
Table S6)

scRNA-seq analyses MMC9 cells

To analyze potential transitional intermediates or subsets of MMC9 cells, we performed single-
cell RNA sequencing (scRNA-seq) on n = 81 purified S| Lin-GFP" IL-17RB c-Kit" ST2"
B7integrin® cells from WT food allergic mice (Figure 4A). Prioritization of transcripts based on
average RPKM and expression by at least 10 cells revealed the top 50 expressed transcripts in
n = 75 cells (Figure 4A) to be genes related to mast cell function: Cpa3, Mcptl, Hdc, Tphl,
Srgn, Fcerla, Cmal, Tpsb2, Gzmb, Mcpt2, Kit, Ms4a2, Mcpt4, Gata2, Rac2, Cd63, Alox5, Ccl2
(Figure 4B). Overall, we identified expression of a total of 6030 genes in n = 75 cells
(Supplementary Table S7). Employing a supervised cell type mapping approach, n = 75 cells
expressed at least 3100 of 3491 transcripts of the MMC9 transcriptional signature
(Supplementary Table S5 and S7). Furthermore, DAVID pathway analyses of the top 10%
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DEGs (604 / 6030 genes) revealed significant enrichment for mast cell genes and transcripts
that regulate mRNA splicing and transcriptional activity, protein phosphorylation (ATP-binding
and transferase activity), mast cell activity (positive regulation of mast cell degranulation and IgE
receptor activity) and protein processing (serine-type endopeptidase activity) confirming that
these cells are mast cell lineage (Supplementary Table S8). n = 6 cells were not included in the
analyses due to low quality cells as identified by downregulated biological categories that
correspond to basic molecular function and biological processes (results not shown). Gene
expression clustering using Seurat Uniform Manifold Approximation and Projection (UMAP)
dimensional reduction technique partitioned the n = 75 MMC9 cells into three distinct clusters (n
= 71 total MMC9 cells: Cluster 0 (n = 30 cells) (metabolic), 1 (n = 24 cells) (inflammatory) and 2
(n = 17 cells) (other)) (Figure 4C and D). Cluster 0 was enriched for n = 370 gene transcripts of
the MMC9 transcriptional signature and pathway enrichment analyses (DAVID and PANTHER
pathway-classification system) revealed enrichment for transcripts that encoded for products in
the categories of metabolism including cellular metabolic process, metabolism of proteins,
thermogenesis, metabolic pathways, Non-alcoholic fatty liver disease (NAFLD) and mitophagy
relative to the abundance of transcripts encoding products in other pathways (Supplementary
Table S9 and S10). Cluster 1 “inflammatory” MMC9 population was enriched for 19 MMC9
signature transcripts and pathways involved in inflammation including Toll-like receptor signaling
pathway, JAK-STAT signaling pathway, Cytokine-cytokine receptor interaction) pathways
(Supplementary Table S9 and S10) Cluster 2 was enriched for n =5 MMC9 genes that were not
determined to be significantly enriched in any functional category or pathway (Supplementary
Table S9 and S10). Based upon these analyses we concluded that within the Sl of food allergic
mice there are at least n = 2 MMC9 populations defined by transcriptional signature that can be
categorized into metabolic and inflammatory MMC9 cells. To gain insight into which MMC9
population is responsive to IL-4 signaling, we mapped the IL-4R responsive genes identified by
analysis of the dysregulated genes (ll4ra""*F versus WT MMC9 RPKM > 5, ll4ra¥"*" > 0; + 1.5-
fold; n = 2437 genes) and (ll4ra” versus WT MMC9 RPKM WT > 5, ll4ra™ > 0; + 1.5-fold; n =
2,957 genes) (Supplementary Table S1 and S2) to the metabolic, inflammatory and other
MMCS9 populations. 106 genes mapped to the MMC9 populations of which 100 genes mapped
to Cluster 0 metabolic population, n = 4 genes to the inflammatory MMC9 cells and n = 2 genes
to other MMC9 population (Supplementary Table S11). Notably, IL-4 signaling responsive
genes in MMCS9 cells that mapped to the metabolic population were significantly enriched for

genes encoding for products in the functional pathways of metabolism (2-oxoglutarate
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metabolic, cellular nitrogen compound metabolic, cellular aromatic compound metabolic)

suggesting that IL-4-IL-4Ra-signaling modulates the metabolic MMCS9 cell subset (Figure 5).

IL-4 signaling induces in vitro development of BM-derived MMC9-like cells

To directly test the role of IL-4R-signaling in regulation of MMC9 development and maintenance,
we established an in vitro model system to generate MMC9-Like (MMC9-L) cells from BM
progenitors derived from IL-9-GFP mice (Figure 6A). The IL-9 reporter knock-in mice designated
INFER (Interleukin Nine Fluorescent Reporter) permits identification of IL-9 expressing cells in
real time (20). We have previously demonstrated that ex vivo MMC9 cells are Lin™ c-Kit",
FceRla®, ST2%, Thyl.2", MHCII*, CD86", IL-2Ra’, IL-7Ra’, Sca-1,, CD23, CCR3,, Siglec-F, or
IL-3Ra (CD123) indicating that this cell is of the MC lineage (19, 44) and, that these cells
rapidly lose their IL-9-producing capability and develop into mature MCs following IL-3 + SCF
culture (19). We therefore cultured whole BM in the presence of IL-3 + SCF until we observed
appreciable numbers of MC progenitors (Lin" c-Kit" FceRIa™" B,-integrin™” ST2%) in the
absence of mature MCs, and subsequently exposed the cells to the cytokine IL-4 and
subsequently IL-4 + IL-33 which is a known trigger of IL-9 production (19). On Day 0, MC

high

progenitors (Lin" c-Kit" FceRla™" B,-integrin™" ST2") were undetectable (Figure S7A top row;

Black and purple boxes). Exposure of whole BM to SCF + IL-3 for six days generated

high

significant numbers of MC progenitors (Lin™ c-Kit" FceRIa"" B,-integrin™@ ST2*) in the absence

of mature MCs (Figure S7A bottom row; black and purple boxes). A Lin" c-Kit" FceRIa™ B,-

low

integrin® ST2 population was detected in whole BM on Day 0 (Figure S7A top row; Blue and
orange boxes) and increased three-fold following six days of SCF + IL-3 exposure (Figure S7A
bottom row; Blue and orange boxes) that appeared to represent an early MC lineage population.
In the absence of SCF + IL-3 we did not observe MC lineage commitment or presence of
mature MCs (Lin™ c-Kit" FceRIa"®" B-integrin® ST2" IL-9-GFP") cells (results not shown). Next
we exposed Day 6 BMMC cultures to SCF + IL-3 + IL-4 for 96 hours followed by IL-33 for
twenty-four hours and examined for IL-9-GFP expression (Figure 6A). Stimulation of BM cells
with SCF + IL-3 for ten days followed by twenty-four hours of IL-33 predominantly lead to the
generation of mature MCs (Lin" c-Kit" FceRla™" B,-integrin® ST2" IL-9-GFP") cells (Figure 6B
Top row; grey and black Boxes). We also observed the presence of c-kit" FceRI""™! B7-
integrin™" ST2" cells that were predominantly IL-9-GFP (Figure 6B Top row; blue and green
populations). Culturing of BM cells with IL-3 + SCF + IL-4 for 4 days and twenty-four hours of IL-

33 predominantly lead to the generation of mature MCs (Lin™ c-Kit" FceRIa"" B;-integrin® ST2*
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IL-9-GFP") cells (Figure 6B bottom row; grey Box and black boxes). However, we also observed

low/mid

the potent induction of IL-9 within Lin" c-Kit" FceRla B-integrin ST2" cells upon IL-33
stimulation (Fig 6B bottom row Blue and green boxes and Fig 6C). gqRT-PCR analyses revealed
that purified Lin~ c-Kit" FceRIa®™? B, Integrin® ST2" cells expressed 119, Nfil3 and Batf mRNA
supporting the notion that this population is similar to the observed ex vivo MMC9 cells
(Supplementary Figure S8). Thus, we defined this Lin™ c-Kit" FceRIa®™? B, Integrin® ST2*
population as “MMC9-like cells” (MMC9-L cells) because of similarity to the in vivo-defined Lin
c-Kit" FceRIa™ ST2* B,°Y MMC9 cells. Comparison of Lin™ c-Kit" FceRIa®™™? ST2* and mature
BM-derived MCs (c-Kit" FceRIa"®" ST2* cells) revealed that IL-9 was restricted to MMC9 cells
(Figure 6B, C), and required IL-33 (Figure 6C). Taken together, our results suggest that IL-4 has
the capacity to directly induce IL-9 expression in Lin" c-Kit" FceRIa®"™ B7-integrin™ ST2*
MMCO9-like cells in vitro.

Given our demonstration that Batf expression in SI-MMC9s was responsive to IL-4 signaling
(Figure 3A-D), and that 119 mRNA expression positively correlated with Batf mRNA across
different cell types (Figure 3E), we were next interested in defining the requirement of the BATF
in IL-4-induced MMC9-L cell development. WT (BALB/c) and Batf” BM cells were cultured
under MMC9-like conditions (Figure 6A) and following twenty-four hours of IL-33 exposure IL-9
expression was examined. We show that loss of BATF signaling lead to a significant reduction
(~50%) in MMC9-like cell formation (Lin" c-Kit" FceRI1a"®™ B-integrin® ST2" IL9") cells (Figure
6D and E). Notably, we observed no reduction in mature MCs (Lin" c-Kit" FceRla* B--integrin®”
ST2"IL-9) cell frequency between groups (Figure S7B). Collectively these studies show that IL-
4-induced MMC9 development is in part dependent on BATF.

Discussion:

We previously identified a Lin~ c-Kit" FceRla" Bs-integrin® ST2* IL-9-producing cell
population that secretes a prodigious amount of IL-9, induce intestinal mastocytosis, rapidly
develops into a granular MC following IL-3 + SCF exposure and drive symptoms of food-

Y799 and Il4ra™ mice and a reconstitution

induced anaphylaxis (19). Here in, employing ll4ra
model of food allergy, we identified an IL-4Ra signaling-dependent regulation of MMC9 cell
amplification in food allergy that was independent of IL-4Ra-signaling involvement in Th2 cell
function or antigen specific-lgE responses. RNA-seq analysis of S| MMC9 cells identified an IL-
4Ra-regulated MMCS9 transcriptome that includes IL-9, BATF and NFIL3. ScCRNA-seq analyses

revealed two transcriptionally distinct MMC9 populations enriched for metabolic or inflammatory
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programs. IL-4 responsive genes were predominantly restricted to the metabolic networks
suggesting that IL-4 signaling may regulate MMC9 metabolic programming. Employing a novel
in vitro MMCS9 culture system, we show that IL-4 significantly increased MMC9-L cells (Lin™ c-Kit"
FceRla ™™ B_-integrin® ST2" IL-9-GFP") in vitro. Finally, using Batf” mice we showed that IL-4
mediated induction of MMC9-L cells was in part regulated by BATF. Based upon these studies
we conclude that direct IL-4Ra signaling can enhance MMC9 cell development and function

which in turn regulates Sl mastocytosis and IgE-mediated food allergic response.

The initial identification of IL-4 from a mouse helper T cell cDNA library describes a 140
amino acid secreted protein that possessed B-cell, T-cell and mast cell proliferative capacity
(45). Subsequent follow-up studies revealed that IL-4 alone possessed minimal capacity to
promote MC proliferation (46); however IL-4 could amplify IL-3-dependent MC growth (47, 48)
and support clonal proliferation of connective tissue MCs (49). Since these initial descriptions,
IL-4 has been shown to possess multiple positive and negative regulatory effects on MC
maturation and function (50, 51). IL-4 prolongs mast cell survival, stimulates mediator release
(52, 53) and adhesion molecule expression (ICAM-1 and LFA-1) (54, 55). Whereas, IL-4 inhibits
murine MC FceRI (56) and mucosal mast cell protease (MCPT-1, MCPT-2) expression (57).
While these studies suggest that IL-4 can directly impact MC growth, our studies reveal an
indirect mechanism by which IL-4 can modulate MC frequency and function via regulation of the
MMC9 population which is a critical requirement for dietary antigen-induced S| mastocytosis

and food-induced anaphylaxis (19).

Herein, we reveal a requirement for IL-4Ra signaling directly on MMC9 cells for the
amplification of SI MMC9 frequency and subsequent development of SI mastocytosis in food-
induced anaphylaxis. Moreover, contracted SI MMC9 levels in the presence of normal levels of
allergen specific IgE, CD4" Th, cells and ILC2 cells protected against food-induced anaphylaxis,
Conversely, heightened SI MMC9 levels was sufficient to exacerbate food-induced anaphylaxis.
The primary role for MMC9 cells appears to relate IL-9 induction to SI mastocytosis during
dietary antigen exposure (19). We have previously reported a critical role for IL-9 / IL-9R
signaling in the induction of SI mastocytosis and development of food-induced anaphylaxis (14).
Furthermore, we have shown that overexpression of IL-9 in the Sl is sufficient to induce Sl
mastocytosis (23). IL-9 is not sufficient to induce MC growth and differentiation of MCps, but can
enhance SCF-dependent MC growth (58). Employing ll4ra¥"®" mice, Burton and colleagues
have previously reported a cell intrinsic effect of IL-4 on intestinal MC homeostasis (59). The
authors showed that IL-4 is sufficient to drive intestinal mastocytosis (59) and that IL-4
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enhanced MC growth and survival was through the induction of anti-apoptotic genes Bcl-2 and
Bcl-X.. In concordance with our studies, the authors revealed that IL4Ra-signaling directly
promoted MC expansion during food allergy in mice (59). Intriguingly, Burton and colleagues
identified SI mast cells as Lin" CD45" c-kit" IgE™ cells (59). Notably, we show that during a food
allergic reaction, both the SI mature MCs and MMCS9 cells are Lin" c-kit" FceRla™ and can only
be distinguished by expression of IL-9 and side scatter characteristic (SSC). Burton et al., did
not distinguish whether the IL-4-induced increase in MC populations was restricted to mature
MC's or also due to an increase in MMC9 level. Our studies employing Il4ra” and Il4ra¥"*"
global mice reveal that IL4Ra signaling directly impacts both MMC9 and mature MC frequency,
however if you restrict IL4Ra signaling on MMC9 population you can impact total mature MC

frequency suggesting that IL-4Ra-dependent effects are via regulation of MMC9 cells.

In the adult mouse, BM multipotential progenitor (Linm CD27 FceRla Br-integrin®) cells
give rise to splenic basophil mast cell progenitors (BMCP- Lin  c-kit™ FcyRI/IIY Bo-integrin™
FceRI) and committed mast cell progenitors (MCp- Lin' CD45" CD34" c-kit* B-integrin™ FceRla™")
(60-62) that are considered to serve as MC-committed progenitors that populate tissues with
mature MCs (61, 63, 64). In particularly, MCps have been shown to be recruited to the Gl tract
via Bs-integrin- and CXCR2-dependent mechanisms and are required for maintenance of mature
MC population (65). Our in vitro data suggests that IL-4 + SCF/IL-3 exposure of BM progenitors
leads to the generation of MMC9-like cells. It is currently unclear what specific MCp subset
leads to MMC9 commitment or the temporal and spatial conditioning signals required for the
commitment to MMC9 cells. Importantly, IL-4 alone was not sufficient to permit visualization of
the IL-9-GFP signal or IL-9 secretion. The cells required additional signals such as IL-33 to
visualize IL-9-GFP and IL-9 secretion. Previous studies have reported IL-33-induction of IL-9 in
both human CD4" T cells and basophils (66). IL-4 was required for IL-33-driven induction of IL-9
in MMC9 cells as we observed a very low frequency of MMC9 cells following IL-33 stimulation
alone. The requirement of IL-4 was not related to level of expression of IL-33R, as we did not
observe differential expression of the IL-33R, ST2 in ll4ra¥"* and Il4ra” Lin" c-Kit* FceRla* IL9"
MMC9 gene expression profiling analyses and previous reports indicate high ST2 expression on
MCps. Importantly, in accordance with our previous studies, IL-9 was restricted to hypogranular
Lin" c-Kit" FceRIa®™ ST2" cells and that highly granular mature Lin™ ¢c-Kit" FceRla™ ST2" MCs were
IL-9 negative (19). Consistent with this, previous studies have reported that MCs derived from
BM progenitors stimulated with IL-4 and SCF possessed a hypogranular phenotype (46).
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Gene expression profile analysis identified a IL-4Ra-regulated MMC9 transcriptome that
included the transcription factors BATF and NFIL3. Previous studies have reported a role for
BATF and IRF4 in IL-33-ST2-dependent FoxP3" regulatory T cell development and
maintenance (67). Notably examination of the MMC9 transcriptome from ll4ra""%F- MMC9 cells
identified significant induction of IRF4 highlighting the possibility of a role for BATF and IRF4 in
IL-33 induction of IL-9. A large transcriptional network involving the canonical Th2-promoting
transcription factors, GATA-3 and STAT6, the ETS family transcription factor, (PU.1, IRF4),
BATF and BATF3, have been shown to bind to conserved regulatory elements at the 119 locus
(CNS2 / CNS +5.5; CNSO/CNS-6; CNS-12; CNS-25 and CNS-35), thereby stabilizing IL-9
expression and supporting Th9 cell differentiation (68-71). Analyses with Batf” BM cells
revealed a role for BATF in the IL-4-induction of MMC9 cells. IL-4-STAT®6 signaling in Th9 cells
promotes BATF expression (68) and IL-4 can modulate BATF functionality through an IL-
4/BATF/IRF4 positive feedback amplification loop (72). Recently, investigators demonstrated
that the CNS25 region of the 119 promoter which binds to several TFs including IRF4, SMAD2/3
and BATF is required for 119 transcription in mature MCs (70). Deletion of this region in mice
lead to decreased S| MCs and diminished food allergy suggesting that the CNS-25 region of 119
promoter is required for IL-9 expression in mast cell populations (70). The demonstration that IL-
4 can induce MMC9-L cells from Batf” BM indicates that BATF is not essential for MMC9-L
development. Previous studies have reported functional redundancy amongst BATF family
members (BATF, BATF2 and BATF3) likely via the common activity of their leucine zipper
domains and BATF3 expression is sufficient to promote Th9 cell development in the absence of
BATF (73, 74). Whether BATF is required for 119 gene expression or plays a more integral role in
MMCS9 fate decisions is currently unknown. The other TF that was reciprocally regulated during
exaggerated and loss of IL-4Ra function was NIFL3. NFIL3, encoded by the gene E4 promoter-
binding protein 4 (E4bp4) is a basic leucine zipper transcription factor that regulates I3
promoter activity in immune cells (75, 76). NFIL3 is required for the development of Peyer's
patches and establishment of ILC subsets into Gl tract (77) and CD4" Th2 responses (78). IL-4
rapidly induces NFIL3 expression in B cells and is required for promotion of IgE class switching
in vivo and in vitro (79). Furthermore, NFIL3 is induced by IL-4 in CD4" T-cells via a STAT6-

dependent mechanism (80).

We identified the existence of two transcriptionally unique MMC9 populations; an inflammatory
MMC9 population that was enriched for transcripts involved in innate immune pathways and a
second MMCS9 population that was enriched for transcripts involved in metabolic programming.
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The inflammatory MMC9 population was enriched for Toll-like receptor signaling (Ccl3, Ccl4, 116,
Nfkbia, Tollip) and chemokine activity (Ccl3, Ccl4) suggesting a role for this cell population in
innate immune activation and recruitment of inflammatory cells including monocytes and
neutrophils. The metabolic MMC9 population was enriched for transcripts involved in the
regulation of metabolic processes including pyruvate metabolism, oxidative phosphorylation and
citric Acid (TCA) cycle (e.g. Idh3b, Pdhal, Sdhc, Aldh3a2, Ndufs7, Uqcrll) which suggests that
this MMC9 population may utilize different metabolic processes for cellular function. Intriguingly,
recent studies have demonstrated that mast cells may utilize metabolic reprogramming to shape
immune responses in specific environments. I1L-33 has been shown to stimulate glycolytic gene
expression in mast cells and glycolytic ATP production is important for IL-33-induced mast cell
activation (81). Furthermore, elevated glucose environment enhances FceRI-dependent MC
degranulation and LTC4 production (82). Given that mucosal barrier surfaces such as the
gastrointestinal tract are metabolically distinct (reduced oxygen tension and nutrient levels) from
other organs (83), metabolic reprogramming of MMC9 cells may be a response to the
microenvironment and represent a mode by which these cells activate cellular function or
preserve their maturation status at barrier sites. Interestingly, in silco analyses revealed that IL-
4R-signaling seems to predominantly regulate metabolic processes within the MMC9
population. In particular, we show that IL-4 signaling-dysregulated transcripts were enriched in
pathways focused around 2-oxoglutarate metabolic process, carbon and nitrogen metabolism
and amino acid synthesis (e.g. Chd9, Thp, Mpg, Prmt5, Mrps12, Exosc4, Nt5¢c3b and Commd1).
The 2-oxoglutarate metabolic pathway serves as the convergence point of carbon and nitrogen
metabolic pathways and regulates ATP production via glutamine-driven oxidative
phosphorylation (84). The biological significance of IL-4Ra-regulation of metabolic programs in
MMCS9 cells in the context of food allergic reactions is not yet clear. The in vitro MMC9-L cells
will provide an excellent system to begin to define the biological functions of MMC9 cells in vivo

and the contribution of MMC9 populations to food allergy.

Herein we identified a mechanism whereby IL-4Ra signaling directly regulates MMC9
cell levels and subsequent induction of the dietary-antigen induced SI mastocytosis and food-
induced anaphylaxis. The IL-4Ra-regulation of SI-MMC9 cells was associated with induction of
IL-9, BATF and NFIL3, and in part dependent on BATF. Furthermore, we have identified two
transcriptionally unigue MMC9 populations that are distinguished by metabolic and inflammatory
gene expression. Based upon these studies we conclude that IL-4Ra signaling regulates Sl

mastocytosis via control of MMC9 cells and suggests that blockade IL-4Ra-dependent
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pathways would be effective in abrogating MC function and IgE-mediated food allergic

response.
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Figure legends

Figure 1: IL-4 signaling amplifies MMC9, CD4" Th2 cell and ILC2 frequency, and
increases severity and susceptibility of food-induced anaphylaxis. (A)
Representative dotplots of MMC9s, CD4" Th2 cells and ILC2s, (B) IL-9 expression
within MMCB9s, (C) frequencies and (D) absolute numbers of MMC9s, (E, F) frequencies
of CD4" Th2 cells and ILC2s, within SI-LP SSC"° cells. (G) Representative
photomicrographs and (H) frequency of CAE™ mast cells in the jejunum, (I) Diarrhea
incidence, (J) maximum body temperature change, (K) Hemocentration (%), (L) serum
MCPT-1 levels in OVA-sensitized WT, Il4ra""®" and ll4ra” mice. (A-E) Dotplots and
frequencies for MMC9s are pregated on Lin® CD3” CD4 IL-17RB- cells; for CD4" Th2
cells are pregated on Lin® CD3" CD4"; and for ILC2s are pregated on Lin" CD3” CD4
cells. (B) Black line shows IL-9 expression compared to FMO control in grey, both
pregated on MMC9s. (C-F) Individual symbols represent one mouse; dash indicates
mean. (G) magnification X 20; insert X 40. (I-L) Data are presented as mean + SEM;
n=12 - 20 mice per group, pooled from 3 - 4 independent experiments. (A-L) All
analyses show data for OVA-sensitized mice following the seventh oral
challenge.Statistical significance is * p < 0.05, ** p < 0.01, and **** p < 0.0005.

Figure 2: IL-4 signaling intrinsically regulates SI-LP MMC9 development and
allergic outcomes in mice. (A) Representative contour plots and (B, top row)
frequencies and absolute numbers of SI-LP MMC9s, (B, bottom row) frequencies of
CD4'Th2 and ILC2 cells within the SI-LP SSC" cells. (C) Diarrhea incidence, (D)
serum levels of MCPT-1, (E) CAE+ mast cell numbers in the jejunum, (F) serum OVA-
specific IgE levels and (G) 119 mRNA and secreted protein levels from WT or Il4ra¥"%"
or lldra™ MMC9 cells purified from SI-LP. (A, B) Contour plots for frequencies of
MMC9s, CD4" Th2 cells and ILC2s are gated similar to Figure 1A-D. (B-F) individual
symbols represent one mouse; dash indicates mean + SEM; n = 12 - 24 mice per group,
pooled from 3 - 4 independent experiments. (C) The fraction represents the number of
mice with diarrhea as part of the total number of mice. (G) Individual symbols represent
one mouse; dash indicates mean + SEM; n =4 mice per group. (A-G) Analyses shows
data from OVA-sensitized WT mice that received WT or 1l4ra""°F or ll4ra”™ BM,
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following seventh oral challenge. Statistical significance is * p < .005, ** p < 0.01, and
**** p < 0.0005. ns, not significant.

Figure 3: IL-4 signaling intrinsically regulates MMC9 gene expression profile. (A)
Venn diagram describing altered gene expression within I14ra”"*F (blue) or Il4ra™
(yellow) MMC9s, as compared to WT MMCO9s identified by RNA-seq analyses from
sorted SI-LP-MMC9s. (B) Heat Map showing fold change in expression of the 410
reciprocally regulated genes and (C) Fold changes in the expression of the top 19
reciprocally regulated genes increased in ll4ra”*F-MMC9s (red) and top 19 reciprocally
regulated genes increased in ll4ra”- MMC9s (blue), as compared to WT MMC9s. (D)
Expression of 119, Nfil3, Batf genes in WT, ll4ra¥’%"- and ll4ra” MMC9s, (E) Spearman
correlation analyses of 119/Batf and (F) 119/Nfil3 mRNA expression by RNA-seq for flow
sorted SI-MMC9s, SI-ILC2s, SI Th2 cells, BMMCs, peritoneal mast cells, mast cell
progenitors (MCps), CD4" non Th2 cells, CD8" T cells, B cells and eosinophils as
described (19). (G) Venn diagram demonstrating differentially expressed genes in
MMC9 cells (GSE72921) (19) and sort purified Lin-GFP"™ IL-17RB™ c-Kit" ST2*

low

B7integrin®™ WT-origin SI-MMC9 cells of food allergic recipient mice that received WT
BM, to identify a common 3491 MMCS9 transcriptome. (H) Graphical representation of
the Top 10 enriched pathways of the MMC9 transcriptome using DAVID analysis.

Figure 4: scRNA-seq analyses of SI MMC9 cells. (A) Heat map showing Prioritization
mapping (average RPKM values) and (B) String protein-protein interaction network
analysis of the top 50 gene transcripts within 75 single flow sorted SI- LinGFP™ IL-
17RB" c-Kit" ST2* B7integrin® cells from WT mice food allergic mice. (C). UMAP
based- gene expression dimensional reduction and clustering of n = 71 MMCO9 cells into
30 cells) (metabolic), 1 (n = 24 cells)

(inflammatory) and (n = 17 cells) 2 (other)). (D) Heat map of the top 30 transcripts

three distinct clusters (Cluster 0 (n

(average RPKM values) enriched in MMC9 Clusters (Metabolic = total 370 genes;
Inflammatory = 19 genes and other n = 5 genes). (B) Network nodes represent proteins
encoded by the genes. Functional partner predictions are based on available
experimental data, databases, text mining, and homology.

Figure 5: Gene identification and pathway Network Analyses of the IL-4R

responsive transcripts in the metabolic MMC9 cluster. Gene-pathway network
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analysis of the 100 IL-4R responsive genes enriched in the metabolic MMC9 cluster.
IL-4R DEGs identified from bulk culture RNA-seq WT, Il4ra"’®" or ll4ra”™ MMC9
analyses were mapped over 3 different clusters (metabolic, inflammatory and others)
and significant enrichment was identified with the Metabolic Cluster. Up arrows indicate
upregulated DEGs and down arrows show down regulated DEGs (when compared with
WT MMC9). Color code of arrow indicates expression pattern of DEG. Green indicates
I14ra¥"*F DEGs only; Red indicates Il4ra” DEGs only; Magenta indicates DEGs

Y799 and downregulated / no changed in ll4ra”. Olive indicates

upregulated in ll4ra
DEGs upregulated in Il4ra” and downregulated / no changed in 1l4ra¥"°F. Light purple
indicates DEGs upregulated in ll4ra’ and 114ra¥"%%. Lines indicate connections between
genes and DAVID and String enriched pathways.

Figure 6: IL-4 signaling regulates IL-9 expression in bone marrow-derived MMC9-
L cells. (A) Outline of the cytokine stimulation time course for bone marrow-derived
MMC9-like protocol, as described in Methods. (B) Representative contour plots and
gating strategy to identify MMC9-like cells from IL-9-GFP mice when cultured in mSCF,
mlIL-3 (media) with (top) or without mIL-4 (bottom) for 4 days and then stimulated with
mlIL-33 for 24h, after an initial culture in mSCF and mIL-3 for 6 days. (C) Graphical
representation of frequency of IL-9-GFP" MMC9-L cells and mature IL9" mast cells
within (Lin" CD27") c-Kit" FceRla™ or c-Kit" FceRla™ respectively, as shown in (B). (D)
Representative contour plots and gating strategy to identify MMC9-like cells from WT
and Batf” mice, following a MMC9-L-derivation protocol described above, with 1L-9*
cells identified by intracellular staining for IL-9. (E) Graphical representation of IL-9"
MMC9-L cells within (Lin") c-Kit" FceRla™ cells as shown in (D). Data shown represents
mean + SEM, n= 4 - 5 mice each group. Statistical significance is * p < 0.005, ** p <
0.01, and **** p < 0.0005
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