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Abstract: Mast cells are the main effector cells in IgE-associated allergic disorders, and we have reported that mucosal
mast cells (MMCs) play a more important role in the development of food allergy (FA). IgE with antigen or calcium
ionophore stimulation can lead to the activation of MMCs via a calcium-dependent pathway. The purpose of the
present study was to identify gene signatures with IgE/antigen (dinitrophenyl-bovine serum albumin, DNP-BSA) or
calcium ionophore (A23187) on the activation of MMCs. Differentially expressed genes between the two types of
samples were identified with microarray analysis. Gene ontology functional and pathway enrichment analyses of
differentially expressed genes were performed using the database for annotation, visualization, and integrated
discovery software. The results showed that IgE/antigen and A23187 could induce degranulation, increase vacuoles,
and elevate the cytosolic calcium concentration in MMCs. Furthermore, GeneChip analysis showed that the same 134
mRNAs were altered with IgE/DNP-BSA and A23187, suggesting that DNP-BSA/IgE and A23187 affect the same
signal pathway partly in degranulation. KEGG analysis showed that the data were enriched in NF-kB, TNF, MAPK,
transcription factor activity, DNA binding, and nucleic acid binding, suggesting that activation of MMCs is a complex

process. The results provide new insights on MMCs activation.

Introduction

Mast cells (MCs) are multifunction secretory cells originating
from CD34" CD117" myeloid progenitor cells, which develop
only once bone marrow-derived precursors have reached their
target tissue. The ubiquitous distribution of MCs includes the
epithelium, endothelium, immune system, and areas around
nerve endings (da Silva et al.,, 2014; Arthur and Bradding,
2016; Rivera and Gilfillan, 2006). Although MCs are
involved in cancer, Crohn’s disease, cardiovascular disease,
rheumatoid arthritis (RA) (Conti ef al., 2007; Boeckxstaens,
2015; Sun et al.,, 2007; Rivellese et al., 2019), etc., they are
always considered as effector and conductor cells of allergic
diseases, such as food allergies (FAs), atopic dermatitis and
asthma (Kraneveld et al., 2012; Yamamoto et al., 2014).
MCs are usually classified into two groups, connective-
tissue mast cells (CTMCs) and mucosal mast cells (MMCs).
CTMCs accumulate substantial amounts of histamine and
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contribute to allergic diseases, such as allergic dermatitis and
rhinitis; however, MMCs contain less histamine, and
antihistamine agents have few effects on FA (Gurish and
Boyce, 2002; Elieh Ali Komi et al, 2020). Previously, we
demonstrated that MMCs play more important roles in
anaphylaxis in the colon of mice with FA and protection
against parasitic infections than CTMCs (Yamamoto et al.,
2009; Yamamoto et al., 2014).

Additionally, the MMCs marker mouse mast cell
protease (mMCP)-1 was expressed in the small intestine,
but not the skin of mice with FA, and activated MMCs
released preformed granule contents, proteases (such as
tryptase and chymase), lipid mediators, and inflammatory
mediators (cytokines, chemokines, etc.), which were also
involved in FA (Benedé and Berin, 2018). Consistent with
conclusions of other researchers (Koyuncu Irmak et al,
2019), we reported that calcitonin gene-related peptide
(CGRP), a  neurotransmitter, augmented MMCs
degranulation to contribute to FA development, suggesting
that neurogenic inflammation is also associated with FA
(Kim et al, 2014). Furthermore, CTMCs stabilizers
(cromolyn, ketotifen, tranilast, etc.) are frequently used to
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treat various allergic disorders except for FA; however, they
have little effect on MMCs (Wang et al., 2012).

The prevalence of FA is estimated to be up to approximately
10%. The underlying mechanisms of FA are not fully understood,
and there is no current Food and Drug Administration-approved
therapy besides avoidance of ingestion of the allergen (Iweala
et al.,, 2018; Sicherer and Sampson, 2018). Because MMCs are
primarily responsible for the pathology of FA, a deeper
understanding of MMCs activation is crucial in the search for
FA markers in patients and the generation of agents against FA
and other allergic diseases.

Conventional MCs activation is initiated by an allergen
cross-linked to immunoglobulin E (IgE) bound to MCs via
the high-affinity IgE receptor (FceRI). The increase in the
cytosolic Ca®* concentration ([Ca®'];) triggered by the
aggregation of IgE with FceRI is an essential step during mast
cell activation (Law ef al, 2011). The source of the [Ca*']; is
considered to be from two origins: a release from intracellular
stores (mainly the endoplasmic reticulum) and influx from
the extracellular space through plasma membrane Ca®*
channels (such as Ca®* release-activated Ca** (CRACQ)
channels, transient receptor potential (TRP), etc.), which is
required for sustained [Ca®"]; elevations (Feske et al., 2015).
Calcium mobilization triggers principal signaling pathways to
release preformed mediators and activate proinflammatory
cytokine gene transcription. A23187, as a divalent calcium
ionophore, is commonly used to increase the permeability of
biological membranes to calcium.

MCs activation can also be caused by non-IgE-mediated
triggers (Johnson ef al., 2018). For example, the crosslinking of
Fc(gamma)RIII receptor with IgG immune complexes can
release several lipid mediators and induce degranulation in
MCs. The binding of stem cell factor (SCF) to c-kit (CD117,
the receptor for SCF) can increase antigen-stimulated
degranulation (Oda et al, 2013; Tkaczyk et al, 2004).
Furthermore, toll-like receptors (TLRs), neuropeptide
receptors, toxins, physical factors (heat), synthetic chemical
(compound 48/80), and severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) can initiate MCs activation by
non-IgE-mediated mechanisms. Activated MCs release their
pre-stored mediators without degranulation (Koyuncu
Irmak et al, 2019; Kilinc and Baranoglu Kilinc, 2020a).
Thus, to develop new drugs to treat MCs-related diseases
such as FA, besides degranulation, a deeper understanding
of MMCs activation by IgE-mediated or non-IgE-mediated
(such as A23187) mechanisms is needed.

It is impossible to capture the complex interactions in
MMCs activation by studying a single target. However,
microarray technology, which is a high-throughput platform
for gene signatures, can comprehensively evaluate global
biological mRNA changes in the activation of MMCs
(Dwyer et al., 2016).

Miller et al. (1999) reported that mucosal-type murine
bone marrow-derived mast cells (mBMMCs) cultured with a
combination of 4 cytokines (SCF, interleukin (IL)-3,
transforming growth factor 1 (TGF-p1) and IL-9) were
homologous to mouse MMCs based on the morphology and
expression of mMCP-1 and mMCP-2. To investigate the
genome-wide gene expression differences in mBMMCs via
antigen IgE-dependent or IgE-independent activation, we
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used IgE/dinitrophenyl-bovine serum albumin (DNP-BSA)
stimulation or calcium ionophore A23187 treatment for
mBMMCs. In the present study, we attempted to use a
bioinformatics analysis on GeneChip so as to examine the
downstream pathway of FceRI-depend mBMMCs activation.

Materials and Methods

Regents

Recombinant murine IL-3, recombinant murine SCF,
recombinant murine IL-9, and TGF-P1 were obtained from
Peprotech (London, UK). Mouse monoclonal anti-
dinitrophenyl (DNP) IgE, A23187, 2-mercaptoethanol,
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
(HEPES), bovine serum albumin (BSA), MEM non-essential
amino acids solution (MEM), sodium pyruvate and
3-morpholinopropanesulfoinc acid (MOPS) buffer were
obtained from Sigma (St. Louis, MO, USA). RPMI-1640
medium, fetal bovine serum (FBS), phosphate-buffered saline
(PBS), and penicillin-streptomycin solution (PS) were obtained
from Life Technologies (Grand Island, NY, USA). DNP-BSA
was obtained from Santa Cruz (TX, USA). FITC-conjugated
anti-mouse CD117 (c-kit) was obtained from BD Pharmingen
(San Diego, CA, USA). PE-conjugated anti-mouse FceRI was
obtained from eBioscience (San Jose, CA, USA). A Cell
Counting Kit-8 (CCK-8) and Fura-2 AM were obtained from
Dojindo (Kumamoto, Japan). A Mouse GeneChip Gene 1.0
ST Array was obtained from Affymetrix (Santa Clara, CA,
USA). A Hipure Total RNA kit (R4114) was obtained from
Magen (Guangzhou, China) for real time-PCR. An RNeasy
Plus Micro kit (74034) was obtained from Qiagen (Hilden,
Germany) for transcriptome analyses. PrimeScript RT reagent
kit (RR047A) and SYBR Premix Ex Taq kit (RR420) were
obtained from TaKaRa Bio (Tokyo, Japan).

mBMMCs culture

BALB/c mice and C57BL/6 mice (male, 5 weeks old) were
obtained from Japan SLC, Inc. (Shizuoka, Japan) and raised
by the University of Toyama. Mice were maintained with
free access to water and food in an experimental animal
facility, and all experimental procedures were examined
and approved by the Animal Experiment Committee
(Authorization No.S-2009 INM-9) at the University of
Toyama. The mBMMCs were obtained from the femurs of
mice, and bone marrow cells were cultured in the complete
RPMI-1640 medium (with 10% heat-inactivated FBS, 20
mM HEPES, 1 mM sodium pyruvate, 100 pM MEM, 10 uM
2-mercaptoethanol, 100 U/mL PS, and 2 ug/mL gentamicin
solution) with a combination of 4 cytokines (20 ng/mL IL-3,
5 ng/mL IL-9, 40 ng/mL SCF, and 1 ng/mL TGF-B1) in a
constant temperature incubator (37°C, 5% CO,). After four
weeks, the purity of non-adherent cells was more than 95%
FceRI- and c-kit-positive (Fig. S1).

Activation of mBMMCs

The activation of mBMMCs was performed as previously
described (Wang et al, 2014). In brief, mBMMCs were
suspended at a density of 2 x 10° cells/mL in the medium
and sensitized with 1.5 ug/mL mouse monoclonal anti-DNP
IgE for 6 h at 37°C. The cells were washed and resuspended
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at a density of 6 x 10° cells/mL in 100 uL Tyrode’s buffer
(130 mM NaCl, 10 mM HEPES, 5.6 mM glucose, 5 mM
KCl, 1.4 mM CaCl,, 1 mM MgCl,, and 0.1% BSA, pH 7.4),
and the cells were stimulated with 100 ng/mL DNP-BSA as
an antigen at 37°C for 0, 30, 60, and 90 min. For the
A23187 experiment, mBMMCs were washed and
resuspended, and 25 uM A23187 was added for 0, 10, 30,
and 60 min. Then, the cells were centrifuged (4°C, 300 x g,
5 min), and all pellets were collected for the experiment.

Degranulation assay

Degranulation was examined by measuring B-hexosaminidase
release. Briefly, mBMMCs were washed and resuspended at a
density of 8 x 10° cells/mL in 50 uL Tyrode’s buffer, and
samples were centrifuged, and supernatants were collected.
The cell pellets were solubilized with 0.5% Triton X-100
in Tyrode’s buffer. The enzymatic activities of pB-
hexosaminidase in the supernatants and cell lysates were
measured using p-nitrophenyl-2-acetamido-2-deoxy-p-D-
glucopyranoside in 0.1 M sodium citrated (pH 4.5) at 37°C
for 1 h. The reaction was stopped by the addition of 0.2 M
NaOH and 0.2 M glycine. Production of p-nitrophenol
was detected by absorbance at 405 nm. Released
B-hexosaminidase activity was enzymatically assessed, and
the extent of degranulation was expressed by dividing the
absorbance of the supernatants by the sum of the
absorbance of the supernatants and cell lysates.

Transmission electron microscopy (TEM)

TEM was utilized to analyze the ultrastructural images. A
volume of 1 x 10° mBMMCs was washed with PBS and
fixed with 2.5% glutaraldehyde in PBS for 1 week, followed
by 2% osmium (VIII) oxide. After dehydration, a thin
section was stained with 3% uranyl acetate and lead citrate
and observed under TEM.

Intracellular calcium measurement

A volume of 1.3 x 10° mBMMCs were sensitized with anti-
DNP IgE for 6 h (for the DNP group), loaded with Fura-2
AM (5 uM) in loading buffer (118 mM NaCl, 100 mM
L-glutamine, 10 mM HEPES, 5.5 mM D-glucose, 4.7 mM
KCl, 1.13 mM MgCl,, 1.3 mM CaCl,, 1 mM Na,HPO,, 2%
MEM, and 0.2% BSA) at 37°C for 30 min, and placed in a
stirred cuvette. For the A23187 experiment, mBMMCs were
washed, resuspended, and loaded with Fura-2 AM (5 uM)
in loading buffer. The fluorescence was assessed at both 340
and 380 nm with a fluorescence spectrophotometer
(Hitachi, F4500, Tokyo, Japan) and calibrated for a
background-corrected 340:380 ratio, and DNP-BSA or
A23187 was added 50 s after the monitoring began.

Transcriptome analyses

The total RNA from mBMMCs was extracted using the
RNeasy Plus Micro kit. Then, the RNA quality from each
group was examined by the 28S/18S ribosomal RNA ratio
using formaldehyde denaturing gel electrophoresis with
MOPS buffer (Fig. S2). The mRNA analysis was performed
according to the GeneChip Expression Technical Manual
The arrays were hybridized in an Agilent hybridization oven
overnight according to the manufacturer’s instructions and
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washed with two consecutive solutions. The array data were
first analyzed for quality control, data summarization, and
normalization by the Affymetrix GeneChip Analysis Suite
Software and then further analyzed with Gene-Spring
software (Silicon Genetics, USA).

Function and pathway enrichment analysis of differentially
expressed genes

The raw data files (deposited in the ArrayExpress database
under the accession no. E-MTAB-9508) were loaded into R
Bioconductor version 3.2.0 and processed and analyzed with
the limma package. The cut-off criteria for DEGs were P <
0.01 and [log2-fold change] >0.5. Afterward, the Venn
Diagram package was used to plot the Venn diagram of
DEGs. Converged and special different genes only in DNP-
BSA/IgE stimulation or A23187 stimulation were detected.
ClusterProfiler was used to classify significant DEGs by their
biological processes, molecular functions, or cellular
components using the gene ontology consortium reference
(GO) and the significant transcripts (Benjamini-Hochberg
false discovery rate <0.05) (Yu et al, 2012). The
ClusterProfiler database was also used to perform pathway
enrichment analysis with reference from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database
website and a Benjamini-Hochberg false discovery rate
(FDR) <0.05 as a cut-off point.

Quantitative real time PCR

The total RNA from mBMMCs was extracted using the
Hipure Total RNA kit and detected using a real-time PCR
system (ABI 7500, Foster, USA). The sequences of the
primer pairs were used, as shown in Tab. 1. The mRNA of
target genes was normalized to the mRNA of GAPDH.

TABLE 1

Primer sequences for real-time PCR

Name Primer

GAPDH (Forward) AAGAAGGTGGTGAAGCAGG
GAPDH (Reverse) GAAGGTGGAAGAGTGGGAGT
TAGAP (Forward) TTTTCCTTTGCGTCTCAC
TAGAP (Reverse) AGTTGGCTCTCTTTCCTCA
Serpine 1 (Forward) TATGGGGAGAAAGAGAAGG
Serpine 1 (Reverse) TAGGGAGGAGGGAGTTAGA
DUSP6 (Forward) GCGAGTTCAAATACAAGCA
DUSP6 (Reverse) CACCAGGACACCACAGTT
THBS1(Forward) GAACCTCCCAAAATGACC
THBSI1 (Reverse) GTAGCCGAAAACAAAGCC
MMP12 (Forward) ATTTCCACACACTTCCCA
MMP12 (Reverse) ACCCTTCACTACATTCTTCCT
LYZ2 (Forward) ACTCCTCCTGCTTTCTFTC
LYZ2 (Reverse) GCCATTCCATTCCTTTTC
GPNMB (Forward) ATGGATGGAAGAAATGGAG
GPNMB (Reverse) ATAGAAACCCGTGCTGAA
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Statistical analysis

The data from degranulation and real-time PCR are expressed as
the means + SD from at least four independent experiments (at
least 4 mice) performed in triplicate. The data of GeneChip
were from two independent experiments (2 mice). The other
experiments were from three independent experiments (3 mice).
Statistical comparisons were performed with repeated measures
one-way ANOVA followed by post hoc Dunnett’s test with
Statistical Product and Service Solutions (SPSS) 21 software
(Chicago, USA). Values of p < 0.05 were considered significant.

Results

Activation of mBMMCs

We examined the activation of mBMMCs by measuring
B-hexosaminidase release. DNP-BSA antigen can combine
with IgE and trigger FceRI to activate mBMMCs. As shown
in Fig. 1A, the mBMMCs from BALB/c mice sensitized with
only monoclonal IgE (1.5 pg/mL) for 6 h did not alter
degranulation compared with untreated mBMMCs (control
group). The mBMMCs sensitized with IgE and stimulated
with DNP-BSA (100 ng/mL) induced B-hexosaminidase
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release in a time-dependent manner and degranulation
peaked at 60 min. Thus, we chose IgE sensitization for 6 h
and DNP-BSA stimulation for 60 min for further study.
In the same protocol of the degranulation assay for IgE/
DNP-BSA, C57BL/6 mice-derived mBMMCs released
B-hexosaminidase just at 6.97% at 60 min, which was lower
than that of the BALB/c mice; whereas Th1l-prone C57BL/
6 mice were resistant to the development of FA
(Yamamoto et al., 2009). Thus, we chose the BALB/c mice
for further study.

The calcium ionophore A23187, an inducer of
intracellular calcium concentrations, also can induce
degranulation. However, the underlying mechanism remains
unknown (Wang et al., 2014; Kim et al., 2014). As shown in
Fig. 1B, 25 uM A23187 induced {-hexosaminidase release
from 15 min, and degranulation peaked at 30 min. Thus, we
chose A23187 treatment for 30 min for further study. The
CCK8 results (Fig. S3) showed that IgE/DNP-BSA or
A23187 stimulation did not alter the cell viabilities,
suggesting that our protocol did not induce mBMMCs
death. Furthermore, the vacuoles of mBMMCs obviously
appeared after IgE sensitization for 6 h, DNP-BSA

LI

FIGURE 1. The effects of IgE/DNP-
BSA and A23187 stimulation on the
waw activation of mBMMCs from
T BALB/c mice.

(A) The mBMMCs were sensitized
with anti-DNP IgE (1.5 mg/mL, 6
h) and then stimulated with or
without DNP-BSA (100 ng/mL) for
30, 60, and 90 min, and the

+
+
-

B-hexosaminidase  release  was
analyzed. (B) The mBMMCs were
subjected to A23187 (25 uM) for
15, 30, and 60 min, and the
B-hexosaminidase  release  was
analyzed. (C) The characteristics of
untreated mBMMCs (control group,
Left), mBMMCs sensitized with
anti-DNP IgE (1.5 mg/mL, 6 h) and
stimulated with DNP-BSA (100 ng/
mL) for 60 min (IgE/DNP group,
Middle), and mBMMCs stimulated
with A23187 (25 uM) for 30 min
(A23187 group, Right) under TEM.
(D) The mBMMCs were sensitized
with anti-DNP IgE in the DNP
group. After loading with Fura
2-AM for 30 min, Ca®* mobilization
was analyzed using a fluorescence
spectrophotometer, and then DNP-
BSA or A23187 (arrow) was added
50 s after the monitoring began.
(A-B) The data shown are from 4
independent experiments (4 mice)
performed in triplicate. **p < 0.01,
*p < 0.001 vs. untreated mBMMCs
(control group). (C-D) The data
shown are from 3 independent
experiments (3 mice).

15 30 60
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stimulation (IgE/DNP group) for 60 min, or A23187
stimulation (A23187 group) for 30 min (Fig. 1C) under
TEM. Consistent with our previous studies (Wang et al,
2012), IgE/DNP and A23187 both elevated the [Ca®']i
(Fig. 1C), suggesting that the model of mBMMCs activation
was stable.

Identification of DEGs

To investigate the mechanism of mBMMC:s activation, mRNA
expression profiles were assessed by GeneChip analysis
and checked by quantitative real-time PCR. A global gene
expression analysis was performed with an Affymetrix
Mouse GeneChip Gene 1.0 ST Array spotted with 28,853
probe sets. We investigated the global mRNA expression
profile in the DNP group and the A23187 group compared
with the untreated group, using the whole transcript array.
After the induction of cell activation, the gene expression
profiles were measured by GeneChip analysis. The series
from each chip were separately evaluated using GeneSpring
software and finally identified the DEGs lists.

The cluster results of the two sets of microarray data are
shown in Figs. S4 and S5, suggesting the differential gene
expression in the DNP group and the A23187 group. As
shown in Fig. 2A, based on the criteria of a fold-change >2
and p < 0.05, among 28,853 probes, a total of 460 and the 305
mRNA sequences showed significant differential expression
in IgE/DNP-BSA treated samples and A23187-treated samples,
respectively, compared with the control samples.

As shown in the Venn diagram (Fig. 2A), 134 mRNA
sequences were altered with IgE/DNP-BSA and A23187,
suggesting that IgE/DNP-BSA and A23187 affect the same
signal pathway in degranulation. However, IgE/DNP-BSA
stimulation changed mRNA numbers more than A23187
stimulation, suggesting that IgE/FceRI-dependent changes
were upstream of A23187. We uploaded the 134 mRNA
sequences to the online software to identify overrepresented
GO categories and the KEGG pathway, and 131 mRNA
sequences were effective. Microarray analysis revealed
distinct mRNA expression, as shown in Tab. 2.

GO analysis is a common useful way to identify
characteristic biological processes, cell components, and
molecular functions for high-throughput genomes and
transcriptome data (Fig. 2B). The GO analysis results
showed that IgE/DNP-BSA and A23187 changed the
expression of mRNA, which is related to the inflammatory
response, immune system process, and so on. Furthermore,
GO cell component data showed that the change in DEGs
was significantly enriched in the extracellular space, cytosol,
endosome lumen, and nucleus, suggesting that
degranulation involved activation of the whole cell. We also
found that the regulated DEGs were enriched in MAPK
activity, DNA binding, nucleic acid binding, and
transcription factor activity in the molecular function analysis.

We found that DEGs from the IgE/DNP group were
enriched in T cell activation, adhesion, and differentiation in
the biological process (Fig. S5A), confirming that IgE/FceRI-
induced MMCs activation is associated with T cell
activation. Furthermore, the DEGs from the A23187 group
were enriched in the ERK pathway, suggesting that [Ca®"]i
elevation is involved in ERK signaling.

In addition to degranulation, other functions, such as the
inflammatory response, are induced by mBMMC:s activation
(Fig. 3A). The data showed that the activation of mBMMCs
is related to cell death. However, the mBMMCs stimulated
with DNP-BSA/IGE or A23187 were not dead in 30 min, as
shown in Fig. S3 (Wang et al., 2012). The data indicate that
the mechanism of MCs activation includes MAPK, mTOR,
TNF, and the NF-xB pathway both in IgE/antigen and
A23187 stimulation. However, as shown in Fig. 3B, the
function of 49% of genes is currently unknown.

KEGG pathway analysis

As shown in Fig. 4, the KEGG analysis showed the most
significantly enriched pathways of the down-regulated and
up-regulated DEGs compared with the untreated group. The
DEGs were enriched in NF-kB, TNF, MAPK, HIF-1, FoxO,
mTOR, Jak-STAT, p53, TLRs, the NOD-like receptor, and
cytokine-cytokine receptor interaction signal transduction
both in the IgE/DNP-BSA group and the A23187 group. We
conjectured that in addition to degranulation and cytokines
release, MMCs activation is related to these signal pathways.
Furthermore, the DEGs were involved in cancer, glioma,
IBD, RA, herpes simplex infection, insulin resistance, etc.,
suggesting that the activation of MMCs also plays an
important role in immune diseases.

As shown in Fig. S5B, the DEGs from the IgE/DNP-BSA
group were enriched in the PPAR signaling pathway, which is
consistent with other reports (Yao et al., 2017). However, the
DEGs from the A23187 group were enriched in measles,
legionellosis, cancer, and RA.

The converged DEGs in the activation of mBMMCs by
IgE/DNP-BSA and A23187 treatment are shown in Tabs.
S1-S3. The pathway enrichment results of the DEGs in the
activation of mBMMCs by A23187 treatment and IgE/DNP-
BSA treatment with a p-value and an adjusted p-value for
each pathway are shown in Tabs. S2 and S3, respectively.

PCR validation of selected potential markers

Because the function of 49% of genes is unknown (Fig. 3B),
after the GeneChip analysis, we investigated mRNA
sequences, such as serpine 1, T-cell activation Rho GTPase-
activating protein (TAGAP), dual-specificity phosphatase
(Dusp) 6, glycoprotein (transmembrane) nmb (GPNMB),
matrix metallopeptidase (MMP) 12, thrombospondin
(THBS) 1, lysozyme 2 (LYZ-2) (Fig. 5), which significantly
changed in the global gene expression analysis. The results
indicated that serpine 1, TAGAP, and Dusp 6 were
significantly up-regulated with IgE/DNP or A23187
stimulation, and GPNMB and MMPI12 were significantly
down-regulated (Figs. 5A-5E), which was consistent with
the GeneChip results.

The PCR data showed that IgE/DNP treatment
significantly inhibited THBS 1 and LYZ-2 mRNA. However,
A23187 did not alter the mRNA levels (Figs. 5F-5G),
suggesting that THBS 1 and LYZ-2 may not be related to
calcium or downstream of calcium in mBMMCs activation.
We also investigated cathepsin S and early growth response
2 (ERG2), but we found that cathepsin S and ERG2 were
not altered, suggesting that further validation after
GeneChip analysis is critical.
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FIGURE 2. (A) The Venn diagram of DEGs in the activation of mBMMCs by IgE/DNP-BSA and A23187 treatment. (B) The results of the
biological process, cellular component, and molecular functions for mRNA changed by IgE/DNP-BSA and A23187 treatment.

Discussion

MCs are involved in various inflammatory diseases, including
allergy, migraines, RA, cardiovascular disease, Crohn’s disease,
multiple  sclerosis, cancer, mastocytosis, and so on
(Theoharides and Cochrane, 2004). Consistent with the results
of other research, our results (Fig. 4) showed various cancer,
glioma, IBD, RA, herpes simplex infection, insulin resistance,
and so on. MCs play important roles in various diseases. Thus,

our findings may provide a novel strategy for the treatment of
inflammatory diseases associated with MCs activation.
Previously, we found that MMCs play more important
roles in anaphylaxis in the colon of mice with FA than
CTMCs (Yamamoto et al, 2009; Yamamoto et al., 2014).
We also indicated that the enhancement of proinflammatory
cytokines released from MCs includes T-helper 2 cell
(Th2)-type responses (such as IL-4, IL-5, IL-10, and IL-13)
and is important for the induction of allergic
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TABLE 2

List of genes selected by microarray analysis. The change fold was calculated as the ratio of the expression level in the activated mBMMCs
with IgE/DNP-BSA (DNP) or A23187compared to that in untreated mBMMCs (Control, Con)

(a) Upregulation (>2-fold) of genes due to IgE/DNP-BSA and A23187 stimulation

Gene name Gene description DNP/  A23187/
Con Con
Nr4a3 nuclear receptor subfamily 4, group A, member 3 83.11 43.57
Nr4al nuclear receptor subfamily 4, group A, member 1 79.97 55.02
Serpinel serine (or cysteine) peptidase inhibitor, clade E, member 1 66.95 4.76
Egr2 early growth response 2 51.05 24.82
1113 (continued) interleukin 13 31.90 25.77
Egr3 early growth response 3 29.41 16.26
Ptgs2 prostaglandin-endoperoxide synthase 2 29.13 12.11
Nfkbid nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, delta 2542 26.47
Nr4a2 nuclear receptor subfamily 4, group A, member 2 25.37 18.17
Ccl7 chemokine (C-C motif) ligand 7 22.12 20.04
Fosb FBJ osteosarcoma oncogene B 20.60 13.52
Ccl4 chemokine (C-C motif) ligand 4 19.63 12.96
Tagap| T-cell activation Rho GTPase-activating protein | similar to T-cell activation Rho GTPase- 16.68 12.18
LOC100038946 activating protein
Map3k8 mitogen-activated protein kinase kinase kinase 8 15.84 6.44
116 interleukin 6 14.81 7.46
Tnf tumor necrosis factor 13.26 15.09
Axudl AXIN1 up-regulated 1 10.92 8.72
Lif leukemia inhibitory factor 10.32 12.22
Csfl colony stimulating factor 1 (macrophage) 10.20 3.27
Duspl dual specificity phosphatase 1 9.97 11.35
Plk3 polo-like kinase 3 (Drosophila) 9.66 9.27
Dusp6 dual specificity phosphatase 6 9.55 7.27
Tagapl T-cell activation GTPase activating protein 1 8.96 5.87
Ter2 immediate early response 2 7.54 11.41
Dnajbl DnaJ (Hsp40) homolog, subfamily B, member 1 7.12 7.04
Z{p36 zinc finger protein 36 6.48 7.66
Tnfsfo tumor necrosis factor (ligand) superfamily, member 9 6.25 3.00
Egrl early growth response 1 6.21 5.62
Zfp36l1 zinc finger protein 36, C3H type-like 1 6.18 4.52
Nfkbiz nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, zeta 5.97 5.47
Ter5 immediate early response 5 5.70 3.98
Spryl| sprouty homolog 1 (Drosophila) | similar to sprouty 1 5.33 2.38
LOC100046643
Tnfsf14 tumor necrosis factor (ligand) superfamily, member 14 5.29 2.14
Btg2 B-cell translocation gene 2, anti-proliferative 5.26 9.33
Dusp4 dual specificity phosphatase 4 5.22 3.33
Ccll chemokine (C-C motif) ligand 1 5.18 2.40
Phldal pleckstrin homology-like domain, family A, member 1 5.01 7.84
Srxnl sulfiredoxin 1 homolog (S. cerevisiae) 5.00 2.22
Osm oncostatin M 4.96 8.70
Socs3 suppressor of cytokine signaling 3 4.76 2.69
Ccl2 chemokine (C-C motif) ligand 2 4.75 6.19

(Continued)
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Table 2 (continued).

(a) Upregulation (>2-fold) of genes due to IgE/DNP-BSA and A23187 stimulation

Gadd45b
Ccl3
Junb

Dnajb9 (continued)

Myd116
Arl5b
Tnfaip3
Rgsl
Gchl
Ifrdl
Rilpl2
Dyrk3
Tnfaip2
9030611019Rik
Perl
Kif2
Rgs2
Nfkbia
Gprl71
Cd69
Fosl2
Cish
Zfp3612

Rnu3b1|Rnu3b4|
Rnu3b3

Jund

Ter3

Cdo

Cdknla

Dusp5

Hbegf

Cenll

Marcksl1

Mycn

Scyllbpl

Mix

Rhob
Hspalb|Hspala
LOC100047986
1600002H07Rik
2900009107Rik
Klf6

Mt2

Cerl2

growth arrest and DNA-damage-inducible 45

chemokine (C-C motif) ligand 3

Jun-B oncogene

DnaJ (Hsp40) homolog, subfamily B, member 9

myeloid differentiation primary response gene 116
ADP-ribosylation factor-like 5B

tumor necrosis factor, a-induced protein 3

regulator of G-protein signaling 1

GTP cyclohydrolase 1

interferon-related developmental regulator 1

Rab interacting lysosomal protein-like 2

dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 3
tumor necrosis factor, a-induced protein 2

RIKEN cDNA 9030611019 gene

period homolog 1 (Drosophila)

Kruppel-like factor 2 (lung)

regulator of G-protein signaling 2

nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, a
G protein-coupled receptor 171

CD69 antigen

fos-like antigen 2

cytokine inducible SH2-containing protein

zinc finger protein 36, C3H type-like 2

U3B small nuclear RNA 1 | U3B small nuclear RNA 4 | U3B small nuclear RNA 3

Jun proto-oncogene related gene d

immediate early response 3

CD9 antigen

cyclin-dependent kinase inhibitor 1A (P21)

dual specificity phosphatase 5

heparin-binding EGF-like growth factor

cyclin L1

MARCKS-like 1

v-myc myelocytomatosis viral related oncogene, neuroblastoma derived (avian)
SCY1-like 1 binding protein 1

MAX-like protein X

ras homolog gene family, member B

heat shock protein 1B | heat shock protein 1A

similar to eukaryotic translation elongation factor 1 gamma
RIKEN cDNA 1600002H07 gene

RIKEN cDNA 2900009107 gene

Kruppel-like factor 6

metallothionein 2

chemokine (C-C motif) receptor-like 2

4.69
4.63
4.61
4.52
4.33
421
4.19
4.12
4.04
3.92
391
3.87
3.87
3.84
3.64
3.47
3.44
3.38
3.25
3.20
3.04
2.89
2.84
2.83

2.68
2.68
2.63
2.63
2.59
2.56
2.53
243
2.33
2.32
2.32
2.31
2.29
221
2.17
2.16
2.14
2.13
2.07

7.46
5.72
4.29
2.61
7.29
2.25
3.48
4.77
2.45
2.05
2.49
2.11
3.63
2.61
2.13
3.36
2.73
2.37
3.89
2.73
2.17
2.24
2.04
4.01

291
3.22
2.01
2.33
2.44
2.25
2.94
2.08
2.07
2.17
2.01
2.37
2.70
2.10
2.36
2.76
2.08
6.25
2.66
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Table 2 (continued).

(b) Downregulation (>2-fold) of genes due to IgE/DNP-BSA and A23187 stimulation

Gene name Gene description DNP/Con A23187/Con
Gpnmb glycoprotein (transmembrane) nmb 0.08 0.24
Ctss cathepsin S 0.10 0.19
Klk1b11 kallikrein 1-related peptidase b1l 0.11 0.20
OTTMUSG00000000971 0.11 0.31
MMP12 matrix metallopeptidase 12 0.13 0.25
Cybb (continued) cytochrome b-245,  polypeptide 0.16 0.29
H2-Ea histocompatibility 2, class II antigen E a 0.18 0.36
Lyz2 lysozyme 2 0.18 0.35
Zbtb20 zinc finger and BTB domain containing 20 0.19 0.34
Ctsl cathepsin L 0.19 0.41
Mrcl mannose receptor, C type 1 0.21 0.24
Itgam integrin a M 0.22 0.45
Malatl metastasis associated lung adenocarcinoma transcript 1 (non-coding RNA) 0.24 0.48
Mmp8 matrix metallopeptidase 8 0.26 0.45
Igfl insulin-like growth factor 1 0.27 0.42
118r1 interleukin 18 receptor 1 0.27 0.40
6330407 A03Rik RIKEN cDNA 6330407A03 gene 0.27 0.38
Csflr colony stimulating factor 1 receptor 0.29 0.48
Zbtb20 zinc finger and BTB domain containing 20 0.29 0.34
Cugbp2 CUG triplet repeat, RNA binding protein 2 0.29 0.23
Lpl lipoprotein lipase 0.31 0.37
Tbrg3 transforming growth factor P regulated gene 3 0.32 0.28
A430108E01Rik|6820431F20Rik RIKEN ¢cDNA A430108E01 gene | RIKEN ¢DNA 6820431F20 gene 0.32 0.50
Ms4a6d membrane-spanning 4-domains, subfamily A, member 6D 0.33 0.49
Thbsl thrombospondin 1 0.37 0.37
4931406H21Rik RIKEN cDNA 4931406H21 gene 0.37 0.40
V1rc28 vomeronasal 1 receptor, C28 0.38 0.45
Cbfa2t3 core-binding factor, runt domain, a subunit 2, translocated to, 3 (human) 0.38 0.41
6430510MO2Rik RIKEN cDNA 6430510M02 gene 0.38 0.42
1700081L11Rik RIKEN cDNA 1700081L11 gene 0.39 0.48
1700109H08Rik RIKEN cDNA 1700109H08 gene 0.44 0.49
Mrgpra4 MAS-related GPR, member A4 0.45 0.49
Mpegl macrophage expressed gene 1 0.46 0.47
Rsl1 regulator of sex-limited protein 1 0.46 0.50
Illa interleukin 1 a 0.46 0.26
Pou5f2 POU domain class 5, transcription factor 2 0.47 0.40
4932438A13Rik RIKEN cDNA 4932438A13 gene 0.48 0.49
Trpsl trichorhinophalangeal syndrome I (human) 0.49 0.48

gastrointestinal symptoms in a murine FA model (Yamamoto
et al., 2009), as well as in other reports. Furthermore, we
reported that the cholinergic nerve fibers CGRP closely
communicated with MMC via a7 nicotinic ACh receptors
that regulate mast cell functions in the colon of mice with
FA (Yamamoto et al.,, 2014).

Besides the FA, pre-stored vasoactive amines (such as
histamine and serotonin), prostaglandin D2 (PGD2), and
leukotriene C4 (LTC4) were released from MCs and

increased capillary permeability and smooth muscle
contraction also associated with bronchoconstriction and
vasodilation in asthma (Kraneveld et al, 2012). These
mediators are also responsible for skin inflammation, such
as erythema and edema in atopic dermatitis (Theoharides
and Cochrane, 2004). Similarly, the activation of synovial
MCs is linked to the production of several pro-
inflammatory cytokines, such as tumor necrosis factor
(ITNF)-a, IL-1p and IL-1R, and these mediators can
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FIGURE 3. (A) Significantly enriched biological processes for the genes changed by IgE/DNP-BSA and A23187 treatment. (B) Expressed

proteins of enriched p-value.

contribute to the aberrant survival and activation of
rheumatoid synovial fibroblasts in RA (Rivellese et al., 2019).
Mast cells respond to antigen/IgE-dependent and IgE-
independent (neuropeptide receptors, toxins, bee peptide,
autacoid) stimulation and release various inflammatory
mediators (Kazuma et al, 2017). The mechanisms underlying
allergen-derived bioactive mediators are not yet completely
known, but calcium influx plays a critical role in MMCs
activation. Although Kawakami and Kitaura (2005) reported
that MCs can survive and are activated by IgE in the absence
of an antigen, we did not observe degranulation with only IgE
treatment in the current study. Thus, we choose mBMMCs
activation by antigen/IgE for microarray for further studies.
For the first time, we investigated the mechanism of
mBMMCs activation by DNP-BSA/IgE-FceRI and calcium
ionophore using GeneChip. The present study identified
DEGs between antigen/IgE or A23187 and normal cells. This
study identified 460 mRNA sequences between control and
DNP-BSA/IgE-treated cells and 295 mRNA sequences

between control and A23187-treated samples. The GO term
analysis displayed that regulated DEGs were mainly involved
in cell differentiation, cell stress, the immune system process,
responses to external stimuli, cell death, the inflammatory
response, responses to organic cyclic compounds, and
responses to nitrogen compounds. In addition, the enriched
KEGG pathways of DEGs showed that the activation of
mBMMCs is related to NF-kB, TNF, MAPK, and cytokine-
cytokine receptor signal transduction. We found that
A23187-induced MAPK, as well as IgE/antigen stimulation,
and MAPK is the key pathway in the activation of mast cells,
which is consistent with the findings of other researchers
(Toda et al, 2012). MAPK plays a critical role in the
activation, proliferation, differentiation, degranulation, and
migration of various immune cells (Duan and Wong, 2006),
and an increase in intracellular calcium triggers the activation
of MAPK (Kim et al., 2005; Law et al, 2011). The present
study identified that DNP-BSA/IGE altered the mRNA level
more than A23187 and verified that calcium was downstream
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FIGURE 4. KEGG pathway analysis of the genes changed by IgE/DNP-BSA and A23187 treatment.

in the antigen-IgE/FceRI, and they share some pathways, such
as TNF and NF-xB.

IgE/antigen and calcium ionophores triggered an increase
in cellular calcium concentration, and the GeneChip data
showed that this pathway may involve MAPK, mTOR, TNF,
NF-«B, and so on. Furthermore, IgE/FceRI-induced MMCs
activation is associated with T cells, especially Th17 cells
activation (Tab. S1) and the PPAR signaling pathway,
suggesting that MMC:s activation is a complex process.

Recent reports have demonstrated that human MCs are a
major source of serpine 1, and mast cell activation promotes
serpine 1 production (Cho et al, 2015). However, there is no
report on the role of serpine 1 in MMCs. We found that IgE/
DNP-BSA and A23187 stimulation can induce serpine 1
mRNA, suggesting that serpine 1 is also involved in the
pathway of MMCs activation. TAGAP, a member of the
Rho-GTPase protein family, releasing GTP from GTP-bound
Rho, serves as a molecular switch. Although TAGAP is
expressed in activated T cells, the role of TAGAP in immune

function remains unclear (Arshad et al, 2017). We found
that IgE/DNP and A23187 stimulation can induce TAGAP
mRNA, which is consistent with the GeneChip data.
Therefore, TAGAP played a role not only in T cells but also
in MMCs activation. The DUSP family of proteins shows
distinct substrate preferences for the MAPK pathway and
regulates a wide range of responses. DUSP6 is a critical
regulator of activation via the ERK pathway in macrophages
and mediates metabolic commitment to restrains the
differentiation of Tth (Carson et al., 2017; Hsu et al., 2018).
Our data provide evidence for the mRNA of DUSP6 that was
observed to be increased in IgE/DNP and A23187 treatment.

GPNMB, which is expressed in numerous cell types,
including dendritic cells, macrophages, osteoblasts and
osteoclasts, is involved in various biological processes,
including inflammation (Zhou et al, 2017). It is reported
that MMP 12 is predominantly expressed by macrophages
(Shapiro et al., 1993), and there are elevated levels of MMP
12 in the tissue of patients with chronic inflammatory
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The mRNA levels from mBMMC:s of (A) serpine 1, (B) TAGAP, (C) DUSP 6, (D) GPNMB, (E) MMP 12, (F) THBS 1, and (G) LYZ-2 were
examined with real-time PCR. The data are presented as the risk ratio relative to untreated mBMMCs (control). The data shown are from 4
independent experiments performed in triplicate. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. untreated mBMMCs (control group).

disease periodontitis (Arshad et al, 2017), suggesting that MMP
12 is a pro-inflammatory factor. However, our results indicated
that MMP 12 is decreased by antigen-IgE and A23187
treatment, suggesting that MMP 12 has other molecular
functions. Furthermore, MCs can store mRNA for hours and
express these proteins at another time; thus, the transcription
genes are not the same as expression proteins derived from
these genes (Ramirez-Moreno et al, 2020). Suzuki et al. (2015)
reported that THBS1, a proinflammatory protein, is upregulated
in rheumatoid synovial tissue, and MMCs play important roles
in RA. Thus, our data also confirmed that THBSI is involved in
the activation of MMGCs. It is known that lysozyme plays an
essential role in MC-related disease (Dobson et al, 2008), and
there are no reports about the role of LYZ-2 in the MMCs. In
the present study, we confirmed that THBS 1 and LYZ-2 also
play roles in the activation of MMCs.

Brain MCs that were activated by acute stress leading to
increasing blood-brain barrier permeability developed in

migraines. MCs are located close to nerve terminals in many
tissues, such as the meninges, and MCs activation induces
the release of peptides including bradykinin, substance P,
and vasoactive intestinal peptide (VIP), from peripheral
nerve terminals that contribute to the inflammation-
mediated exacerbation of allergic reactions (Kilinc et al,
2015; Kilinc et al., 2017b). Furthermore, neuropeptides, such
as CGRP, substance P, and VIP, also lead to the release of
numerous inflammatory mediators from MCs through
degranulation as a result of MCs mediators-mediated nerves
activation, which in turn enhances neurogenic inflammation
and pain perception (Dagistan et al, 2019; Kilinc and
Gunes, 2019; Kilinc et al., 2017a).

It is known that MC stabilization by endogenous or
exogenous stabilizers can be used to treat MC-mediated

disorders (Kilinc and Baranoglu Kilinc, 2020a). We
investigated agents against MMCs activation using a
microarray and found shikonin, cinnamaldehyde, and
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ergosterol, which are compounds from natural plants that can
inhibit MMCs activation (Kageyama-Yahara ef al., 2011; Wang
et al., 2012; Wang et al., 2014). Furthermore, we demonstrated
that Kakkonto, a traditional Japanese medicine, and the active
ingredient, pentagalloylglucose, ameliorated colon
inflammation from FA via inhibition of MMCs activation
(Yamamoto et al, 2009; Kageyama-Yahara et al, 2010a;
Kageyama-Yahara et al, 2010b). Some researchers also
reported that some exogenous MC stabilizers (such as salmon
calcitonin, thymoquinone, methanandamide, rimonabant,
SR144528, and capsazepine) could be useful in the treatment
of MC-mediated inflammatory disorders via CGRP (Kilinc and
Baranoglu Kilinc, 2020a; Kilinc et al., 2020b; Kilinc et al., 2018).

This study provides information to explain the
underlying physiological and molecular mechanisms of
MMC:s activation (Fig. S7). The approach of evaluation for
biological functions and pathways as a whole will provide
new insights on mBMMCs activation on a cellular and
molecular level. However, transcriptional studies should
continue to develop in order to improve current
bioinformatics study methods.

Our study showed that mBMMC:s activation was enriched
in NF-xB, TNF, MAPK, transcription factor activity, DNA
binding, and nucleic acid binding, suggesting that activation
of MMCs is a complex process. In conclusion, our results
provide a new approach using comprehensive bioinformatics
analysis of DEGs, which was likely involved in mBMMCs
activation. The results also provide insights into new
signaling pathways and novel mediators of MMCs activation.
However, more investigation should be conducted after
transcriptional studies in further studies.
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electrophoresis
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CCK-8 assay
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FIGURE S$4. The heat map of DEGs in the activation of
mBMMCs by IgE/DNP-BSA and A23187 treatment.
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TABLE S1

Pathway enrichment of the converged DEGs in the activation of mBMMCs by IgE/DNP-BSA and A23187 treatment

ID Description GeneRatio BgRatio p-value p.adjust g-value

mmu04668 TNF signaling pathway 13/70 113/8781 3.38E-12 5.81E-10 3.45E-10
mmu04657 IL-17 signaling pathway 11/70 91/8781 1.05E-10  9.00E-09 5.34E-09
mmu04061  Viral protein interaction with cytokine and cytokine receptor  11/70 102/8781 3.68E-10 2.11E-08 1.25E-08
mmu04060  Cytokine-cytokine receptor interaction 16/70 296/8781 8.90E-10 3.83E-08 2.27E-08
mmu04380 Osteoclast differentiation 11/70 128/8781 4.27E-09 1.47E-07 8.73E-08
mmu04010 MAPK signaling pathway 15/70 294/8781 7.15E-09 2.05E-07 1.22E-07
mmu05140 Leishmaniasis 8/70 70/8781  6.90E-08 1.69E-06 1.01E-06
mmu05323  (continued) Rheumatoid arthritis 8/70 90/8781  4.99E-07 1.07E-05 6.37E-06
mmu04933  AGE-RAGE signaling pathway in diabetic complications 8/70 101/8781 1.21E-06 2.32E-05 1.38E-05
mmu04625 C-type lectin receptor signaling pathway 8/70 112/8781 2.67E-06 4.58E-05 2.72E-05
mmu05321  Inflammatory bowel disease 6/70 61/8781  8.12E-06 0.000121 7.20E-05
mmu05202 Transcriptional misregulation in cancer 10/70 220/8781 8.46E-06 0.000121 7.20E-05
mmu04620 Toll-like receptor signaling pathway 7170 99/8781  1.25E-05 0.000166 9.85E-05
mmu05142  Chagas disease 7170 103/8781 1.63E-05 0.0002 0.000119
mmu04064 NF-kappa B signaling pathway 7170 110/8781 2.50E-05 0.000287 0.00017

mmu04640 Hematopoietic cell lineage 6/70 96/8781  0.000109 0.00117  0.000695
mmu05134  Legionellosis 5/70 61/8781 0.000117 0.001186 0.000704
mmu05418  Fluid shear stress and atherosclerosis 7170 147/8781 0.000159 0.001515 0.000899
mmu05020 Prion diseases 4/70 38/8781  0.000223 0.002017 0.001197
mmu04115  p53 signaling pathway 5/70 72/8781 0.000258 0.002216 0.001316
mmu05161 Hepatitis B 7170 162/8781 0.000289 0.002365 0.001404
mmu05133  Pertussis 5/70 76/8781 0.000332  0.002505 0.001487
mmu04630 JAK-STAT signaling pathway 7170 166/8781 0.000335 0.002505 0.001487
mmu05164 Influenza A 7170 168/8781 0.00036  0.002582 0.001533
mmu05152  Tuberculosis 7170 179/8781 0.000528 0.003635 0.002158
mmu04068 FoxO signaling pathway 6/70 131/8781 0.00059  0.003902 0.002316
mmu04218  Cellular senescence 7170 185/8781  0.000643 0.004098 0.002433
mmu05166 Human T-cell leukemia virus 1 infection 8/70 248/8781 0.000752 0.004619  0.002742
mmu04210 Apoptosis 6/70 139/8781 0.000806 0.004782  0.002839
mmu05163 Human cytomegalovirus infection 8/70 256/8781  0.000925 0.005302 0.003148
mmu05144 Malaria 4/70 56/8781 0.000995 0.005404 0.003208
mmu05162 Measles 6/70 145/8781 0.001005 0.005404 0.003208
mmu04932  Non-alcoholic fatty liver disease 6/70 151/8781 0.001241 0.006466 0.003838
mmu04621 NOD-like receptor signaling pathway 7170 213/8781 0.001469 0.007432  0.004412
mmu04928 Parathyroid hormone synthesis, secretion and action 5/70 108/8781 0.001646 0.008087 0.004801
mmu04931 Insulin resistance 5/70 110/8781 0.001785 0.008528 0.005062
mmu04066 HIF-1 signaling pathway 5/70 112/8781 0.001933 0.008984 0.005333
mmu05169  Epstein-Barr virus infection 7170 231/8781 0.002334 0.010562 0.00627

mmu04145 Phagosome 6/70 185/8781 0.00346  0.015257 0.009057
mmu05135  Yersinia infection 5/70 129/8781 0.003573  0.015364 0.009121
mmu05219  Bladder cancer 3/70 41/8781 0.004164 0.017469 0.01037

mmu04062 Chemokine signaling pathway 6/70 196/8781 0.004591 0.018799 0.01116

mmu05222  Small cell lung cancer 4/70 92/8781  0.00611  0.0239 0.014188
mmu05205  Proteoglycans in cancer 6/70 208/8781  0.006114  0.0239 0.014188

mmu01522 Endocrine resistance 4/70 93/8781 0.006346 0.024257 0.0144
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Table S1 (continued).

ID Description GeneRatio BgRatio p-value p.adjust g-value
mmu04612  Antigen processing and presentation 4/70 94/8781  0.006589  0.024638 0.014626
mmu04151  PI3K-Akt signaling pathway 8/70 356/8781 0.007099 0.025981 0.015423
mmu05167 Kaposi sarcoma-associated herpesvirus infection 6/70 218/8781 0.007642 0.027384 0.016256
mmu04660 T cell receptor signaling pathway 4/70 103/8781  0.009057 0.03179  0.018872
mmu04623  Cytosolic DNA-sensing pathway 3/70 64/8781  0.01429  0.048195 0.02861
mmu05332  Graft-versus-host disease 3/70 64/8781  0.01429  0.048195 0.02861

TABLE S2
Pathway enrichment of the DEGs in the activation of mBMMCs by A23187 treatment
ID Description GeneRatio BgRatio p-value p-adjust g-value
mmu05162 Measles 6/45 145/8781 8.76E-05 0.014188 0.011524
mmu05134 Legionellosis 4/45 61/8781 0.000254 0.02056 0.016699
mmu04010 MAPK signaling pathway 7145 294/8781 0.000668 0.025272 0.020527
mmu05167 Kaposi sarcoma-associated herpesvirus infection 6/45 218/8781 0.000793 0.025272 0.020527
mmu05224 (continued) Breast cancer 5/45 147/8781 0.000875 0.025272 0.020527
mmu05020 Prion diseases 3/45 38/8781 0.000936 0.025272 0.020527
mmu05323 Rheumatoid arthritis 4/45 90/8781 0.001116 0.025817 0.020969
mmu04064 NF-kappa B signaling pathway 4/45 110/8781 0.00234 0.046451 0.037728
mmu04668 TNF signaling pathway 4/45 113/8781 0.002581 0.046451 0.037728
TABLE S3
Pathway enrichment of the converged DEGs in the activation of mBMMCs by IgE/DNP-BSA treatment

ID Description GeneRatio BgRatio p-value p.adjust q-value
mmu03320 PPAR signaling pathway 8/146 89/8781 0.000109 0.025568 0.025419
mmu04270 Vascular smooth muscle contraction 8/146 143/8781 0.002592 0.303254 0.30148
mmu04625 C-type lectin receptor signaling pathway 6/146 112/8781 0.010784 0.6462 0.642421
mmu04657 IL-17 signaling pathway 5/146 91/8781 0.017602 0.6462 0.642421
mmu04640 Hematopoietic cell lineage 5/146 96/8781 0.021673 0.6462 0.642421
mmu04068 FoxO signaling pathway 6/146 131/8781 0.021848 0.6462 0.642421
mmu00604 Glycosphingolipid biosynthesis - ganglio series 2/146 15/8781 0.02502 0.6462 0.642421
mmu00480 Glutathione metabolism 4/146 67/8781 0.025064 0.6462 0.642421
mmu04060 Cytokine-cytokine receptor interaction 10/146 296/8781 0.025631 0.6462 0.642421
mmu04216 Ferroptosis 3/146 40/8781 0.028415 0.6462 0.642421
mmu04360 Axon guidance 7/146 180/8781 0.030377 0.6462 0.642421
mmu04144 Endocytosis 9/146 270/8781 0.035963 0.701287 0.697186
mmu00670 One carbon pool by folate 2/146 19/8781 0.039026 0.702474 0.698366
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