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Background: CMRF35-like molecule-1 (CLM-1) is a receptor of the CD300 family that inhibits MRGPRX2-mediated mast cell
degranulation. Understanding the role and mechanism of CLM-1 agonist has significant implications for the treatment of allergic
disease. Quercetin is a natural small molecule compound derived from plants and vegetables that has been shown to prevent histamine
release by immune cells.

Objective: This study aims to examine the inhibitory effects of quercetin on MRGPRX2-mediated mast cell degranulation via CLM-1.
Results: We found that C48/80 stimulation resulted in significantly increased release of B-hexosaminidase, histamine and Ca®" in
CLM-1-knockdown LAD?2 cells than in NC-LAD?2 cells. Surface plasmon resonance (SPR) and molecular docking analyses revealed
high-affinity binding between quercetin and CLM-1 (Kp = 2.962x10> mol/L) mediated by the formation of hydrogen bonds. In
addition, quercetin can selectively bind to CLM-1 on mast cells, leading to SHP-1 phosphorylation and subsequent inhibition of
downstream MyD88/IKK/NF-kB signaling. Furthermore, activation of CLM-1 modulated the surface expression of MRGPRX2 by
inhibiting F-actin, leading to internalization of the MRGPRX2 receptor via the PI3K/AKT/ Rac1/Cdc42 pathway.

Conclusion: Quercetin is a promising treatment for allergic diseases by acting as a CLM-1 agonist that inhibits MRGPRX2-mediated
mast cell degranulation.
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Introduction

Mast cells (MCs) are key effector cells responsible for initiating inflammatory responses and are widely distributed
around capillaries within various anatomical sites,' including the skin, respiratory tract, and gastrointestinal tract. Due to
their distinctive spatial distribution, MCs function not only as the first line of defense against external pathogens but also
as the trigger of allergic diseases.”> When MCs become hyperactivated, they release various bioactive substances into the
surrounding tissue milieu, subsequently precipitating allergic reactions and ultimately allergic disorders.> MCs are
typically activated through antigen/IgE/FceRI cross-linking, a key process in the regulation of hypersensitivity.*
Recent research has unveiled that not all individuals experiencing allergic reactions exhibit elevated IgE levels, and
conventional treatments may not invariably yield the desired efficacy.

The Mas-related G protein-coupled receptor 2 (MRGPRX?2) has been reported to activate MCs through a non-IgE-
mediated pathway.” Recently, significant targets linked to pseudoallergic reactions have been found to be extensively
expressed in human dendritic cells, basophils, and mast cells.® In 2015, researchers from Johns Hopkins University in the
United States demonstrated that MRGPRX2 on mast cells can be directly activated by the endogenous ligand substance P,
thereby triggering an anaphylactoid reaction.” Activation of MRGPRX2 by either exogenous agents (eg, C48/80) or
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endogenous ligands (eg, substance P) resulted in a rapid increase of intracellular Ca*" levels within mast cells, leading to
mast cell activation and subsequent onset of allergic symptoms.”*® Therefore, the inhibition of MRGPRX2 activation stands
as a pivotal treatment strategy for inflammatory responses.

CMRF35-like molecule-1 (CLM-1), also known as leukocyte single immunoglobulin-like receptor 3 (LMIR3), is an
important inhibitory receptor of the CD300 family9 highly expressed on mast cells.'®!" This receptor contains two
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) and a immunoreceptor tyrosine-based switch motif (ITSM),
which mediate the activation of immune cells by recruiting phosphatases.'? SHP-1 and SHP-2 are two members of the SH2
domain-containing nonreceptor protein tyrosine phosphatases (PTPs) that dephosphorylate FceRIy and the Y-residues of
immunoreceptor tyrosine-based activation motif (ITAM), thereby regulating FceRI signaling and inhibiting mast cell
activation.'® In addition, CLM-1 not only exhibits inhibitory activity but also activates apoptotic cell engulfment via
recruitment of p85a in the PI3K pathway.'* Ceramide is an exogenous ligand for mouse CLM-1 (mCD300f) and human
CLM-1 (hCD300f). The interaction between CLM-1 and ceramide facilitates a negative regulatory effect on FceRI-
mediated MC activation.'> Notably, recent findings have indicated that CLM-1 also suppresses IgE-independent pseudoal-
lergic responses through MRGPRX2/MRGPRB2.'® Furthermore, the absence of CLM-1 has been shown to exacerbate
MC-dependent allergic reactions, airway inflammation, and dermatitis in mice.'” These studies collectively suggest that
CLM-1 may represent a promising therapeutic target for MC-dependent allergic reactions. Nonetheless, the precise
mechanism by which CLM-1 negatively modulates MRGPRX2-induced MC activation and allergic reactions remains

unclear.
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Flavonoids generally refer to compounds consisting of two benzene rings (ring A and ring B) containing phenolic
hydroxyl groups, which are connected by a central three-carbon atom (C6-C3-C6 unit). Flavonoids include apigenin,
baicalein, puerarin, quercetin, hesperidin, myricetin, kaempferol, etc,'® which have various physiological activities such
as antioxidant, anti-inflammatory, hypoglycemic, hepatoprotective, antibacterial, antiviral, and antitumor effects.
Flavonoids also exert anti-inflammatory effects by inhibiting the activity of nuclear factor kb (NF-xB) and TNF-a or
activating adenosine 5’-monophosphate-activated protein kinase (AMPK). Kaempferol exerts anti-inflammatory effects
by inhibiting the activity of NF-kB and TNF-a.'’ Quercetin is a flavonoid compound derived from fruits and vegetables,
such as apples and onions, with a wide range of biological activities.”’ Studies have indicated that quercetin possesses
robust and long-lasting anti-inflammatory properties’’ and exerts immunosuppressive effects on dendritic cells.”?
Existing research also shows that that quercetin exhibit both anti-inflammatory and immune-enhancing properties.>**
Nevertheless, further exploration is warranted to identify the direct target and specific molecular mechanism of quercetin
in the context of human MC LAD?2 cell activation.

In the present study, we investigated the inhibitory effect of quercetin on MRGPRX2-mediated MC activation through
CLM-1 and elucidated the potential mechanism of quercetin as an exogenous ligand for CLM-1. Furthermore, we examined
the signaling pathways elicited by CLM-1 activation and the mechanisms involved in modulating MRGPRX2.

Materials and Methods

Pharmaceuticals and Reagents
Quercetin was purchased from Baoji chenguang (Baoji, China), ceramide was obtained from Macklin (Shanghai, China),
and also purified t0>98%. Compounds 48/80 (C48/80), p-nitrophenyl N-acetyl-b-D-glucosamide (B-hexosamine) and
Triton X-100 were purchased from Sigma-Aldrich Co., LLC. (Shanghai, China). All aqueous solutions are prepared with
ultrapure water before use.

TM buffer consists 120 mmol/L NaCl, 4.7 mmol/L KCl, 2.5 mmol/L CaCl,, 1.2 mmol/L MgSOy,, 1.2 mmol/L KH,PO,,
10 mmol/L HEPES, 5.5 mmol/L glucose, and 5 mmol/L. BSA. Stop buffer composed of 0.1 mol/L Na,CO5 and 0.1 mol/L
NaHCOs;.

CIB buffer consists of 125 mmol/L NaCl, 3 mmol/L KCl, 2.5 mmol/L CaCl,, 0.6 mmol/L MgCl,, 10 mmol/L
HEPES, 20 mmol/L glucose, 1.2 mmol/L NaHCOs3, 20 mmol/L sucrose, pH 7.4. Fluorescent incubation buffer consisting
of 0.5 uL Fluo-3, 2 pL Pluronic F-127 and 997.5 uL CIB.

Cell Lines

LAD?2 cells were friendly provided by Kirshenbaum and D. Metcalfe (NIH, USA) and cultured in StemPro-34 medium
supplemented with StemPro ® supplements, penicillin (1:100), streptomycin (1:100), 2 mm glutamine and 100 ng/mL human
stem cell factor. The medium is normally replaced every 7 days, and the cell growth environment is 5% CO, at 37 °C.”

B-Hexosamine Release Rate

LAD2 cells were inoculated in 96-well plate,100 pL per well while final concentration was 1x10° cells/mL. Only TM
buffer was set as blank group and C48/80 group was set as control group.In order to inhibit C48/80 stimulation, quercetin
or ceramide (100 pmol/L) was given to cells and were incubated for 30 min. And then, except for the blank group, other
groups were incubated to C48/80 (final concentration of 30 pg/mL) for 30 min.

After centrifugation at 2000 rpm for 5 min, 50 uL supernatant were taken from each well. Then, a 0.1% Triton X-100
was added to blank group to lysis cells for 5 min, and 50 pL of the supernatant after lysis was taken. At last, 50 pL of B-
hexosaminidase (1 pg/L) was added to the supernatant for 90 min at 37°C. The samples were measured at 405 nm after
plus of the stop buffer.

Histamine Release Assay
LAD2 cells were inoculated in 96-well plate, 100 pL per well while final concentration was 1x10° cells/mL and
centrifuged at 2,000 rpm for 5 min. Add 50 pL of TM buffer containing quercetin or ceramide (100 pmol/L) and
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incubate for 30 min in an incubator at 37°C, only TM buffer for blank and control group as well. After, add 50 uL of TM
solution containing C48/80 (final concentration of 30 pg/mL) to each well except the blank group and incubate again for
30 min. After 2000 rpm centrifugation for 5 min, 50 pL of supernatant was taken from each well, 100 pL of histamine
internal standard was added and mixed fully, and LC-MS was used for detection and analysis.

Calcium Influx Experiment in Cells

Quercetin and ceramide were diluted to 100 umol/L with Calcium imaging buffer (CIB) while blank and control group
only with CIB, then incubated all groups in a cell incubator for 30 min. After that, LAD2 cells were washed twice CIB
and finally plated into the new plate 50 pL each well. The cells were taken under blue light using a fluorescence
microscope (Nikon, Ti-U, Japan). The shooting condition was 1 shot per second for 2 min.

siRNA Transfection of LAD2 Cells
Specific knockout was achieved using siRNA targeting CLM-1 and non-targeted siRNA as negative controls (NC). The
SMART double-stranded siRNAs for CLM-1 and non-specific siRNAs is from Shanghai GenePharma Co., Ltd.
(Shanghai, China). The siRNA sequence is as follows:
Forward:5’-CGGUCCAACAACAGUGAAUTT-3’; reverse:5’-AUUCACUGUUGUUGGACCGTT-3’ for CLM-1; and
forward:5’-UUCUCCGAACGUGUCACGUTT-3: reverse:5’-ACGUGACACGUUCGGAGAATT-3’ for the control.
During transfection, according to the manufacturer ‘s instructions, GP-transfect-Mate transfection reagent Shanghai
GenePharma Co., Ltd. (Shanghai, China) was used to deliver siRNA at a final concentration of 20 nM, and the
expression of CLM-1 was inhibited after 36 h of cell incubation. The effectiveness of transfected siRNA expression
was confirmed by western blot and RT-PCR experiments.

Western Blot

A total of 1x10° LAD2 cells were inoculated into the well plate, then discard the medium and wash twice with ice PBS.
The cells were placed in RIPA buffer containing 10% protease inhibitor and phosphatase inhibitor, next placed them on
ice for 30 min and centrifuged at 13500g for 15 min to remove insoluble protein lysates. The BCA protein quantification
kit (Shanghai Epizyme Biomedical Technology Co., Ltd., Shanghai, China) was used to get evaluation of the protein
concentration according to the instructions, and the protein was denatured in the cell lysate with 5 x sample buffer at 100
°C for 5 min. The SDS-PAGE we bought from Shanghai Epizyme Biomedical Technology Co., Ltd. (Shanghai, China)
was used to separate the equal amount of protein by 10% gel and transferred to polyvinylidene fluoride membrane
(Micro-nano Membrane Technology Co., Ltd., Hangzhou, Zhejiang), and 5% skim milk was used for it. The Tris
hydrochloride buffer containing Tween-20 was blocked at room temperature for 2 h, stirring continuously. Then the
membrane was incubated with primary antibody at 4°C overnight.

Primary antibody mainly includes the followings: anti-GAPDH (1: 5000, Signalway Antibody), anti-MRGPRX2 (1:1000,
Abcam), anti-CLM-1 (1:1000, proteintech), anti-SHP-1 (#ab227503, 1:1000, Sino-Biological), anti-phosphorylated-SHP-1
(#ab692169, 1:1000, Abcam), anti-AKT (1:1000, CST), anti-phosphorylated-AKT (1:1000, CST), anti-PI3K (1:1000, CST),
anti- MyD88(1:1000, Abcam), anti-NF-xB (1:1000, CST, anti-IKKo/p (1:1000, Abcam anti-phosphorylated-IKKa/B (1:1000,
Abcam), anti-IkB (1:1000, CST), anti-phosphorylated-IxB (1:1000, CST), anti-Rac1/Cdc42 (1:1000, CST).

On the second day, wash the membrane with TBST 5 times, 5 min each time. Add secondary antibody was for incubation
at room temperature for 2 h, and the membrane was washed with TBST for 5 times, 5 min each time again. Finally, the
protein level was displayed by enhanced chemiluminescence (ECL) kit and analyzed by Image Pro Plus 5.1 software.

RT-PCR

Place the cells in a 1.5 mL Eppendorf tube, wash it three times with ice-cold PBS buffer, add 1 mL of Trizol solution to
each well and let it stand at room temperature for 10 minutes. Subsequently, perform high-speed centrifugation at 12,000
g for 10 minutes at 4°C, and then pipette 1 mL of Trizol into a new Eppendorf tube. Add 0.2 mL of chloroform to each
tube, shake vigorously for 15 seconds, let it stand at room temperature for 3 minutes, and then centrifuge at 12,000 g for
15 minutes at 4°C. Pipette the upper aqueous phase into a new Eppendorf tube, taking 400 pL from each sample. Add
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400 pL of isopropanol solution, gently invert to mix, and let it precipitate at room temperature for 10 minutes. After
centrifugation, a white gelatinous precipitate visible at the bottom of the tube is RNA. Wash it twice with 0.8 mL of 75%
alcohol and once with pure alcohol. Add 20 puL of DEPC water to each tube to dissolve the RNA. Proceed with genome
removal and reverse transcription according to the steps and procedures outlined in the reverse transcription Kkit.
Subsequently, prepare the PCR reaction mixture according to the PCR systems outlined, place it in a PCR machine,

and set the program to perform the PCR reaction.

Immunofluorescence

LAD2 was connected to 2x10° per hole in the orifice plate. The blank group was not treated, the control group was added
with C48/80 (final concentration 30 pg/mL), and the administration group was added with quercetin or ceramide (final
concentration 100 pmol/L) and C48/80 (final concentration 30 pg/mL). The growth conditions were incubated for
24 h. The medium was discarded and washed with PBS 3 times, 5 min each time. Add 4% paraformaldehyde fixed for
10 min, and PBS washed 3 times each 5 min. At room temperature, 0.5% Triton X-100 was added for 5 min, and PBS
was washed three times for 5 min each time. The cells were blocked with 5% BSA for 30 min and washed twice with
PBS for 5 min each time. The cells were resuspended on the slide and placed at 65 °C for 30 min. Phalloidin dye TRITC
Phalloidn (Yisheng Biotechnology Co., Ltd., Shanghai) diluted with 1:200 PBST was added to the PBST solution for
30 min at room temperature and washed twice with PBST for 5 min each time. DAPI (BOSTER) staining was added
dropwise for 5 min, PBST was washed twice for 5 min each time, and 10 pL anti-fluorescence attenuation sealing agent
was added dropwise to cover the cover glass. Super-resolution Confocal Microscope (Leica TCS SP8 STED 3 x) was
used to photograph the F-actin skeleton under red light and the nucleus under blue light.

Surface Plasmon Resonance

In order to analyze surface plasmon resonance (SPR), CML-1 (R&D Systems, Inc, Minneapolis, MN) protein (50 pg/mL)
was immobilized on sensor chip CM5 (Cytiva Sweden AB, Uppsala, Sweden) by capture coupling. The interaction
between CLM-1 and quercetin was detected by Biacore T200 (General electric medical system, Fairfield, CT) at 25°C.
The quercetin sample was prepared by PBSP-5% dimethyl sulfoxide (DMSO), and the mobile phase was PBSP-5%
DMSO.

Molecular Docking Analysis

Molecular docking aims to search for active small molecules with binding potency to protein receptors based on the
complementary laws of geometry, energy and chemical environment.>> According to the minimum binding free energy
principle, the scoring function ranks the binding ability between ligands and receptors, which represents the bioactivity of
small molecules. This high-throughput technique performs at a virtual level without wasting solvent and monomer
components and has been extensively applied to screen bioactive molecules from herbal medicines.?®

The crystal structure of CLM-1 based on those reported by Dr. Orchard RC (PDB ID: SFFL)*’ was downloaded from
the RCSB PDB database. The structure of quercetin was minimized using Chemi-office software were applied to perform
the molecular docking model.

Using SYBYL-X 2.0 software, pre-processing steps such as repairing missing atoms, fixing amino acid residue
termini, and removing water molecules are performed on CLM-1. The pre-formed three-dimensional small molecule
model is opened, and undergoes a series of processes including adding hydrogen atoms, generating different conforma-
tions, and calculating charges. Subsequently, the docking space is defined, and the extracted ligand substructure function
is utilized to identify the active site or ligand binding site of the protein, while simultaneously determining the linking
space for the small molecule. The software automatically selects the optimal docking mode to perform docking
simulations, ultimately yielding the hydrogen bond sites and groups involved in the binding of quercetin to the CLM-
1 protein.
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Levels of MRGPRX2 on the Cell Membrane and in the Cell Membrane

After incubating quercetin or ceramide (100 umol/L) in LAD2 cells for 24 hours and simultaneously subjecting them to
C48/80 stimulation, membrane protein and cytoplasmic protein were separated and extracted following the instructions
provided by the membrane protein extraction kit (Bestbio, Nanjing, China, Lot: BB-3111-100T). The content of
MRGPRX2 was subsequently determined using established research methods.?®

Statistical Analysis

The data were expressed as mean =+ standard error (SEM) and analyzed by analysis of variance (ANOVA). Two-tailed test
was used for comparison between the two groups. P <0.05 was considered statistically significant (* P <0.05, ** P <0.01,
**% P <0.001).

Results
Binding of Quercetin to CLM-1 Negatively Regulates MRGPRX2-Induced MC

Activation

Design two CLM-1 siRNA knockdown sites for transfection, and select the most suitable knockdown site for subsequent
experiments by detecting the mRNA and protein expression levels in LAD2 cells after transfection with these knock-
down sites (Figure S1). Knockdown of CLM-1 expression in LAD2 cells resulted in similar levels of B-hexosaminidase
release, histamine and calcium influx induced by C48/80 compared to NC-LAD2 cells (Figure 1A and C-E). However,
ceramide or quercetin pretreatment significantly increased B-hexosaminidase release, histamine and calcium influx in
CLM-1-knockdown LAD2 cells than in NC-LAD2 cells (Figure 1A and C-E). Pretreatment with anti-human CLM-1
antibody blocked ceramide- or quercetin-mediated suppression of degranulation (Figure 1B). These results show that
CLM-1 downregulation significantly abrogates the inhibitory effect of quercetin on MC degranulation.

Western blot and RT-PCR showed that both quercetin and ceramide upregulated CLM-1 expression (Figure 2A—C).
Molecular docking indicated that quercetin and CLM-1 formed hydrogen bonds at GLN37 (2.71 A), ARG61 (2.45 A),
TYR288 (2.01 A), SER83 (2.39 and 2.05 A), and ASN60 (2.38 and 2.02 A) (Figure 2D). Surface plasmon resonance
(SPR) assay revealed strong and dose-dependent binding of quercetin to CLM-1 (Kp = 2.962x10> mol/L) (Figure 2E).

Furthermore, our data demonstrated that quercetin significantly upregulated CLM-1 mRNA and protein expression
(Figure 3D-E) but downregulated MRGPRX2 mRNA and protein expression in C48/80-treated LAD2 cells (Figure 3A—C).
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Figure | Quercetin targeting CLM-| negatively regulates C48/80-mediated MCs activation. Following the knockdown of CLM-1 using siRNA technology or treated with
CLM-1| antibody did not affect C48/80 induced release rates of B-hexosamine (A and B), histamine (C) and calcium influx in LAD2 cells (D and E), however the inhibitory
effects of quercetin (100 umol/L) and ceramide (100 pmol/L) were markedly diminished compared with NC-LAD?2 cells. The data were expressed as mean * SEM, and the
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Figure 2 Quercetin serves as a specific small molecule agonist of CLM-1. Western blot (A and B) and RT-PCR (C) analysis of CLM-| expression in LAD2 cells after 24-hour
pretreatment with quercetin (100 pumol/L) and ceramide (100 pmol/L) and quantification of CLM-1 protein expression was performed using densitometric analysis. The
experiments were conducted in triplicate. (D) Molecular docking model of quercetin and CLM-I. (E) SPR binding curve of quercetin and CLM-1 with a Kp value of
2.962%107° mol/L. The data were expressed as mean * SEM, and the two-tailed unpaired student T test was used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001
were considered statistically significant.

Collectively, these data show that the combination of quercetin and CLM-1 has a negative regulatory effect on MRGPRX2-
mediated MC activation.

Quercetin Downregulates MyD88 Expression Through SHP-1 Dephosphorylation

We found that quercetin enhanced SHP-1 phosphorylation in the CLM-1 signaling pathway (Figure 4A and B) but suppressed
MyD88-mediated MC degranulation (Figure 4A and C) by downregulating downstream IKK/IkB phosphorylation (Figure 4A,
and F). Ultimately, this cascade of events led to the downregulation of NF-kB (Figure 4A and F), a key player of inflammation.

Quercetin Attenuates Membrane MRGPRX2 Internalization Through Inhibition of F-Actin
The binding of ceramide or quercetin to CLM-1 triggered the recruitment of PI3K (Figure 5A and C), a central signaling
enzyme involved in various cellular processes. This process in turn inhibited downstream AKT phosphorylation
(Figure 5B and D), Racl and Cdc42 expression (Figure S5E and F), and ultimately F-actin expression (Figure 5G), an
important cytoskeletal protein that participates in processes such as cell movement and endocytosis.

Receptor internalization is a key mechanism governing MRGPRX2 regulation and is influenced by F-actin. To
ascertain whether CLM-1 activation enhances MRGPRX2 internalization, we stimulated cells with C48/80 and collected
membrane and cytoplasmic proteins separately. Our data revealed that treatment with ceramide or quercetin increased the
membrane content but decreased the cytoplasmic content of MRGPRX2 (Figure SH and I). Altogether, these findings
indicate that CLM-1 agonists may potentially suppress MC degranulation by inhibiting MGRPRX2 internalization.

Discussion

MCs play a vital role in the first line of defense in the host. However, due to their localization around the microvasculature of
the skin and mucous membranes,” MCs are easily activated by foreign substances, leading to various inflammatory
responses.” MC activation is a complex process and can be classified as IgE-dependent and non-IgE-dependent. In recent
years, MRGPRX2 has been identified as a crucial receptor for non-IgE-dependent activation of MCs. MC activation through
MRGPRX2 leads to pseudo-allergic reactions characterized by itching, pain, and inflammation.*’>" It has also been associated
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Figure 3 Quercetin activating CLM-| negatively regulates MRGPRX2 expression. RT-PCR (A) and Western blot (B and C) analysis of MRGPRX2 expression in LAD2 cells
after 24-hour pretreatment with quercetin (100 umol/L) or ceramide (100 pmol/L) and C48/80. The expression of CLM-| protein in LAD2 cells after 24 h pretreatment with
quercetin (100 pmol/L) or ceramide (100 pmol/L) and C48/80 (D—F), and quantification by densitometric analysis (E). The data were expressed as mean * SEM, and the
two-tailed unpaired student T test was used for statistical analysis. *P < 0.05, ***P < 0.001 were considered statistically significant.

with the pathogenesis of allergic diseases such as asthma and urticaria.*>** Therefore, identifying drug candidates that inhibit
MRGPRX2-mediated MC activation has significant implications for the treatment of allergic diseases.

CLM-1 is an inhibitory receptor of the CD300 family that plays an important immunoregulatory role in various
inflammatory and allergic responses. CLM-1 acts as a negative regulator of Toll-like receptor 4 and inhibits lipopoly-
saccharide-induced skin inflammation.>* In addition, CLM-1 expression has been reported to affect the biological
functions of leukocytes.*> Given that the activation of CLM-1 suppresses MC degranulation, it presents as a potential
target for treating food allergies.*® Previous studies have shown that the binding of ceramide to CLM-1 inhibits pseudo-
allergies mediated by MRGPRX2.'>" Therefore, further investigation of the functional effects and mechanisms of
CLM-1 and MRGPRX2 will offer new insights to the treatment of various MC-associated diseases.

Consistent with previous findings,”® our data also confirmed that the binding of quercetin to CLM-1 significantly
upregulated CLM-1 expression and downregulated MRGPRX2 expression in C48/80-treated LAD2 cells. Though, the

exact target and mechanism of quercetin in inhibiting MRGPRX2-mediated MC activation will need to be further clarified.
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Figure 4 Quercetin inhibits the release of mast cell allergic mediators via the MyD88-NF-«kB pathway. (A) The expression levels of phosphorylation-SHP-1, SHP-1, MyD88,
phosphorylation-IKKa/B, IKKa/B, phosphorylation-lkB, kB, NF-kB in LAD2 cells treated with quercetin (100 pmol/L) or ceramide (100 umol/L) and C48/80 for 24 h were analyzed
by Western blot. Quantification of phosphorylation-SHP-1 (B), MyD88 (C), phosphorylation-IKKa/B (D), phosphorylation-IkB (E), NF-KB (F) protein expression in by
densitometric analysis. The data were expressed as mean + SEM, and the two-tailed unpaired student T test was used for statistical analysis. *P < 0.05, **P < 0.01, **P < 0.001
were considered statistically significant.

Apart from the discovery of ceramide as an endogenous ligand for CLM-1, few other exogenous CLM-1 ligands have also
been reported. The inhibitory activity of CLM-1 was recently found to be mediated by the interaction of intracellular ITIMs with
SHP-1.° In addition, CLM-1 regulates MyD88/TRIF-mediated TLR signaling through the activation of SHP-1 and SHP-2,
thereby dampening the production of inflammatory mediators.'®*® Our study showed that the exogenous CLM-1 ligand
quercetin plays a key role in regulating MRGPRX2-mediated MC activation by facilitating downstream SHP-1 phosphorylation
and inhibiting MyD88/IKK/NF-kB signaling.

The inhibitory effect of CLM-1 has been proven to be mediated by the PI3K and NF-kB pathways.'* CLM-1-PI3K
association leads to activation of downstream Rac/Cdc42 GTPase and mediates changes of F-actin.** Our findings
suggest that CLM-1 acts on PI3K signaling by modulating AKT phosphorylation and inhibiting downstream expression
of the cell membrane structural proteins Racl and Cdc42. Receptor internalization is a critical mechanism regulated by
GPCR, which is influenced by F-actin.*' Immunofluorescence staining further corroborated that ceramide or quercetin
treatment inhibited F-actin, a crucial process involved in various cellular activities such as cell movement and receptor
internalization. Immunofluorescence staining further confirmed that ceramide or quercetin treatment inhibits F-actin. Our
subsequent analysis of MRGPRX2 levels on the cell membrane surface and in the cytoplasm after ceramide treatment
revealed that quercetin/CLM-1 binding increased the content of MRGPRX2 on the cell membrane, once again indicating
that it may inhibit receptor internalization. However, receptor internalization is a highly intricate process and further in-
depth research is warranted to confirm the specific mechanisms involved.
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Figure 5 Quercetin attenuate membrane MRGPRX2 expression through F-actin via PI3K/AKT/Rac|/Cdc42 pathway. (A) Western blot analysis of the expression of
PI3K in LAD2 cells treated with quercetin (100 pmol/L), ceramide (100 pmol/L), and C48/80 for 24 hours. (B) Quantification of PI3K protein expression was carried
out through densitometric analysis. (C) Western blot analysis of the expression AKT phosphorylation in LAD2 cells treated with quercetin (100 pmol/L), ceramide
(100 umol/L), and C48/80 for 24 hours. (D) Quantification of phosphorylation-AKT protein expression was carried out through densitometric analysis. (E) Western
blot analysis the expression levels of Racl/Cdc42 in LAD2 cells treated with quercetin (100 umol/L), ceramide (100 pumol/L), and C48/80 for 24 hours. (F) Quantified
Racl/Cdc42 protein expression by densitometric analysis. (G) The changes in F-actin in the membrane skeleton structure of LAD2 cells after C48/80 stimulation and
the effects of quercetin and ceramide were analyzed using the immunofluorescence method. The DAPI-stained nucleus is shown in blue, and F-actin on the cell
membrane is shown in red, with a magnification of 53 times. (H and I) ELISA was used to analyze the effects of quercetin (100 umol/L) on the MRGPRX2 on the cell
membrane and intracellularly in LAD2 cells induced by C48/80. The data were expressed as mean * SEM, and the two-tailed unpaired student T test was used for
statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001 were considered statistically significant.
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Additionally, our study showed that the absence of ceramide did affect CLM-1 inhibition of MRGPRX2 induced mast
cell degranulation. This indicates that the inhibitory function of CLM-1 must be mediated through its binding with the
corresponding ligand or agonist. Aside from ceramide, no other exogenous ligands for CLM-1 have been reported thus
far, underscoring the significance of identifying quercetin as a potential agonist for CLM-1.

Conclusion

Quercetin attenuate MRGPRX2-mediated mast cell degranulation. Quercetin represented agonist of CLM-1 down-
regulate membrane internalization of MRGPRX2 by F-actin participation. Quercetin may serve as drug candidate for
therapeutic of allergic disease.
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