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Abbreviations:

AAbs, autoantibodies; ASST, autologous
serum skin test; CSU, chronic spontaneous
urticaria; EPO, eosinophil peroxidase;
FceRla, FceRI a-chain; h, human;

HBSS, Hank's balanced salt solution; HK-
1, hemokinin-1; IMDM, Iscove's modified
Dulbecco's medium; LSM, lymphocyte
separation medium; MBP, majar basic
protein; MCs, mast cells; MRGPRX2, Mas-
related G protein-coupled receptor X2;
NC, non-atopic healthy control;

NKA, neurokinin A; NKB, neurokinin B;
NK1-R, neurokinin-1 receptor; SCF, stem
cell factor; SP, substance P

Background: We previously reported upregulation of expression of Mas—related G protein—coupled
receptor X2 (MRGPRX2) on mast cells (MCs) in the skin of patients with severe chronic spontaneous
urticaria (CSU). Serum levels of substance P (SP) were reportedly significantly elevated, in correlation
with the severity of CSU. Hemokinin-1 (HK-1) reportedly induced histamine release from LAD2 cells via
MRGPRX2. We aimed to investigate HK-1's role in CSU.
Methods: The concentrations of HK-1 and SP were measured using ELISAs. Skin— and synovium—derived
cultured MCs were generated by culturing dispersed skin and synovial cells, respectively, with stem cell
factor. MRGPRX2 expression in the MCs was reduced using a lentiviral shRNA silencing technique.
Results: Anti—SP Ab used in the SP ELISA showed 100% cross—reactivity to HK-1, but anti—HK-1 Ab
showed 0% cross—reactivity to SP. The serum level of HK-1 was significantly lower in patients with CSU
(n = 151) than in non—atopic healthy control (NC) subjects (n = 114). The ECsg of histamine release from
MCs induced by HK-1 (5056 nM) was 12—fold higher than by SP (426 nM). Brief pretreatment of MCs
with HK-1 at concentrations of 3.0—10 puM significantly reduced histamine release by 0.1 uM SP. However,
brief incubation of MCs with HK-1 did not elicit rapid MRGPRX2 internalization.
Conclusions: In NC subjects, high HK-1 concentrations may desensitize MGRPRX2—mediated MC acti-
vation, thereby preventing MC degranulation by SP.
Copyright © 2021, Japanese Society of Allergology. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Chronic spontaneous urticaria (CSU) is defined as the occurrence
of daily systemic wheals for at least 6 weeks.! Mast cells (MCs) play a
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key role in the induction of wheal reactions through release of a
variety of vasoactive autacoid mediators and functionally diverse
proteases, chemokines and cytokines.” We previously reported that
expression of Mas—related G protein—coupled receptor X2
(MRGPRX2) — which is a receptor for substance P (SP) — on MCs
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was upregulated in the skin of patients with severe CSU, and that SP
activates skin MCs through MRPRGX2, but not via neurokinin-1 re-
ceptor (NK1-R).? The serum level of SP was significantly higher in
CSU patients than in healthy subjects* 7 and was associated with
disease severity.* These results suggest that an SP—MRGPRX2—MC
axis plays important roles in the pathogenesis of CSU.

MRGPRX2 encodes for MRGPRX2 (also known as MRGX2), a
37—kDa G protein—coupled receptor (GPCR) that consists of 330
amino acids.® Human MRGPRX2 is expressed in MCs of the con-
nective tissue and small—diameter neurons of the dorsal root gan-
glion as well as in blood basophils and eosinophils.®® Human
MRGPRX2 is activated by ligands with cationic properties that are
endogenous and exogenous compounds with diverse chemical
features ranging from peptides and proteins to cysteine proteases
and opioids (e.g., antimicrobial host defense peptides, neuropep-
tides, eosinophil granule proteins, and many US Food and Drug
Administration—approved peptidergic drugs).'’

SP, neurokinin A (NKA), neurokinin B (NKB) and hemokinin-1
(HK-1) are members of the tachykinin family.!" TAC1 encodes for
SP and NKA, TAC3 encodes for NKB, and TAC4 encodes for HK-1."" HK-
1 has 64% homology to SP and binds to NK1-R and MRGPRX2,'? but
the functions of SP and HK-1 are often different or the opposite.'! HK-
1 is expressed in neuronal cells and non-neuronal cells, such as hu-
man endothelial cells, inflammatory and immune cells and glial cells,
and in the placenta.!’ HK-1 is involved in various physiological and
pathophysiological functions, including modulation of pain and
inflammation, immune regulation, respiratory and endocrine func-
tions, and even tumor genesis."! Since HK-1 induces scratching,
biting and licking in mice,'® it might be involved in the itching in CSU.

Commercially available SP EIA kits are known to recognize both
SP and HK-1. HK-1 induced histamine release from a human mas-
tocytoma cell line, LAD2, via MRGPRX2.'? Thus, we hypothesized
that HK-1 might play a pivotal role in the pathogenesis of CSU. We
compared the serum levels of HK-1 and SP in CSU patients and non-
atopic healthy control (NC) subjects. We also looked for associa-
tions between the level of HK-1 and various clinical parameters that
might point to its involvement in the pathogenesis of CSU. Finally,
we compared HK-1 and SP for their ability to induce histamine
release from human MCs.

Methods
Ethical considerations

This study was approved by the Ethics Committees of the Nihon
University School of Medicine (RK-15908-12 and RK-160112-2). All
the subjects provided written informed consent in accordance with
the Helsinki Declaration of the World Medical Association.

Patient enrollment

One-hundred-and-fifty-six patients with CSU (113 females and
43 males; ranging in age from 13 to 85 years) were consecutively
recruited between May 2011 and December 2019. Five patients
were excluded because of treatment with a steroid(s) and/or
cyclosporine A within the most recent 3 weeks. Table 1 summarizes
the characteristics of the remaining 151 CSU patients (108 females
and 43 males; age range: 13—82 years). Most of the patients had
been referred from private practice doctors to the outpatient—clinic
of Nihon University Hospital. Some patients had already been
treated with H1-antihistamines. We also enrolled 114 non-atopic
healthy control (NC) subjects (73 females and 41 males; ranging
in age from 22 to 64 years) for whom the criterion was no history of
urticaria, asthma, allergic disease or autoimmune disease (Table 1).

Table 1
Characteristics of the CSU patients and NC subjects.
CSU (n = 151) NC (n = 114)
Demographic details
Age (year), median (range) 42 (13-82) 31.5 (22—64)
Sex: female (%) 71.5 64
Urticaria
Duration of illness (month), 25(1-517) N.A.

median (range)
ASST positive (%) 46.2 0

Severity score, median (range) 28 (0—42) N.A.
Medication use at time of review (%)
H1 antihistamine 60 (39.7) 0
H1 antihistamine (double amount) 81 (53.6) 0
H2 antihistamine 62 (41.1) 0
Leukotriene receptor antagonist 75 (49.7) 0
Corticosteroid 0 0
Cyclosporine A 0 0
Trenexame acid 6(4.0) 0
Omalizumab 2(1.3) 0
Diaminodiphenyl sulfone 1(0.7) 0
Suplatast tosilate 2(1.3) 0
Nil 6 (4.0) 100

ASST, autologous serum skin test; CSU, chronic spontaneous urticaria; N.A., Not
applicable; NC, non-atopic healthy control.

Routine blood and urine tests and liver and kidney function were all
normal. Pregnant and nursing women were excluded.

Definitions and study protocol

CSU was diagnosed according to the classifications of the Eu-
ropean Academy of Allergy and Clinical Immunology (EAACI), the
Global Allergy and Asthma European Network (GALEN), the Eu-
ropean Dermatology Forum (EDF), and the World Allergy Organi-
zation (WAO).'* Subjects were excluded if steroids or
immunosuppressive drugs had been used within 3 weeks. The
7—day urticaria activity score (UAS7) is a patient—reported scoring
system that captures the severity of pruritus and the number of
hives appearing during 1 week.!” The intensity of pruritus (range:
0 [none] to 3 [severe]) and the number of hives (range: 0 [none] to 3
[>50 hives]) were recorded daily (maximum: 6 points per day). The
scores were then summed for 1 week to plot on the UAS7 scale,
(0—42). Blood tests, which included the serum IgE level, basophil
count, IgG anti-nuclear AAbs, IgG anti-thyroglobulin AAbs and IgG
anti-thyroid microsomal AAbs, were performed.

Preparation of serum samples for HK-1 and SP ELISAs

Peripheral blood was drawn from the NC subjects and CSU
patients using Aprotinin (1500 units) and EDTA-2Na—containing
tubes (NP-EA0305-123D, SRL, Tokyo, Japan). Peptides were
extracted from the sera (100 pL) according to the protocol for CEP-
column (C-18) (Peninsula Laboratories International, San Carlos,
CA, USA). The extracted peptides were freeze—dried in a freeze
dryer (FDU-1200, Tokyo Rikakikai, Tokyo, Japan). The
freeze—dried peptide specimens were dissolved in 100 ul of PBS
and stored at —80 °C until ELISA assays. Thus, the concentrations
of HK-1 and SP measured by ELISAs were equivalent to their
concentrations in the sera.

Isolation, purification and culture of human skin and synovial MCs

Macroscopically normal human skin and synovial tissue speci-
mens were obtained during surgery. Skin and synovial tissues for
the isolation and culture of MCs were obtained from healthy
normal donors and patients with osteoarthritis, respectively. Skin
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and synovial cells from chopped foreskin and synovial specimens
were dispersed by an enzymatic procedure in Iscove's modified
Dulbecco's medium (IMDM) containing 1.5 mg/mL collagenase
(Sigma—Aldrich, St. Louis, MO, USA), 0.75 mg/mL hyaluronidase
(Sigma—Aldrich) and 0.1% BSA, at 37 °C for 1 h.” The dispersed cells
were then centrifuged in lymphocyte separation medium (LSM; MP
Biomedicals, Santa Ana, CA, USA). The cells at the LSM interface
were collected and washed as described previously.® The dispersed
skin and synovial cells were cultured in serum—free Iscove's
methylcellulose medium and IMDM supplemented with 200 ng/mL
recombinant human stem cell factor (rhSCF) and 50 ng/mL rhIL-6.
On day 42, methylcellulose was dissolved in PBS, and the cells
were resuspended and cultured in IMDM containing 0.1% BSA,
100 ng/mL rhSCF and 50 ng/mL rhIL-6 for another 5—6 weeks.

MC activation

MCs were suspended in Hank's balanced salt solution (HBSS)
supplemented with 0.1% BSA and 1 mM CacCl, for histamine ex-
periments. MCs were activated with HK-1 (Biorbyt, Cambridge-
shire, UK) and SP (Sigma—Aldrich), or calcium ionophore A23187
(10 M, Sigma—Aldrich), at 37 °C for 30 min for measurement of
histamine release. For aggregation of FceRI, MCs were sensitized
with 1 pg/mL of human IgE (Calbiochem, San Diego, CA, USA) in
IMDM containing 0.1% BSA, 100 ng/mL rhSCF and 50 ng/mL rhIL-6
for 16 h at 37 °C. The cells were washed once and resuspended in
HBSS supplemented with 0.1% BSA and 1 mM CaCl,. The
IgE—sensitized MCs were next stimulated with anti-human IgE Ab
(DakoCytomation, Glostrup, Denmark) for 30 min for measure-
ment of histamine release, and then cell—free culture superna-
tants and cell pellets were harvested to measure the histamine
levels. In some histamine assay experiments, IgE—sensitized MCs
were pretreated with indicated concentrations of SP, HK-1 or
compound 48/80 (Sigma—Aldrich) for 15 min in HBSS supple-
mented with 0.1% BSA and 1 mM CaCly, or for 24 h in IMDM
containing 0.1% BSA, 100 ng/mL rhSCF and 50 ng/mL rhIL-6 (1st
activation). The cell supernatants were removed, and the cells
were resuspended in HBSS supplemented with 0.1% BSA and 1 mM
CaCly. Equivalent numbers of MCs were prepared in wells to
measure the total histamine content, and these MCs were incu-
bated with medium alone. Other MCs were activated with indi-
cated concentrations of SP or anti-human IgE for 30 min (2nd
activation). The cell supernatants and cell pellets were collected
for histamine assay.

Mediator assays

Histamine, SP and HK-1 released from MCs were measured us-
ing, respectively, Histamine EIA kit (MBL, Nagoya, Japan), SP ELISA
kit (R&D Systems, Minneapolis, MN, USA) and HK-1 ELISA kit
(Peninsula Laboratories International).

RNA isolation and RT-PCR

Total RNA was isolated from synovium— and skin—derived
cultured MCs, and real—time quantitative RT—PCR was per-
formed as described previously.> A human gene—specific primer
and prove set for MRGPRX2 and GAPDH were designed using the
Assay-on-Demand service (ThermoFisher Scientific, Waltham,
MA, USA).

To examine TAC1 and TAC4 mRNA expression in the skin, we
studied 12 CSU patients (8 females and 4 males; age range: 17—72
years) and 9 nonatopic control (NC) subjects (5 female and 4 male
subjects; age range, 60—90 years). The characteristics of the patients
with CU and NC subjects are summarized in Table 2. Skin tissue

Table 2
Characteristics of the CSU patients and NC subjects of skin specimens.
CSU (n = 12) NC(n=29)
Demographic details
Age (year), median (range) 40 (17-72) 86 (60—90)
Sex: female (%) 66.7 55.6
Urticaria
Duration of illness (month), 2 (1—-240) N.A.

median (range)
ASST positive (%) 0

Severity score, median (range) 31.5(5—-42) N.A.
Medication use at time of review (%)
H1 antihistamine 4(33.3) 0
H1 antihistamine (double amount) 5(41.7) 0
H2 antihistamine 3(25.0) 0
Leukotriene receptor antagonist 3(25.0) 0
Corticosteroid 0 0
Cyclosporine A 0 0
Trenexame acid 1(8.3) 0
Omalizumab 0 0
Diaminodiphenyl sulfone 1(8.3) 0
Suplatast tosilate 0 0
Nil 2(16.7) 100

ASST, autologous serum skin test; CSU, chronic spontaneous urticaria; N.A.
Not applicable; NC, non-atopic healthy control.

sections were obtained by using punch biopsy specimens from
wheal regions on the arms of 12 patients with CU. Skin specimens
from the arms of NC subjects were obtained from macroscopically
normal skin tissue from surplus skin grafts. Total RNA was extracted
from skin specimens (10 mg) using a High Pure miRNA Isolation Kit
(Roche Diagnostics, Mannheim, Germany). It was then
reverse—transcribed to ¢cDNA using 10 mM dNTP mix, oligo-dT
primers, Super Script IV and nuclease—free water (Invitrogen), fol-
lowed by amplification with specific primers (Invitrogen) and Gotaq
DNA polymerase purchased from Promega (Madison, WI, USA). The
PCR conditions were as follows: initial denaturation for 10 min at
95 °C, 40 cycles of denaturation for 30 s at 95 °C, annealing for 1 min
at 63 °C and amplification for 1 min at 72 °C. After 7—min terminal
amplification at 72 °C, the PCR products were subjected to 2.0%
agarose gel electrophoresis. Semi—quantitative PCR was performed
using GeneAtlas (Astec, Fukuoka, Japan). The following three primer
sets were used: TAC1 Forward 5-CGACAGCGACCAGATCAAGGAGG-
3’, TAC1 Reverse 5'-TGCATTGCACTCCTTTCAT-3' TAC4 Forward 5’'-
TCTCTTCTCTGTGTCTCCTGTCCTC-3’, TAC4 Reverse 5-CATTTATT-
GAGTGCCTACTGTGTGCT-3’; and GAPDH Forward 5'-TGATGACATCA
AGAAGGTGGTGAAG-3' and GAPDH Reverse 5-TCCTTGGAGGCCATG
TGGGCCAT-3'. The relative intensities of TAC4 mRNA bands to
GAPDH mRNA bands were determined using a densitometer (FAS-
1V, Nippon Genetics, Tokyo, Japan).

Statistical analysis

To identify variables associated with CSU or a specific CSU pa-
tient group, we compared continuous variables between the NC
subjects and CSU patients or between two different patient groups
using the Mann—Whitney U test. To compare categorical variables,
a 2—sided Fisher exact test was used. More than three groups were
compared using two—way ANOVA and Tukey's multiple compari-
sons test. Spearman rank correlation coefficients were calculated to
determine the strength of correlations between continuous vari-
ables. P values were considered significant at P < 0.05. Data ana-
lyses were performed using Prism version 7 (GraphPad Software,
San Diego, CA). See the Supplementary Methods for additional in-
formation regarding the experimental protocols.
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Results

Comparison of HK-1 and SP concentrations between NC subjects and
CSU patients

We first checked for cross—reactivity between HK-1 and SP for
(1) the anti-HK-1 Ab used in the HK-1 ELISA kit purchased from
Laboratories International (Fig. 1a) and (2) the anti-SP Ab used in
the SP ELISA kit purchased from R&D Systems (Fig. 1b). The anti-
HK-1 Ab used in the HK-1 ELISA kit was specific to HK-1, but the
anti-SP Ab used in the SP ELISA kit showed 100% cross—reactivity
to HK-1. Using the HK-1 and SP ELISA Kkits, we compared the
concentrations of HK-1 and SP between the 114 NC subjects and
151 CSU patients. The HK-1 concentration was significantly lower
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in sera from the CSU patients (median 125.8 pg/mL) than in the
NC subjects' sera (median 217.7 pg/mL, Fig. 1c, P < 0.0001), but
the SP concentration was not (Fig. 1d). The HK-1 concentrations
in sera from moderate and severe CSU patients were significantly
lower than in the NC subjects (Fig. 1e, P < 0.01 and P < 0.0001).
However, the serum SP level did not differ significantly between
the NC and CSU patients, regardless of the latters’ disease
severity (Fig. 1f).

Next, Spearman rank correlation coefficients were calculated to
determine the strength of correlations between the HK-1 and SP
concentrations and each of the clinical parameters (Table 3). There
were no significant correlations with the urticaria severity score;
clinical data, including the serum IgE level, eosinophil count,
basophil count or serum levels of IgG AAbs to thyroid peroxidase,
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Fig. 1. Comparison of concentrations of measured HK-1 and SP between NC subjects and CSU patients. (a) Standard curve analyses of HK-1 (closed circles) and SP (open circles)
using the HK-1 ELISA kit (Peninsula Laboratories International). Data are the means + SEM (n = 3). (b) Standard curve analyses of HK-1 (closed circles) and SP (open circles) using
the SP ELISA kit (R&D Systems). Data are the means + SEM (n = 3). Comparison of concentrations of (¢) HK-1 and (d) SP between NC subjects and CSU patients (scatter plot). The
medians and inter-quartile ranges are also shown. Comparison of (e) HK-1 and (f) SP concentrations between NC subjects and CSU patients, categorized by disease severity. ** and

=+ indicate P < 0.01 and P < 0.0001, respectively.
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Table 3

Correlations between the serum levels of tachykinins and clinical parameters, or the
ability of anti-FceRIo. AAbs and anti-IgE-AAbs to induce FceRI crosslinking in CSU
patients.

Tachykinin Clinical parameter P value r n

HK-1 Duration of illness (months) 0.021 0.188 151
Severity score, UAS7 0.729 —0.031 127
Serum IgE level (IU/mL) 0.666 0.037 139
Blood neutrophils (/mm?) 0.092 0.153 123
Blood eosinophils (/mm?) 0.684 —-0.037 123
Blood basophils (/mm?) 0.161 0.127 123
Blood monocytes (/mm?) 0.898 0.012 123
Blood lymphocytes (/mm?) 0.789 0.024 123
Anti-thyroid peroxidase AAbs 0.161 -0.199 51
(IU/mL)
Anti-thyroglobulin AAbs (IU/mL) 0.668 0.169 9
Anti-FceRla. AAbs (pg/mL) 0.445 0.082 90
Ability of anti-FceRla. AAbs (FI) 0.858 -0.019 89
Anti-IgE AAbs (ug/mL) 0.995 —-0.001 90
Ability of anti-IgE AAbs (FI) 0.508 0.071 90

SP Duration of illness (months) 0.139 0.123 145
Severity score, UAS7 0.043 0.184 122
Serum IgE level (IU/mL) 0.051 0.169 134
Blood neutrophils (/mm?) 0.286 0.099 117
Blood eosinophils (/mm?) 0.081 0.162 117
Blood basophils (/mm?) 0.378 0.082 117
Blood monocytes (/mm?) 0.876 -0015 117
Blood lymphocytes (/mm?) 0.507 0.062 117
Anti-thyroid peroxidase AAbs 0.268 —0.160 50
(IU/mL)
Anti-thyroglobulin AAbs (IU/mL) 0.903 0.053 9
Anti-FceRIa AAbs (ug/mL) 0.001 0.341 86
Ability of anti-FceRla. AAbs (FI) 0.498 -0.074 85
Anti-IgE AAbs (pug/mL) 0.409 —0.090 86
Ability of anti-IgE AAbs (FI) 0.408 0.090 86

AAbs, autoantibodies; FI, fold increase; HK-1, hemokinin-1; SP, substance P; UAS7,
7-day urticaria activity score.

thyroglobulin, FceRIo. and IgE; or the ability of anti-FceRlo. AAbs
and anti-IgE AAbs to induce FceRI crosslinking (Table 3). The HK-1
concentration correlated significantly with the duration of illness
(P = 0.021, r = 0.188), but the SP concentration did not (Table 3).
The SP concentration correlated significantly with the urticaria
severity score (P = 0.043, r = 0.184; Table 3) and the anti-FceRIa
AAbs concentration (P = 0.001, r = 0.341; Table 3). The HK-1 and SP
levels did not differ significantly between ASST—negative patients
and ASST—positive patients (Supplementary Fig. 1a, b).
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Evaluation of ability of HK-1 and SP to induce histamine release
from human MCs

Next, we evaluated the ability of each of HK-1 and SP to induce
histamine release from human synovium—derived cultured MCs.
MCs were incubated with 0.01,0.03,0.1,0.3,1, 3 and 10 uM of each
of HK-1 and SP, and histamine release was then measured. As can
be seen in Figure 2a, b, the ECs5q of histamine release from MCs in
response to HK-1 (5056 nM) was 12—fold higher than with SP
(426 nM). The maximum percent histamine release in response to
HK-1 (51.5 + 12.8%) was almost half of that with SP (90.8 + 13.5%).

Synovium— and skin—derived cultured MCs were activated by HK-1
through MRGPRX2

HK-1 reportedly induced histamine release from LAD2 cells via
MRGPRX2.'? Therefore, to confirm the function of MRGPRX2 in HK-
1—induced activation of synovium— and skin—derived cultured MCs,
we knocked down MRGPRX2 expression on those cells using a lenti-
viral shRNA silencing technique. Figure 3a shows that MRGPRX2
expression was significantly reduced on synovium—derived cultured
MCs transduced with MRGPRX2 shRNA compared with on
non—transduced and non—targeted shRNA—transduced
synovium—derived cultured MCs. Cell—surface MRGPRX2 expression
on the MRGPRX2 shRNA—transduced MCs was reduced compared
with on the non—transduced and non—targeted shRNA—transduced
MCs (Fig. 3b). However, FceRI expression was not affected by the
transduction of MRGPRX2 shRNA (Fig. 3b). After stimulation with HK-1
and SP, we analyzed the degranulation of synovium—derived cultured
MCs transduced with non—targeted shRNA and MRGPRX2 shRNA or
without viral treatment. Degranulation was significantly reduced in
the MCs transduced with MRGPRX2 shRNA compared with the
non—transduced and non-—targeted shRNA—transduced MCs (Fig. 3c).
Using the above shRNA technique, we confirmed that HK-1 activated
skin—derived cultured MCs via MRGPRX2 (Fig. 3d).

Desensitization of MRGPRX2—mediated MC activation by high
concentrations of HK-1

Since HK-1 and SP are ligands for MRGPRX2 on skin—derived
cultured MCs, we hypothesized that high concentrations of HK-1
may desensitize MRGPRX2—mediated MC activation, resulting in
inhibition of activation of the cells by SP. We first incubated
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Fig. 2. Evaluation of ability of (a) HK-1 and (b) SP to induce histamine release from human synovium—derived cultured MCs. Data are the means + SEM for 5 different donors' MCs.
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Fig. 3. HK-1—induced histamine release from synovium—derived and skin—derived cultured MCs through MRGPRX2. (a) Expression levels of MRGPRX2 mRNA in non—transduced
(open column), non—targeted shRNA-transduced (gray column) and MRGPRX2 shRNA—transduced synovium—derived cultured MCs (black column). The expression level of
MRGPRX2 mRNA in non-transduced MCs was designated as ‘1". The results are the means + SEM for 4 different donors. (b) Cell surface expression of MRGPRX2 on non—transduced
(—), non-targeted shRNA—transduced (shCtrl) and MRGPRX2 shRNA—transduced synovium—derived cultured MCs (shMRGPRX2). The black—filled histograms indicate MCs treated
with anti-MRGPRX2 mAD (upper panels) or anti-FceRI mAb (lower panels). The open histograms indicate isotype Ig—treated MCs. Representative data from 3 experiments using 2
different donors' MCs. (c) and (d) Effect of diminution of MRGPRX2 on histamine release from MCs in response to HK-1. The white, gray and black columns show, respectively, the
histamine release from non—transduced, non—targeted shRNA—transduced and MRGPRX2 shRNA-transduced (c) synovium—derived and (d) skin—derived cultured MCs. Data are
shown as the means + SEM (n = 3—4 donors, c). Representative data from 2 experiments using 2 different donors' MCs (d).* and **** indicate P < 0.05 and P < 0.0001, respectively.

A23187, calcium ionophore A23187.

synovium—derived cultured MCs with 1, 3, 5 and 10 uM HK-1 for
15 min, and then exposed the cells to 0.1 uM SP for 30 min. The
incubation of the MCs with HK-1 induced histamine release from
the cells from 0.3 to 40%. HK-1 showed significant inhibition of
histamine release induced by 0.1 uM SP (Fig. 4a). However, pre-
treatment of MCs with HK-1 or SP did not affect the amount of
histamine release induced by anti—IgE Ab (Fig. 4b). Many G-protein—
coupled receptors, including MRGPRX2, undergo PB-arrestin—initi-
ated internalization upon ligand binding.'® MRGPRX2 was rapidly
diminished in response to 1 uM of compound 48/80 and 30 uM of SP
on synovium—derived cultured MCs (Fig. 4c, at 30 min of incubation,
P < 0.0001) and less or no downregulation was found for 3 uM of SP
and 3 and 30 pM of HK-1 at this time point (Fig. 4c). The down-
regulation of the curves obtained for compound 48/80, SP and HK-1
stimulation reached a minimum after 24 h (Fig. 4c, at 1 uM com-
pound 48/80, 3 uM SP and 30 uM HK-1, P < 0.0001).

Comparison of TAC1 and TAC4 mRNA expression in skin specimens
obtained from NC subjects and CSU patients

TACT encodes for SP, while NKA and TAC4 encode for HK-1.8 We
first compared the TAC1 and TAC4 mRNA expression levels in skin
specimens obtained from NC subjects and CSU patients by

performing real—time quantitative RT—PCR with primers and probes
from the Assay-on-Demand service (Applied Biosystems). However,
the CT values for TAC1 and TAC4 mRNA were over 50 (data not
shown). The TAC1 mRNA expression levels in skin specimens ob-
tained from NC subjects and CSU patients using RT—PCR were below
the detection level (data not shown). Thus, TAC1 mRNA expression in
the skin specimens was not detectable by those methods. On the
other hand, RT—PCR was able to detect TAC4 mRNA expression in
skin specimens from those same sources (Fig. 5a). We analyzed the
TAC4 mRNA expression levels semi—quantitatively by measuring the
relative intensity of TAC4 mRNA bands to GAPDH bands (Fig. 5b). The
TAC4 mRNA expression level did not differ significantly between the
skin tissues from NC subjects (n = 9) and CSU patients (n = 12).

Discussion

This is the first report to clearly demonstrate that (1) the HK-1
serum level was significantly higher in NC subjects than in pa-
tients with moderate or severe CSU (P = 0.007 and P < 0.0001,
respectively, Figure 1c, (2) the ECsp of histamine release from MCs by
HK-1 (5056 nM, Fig. 2a) was 12-fold higher than that by SP (426 nM,
Fig. 2b). Brief incubation of MCs with HK-1 at concentrations of
3.0-10 puM caused significant inhibition of histamine release in
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without 0.3 uM SP or 3 pM HK-1. 2nd means 2nd stimulation of the MCs with anti—IgE Ab (0.1 ug/mL). Results are shown as the means + SEM of 5 experiments using 5 different
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response to 0.1 uM SP (Fig. 4a). However, brief incubation of MCs
with HK-1 did not elicit rapid MRGPRX2 internalization. These
findings suggest that, in NC subjects, HK-1 may desensitize
MRGPRX2—mediated MC activation, thereby preventing MC
degranulation by SP.

The results of this study did not confirm those published previ-
ously by researchers in Germany, India, China and Iran, who inde-
pendently reported that the SP serum level was significantly higher
in CSU patients than in healthy subjects.* ” The reason for this
discrepancy in findings is not clear. The serum levels of SP in Japa-
nese NC subjects and CSU patients were lower than those reported
for patients in Germany, China and Iran.*>’ The detection limit for
SP of the ELISA kit we used was around 100 pg/mL (Fig. 1b). The SP
levels of both many NC subjects and CSU patients were below
100 pg/mL (Fig. 1d). The lower serum SP levels in Japanese might be
one reason why we found no significant difference in that level
between NC subjects and CSU patients. The serum SP level corre-
lated significantly with the urticaria severity score (P = 0.043,
r = 0.184; Table 2), suggesting that this might be a new biomarker
for the severity of CSU.

The serum HK-1 concentration was significantly lower in the CSU
patients than in the NC subjects (Fig. 1¢c, P < 0.0001), and it was also
significantly lower in the moderate and severe CSU patients than in

the NC subjects (Fig. 1e). These findings suggest that HK-1 plays a
beneficial role in mitigating CSU. Among the clinical parameters
examined, only the duration of illness correlated significantly with
the HK-1 concentration (P = 0.021, r = 0.188). The ECs¢ of histamine
release from MCs in response to HK-1 (Fig. 2a) was 12—fold higher
than that with SP (Fig. 2b), and the maximum histamine release
induced by HK-1 (51.5 + 12.8%) was about half of that by SP
(90.8 + 13.5%). These findings suggest that HK-1 does not exacerbate
CSu.

We previously reported that two eosinophil granule proteins,
major basic protein (MBP) and eosinophil peroxidase (EPO), inhibit
SP—induced skin MC activation, and we suggested that these ligands
bind to the same receptor."” We then found that MBP and EPO are
ligands of MRGPRX2.> HK-1 is also a ligand of MRGPRX2, which is a
receptor for SP. Therefore, we hypothesized that HK-1 might block
MRGPRX2—mediated MC activation. Brief incubation (15 min) of
MCs with HK-1 at concentrations of 3.0—10 uM caused significant
inhibition of histamine release in response to SP (Fig. 4a). However,
brief incubation of MCs with HK-1 did not induce rapid MRGPRX2
internalization. Babina et al. reported that compound 48/80 potently
elicits rapid MRGPRX2 internalization, which is p-arrest-
in—dependent, whereas SP—triggered internalization is less rapid
and complete, indicating less profound B-arrestin coupling.'® HK-1
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(n = 12). Expression levels are shown as the relative intensity of the TAC4 mRNA band
to the GAPDH mRNA band.

caused slower and less complete internalization, suggesting that the
mechanism of the internalization might be B-arrestin—independent.
Actually, MRGPRX2 can undergo B-arrestin—initiated internalization
upon ligand binding, but internalization does not apply to all ligands
alike.'® For example, icatibant, a bradykinin B, receptor antagonist,
promotes MC degranulation via MRGPRX2, but does not activate f3-
arrestin.'® Further studies would be required to clarify the mecha-
nism of inhibition of SP-mediated histamine release by HK-1.

Due to the lack of a specific antibody to SP that does not
cross—react with HK-1, SP levels need to be measured by liquid
chromatography—tandem mass spectrometry. Another weakness
of this study is that we did not determine the cell sources of HK-1
and SP in the NC subjects and CSU patients.

With regard to the cell sources of HK-1 and SP, we previously
reported that expression of TAC1 mRNA was below the limit of
detection in human synovium—derived cultured MCs before acti-
vation, and that the levels of B and y transcripts of the TAC1 gene
were upregulated after FceRI aggregation.'” However, the expres-
sion level of either TAC3 or TAC4 mRNA in MCs was below the limit
of detection before and after FceRI aggregation. Also, 6 h after ag-
gregation of FceRl, the amount of SP in the MC pellets was
increased.'” These findings suggest that MCs are a cell source of SP,
but not HK-1.

Since the expression levels of TAC4 mRNA in the skin biopsy
specimens were quite low, we speculate that to be the reason that
we found no significant difference between the NC subjects and
CSU patients. For ethical reasons, it was difficult to obtain larger
biopsy skin samples (more than 10 mg).

Expression of MRGPRX2 by skin MCs and the levels of MRGPRX2
agonists (e.g., SP, MBP, EPO) are upregulated in the serum and/or
skin of CSU patients.>'° For that reason, MRGPRX2 and its agonists
have been proposed to be potential biomarkers for progression of

CSU and the response to treatment.'” In conclusion, SP might play
an important role in the pathogenesis of severe CSU, whereas in NC
subjects HK-1 may desensitize MRGPRX2—mediated MC activation,
thereby preventing MC degranulation by SP.
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