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A B S T R A C T

The eosinophil granule proteins, major basic protein (MBP) and eosinophil cationic protein (ECP), activate mast
cells during inflammation; however the mechanism responsible for this activity is poorly understood. We found
that some theoretical tryptase-digested fragments of MBP and ECP induced degranulation of human cord blood-
derived mast cells (HCMCs). The spectrum of activities of these peptides in HCMCs coincided with intracellular
Ca2+ mobilization activities in Mas-related G-protein coupled receptor family member X2 (MRGPRX2)-ex-
pressing HEK293 cells. Two peptides corresponding to MBP residues 99–110 (MBP (99–110)) and ECP residues
29–45 (ECP (29–45)), respectively, induced degranulation of HCMCs and intracellular Ca2+ mobilization in
MRGPRX2-expressing HEK293 cells in a concentration-dependent manner. Stimulation with MBP (99–110) or
ECP (29–45) induced the production of prostaglandin D2 by HCMCs. The activities of MBP (99–110) and ECP
(29–45) in both HCMCs and MRGPRX2-expressing HEK293 cells were inhibited by MRGPRX2-specific antago-
nists. In conclusion, these results indicated that MBP and ECP fragments activate HCMCs, and it may occur via
MRGPRX2. Our findings suggest that tryptase-digested fragments of eosinophil cationic proteins acting via the
MRGPRX2 pathway may further our understanding of mast cell/eosinophil communication.

1. Introduction

Systemic or localized tissue eosinophilia is a frequent occurrence in
atopic diseases, parasitic infections, and other chronic inflammatory
states [1]. The main constituents of eosinophil-derived granules are
major basic protein (MBP), eosinophil cationic protein (ECP), eosino-
phil-derived neurotoxin, and eosinophil peroxidase. Elevated con-
centrations of MBP and ECP have been observed in serum from patients
with eosinophilia [2], sputum from asthmatic patients [3], and at sites
of eosinophil-rich inflammation [4]. These proteins are able to exert a
variety of biological actions and can indirectly affect microvascular
permeability by stimulating perivascular mast cells (MCs) [5]. It has
been suggested that cross-talk occurs between MCs and eosinophils that
infiltrate the tissue in increased numbers during the late-phase reaction
[6]. Eosinophil granule proteins act on MCs, and MC degranulation
induces the onset of hyper-reactivity at sites of chronic inflammation
[7]. In addition, an association between activated eosinophils and MCs

has been demonstrated in the pathology of allergic diseases [8].
Initial studies of the histamine-releasing ability of eosinophil

granule proteins investigated the ability of MBP to induce histamine
release from human basophils and rat peritoneal MCs [9]. ECP, but not
eosinophil-derived neurotoxin, is known to stimulate histamine release
from rat peritoneal MCs via a process requiring both Ca2+ and meta-
bolic energy [10]. Furthermore, antigen-challenged rat peritoneal MCs
release histamine following incubation with MBP or ECP, suggesting
that MCs in vivo can be reactivated during a late-phase reaction to re-
lease histamine via a non-IgE mechanism [7]. Okayama et al. suggested
that MBP affects the same binding site on skin MCs as that of substance
P [11]. Furthermore, rat peritoneal and human skin MCs release his-
tamine when incubated with MBP or ECP in a pertussis toxin-sensitive
Gi protein-dependent mechanism, similar to the mechanisms of cationic
compounds such as compound 48/80 and substance P [7,12]. Fujisawa
et al. reported that histamine release by MBP was reduced in skin-de-
rived cultured MCs transduced with short hairpin RNA targeting Mas-
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related G protein-coupled receptor family member X2 (MRGPRX2)
[13].

MRGPRX2 has been identified as a human G protein-coupled re-
ceptor (GPCR) for basic secretagogues, including cortistatin, somatos-
tatin, substance P [14], and pro-adrenomedullin peptide, as well as for
antimicrobial peptides human-beta defensins and LL-37, and several
drugs, including morphine and icatibant [15,16]. MRGPRX2 ligands are
less than 4000 Da in size and include cationic regions or hydrophobic
amino acids, but have no common sequence [14,16]. MBP residues
89–117 can mimic the abilities of MBP to stimulate histamine release
and leukotriene C4 production by basophils [17]. However, despite
substantial evidence supporting the participation of MCs in inflamma-
tion induced by MBP and ECP, the physiological mechanisms re-
sponsible for the degranulation of MCs by these proteins remain un-
resolved.

MCs and eosinophils occur in close proximity in several disorders,
forming an allergic effector unit (AEU) [18]. Several tryptases from
MCs are detected in the local area of asthma and other allergic disorders
[19]. Considering that MC tryptases can stimulate eosinophil activation
and degranulation by cleavage of protease-activated receptor 1 and 2
[20,21], it is conceivable that MC tryptase can also digest MBP and ECP
released from eosinophils at inflammatory sites. We hypothesized that
fragments from MBP and ECP could subsequently stimulate MRGPRX2
resulting in the activation of MCs, and that this degradation pathway
might provide a novel communication system between MCs and eosi-
nophils. The present study aimed to test this hypothesis by investigating
the effects of fragments of MBP and ECP based on the theoretical
fragmentation of these proteins at tryptase-digestion sites, and to de-
termine whether these MBP and ECP fragments could induce MC de-
granulation via MRGPRX2 by this mechanism.

2. Methods

2.1. Materials

Sequential peptides of MBP and ECP were designed as presented in
Table 1 and were synthesized automatically by solid-phase methods, as
described previously [16]. The theoretical tryptic-cleavage fragments of
MBP and ECP used in the present study are summarized in Table 1.
MRGPRX2 antagonists were obtained from a screening of house che-
mical library [22]. Briefly, our in-house chemical library consists of
approximately 12,000 commercially available compounds. A screening
campaign led us to identify two different heterocyclic compounds,
compound 1 (MW. 223.26) and compound 2 (MW. 268.31), which in-
hibit MRGPRX2-mediated intracellular Ca2+ mobilization induced by
basic secretagogues, including substance P, by use of a stable-expres-
sion system in HEK293 cells. These compounds inhibit MRGPRX2-
mediated intracellular Ca2+ mobilization by a concentration me-
chanism with IC50 values in the lower single-digit micromolar range.
To verify the specificities of the compounds for MRGPRX2, we tested
the inhibitory activities of these compounds in two representative G
protein-coupled receptors distinct from MRGPRX2: (1) classical sub-
stance P receptor, NK-1R; and (2) M2R, a Gi protein-coupled receptor.
These compounds did not block NK-1R or M2R-mediated intracellular
Ca2+ mobilization. Furthermore, we confirmed that these compounds
blocked GTP-γS-binding activities in MRGPRX2-expressing membranes
stimulated with substance P.

2.2. Preparation of HCMCs

Human cord blood CD34 + cells were separated from human cord
blood mononuclear cells (Stemcyte, Covina, CA) by a
CD34 + progenitor cell isolation kit (Miltenyi Biotec, North Rhine-
Westphalia, Germany). Human cord blood-derived MCs were induced
from cord blood CD34 + cells as described previously [16].

2.3. DNA construction and MRGPRX2-Expressing cells

MRGPRX2-stably expressing HEK293 cells were established and
grown in Dulbecco's Modified Eagle Medium containing 200 μg/ml
hygromycin B supplemented with 10% fetal bovine serum, 100 U/ml
penicillin, and 100 μg/ml streptomycin, as described [16].

2.4. Activation of HCMCs and PGD2 EIA assays

Human CMCs cultured for over 8 weeks as described above were
washed twice with Iscove's modified Dulbecco's medium supplemented
with 0.1% bovine serum albumin, 1% insulin-transferrin-selenium, and

Table 1
Synthetic peptide sequences of MBP and ECP and their pI valuesa.

MBP peptide

No. Position Sequence pI

1 1–8 TCRYLLVR 9.50
2 9–21 SLQTFSQAWFTCR 7.96
3 9–22 SLQTFSQAWFTCRR 10.35
4 22–39 RCYRGNLVSIHNFNINYR 10.05
5 23–39 CYRGNLVSIHNFNINYR 9.31
6 26–39 GNLVSIHNFNINYR 8.75
7 40–57 IQCSVSALNQGQVWIGGR 8.25
8 58–65 ITGSGRCR 10.35
9 58–66 ITGSGRCRR 11.70
10 58–74 ITGSGRCRR FQWVDGSR 11.52
11 64–74 CRRFQWVDGSR 10.26
12 66–74 RFQWVDGSR 9.60
13 67–74 FQWVDGSR 5.84
14 75–88 WNFAYWAAHQPWSR 8.75
15 89–98 GGHCVALCTR 8.08
16 89–103 GGHCVALCTRGGYWR 8.96
17 99–109 GGYWRRAHCLR 10.76
18 99–110 GGYWRRAHCLRR 11.54
19 99–117 GGYWRRAHCLRRLPFICSY 10.09
20 104–117 RAHCLRRLPFICSY 9.69
21 105–117 AHCLRRLPFICSY 8.96
22 110–117 RLPFICSY 8.22

ECP peptide
No. Position Sequence pI

1 8–24 AQWFAIQHISLNPCT 9.80
2 23–34 CTIAMRAINNYR 9.50
3 23–36 CTIAMRAINNYRWR 10.76
4 24–38 TIAMRAINNYRWRCK 10.92
5 29–36 AINNYRWR 10.84
6 29–38 AINNYRWRCK 10.05
7 29–45 AINNYRWRCKNQNTFLR 10.92
8 35–45 WRCKNQNTFLR 10.86
9 37–45 CKNQNTFLR 9.51
10 46–61 TTFANVVNVCGNQSIR 7.91
11 62–73 CPHNRTLNNCHR 9.02
12 62–75 CPHNRTLNNCHRSR 10.41
13 62–77 CPHNRTLNNCHRSRFR 11.53
14 67–75 TLNNCHRSR 10.35
15 67–77 TLNNCHRSRFR 11.70
16 78–97 VPLLHCDLINPGAQNISNCR 6.70
17 98–105 YADRPGRR 10.74
18 98–114 YADRPGRRFYVVACDNR 9.31
19 98–117 YADRPGRRFYVVACDNRDPR 9.31
20 105–114 RFYVVACDNR 8.22
21 105–117 RFYVVACDNRDPR 8.22
22 105–121 RFYVVACDNRDPRDSPR 8.22
23 106–114 FYVVACDNR 5.83
24 106–117 FYVVACDNRDPR 5.95
25 106–117 FYVVACDNRDPRDSPR 6.03
26 115–133 DPRDSPRYPVVPVHLDTTI 5.30
27 118–133 DSPRYPVVPVHLDTTI 5.21
28 122–133 YPVVPVHLDTTI 5.08

a Theoretical isoelectric points (pI) were calculated using the algorithm in
the ExPASy Compute pI/Mw program [31].
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2-mercaptoethanol, and resuspended in the same medium at a density
of 1 × 105 cells/ml. Cells (1.5 × 104) were aliquoted in 96-well culture
plates, and then challenged with the peptides in triplicate for 30 min
with or without MRGPRX2 antagonists. The supernatant was incubated
for 2 h with an assay mixture containing 1 mM p-nitrophenyl-N-acetyl-
b-D-glucosamine in 0.1 M citrate buffer (pH 4.0), and the reaction was
then stopped by adding 0.1 M carbonate buffer (pH 10). Total cellular
content of β-hexosaminidase was established by adding distilled water
to achieve complete cell lysis. Colorimetric absorbance was measured at
405 nm. The percentage degranulation was calculated as ((x − b)/
(t − b)) × 100, where x is the amount of β-hexosaminidase released
from the stimulated cells, b is a blank, and t is total cellular content. The
generation of PGD2 in the supernatants was measured with an EIA for
PGD2 (Cayman Chemical, Ann Arbor, MI).

2.5. Intracellular calcium measurement

Cells were loaded with 2 μM Fura-2 AM (Dojindo laboratories,
Kumamoto, Japan) for 30 min at room temperature. The intracellular
calcium concentration was measured in response to activation by sti-
muli using a Functional Drug Screening System (FDSS, Hamamatsu
Photonics, Hamamatsu, Japan) as described previously [16].

2.6. Statistical analysis

The results are shown as the means ± SD. Parametric analysis
(ANOVA, followed by Tukey-Kramer post-hoc test) was used to com-
pare the effects between groups. The level of statistical significance
used was P < 0.01.

3. Results

3.1. MBP and ECP peptides increased degranulation of human cord blood-
derived mast cells (HCMCs) and stimulated MRGPRX2 activities

We investigated the abilities of several synthesized peptides cov-
ering the full sequences of MBP and ECP, respectively (Table 1), to
induce the degranulation of HCMCs. Some synthetic fragments of both
proteins showed potent induction of HCMC degranulation (Figs. 1A and
B). The degranulation-inducing activities were located in the C-terminal
region of MBP and in the N-terminal region of ECP. Among these
functional fragments, MBP residues 99–110 (MBP (99–110)) and ECP
residues 29–45 (ECP (29–45)) were the most active. The spectrum of
activities of the MBP and ECP peptide fragments for intracellular Ca2+

mobilization in MRGPRX2-expressing HEK293 cells was closely con-
sistent with their activities in HCMCs (Figs. 1A and B). The two peptides
corresponding to MBP (99–110) and ECP (29–45) showed greater ac-
tivities in relation to HCMC degranulation and intracellular Ca2+ mo-
bilization in MRGPRX2-expressing HEK293 cells compared with the
other tested peptides. The activities of MBP (99–110) and ECP (29–45)
in HCMCs were therefore characterized further.

3.2. MBP and ECP peptides induced HCMC degranulation

We characterized the HCMC-degranulation activities of MBP
(99–110) and ECP (29–45) and showed that both peptides induced the
degranulation of HCMCs in concentration-dependent manners, with
maximal effects at 10 μM (40% ± 3% and 60% ± 2%, respectively;
Fig. 2A). To demonstrate the activation of MRGPRX2 by MBP (99–110)
and ECP (29–45), we used the intracellular Ca2+ mobilization assay in
MRGPRX2-expressing HEK293 cells, comparing parent HEK293 cells.
Fig. 2B showed that MBP (99–110) and ECP (29–45) induced the mo-
bilization of intracellular Ca2+ in MRGPRX2-expressing HEK293 cells
in a concentration-dependent manner, but not in parent HEK293 cells.

3.3. MRGPRX2 was responsible for the activation of HCMCs by MBP and
ECP peptides

Through chemical library screening, we previously identified novel
antagonists against MRGPRX2 for blocking the MRGPRX2-mediated
Ca2+ mobilization using MRGPRX2-expressing HEK293 cells [22]. Two
chemically distinct types of antagonists were identified, referred to as
compound 1 and 2. We assessed the inhibitory effects of these two
MRGPRX2 antagonists on intracellular Ca2+ mobilization by MBP
(99–110) and ECP (29–45). Compound 1 and 2 inhibited the in-
tracellular Ca2+ mobilization induced by 30 μM MBP (99–110) and
30 μM ECP (29–45) in dose-dependent manners, with half maximal
inhibitory concentration (IC50) values of 3.1 μM and 1.4 μM (MBP), and
3.5 μM and 2.9 μM (ECP), respectively (Fig. 3). Moreover, we examined
the effects of these MRGPRX2 antagonists on the degranulation of
HCMCs stimulated by MBP (99–110) and ECP (29–45). The inhibitory
evaluation of compound 1 and 2 on HCMC degranulation was based on
the intracellular Ca2+ mobilization in MRGPRX2-expressing
HEK293 cells. Compounds 1 and 2 both inhibited HCMC degranulation
induced by MBP (99–110) (IC50 values of 1.0 and 2.5 μM, respectively;
Fig. 4A) and by ECP (29–45) (IC50 values of 0.3 and 0.7 μM, respec-
tively; Fig. 4A) in concentration-dependent manners. Several studies
have demonstrated that eicosanoids are released from MCs in response
to MBP and ECP [7,12,23]. We therefore evaluated the production of
the mediator PGD2 in response to increasing concentrations of MBP
(99–110) and ECP (29–45). No additional increase of PGD2 was de-
tected in parallel samples in a 0.5% Nonidet P-40-treated HCMC lysate,
suggesting that PGD2 released in the supernatants was synthesized by
HCMCs de novo. The MBP and ECP peptides both caused the de novo
synthesis of PGD2 by HCMCs (Fig. 4B). Consistent with the de-
granulation data (Fig. 4A), we observed a strong suppression of PGD2

production by MRGPRX2 antagonists (Fig. 4B). These results demon-
strate that MBP (99–110) and ECP (29–45) could activate HCMCs via
MRGPRX2.

4. Discussion

The current results showed that the peptides that are mapped near
the C-terminal of MBP and the N-terminal of ECP with high calculated
pI values, but not other peptides with high pI values, elicited MC de-
granulation (Table 1, Fig. 1). The biological actions of MBP and ECP are
usually associated with their high arginine content and strong net po-
sitive charge [24]. Full-length MBP and ECP are highly cationic and can
activate MC, but EDN/EPX, which lacks MC activation, is less cationic
[13]. These findings indicate that several cationic molecules derived
from eosinophil will work as mediators in mast cell-eosinophil com-
munication. However, the positive charge cannot solely explain the
effect of cationic eosinophil granule proteins on MCs, because if MC
activation was solely due to the cationic charge, all cationic peptides
with a high pI value would elicit mediator release from MCs (Table 1,
Fig. 1). The ability to release mediators from MCs was therefore not
correlated with the pI value. In support of this conclusion, Furuta et al.
suggested that poly-L-arginine is not an ideal alternative to authentic
native MBP in terms of MBP/MC interactions [25]. Our findings
therefore implied that MBP and ECP fragments activated MCs via a
mechanism mediated specifically through MRGPRX2, but that this
mechanism was not simply a positive-charge-dependent mechanism.
Moreover, we clarified that both active fragments, MBP (99–110) and
ECP (29–45), activated HCMCs through the GPCR MRGPRX2, using
MRGPRX2 antagonists (Fig. 4). These MRGPRX2 antagonists inhibited
both HCMC degranulation and the de novo synthesis of PGD2 by HCMCs
induced by MBP (99–110) and ECP (29–45) (Fig. 4). Both antagonists
seemed to inhibit the response to MBP (99–110) and ECP (29–45) al-
most equally in MRGPRX2-expressing cells. But, compound 1 inhibited
the HCMC responses more potently than compound 2 (Figs. 3 and 4).
We previously reported that HCMCs were more sensitive to basic
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secretagogues such as substance P, known as MRGPRX2 ligands, than
MRGPRX2-expressing HEK293 cells [16,22]. Similarly, HCMCs were
more sensitive to MBP (99–110) and ECP (29–45) than MRGPRX2-ex-
pressing HEK293 cells (Fig. 2). Thus, the more sensitive assay with
HCMCs may be able to detect the difference in the inhibitory activity
between two antagonists. Based on these findings, we concluded that
the active peptides of MBP and ECP elicited inflammatory mediators
from HCMCs through MRGPRX2. We propose that the MBP (99–110)
and ECP (29–45) fragments may share the MC-activation activities of
MBP and ECP, respectively. Several studies of the crystal structures of
MBP and ECP indicated that the sites corresponding to their respective
potentially active fragments are not exposed effectively [26,27], such
that the MBP (99–110) region sits in a shallow groove, while the ECP
(29–45) region is buried in a groove at the interface by two internal
loops (Supplementary Fig. S1). Strong conformational changes may
therefore be required to allow these regions of MBP and ECP to act as
ligand-binding sites for MRGPRX2 in the respective full-length proteins.
Serine protease tryptase is the most abundant mediator stored in MC
granules, and several studies reported elevated levels of this enzyme, as
well as MBP and ECP, in relation to inflammatory actions [28]. Tryp-
tase localized in MC granules constitutes up to 25% of the total MC
protein content [29]. Unlike most trypsin-like serine proteases, tryp-
tases are activated intracellularly and exocytosed from secretory gran-
ules as a consequence of inflammatory activation of MCs, together with
histamine and other preformed mediators [30]. After release, tryptases
are resistant to circulating inhibitors of other trypsin-like proteases and

may remain active for longer after release than other proteases [30].
Although the presence of biologically active peptides of MBP and ECP
at inflammatory sites remains unclear, it is possible that tryptase-di-
gested fragments of MBP and ECP may exist in patients with chronic
inflammatory conditions. MRGPRX2 on MCs exhibits promiscuous li-
gand recognition, and it is therefore plausible if several fragments of
MBP and ECP could activate MCs via MRGPRX2 like the single intact
molecules. Late/chronic allergy is known to involve both MCs and eo-
sinophils, though the manner in which these two cell types co-function
to perpetuate the response is less well known. We propose that tryptase-
digested fragments of MBP and ECP may serve as novel amplification
factors to augment short- and long-term activation of MCs via
MRGPRX2 in the allergic effector unit.

In summary, the data presented here indicate that the theoretical
tryptase-digested peptide fragments from MBP and ECP could activate
human MCs via an MRGPRX2 pathway. The active fragments may
mediate MC/eosinophil communication in inflammation.
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Fig. 1. Effects of synthetic peptides of MBP and ECP on HCMC degranulation (A) and intracellular Ca2+ mobilization in MRGPRX2-expressing
HEK293 cells (B). HCMCs (1 × 104) were incubated with 10 μM synthetic peptides for 30 min and degranulation was assessed by the release of β-hexosaminidase
activity into the supernatant (no peptide control value; 2.0 ± 0.2). MRGPRX2-expressing HEK293 cells (1 × 104) loaded with Fura-2-AM were stimulated with
30 μM peptides (no peptide control value; 0.001 ± 0.001). The activity values of 10 μM Substance P, which activates both mast cells and MRGPRX2 we previously
reported [16,22], were 64.4 ± 0.5 for A and 0.239 ± 0.022 for B. Data represent mean ± standard deviation of triplicate determinations.
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Fig. 2. Degranulation of HCMCs (A) and intracellular Ca2+ mobilization in MRGPRX2-expressing cells (B) by MBP (99–110) and ECP (29–45). HCMCs were
incubated with the indicated concentrations of MBP (99–110, fragment No. 18 in Fig. 1) and ECP (29–45, fragment No. 7 in Fig. 1) for 30 min and degranulation was
assessed by the release of β-hexosaminidase activity into the supernatants. MRGPRX2-expressing HEK293 cells or parental HEK293 cells (1 × 104 cells) loaded with
Fura-2-AM were stimulated with the indicated concentrations of MBP (99–110) and ECP (29–45). Data represent mean ± standard deviation of triplicate de-
terminations.

Fig. 3. Inhibitory effects of MRGPRX2 antagonists on intracellular Ca2+ mobilization in MRGPRX2-expressing HEK293 cells stimulated by MBP (99–110)
or ECP (29–45). MRGPRX2-expressing HEK293 cells were stimulated with 30 μM MBP (99–110) and ECP (29–45) in the presence of the indicated concentrations of
compound 1 or compound 2. Data represent mean ± standard deviation of triplicate determinations. All experiments using antagonists were performed in the
presence of 0.1% DMSO. We confirmed that the solvents did not affect on HEK293 cell activation.
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