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BACKGROUND AND PURPOSE
Chymase is a unique, abundant secretory product of mast cells and a potent chemoattractant for eosinophils, monocytes and
neutrophils, but little is known of its influence on mast cell accumulation.

EXPERIMENTAL APPROACH
A mouse peritoneal inflammation model, cell migration assay and flowcytometry analysis, were used to investigate the role of
chymase in recruiting mast cells.

KEY RESULTS
Chymase increased, by up to 5.4-fold, mast cell numbers in mouse peritoneum. Inhibitors of chymase, heat-inactivation of
the enzyme, sodium cromoglycate and terfenadine, and pretreatment of mice with anti-intercellular adhesion molecule 1, anti-
L-selectin, anti-CD11a and anti-CD18 antibodies dramatically diminished the chymase-induced increase in mast cell accumu-
lation. These findings indicate that this effect of chymase is dependent on its enzymatic activity and activation of adhesion
molecules. In addition, chymase provoked a significant increase in 5-HT and eotaxin release (up to 1.8- and 2.2-fold, respec-
tively) in mouse peritoneum. Since 5-HT, eotaxin and RANTES can induce marked mast cell accumulation, these indirect
mechanisms may also contribute to chymase-induced mast cell accumulation. Moreover, chymase increased the trans-
endothelium migration of mast cells in vitro indicating it also acts as a chemoattractant.

CONCLUSION AND IMPLICATIONS
The finding that mast cells accumulate in response to chymase implies further that chymase is a major pro-inflammatory mediator
of mast cells. This effect of chymase, a major product of mast cell granules, suggests a novel self-amplification mechanism for mast
cell accumulation in allergic inflammation. Mast cell stabilizers and inhibitors of chymase may have potential as a treatment of
allergic disorders.

Abbreviations
CI, calcium ionophore; fMLP, N-formyl-methionyl-leucyl-phenylalanine; HSA, human serum albumin; ICAM-1, intercel-
lular adhesionmolecule 1; RANTES, regulated upon activation, normal T-cell-expressed and -secreted; SAAPP,N-succinyl-L-
Ala-L-Ala-L-Pro-L-Phe-p-nitroanilide; SBTI, soybean trypsin inhibitor; SCF, stem cell factor; SLPI, secretory leukocyte
proteinase inhibitor; TNBS, 2,4,6-trinitrobenzene sulfonic acid; ZIGPFM, Z-Ile-Glu-Pro-Phe-CO2 Me
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Introduction
Chymase is a mast cell serine proteinase with a molecular
weight of 30 kDa. It is exclusively located in the granules of
mast cells together with tryptase, histamine, heparin, cyto-
kines and other products (Schwartz, 1994). Since a large quan-
tity of the active form of chymase is released by mast cells,
into their adjacent environment, upon degranulation (He
et al., 1999), it is likely to play a role in mast cell-related dis-
eases such as allergy. Indeed, it has been recently reported that
airway higher responsiveness to mannitol in asthma is associ-
ated with chymase-positive mast cells (Sverrild et al., 2016).

Chymase has been reported to be a potent chemo-
attractant for eosinophils (He and Walls, 1998a) via an ERK
and p38 MAPK-mediated mechanism (Terakawa et al.,
2005). It is also a chemoattractant for monocytes and
neutrophils (Tani et al., 2000). The finding that chymase in-
hibitors reduced the increase in the number of dermal mast
cells in 2, 4-dinitrofluorobenzene-induced dermatitis and
that intradermal injection of human chymase significantly
increased the histamine content in skin suggests that
chymase released by mast cells may participate in local mast
cell accumulation (Tomimori et al., 2002a). However, little is
known of the potential mechanisms of chymase-induced
mast cell accumulation.

Apart from its direct influence on mast cell accumulation,
chymase may induce mast cell accumulation via indirect
mechanisms. Since chymase can provoke mast cell degranu-
lation (He et al., 1999) and induce the release of IL-8 from hu-
man EoL-1 cells (Terakawa et al., 2006), it may very likely
induce the release of other mast cell products such as 5-HT
(serotonin) (Wong et al., 2002), eotaxin (CCL11) and
regulated upon activation, normal T-cell-expressed
and -secreted (RANTES; CCL5) (Shakoory et al., 2004)
from mast cells upon activation. Moreover, it has been found
that sumatriptan, a 5-HT receptor agonist, enhanced
thalamic mast cell population, especially those containing
5-HT (Dubayle et al., 2005), and that RANTES can provoke a
strong recruitment of mast cells selectively in rats (Conti
et al., 1998), implicating the involvement of mast cell secre-
tory products in mast cell accumulation. The aim of the
current study was to investigate the ability of chymase to
inducemast cell accumulation and the potential mechanisms
involved in this effect.

Methods

Animals, cell line and culture
Animal studies are reported in compliance with the ARRIVE
guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015).
BALB/c mice (6–8 weeks) and C57BL/6J mice (6–8 weeks)
were obtained from Guangdong Experimental Animal
Centre, China, Grade II, Certificate No. 2001A049, and
from Vital River Laboratory Animal Technology Co. Ltd
(Beijing, China), Certificate No. 11400700118760 and
11400700256540. They were housed in the Animal Experi-
mental Centre of the First Affiliated Hospital of Jinzhou
Medical University in a specific pathogen-free environment
with free access to standard rodent chow and water, at a

constant temperature 23–28°C and relative humidity of
60–75%. Mast cell-deficient (KitW-4Bao) mice were kindly do-
nated by Professor Shigang Li (China Three Gorges University,
China). The animal experiment procedures were approved by
the Animal Care Committee at Shantou University and Jin-
zhou Medical University. Human mast cell line, HMC-1 cells,
were a present from Dr Joseph H. Butterfield (Mayo Clinic,
MN, USA). HMC-1 cells were maintained in RPMI 1640 me-
dium supplemented with 10% (v.v-1) heat-inactivated FBS,
100 U·mL�1 penicillin/streptomycin in 75 cm2 tissue culture
flasks (Falcon) at 37°C in a humidified atmosphere of 5%
(v.v-1) CO2. HMEC-1 (ATCC®CRL-3243™, human dermal mi-
crovascular endothelium cells) were cultured in MCDB 131
medium containing 2.0 mM glutamine, 1.0 μg·mL�1 hydro-
cortisone and 10 ng·mL�1 epidermal growth factor supple-
mented with 10% (v.v-1) heat-inactivated FBS, 100 U·mL�1

penicillin/streptomycin.WhenHMEC-1 reached 80% conflu-
ence in culture flasks, the recommended trypsin–EDTA solu-
tion was used to disperse the cells and the cells were used in
experiments or reseeded in flasks.

Preparation of enzymes
Human chymase was purified from human skin tissue ob-
tained at circumcision by high salt extraction, heparin aga-
rose and S-200 sephacryl gel filtration chromatography
procedures as described previously (He and Walls, 1998a).
The experimental procedures were approved by the Ethical
Committee at Shenyang Medical College. Enzymatic activity
was determined spectrophotometrically (410 nm) by the rate
of hydrolysis of 0.7 mmol·L�1 SAAPP in 1.5 mol·L�1 NaCl,
0.3 mol·L�1 Tris, pH 8.0. The specific activity of chymase
was 4.9 U·mg�1 protein, where 1 U of enzyme represents that
required to hydrolyse 1 μM of SAAPP·min�1 at 25°C. Purity
was evaluated using 10% SDS-PAGE, and the identity of the
protein band was confirmed by Western blotting with a
monoclonal antibody CC1 against human chymase.
Chymase prepared for this study had a single diffuse band
on SDS-PAGE. There was no elastolytic activity and negligible
tryptase contamination in this preparation.

As chymase is enzymatically unstable in physiological so-
lutions, considerable care was taken in its preparation. Puri-
fied chymase stored in high salt buffer was diluted
immediately prior to its injection, first with sterile distilled
water, adjusting the NaCl concentration to 0.15 mol·L�1,
and then with normal saline (NS) to obtain the required
chymase concentration. Human serum albumin (HSA) in sa-
line was used as a foreign protein control. Where added, pro-
teinase inhibitors or drugs were incubated with chymase for
30 min on ice before injection.

Tryptase was purified from human lung tissues by high
salt extraction, heparin agarose and immunoaffinity chroma-
tography procedures with monoclonal antibody AA5 against
tryptase as described previously (He et al., 1997). The specific
activity of the tryptase used in these studies was 1.96 U·mg�1.
The preparation had no detectable chymotryptic or
elastolytic activity, and endotoxin levels were very low, being
less than 49 pg·mg�1 tryptase.

Mouse i.p. injection and cell count
The procedure was adapted from that described previously
(He et al., 1997). Briefly, various concentrations of human
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chymase, calcium ionophore (CI), eotaxin, RANTES,
chymotrypsin and HSA, 5-HT at 1 μg·mL�1, soybean trypsin
inhibitor (SBTI) at 20 μg·mL�1, α1-antitrypsin at 20 μg·mL�1,
α1-antichymotrypsin at 20 μg·mL�1, secretory leukocyte pro-
teinase inhibitor (SLPI) at 20 μg·mL�1, Z-Ile-Glu-Pro-Phe-CO2

Me (ZIGPFM) at 400 ng·mL�1, chymostatin at 10 μg·mL�1,
WAY100635 at 20 μg·mL�1, human tryptase at 1 μg·mL�1,
heat inactivation of human chymase at 10 μg·mL�1, mouse
neutrophil elastase at 1 μg·mL�1 or NS in 0.5 mL volume were
injected i.p. into BALB/C mice, whose abdominal skin was
swabbed with 70% ethanol. HSA, mouse neutrophil elastase
and NS were used for foreign protein control, unrelated prote-
ase control and vehicle respectively. At 10 min, 3, 6 or 16 h
following injection, animals were killed, and their peritoneal
lavage fluids were collected into heparin-treated tubes and
centrifuged at 266× g for 10 min at 4°C. While supernatant
was collected for ELISA analysis, cells were resuspended in
2.0 mL MEM, stained with 0.1% trypan blue and counted
using an Improved Neubauer haemocytometer (for total cell
numbers). Cytocentrifuge preparations were made, air dried
and stained with modified Wright’s stain. Differential cell
counts were performed for a minimum of 500 cells. The re-
sults are expressed as absolute numbers of mast cells per
mouse peritoneum.

For certain experiments, various concentrations of hu-
man chymase and CI were injected in the peritoneum of mast
cell-deficient (KitW-4Bao) mice and wild-type C57BL/6J mice
for 10min, 3 and 6 h before their peritoneal lavage fluids were
collected for mast cell count, 5-HT and eotaxinmeasurement.

Pretreatment of mice with antibodies and drugs
For the experiments investigating mast cell migration mech-
anism, groups of mice were pretreated i.v. (tail vein injection)
with monoclonal antibodies against the adhesion molecules
L-selectin, CD11a/CD18 and intercellular adhesion molecule
1 (ICAM-1) (all at a dose of 1.0 mg·kg�1; Zamuner et al.,
2005), mast cell stabilizer sodium cromoglycate (20 mg·kg�1;
Leza et al., 1992), histamine H1 receptor antagonist
terfenadine (2 mg·kg�1; Tryka et al., 1999) or 5-HT
antagonist WAY100635 (10 μg), respectively, for 30 min
before intra-peritoneal injection of 1.0 μg·mL�1 of chymase,
10 ng·mL�1 of eotaxin, 10 ng·mL�1 of RANTES or 1.0 μg·mL�1

of 5-HT. Control animals received an equivalent dose of the
corresponding normal rat or hamster IgG isotype control or
drug alone. At 6 h following injection, the mice were killed
and their peritoneal lavages were processed as described
above.

Trans-endothelial migration of mast cells
in vitro
To further investigate the effect of chymase on mast cell mi-
gration, a co-culture system with HMC-1 and HMEC-1 cells
was established. The migration of HMC-1 cells was assessed
by using E-16-well plates and the xCELLigence technology
(Acea Bioscience, San Diego, CA, USA) (Limame et al., 2012).
Briefly, 165 μL medium solutions containing N-formyl-
methionyl-leucyl-phenylalanine (fMLP) alone at
10 μMor chymase at 0, 0.1, 0.3 and 1.0 μg·mL�1 with or with-
out chymostatin (1.0 μg·mL�1) or SBTI (1.0 μg·mL�1) were
added into the lower chamber of E-16-well plates,

respectively, and incubated for 1 h. For the upper chamber,
30 μL HMEC-1 cells (6 × 104 cells per well) were seeded in,
and cells grew for 1 h. Anti-human ICAM-1 antibody
(50 μL) at a concentration of 10 μg·mL�1 was then added in
specified wells and cultured for 15 min. This was followed
by seeding 50 μL HMC-1 cell suspension (6 × 104 cells per
well). All control wells received only the equal volume of
medium. The HMC-1 migration number, expressed as a cell
index value, was monitored for 48 h. Cells in the lower
chamber were collected for flow cytometric analysis of
HMC-1. The experiments were conducted in duplicate and
repeated four times.

Flow cytometry analysis of mast cells and
endothelial cells
Cells in lower chambers were collected in 1 mL of 1%
BSA/PBS and pelleted by centrifugation. This was followed
by incubation of cells with PE-conjugated anti-human
CD117 antibody at room temperature for 15 min in the dark.
PE-conjugated mouse IgG1 was used as an isotype control.
After being washed, cells were resuspended in FACS-Flow
solution and analysed with a FACS Verse flow cytometer with
FlowJo software version 7.0 (Treestar, Ashland, USA).

ELISA
Levels of mouse mast cell chymase 1 (CAM-1), 5-HT, eotaxin
and RANTES were measured by using ELISA kits according to
the manufacturer’s instruction.

Statistics
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2015). Statistical analyses were performed
by using SPSS software (version 21.0, IBM Corporation). Data
are displayed as a boxplot, which indicates the median, inter-
quartile range, the largest and smallest values for the number
of experiments indicated. Where Kruskal–Wallis analysis in-
dicated significant differences between groups, a pairwise test
was used for multiple comparisons between the groups. Data
for trans-endothelial migration of HMC-1 cells are expressed
as mean ± SEM. Where ANOVA indicated significant differ-
ences between groups with ANOVA, a Bonferroni method
was applied for further comparison. For all analyses,
P < 0.05 was considered statistically significant.

Materials
The following compounds were purchased from Sigma-
Aldrich (St Louis, MO, USA): human α1-antitrypsin, human
α1-antichymotrypsin, human chymotrypsin, mouse SLPI,
SBTI, chymostatin, CI A23187, fMLP, mouse eotaxin,
mouse RANTES, sodium cromoglycate, terfenadine, SAAPP,
N-benzoyl-D, L-arginine-p-nitroanilide, HSA, 5-HT and its
receptor antagonist WAY100635. MCDB 131 medium, RPMI
1640 medium, FBS, penicillin/streptomycin, MEM contain-
ing 25 mM HEPES and Dulbecco’s PBS (DPBS) were obtained
from Invitrogen-Gibco®/Life Technologies (Grand Island,
USA). Heparin agarose and S-200 Sephacryl agarose were
purchased from Pharmacia (Uppsala, Sweden). Rat monoclo-
nal antibodies including anti-mouse CD11a lymphocyte
function-associated antigen 1 α chain, anti-mouse CD18
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(integrin β2 chain), anti-mouse CD62L (L-selectin), rat IgG2a
isotype standard; hamster anti-mouse CD54 (ICAM-1) antibody
and hamster IgG1 isotype standard, recombinant mouse neu-
trophil elastase and mouse eotaxin and RANTES ELISA kits were
purchased from R&D Systems (Minneapolis, USA). ZIGPFM was
synthesized by CL Bio-Scientific Inc (Xi’an, China) with a
purity >98%. PE-conjugated anti-human CD117 antibody was
obtained from Biolegend (San Diego, USA). The 5-HT ELISA kit
was purchased from Abcam (Cambridge, UK). Mouse mast cell
chymase 1 ELISA kit was purchased from Aviva System Biology
(San Diego, USA). Modified Wright’s stain was from BaSo
(Zhuhai, China). Most of the general chemicals, such as salts
and buffer components, were of analytical grade.

Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.
org, the common portal for data from the IUPHAR/BPS Guide
to PHARMACOLOGY (Southan et al., 2016), and are perma-
nently archived in the Concise Guide to PHARMACOLOGY
2017/18 (Alexander et al., 2017).

Results

CI-induced mast cell accumulation and
chymase release in the peritoneum of mice
We recently reported that the mast cell secretagogue com-
pound 48/80 is a potent stimulus of mast cell accumulation
(Liu et al., 2016). Therefore, it is likely that CI, a mast cell ac-
tivator, can also induce mast cell recruitment. To further con-
firm the concept that mast cell degranulation may provoke
mast cell accumulation in vivo, we investigated the ability of
CI to induce mast cell accumulation in a mouse peritoneal in-
flammationmodel. The result showed that CI induced a dose-
dependent mast cell accumulation in mouse peritoneum at
6 h (Figure 1A) and 16 h (Figure 1B) following injection. As lit-
tle as 0.01 μM CI was capable of inducing up to approxi-
mately 86% increase in mast cell accumulation in mouse
peritoneum at 16 h following injection. Up to 1.4-fold in-
crease in accumulation of mast cells was achieved when
1.0 μM of CI was injected for 16 h. It was observed that
chymase inhibitors α1-antitrypsin, SBTI and SLPI, inhibited
CI-induced mast cell accumulation by up to 100 and 88.5%,
81.3 and 100% and 94.5 and 98.6% at 6 and 16 h following
injection, respectively, indicating that the unique mast cell
granule product chymase may contribute to CI-induced mast
cell accumulation.

In order to confirm that CI-induced accumulation of mast
cells is via the release of endogenous chymase frommast cells,
we examined the levels of chymase in the peritoneum of
mouse following CI administration. The results showed that
CI at 0.3 and 1.0 μM provoked up to 44% increase in produc-
tion of mouse mast cell chymase 1 in mouse peritoneum fol-
lowing 3 and 6 h injection (Figure 1C).

Induction of mast cell accumulation by
chymase and α1-chymotrypsin
We recently reported that tryptase is potent at inducing
chemotaxis of mast cells (Liu et al., 2016), which suggests

a self-amplification mechanism of mast cell accumulation.
Since chymase and tryptase are both located in the secre-
tory granules of mast cells (Schwartz et al., 1987), we antic-
ipated that chymase may also have the ability to elicit mast
cell accumulation. It was found that chymase induced
dose-dependent mast cell accumulation in the peritoneum
of mice following 10 min, 3, 6 and 16 h injection
(Figure 2). Chymase provoked mast cell accumulation initi-
ated at 10 min following injection (Figure 2D) and lasted at
least to 16 h (Figure 2F). As little as 0.005 μg of chymase
was capable of eliciting marked mast cell accumulation at
3 h following injection, and the maximum of 5.4-fold in-
crease in mast cells was achieved when 5.0 μg of chymase
was injected for 3 h (Figure 2D).

Since chymase belongs to the chymotrypsin family of prote-
ase (Sukenaga et al., 1993) and chymase-induced mast cell
accumulationmaydependon its enzymatic activity,we employed
the common chymotryptic enzymes α1-chymotrypsin (Niemann,
1964) and elastase as positive and negative controls, respectively,
in the present study. The results showed that α1-chymotrypsin
also induced a dose-dependent increase in mast cell accumu-
lation at 6 h (Figure 2E) and 16 h (Figure 2F) following
injection. As little as 0.05 μg of α1-chymotrypsin was able
to elicit marked mast cell accumulation at 16 h following
injection, and the maximum of 1.2-fold increase in mast
cells was achieved when 5.0 μg of α1-chymotrypsin was
injected for 16 h (Figure 2F). These results suggest that
chymase-induced mast cell accumulation is likely to be as re-
sults of its enzymatic activity. In contrast, elastase failed to
provoke mast cell accumulation at 3, 6 and 16 h following
injection.

Inhibitors of chymase including α1-antichymotrypsin,
chymostatin, SBTI, SLPI and ZIGPFM suppressed chymase-
induced mast cell accumulation by up to 93.8, 95.9, 53.1,
59.9 and 90.5% respectively, whereas heat-inactivating
chymase (56°C for 120 min) abolished up to 89.1% of its
ability to accumulate mast cells (Table 1), confirming that
chymase-induced mast cell accumulation is dependent on
its enzymatic activity. Similarly, α1-antichymotrypsin re-
duced α1-chymotrypsin-induced mast cell accumulation by
up to 98.8% at 6 h following injection. These inhibitors
by themselves did not alter the number of mast cells in
the peritoneum of mice when injected alone (data not
shown).

In order to further confirm the abilities of chymase and
CI to induce mast cell accumulation, mast cell-deficient
(KitW-4Bao) and wild-type C57BL/6J mice were employed.
The result showed that chymase at 0.5 μg and CI at 1.0 μM
induced up to 1.69-fold and 0.85-fold increase in peritoneal
mast cells in wild-type C57BL/6J mice at 6 h following injec-
tion (Figure 2G). Mast cell-deficient mice did not show any
mast cells in their peritoneum.

Influence of tryptase on chymase-induced mast
cell accumulation
Tryptase and chymase are released frommast cells at the same
time upon mast cell degranulation and possibly from the
same granules (Schwartz, 1990). Therefore, they may have a
mutual effect on their ability to accumulate mast cells. To
investigate this possible interaction, we determined the
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Figure 1
Mast cell accumulation and chymase production in the peritoneum of mice induced by CI A23187 (μM). Various concentrations of CI in the pres-
ence or absence of α1-antitrypsin (Antitryp, μg), SBTI (μg) and SLPI (μg) were injected i.p. in mice for 6 h (A) and 16 h (B). Various concentrations
of CI were injected for 3 and 6 h before their peritoneal lavage fluids were collected for chymase measurement (C). Normal saline (NS) was
employed as a vehicle. Data are displayed as a boxplot, which indicates the median, interquartile range, the largest and smallest values. Each
group of data represents results from six to seven animals. *P < 0.05 compared with the corresponding NS group. †P < 0.05 compared with
the corresponding stimulus alone group.
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influence of tryptase on chymase-induced mast cell
accumulation in the present study. The results show that
tryptase at 0.5 μg had an additive effect on 5.0 μg chymase-

induced mast cell accumulation at 6 h (Figure 2E) and on
0.5 μg chymase-induced mast cell accumulation at 16 h
(Figure 2F) following injection.

Figure 2
Mast cell accumulation in the peritoneum of mice induced by chymase and α1-chymotrypsin. (A), (B) and (C) Representative graphs of mast cell
accumulation following injection of normal saline (NS), chymase (5 μg) and heat-inactived chymase (hChymase, 5 μg) respectively. (D) Various
concentrations of chymase (μg), mouse neutrophil elastase (μg) and HSA (μg) were injected i.p. in mice for 10 min and 3 h. (E) Various concen-
trations of HSA, elastase and chymase in the presence or absence of tryptase (Tryp, 0.5 μg), or α1-chymotrypsin (Chymot, μg) in the presence or
absence of α1-antichymotrypsin (Antichym, 10 μg) were injected i.p. for 6 h. (F) Various concentrations of HSA, elastase and chymase in the pres-
ence or absence of Tryp, or Chymot in the presence or absence of Antichym were injected i.p. for 16 h. (G) Chymase (μg) and CI (μM) were
injected i.p. in wild-type C57BL/6J mice. Data are displayed as a boxplot, which indicates the median, interquartile range, the largest and smallest
values. Each data group represents results from six to seven animals. *P < 0.05 compared with the corresponding NS group. †P < 0.05 compared
with the corresponding stimulus alone group. ‡P < 0.05 compared with the corresponding chymase alone group.
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Figure 2
(Continued)
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Induction of trans-endothelium migration of
mast cells in vitro by chymase
It is reported that human tryptase can induce trans-
endothelium migration of mast cells in vitro (Liu et al.,
2016), indicating that tryptase is a potent chemoattractant
of mast cells. In order to understand the mechanism of
chymase-induced mast cell accumulation, we investigated

the ability of chymase to induce the trans-endothelium mi-
gration of mast cells in vitro. The results show that chymase
induced up to 46.2% increase in migration of mast cells. An
anti-ICAM-1 antibody, chymostatin and SBTI completely
abolished chymase-induced mast cell migration (Figure 3),
suggesting that the action of chymase was mediated by
ICAM-1 and dependent on its enzymatic activity.

Figure 3
The trans-endothelium migration of mast cells in vitro induced by chymase. Various concentrations of chymase (μg·mL�1) with or without
chymostatin (1.0 μg·mL�1) or SBTI (1.0 μg·mL�1) were added to chambers of E-16-well plates, respectively, and incubated for 1 h. Anti-human
ICAM-1 antibody (Anti-ICAM-1, 50 μL of 10 μg·mL�1 solution) was added to specified wells and cultured for 15 min. Cells in the lower chamber
were collected for flowcytometric analysis of HMC-1mast cells. fMLP (10 μM)was used as a positive control. Values shown aremean ± SEM for four
independent experiments. *P < 0.05 compared with the response to medium alone control group. †P < 0.05 compared with the response to the
corresponding stimulus alone group.

Table 1
Inhibition of chymase-induced mast cell infiltration by inhibitors of chymase and heat inactivation of the enzyme at 6 and 16 h following injection

Percentage inhibition of mast cell infiltration

Treatment 6 h Median (range) 16 h Median (range)

α1-antitrypsin (10 μg) 93.8 (31.3–100)* 86.5 (40.5–100)*

Chymostatin (5 μg) 75 (56.3–100)* 95.9 (59.5–100)*

SBTI (10 μg) 53.1 (31.3–93.8)* NA

SLPI (10 μg) 56.6 (26.6–100)* 59.9 (40.8–100)*

ZIGPFM (200 ng) 68.8 (56.3–81.3)* 90.5 (37.8–100)*

Heat inactivation (5 μg) 89.1 (43.8–100)* 74.3 (45.9–94.6)*

The values shown are median (range) for six to eight individual mice. The inhibitors were incubated with 5 μg of chymase for 20 min before an i.p.
injection.
*P < 0.05 compared with the uninhibited control mice. NA, not available.

Mast cell accumulation and chymase BJP

British Journal of Pharmacology (2018) 175 678–692 685



Effect of anti-ICAM-1, anti-L-selectin,
anti-CD11a and anti-CD18 antibodies and
drugs on chymase-induced mast cell
accumulation
In order to further understand the mechanism of chymase-
induced mast cell accumulation, we investigated the effect
of adhesion molecules on chymase-induced mast cell accu-
mulation in the peritoneum of mice. The results show that
anti-CD11a, anti-CD18, anti-L-selectin, anti-ICAM-1 anti-
bodies, sodium cromoglycate and terfenadine inhibited
chymase provoked mast cell accumulation by 85.2, 81.5,
84.8, 74.1, 81.5 and 74.8%, respectively, when they were i.v.
injected into mice, suggesting that chymase-elicited mast cell
accumulation was dependent upon the activities of the
CD11a/CD18 complex, L-selectin and ICAM-1 (Figure 4).

Effect of chymase on mast cell-derived 5-HT
and eotaxin release in the peritoneum of mice
Since inhibitors of chymase did not completely abolish
chymase-induced mast cell accumulation and migration, it
is possible that chymase may provoke mast cell accumulation
through some indirect mechanisms. It has been reported pre-
viously that chymase is capable of inducing mast cell degran-
ulation (He et al., 1998); we therefore investigated the ability
of chymase to induce the release of mast cell-derived 5-HT,
eotaxin and RANTES in the peritoneal lavage of mice. The re-
sults show that chymase at 0.5 μg increased, by up to 1.8-fold,
5-HT release in the peritoneum of BALB/C mice, which is
comparable to that induced by CI at 3 h following injection
(Figure 5A). Similarly, chymase provoked up to 3.2-fold
eotaxin increase (Figure 5B) but had little effect on level of
RANTES in mouse peritoneum (data not shown).
Chymostatin (5 μg) suppressed chymase-induced 5-HT re-
lease by 88.6% and completely abolished chymase-induced

eotaxin release (Figure 5B). 5-HT at 0.5 μg appeared to be
more potent than chymase at inducing the production of
eotaxin. It increase the production of by more than 3.2-fold
in mouse peritoneum. It was observed that 5-HT-induced
production of eotaxin was almost completely abolished by
its inhibitor WAY100635 (Figure 5B). Chymase at 0.5 μg
also increased the release of 5-HT (Figure 5C) and eotaxin
(Figure 5D) in wild-type C57BL/6J mice. Compared with
wild-type C57BL/6J mice, mast cell-deficient (KitW-4Bao)
mice had low 5-HT (Figure 5C) and eotaxin (Figure 5D)
levels in their peritoneum. Chymase had little effect on
5-HT (Figure 5C) and eotaxin (Figure 5D) levels in mast cell
deficient (KitW-4Bao) mice.

Induction of mast cell accumulation by
chemokines
5-HT is used as an indicator of mouse mast cell degranulation
(Krop et al., 2010), but little is known of its ability to induce
mast cell accumulation. After confirmation that chymase
can provoke increased 5-HT and eotaxin release in mouse
peritoneum, the next issue that should be addressed is
whether 5-HT and these chemokines have the ability to pro-
voke mast cell accumulation. We therefore investigated the
effect of 5-HT, eotaxin and RANTES on mast cell accumula-
tion in mouse peritoneum. The results showed that 5-HT at
0.5 μg induced dramatic mast cell accumulation in mouse
peritoneum, which could be inhibited by WAY100635 at
10 μg (Figure 6A). Eotaxin induced marked mast cell accumu-
lation in peritoneum of mice at 3, 6 and 16 h following
injection (Figure 6B). As little as 0.05 ng eotaxin induced up
to 1.4-fold increase in mast cell number at 3 h following in-
jection. Themaximum increase inmast cell number, 3.2-fold,
was provoked by 5.0 ng eotaxin at 16 h following injection
(Figure 6B). Similarly, 0.05 ng RANTES elicited up to 1.3-fold
increase in mast cell number at 3 h following injection. The

Figure 4
Inhibition of mast cell accumulation by antibodies against cell adhesion molecules and drugs. Mice were pretreated with a monoclonal antibody
against either L-selectin (anti-CD62L), CD11a (anti-CD11a), CD18 (anti-CD18) or ICAM-1 (anti-CD54), respectively (all at a dose of 1mg·kg�1), or
with sodium cromoglycate (Cromogl, 20mg·kg�1) or terfenadine (Terf, 2 mg·kg�1) for 30min before i.p. injection of chymase (0.5 μg) for 6 h. NS
was employed as a vehicle. Data were displayed as a boxplot, which indicates the median, interquartile range, the largest and smallest values. Each
data group represents results from six and seven animals. *P< 0.05 compared with the NS group. †P< 0.05 compared with chymase alone group.
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maximum increase in mast cell number, 3.9-fold, was pro-
voked by 5.0 ng RANTES at 16 h following injection
(Figure 6C).

Effect of anti-ICAM-1, anti-L-selectin,
anti-CD11a and anti-CD18 antibodies and
drugs on chemokine-induced mast cell
accumulation
In order to understand the migration mechanism of the
chemokine-induced mast cell accumulation, we investigated
the effect of adhesion molecules, sodium cromoglycate and
terfenadine on eotaxin- and RANTES-induced mast cell accu-
mulation in the peritoneum of mice. The results show that
eotaxin-induced mast cell accumulation was inhibited by

pretreatment with anti-L-selectin antibody (injected i.v.),
and RANTES-elicited mast cell infiltration was suppressed by
pretreatment with anti-CD11a, anti-CD18 and anti-CD54 an-
tibodies (injected i.v.) (Figure 7A). Pretreatment of mice with
sodium cromoglycate or terfenadine for 30 min before perito-
neal injection of eotaxin or RANTES completely abolished
eotaxin- or RANTES-induced mast cell accumulation in the
peritoneum of mice (Figure 7B).

Discussion
As for compound 48/80, CI is a potent mast cell degranulator.
Thus, CI-induced mast cell accumulation is most likely

Figure 5
The release of 5-HT and eotaxin induced by chymase in the peritoneum of mice. (A) Various concentrations of chymase in the presence or absence
of chymostatin (Chymos, 5 μg), elastase (μg) or CI A23187 (μM) were injected i.p. 10 min and 3 h before the peritoneal lavage fluids were col-
lected for 5-HT measurement. (B) Various concentrations of chymase in the presence or absence of chymostatin (Chymos, 5 μg), 5-HT (μg) in
the presence or absence of WAY100635 (μg) or elastase (μg) were injected i.p. 10 min and 3 h before the peritoneal lavage fluids were collected
for eotaxin measurement. Chymase (μg) and CI (μM) were injected i.p. in wild-type C57BL/6J mice and mast cell-deficient (KitW-4Bao) mice before
peritoneal levels of 5-HT (C) or eotaxin (D) were determined. NS was employed as a vehicle. Data are displayed as a boxplot, which indicates the
median, interquartile range, the largest and smallest values. Each data group represents the results from six to seven animals. *P< 0.05 compared
with the corresponding NS group. †P < 0.05 compared with the corresponding stimulus alone group.
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mediated by mast cell products released upon degranulation.
Among mast cell granule products, tryptase (Liu et al., 2016)
and histamine (Hofstra et al., 2003) have been found to pro-
voke mast cell accumulation. Since both tryptase and hista-
mine can activate mast cells and can be released from mast
cells, a unique self-amplification mechanism of mast cell in-
filtration and activation was previously proposed (He et al.,

2012). As a major mast cell granule product, chymase may
also have ability in induction of mast cell accumulation.
Marked inhibition of CI-induced mast cell accumulation by
inhibitors of chymase and CI-provoked production of mouse
mast cell chymase 1 indicate that chymase is also likely to
participate in mast cell accumulation in the peritoneum of
mice. Indeed, the current study demonstrates for the first

Figure 6
Mast cell accumulation in the peritoneum of mice induced by 5-HT and chemokines. (A) 5-HT (μg) in the presence or absence of WAY100635 (μg)
was injected i.p. for 10 min or 3 h. (B) Various concentrations of eotaxin (ng) or (C) RANTES (ng) were injected i.p. for 3, 6 and 16 h. NS was
employed as a vehicle. Data are displayed as a boxplot, which indicates the median, interquartile range, the largest and smallest values. Each
group of data represents results from six to seven animals. *P < 0.05 compared with the corresponding NS group. †P < 0.05 compared with
the corresponding stimulus alone group.
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time that chymase is a potent chemoattractant for mast cells.
Since chymase can induce mast cell degranulation (He and
Walls, 1998b), the current finding that chymase provokes
mast cell infiltration proposes a novel self-amplification
mechanism of mast cell accumulation.

Since airway higher responsiveness to mannitol in
asthma is associated with chymase-positive mast cells
(Sverrild et al., 2016), chymase modulates IL-33 levels and
controls allergic sensitization in house-dust-mite-induced

airway inflammation (Waern et al., 2013), and chymase con-
tributes to the pathogenesis of chronic dermatitis (Tomimori
et al., 2002b), our current finding ought to be important in
understanding the mechanisms of chymase-related inflam-
matory diseases, including allergy.

It seems likely that chymase-induced mast cell accumula-
tion depends on its enzymatic activity as several inhibitors of
chymase hydrolytic activity blocked chymase actions on
mast cell migration. Chymase chemotactic activity appears
to also rely on its intact catalytic site, as heat-inactivation of
the enzyme resulted in almost complete loss of its ability to
induce mast cell recruitment. The enzymatic activity-
dependent function of chymase has been previously ob-
served. For example, α1-chymotrypsin, chymostatin, SBTI,
SLPI and ZIGPFM suppressed chymase-induced neutrophil
and macrophage accumulation in the mouse peritoneum
(He et al., 2004). Also, natural and synthetic chymase inhibi-
tors eliminated histamine release from human mast cells
ex vivo (Dietze et al., 1990). Another piece of evidence demon-
strating that enzymatic activity is required for chymase-
induced mast cell migration is that α1-chymotrypsin can also
induce mast cell activation; they both belong to chymotryp-
sin family of proteases. Since α1-chymotrypsin and chymase
have a similar potency at inducing mast cell accumulation,
we believe further that the action of chymase is dependent
on its enzymatic activity.

It is likely that ICAM-1 is a key adhesion molecule for
chymase-induced mast cell migration as it mediates the mi-
gration of these cells both in vivo and in vitro. The findings
that ICAM-1-mediated mast cell migration has been observed
in IL-29-induced mast cell accumulation (He et al., 2010) and
that L-selectin or ICAM-1 deficiency reduces an immediate-
type hypersensitivity response by preventing mast cell re-
cruitment (Shimada et al., 2003) supports the view that
ICAM-1 plays a key role in mast cell accumulation. L-selectin
also appears to be an important adhesion molecule for mast
cell migration as it not only mediates chymase-induced mast
cell accumulation but also regulates mast cell recruitment in
immediate-type hypersensitivity response in a mouse model
of contact atopic dermatitis (Shimada et al., 2003). Further-
more, the CD11a/CD18 complex seems to participate in
chymase-induced mast cell migration as anti-CD11a and
anti-CD18 antibodies inhibited the action of chymase. Since
anti-CD11a and anti-CD18 antibodies can suppress tryptase-
induced mast cell accumulation as well (Liu et al., 2016), it
seems likely that the CD11a/CD18 complex plays an impor-
tant role in protease-induced mast cell accumulation.

The similar adhesion mechanisms involved in tryptase-
and chymase-provoked mast cell infiltration and the fact that
trypase and chymase are released together from degranulated
mast cells (Schwartz, 1990) indicate that there may be inter-
actions between these two major mast cell granule products.
Indeed, the additive or even synergistic interactions between
tryptase and chymase were observed in the present study,
which suggests that there must be some different adhesion
and migration mechanisms involved in tryptase- or
chymase-induced mast cell accummulation. Obviously, more
work is required to address this issue further.

It is reported that chymase induces release of stem cell fac-
tor (SCF) from human keratinocytes; the soluble SCF released
then provokes mast cell accumulation (Nilsson et al., 1994).

Figure 7
Inhibition of mast cell accumulation induced by antibodies against
cell adhesion molecules and drugs. (A) Mice were pretreated with
monoclonal antibody against L-selectin (anti-CD62L), CD11a (anti-
CD11a), CD18 (anti-CD18) and ICAM-1 (anti-CD54), respectively
(all at a dose of 1 mg·kg�1), for 30 min before i.p. injection of eotaxin
(5 ng) or RANTES (5 ng) for 6 h. (B) Mice were pretreated with
sodium cromoglycate (Cromogl, 20 mg·kg�1) and terfenadine (Terf,
2 mg·kg�1) for 30 min before i.p. injection of eotaxin (5 ng) or
RANTES (5 ng) for 6 h. NS was employed as a vehicle. Data are
displayed as a boxplot, which indicates the median, interquartile
range, the largest and smallest values. Each data group represents
results from six to seven animals. *P< 0.05 compared with the corre-
sponding NS group. †P < 0.05 compared with the corresponding
stimulus alone group.
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Similarly, chymase has been found to elicit IL-8 release from
eosinophils (Wong et al., 2009), and IL-8 can recruit mast
cells through CXCR1 (Lippert et al., 1998) and CXCR2
(Nilsson et al., 1999) receptors on the surface of HMCs.
RANTES can be released from mast cells (Shakoory et al.,
2004), and RANTES is chemotactic for mast cells (Nilsson
et al., 1994; 1999). Previously, little was known of the
influence of eotaxin on mast cell migration, but our current
observations provide a clear message that eotaxin is probably
a chemokine for mast cells. Similar to its effect on monocytes
and neutrophils (Tani et al., 2000), chymase showed potent
chemotactic activity for mast cells. The potency of chymase
at inducing the trans-endothelium migration of mast cells
was comparable to that of fMLP.

A report that 5-HT levels and the density of mast cells in
the inflamed colon was higher than in controls suggests that
the increase in 5-HT levels in 2,4,6-trinitrobenzene sulfonic
acid (TNBS) -induced colitis may result from infiltrated mast
cells (Magro et al., 2006). Sumatriptan, a 5-HT receptor agonist,
enhanced thalamic mast cell population, especially those con-
taining 5-HT (Dubayle et al., 2005), indicating that mast cells
containing 5-HT- and 5-HT-induced mast cell accumulation is
mediated by its receptor. Taken together the fact that chymase
induces 5-HT release andmast cell accumulation and that both
mouse and HMCs respond to 5-HT through the 5-HT1A recep-
tor (Kushnir-Sukhov et al., 2006), it is likely that 5-HT contri-
butes to chymase-induced mast cell accumulation.

Inhibition of chymase-inducedmast cell accumulation by
sodium cromoglycate may result from inhibition of the ex-
pression of ICAM-1, as sodium cromoglycate is reported to
be able to reduce mast cell numbers and expression of
ICAM-1 in bronchial mucosa of asthmatics (Hoshino and
Nakamura, 1997). In contrast, inhibition of chymase-
induced mast cell accumulation by terfenadine could be due
to the inhibitory activity of terfenadine on anti-IgE-induced
mediator release from lung and skin mast cells (Massey
et al., 1993) and inhibition of ICAM-1 expression on epithe-
lial cells (Ciprandi et al., 2003).

It should be noted that the chymase used in the mouse
peritoneal experiments was human skin chymase. The amino
acid identity between human chymase (UniProtKB – P23946)
andmurine chymase (UniProtKB – P21844) is 74.1%. In order
to exclude the influence of foreign protein on mast cell accu-
mulation, HSA was employed as a negative foreign protein
control. The neglible effect of HSA on mast cell accumulation
in mouse peritoneum supports that the postulate that the
ability of chymase to induce mast cell accumulation is not re-
lated to it being a foreign protein.

In conclusion, chymase-induced mast cell accumulation
appears through a CD11a/CD18 complex, L-selectin and
ICAM-1-dependent mechanism and relies on its enzymatic
activity. 5-HT and eotaxin production from mast cells may
also be involved in the event. The induction of mast cell accu-
mulation by chymase implies further that chymase ought to
be considered a major pro-inflammatory mediator of mast
cells. The provocation of mast cell accumulation by themajor
granule product of mast cells, chymase, suggests a novel self-
amplification mechanism for mast cell accumulation in aller-
gic inflammation. Mast cell stabilizers as well as inhibitors of
chymase may have potential as a treatment of allergic
disorders.
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