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Rat mast cell protease-I enhances immunoglobulin E production by
mouse B cells stimulated with interleukin-4
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KOJI NAITO Pharmaceutical Research Division, Mitsubishi Pharma Corporation, Osaka, Japan

SUMMARY

Mast cell chymase plays important roles in inflammation and tissue remodeling. Here we show that
mast cell chymase also functions as an enhancer of immunoglobulin production. In the culture of
murine spleen cells stimulated with lipopolysaccharide and interleukin-4, purified rat chymase
(rat mast cell protease-I; RMCP-I), at physiological concentrations, enhanced immunoglobulin
E (IgE) and IgG1 syntheses but not IgG3 synthesis. The enhancement was also evident when spleen
cells depleted of T cells and macrophages were employed as responding cells. Enzymatic activity of
RMCP-I was required to enhance IgE and IgG1, because two inhibitors for chymotryptic enzymes,
chymostatin and Y-40613, a novel chymase inhibitor, suppressed the enhanced immunoglobulin
production, and phenylmethylsulphonyl fluoride, an irreversible inhibitor for serine proteases,
totally abolished the enhancing effect. Furthermore, a specific inhibitor for Zn>*-dependent
metalloproteases, GI 129471, could also completely inhibit the production of IgE and IgGl1 that
was enhanced by RMCP-I, suggesting that a metalloprotease also played an essential role in the
immunoglobulin production. Our results together with others show that proteases from mast
cell granules have important function not only in the efferent phase but also in the afferent phase

of immune responses.

INTRODUCTION

Mast cells contain two types of serine proteases in their
granules, and secrete them upon degranulation induced by
various stimuli.! Mast cell chymase [EC 3.4.21.39] is a
chymotrypsin-like enzyme, and participates in inflammation
and subsequent tissue remodelling through various actions,
including conversion of angiotensin I to angiotensin II,
activation of pro-interleukin (IL)-18 and various metallo-
proteases (MMPs), and degradation of various neuropeptides
and extracellular matrices.>> Chymase released by degranula-
tion of mast cells can also induce activation of other mast
cells in the vicinity, and degranulation of airway serous cells.*>
Although the cellular activation requires enzymatic activity of
chymase, the underlying mechanism has not been determined
in detail.
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We are interested in the role of mast cell proteases in
various immunological and cardiovascular diseases, and have
developed synthetic chymase inhibitors as novel therapeutics.
In the series of pharmacological evaluations of the inhibitors
in animal models of inflammation driven by the T helper
type 2 lymphocyte (Th2)-associated immune response, we
observed that the inhibitors not only suppressed indices of
the inflammation, but also lowered serum immunoglobulin
E (IgE) level in the immunized animals. We hypothesized
that mast cell chymase might be directly involved in IgE pro-
duction, because various serine proteases have been reported
to modulate IgE response.

Ishizaka and colleagues described a glycosylation enhanc-
ing factor (GEF) that was produced by T cells stimulated
with antigens, which in turn directed the generation of IgE-
potentiating factor by another type of T cell.® The resulting
IgE-potentiating factor augmented IgE production by stimu-
lated B cells. Iwata et al. reported that GEF was a kallikrein-like
serine protease, and the GEF activity itself was dependent on
its enzymatic activity.” Matsushita er al. described a T-cell
derived protein, € receptor modulating protein (eERMP), that
modulated the binding avidity between IgE and CD23.8 The
protein was a chymotrypsin-like serine protease, as it had
amidolytic activity against a synthetic substrate, N-succinyl-
Ala-Ala-Pro-Phe-p-nitroanilide, and its enzymaticactivity was
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required for the modulation of CD23.° eRMP by itself could
induce IgE production in the presence of IL-4 in mouse B
lymphocytes.'® They also showed that bovine chymotrypsin
as well as kallikrein enhanced IgE and IgGl syntheses of
murine B cells elicited by lipopolysaccharide (LPS) plus 1L-4
in vitro at relatively low concentrations, and that these
enzymes inhibited the immunoglobulin production at higher
concentrations."'

In this study, we have tested the possibility that mast
cell chymase modulates IgE production, employing a purified
enzyme and its specific inhibitors.

MATERIALS AND METHODS

Enzymes and inhibitors

Rat mast cell protease-I (RMCP-I) was purified from rat skin
according to the purification procedure for human chymase
by Urata er al.'” with some modifications. Briefly, shaved skin
of Wistar rats was minced, then homogenized with polytron
homogenizer in 20 mm sodium phosphate, pH 7-4, centrifuged
at 8000 r.p.m. for 60 min, and the supernatant was discarded.
High-salt buffer (10 mm sodium phosphate, pH 74, 2 m KCl,
0-1% Triton-X-100) was added to the precipitate, further
homogenized, and the resulting supernatant was collected after
centrifugation. The supernatant was dialysed against 20 mm
Tris, pH 80, 0-:3 m KCI, and mixed with Hitrap Heparin
Sepharose (Pharmacia Biotech, Uppsaala, Sweden). After
extensively washing the gel with 20 mm Tris, pH 8:0, 0-3 m
KCl, RMCP-I was eluted with a linear gradient of 20 mwm
Tris, pH 80, 0-:3 M KCI and 20 mm Tris, 1:-8 M KCI, 0-1%
Triton-X-100. Purified RMCP-I was dialysed against
20 mwm Tris, pH 8:0, 1 m NaCl, 0-1% Triton-X-100 and stored
at a concentration of 1-4 mg/ml at —80°. Protein concentration
was determined with a BCA kit (Pierce Chemical Co.,
Rockford, IL). The RMCP-I was homogeneous according to
sodium dodecyl sulphate—polyacrylamide gel electrophoresis
(SDS-PAGE) analysis using a Laemmli gel under both
reducing and non-reducing conditions (TEFCO, Matsumoto,
Japan), and hydrolysed a synthetic substrate, succinyl-L-Ala-L-
Ala-L-Pro-L-Phe-p-nitroanilide (Sigma Chemical Co., St. Louis,
MO). To inactivate RMCP-1, phenylmethylsulphonyl fluoride
(PMSF; Sigma Chemical Co.) was dissolved in isopropanol
at the concentration of 50 mMm, and added to RMCP-I at the
final concentration of 1-5 mw in three aliquots. The inactivated
RMCP-I was extensively dialysed against 20 mm Tris,
pH 80, 1 m NaCl, 0-1% Triton-X-100. No hydrolysing
activity against the synthetic substrate was detected after
inactivation. When either RMCP-I or PMSF-treated RMCP-1I
were added to the culture, the control culture included the
same dilution of the buffer, 20 mm Tris, pH 80, 1 m NaCl,
0-1% Triton-X-100. Bovine chymotrypsin, diisopropyl fluoro-
phosphate (DFP)-treated chymotrypsin and chymostatin were
purchased from Sigma Chemical Co. A specific chymase inhi-
bitor, Y-40613 (2-[5-amino-2-(4-fluorophenyl)-1,6-dihydro-6-
oxo-1-pyrimidinyl]-N-{1-[(5-methoxycarbonyl-2-benzoxazolyl)
carbonyl]-2-phenylethyl} acetamide), was designed and syn-
thesized in our Pharmaceutical Research Division."> A
specific MMP inhibitor, GI129471, was also synthesized in
our Research Division. All enzyme inhibitors were first
dissolved in dimethylsulphoxide (DMSO) at concentrations

between 0-1 and 100 mm, and diluted with culture medium.
The final concentration of DMSO did not exceed 0-1%.

Cell culture

Spleen cells were prepared from female BALB/c mice (Japan
SLC, Hamamatsu, Japan) aged more than 7 weeks. B cells
were purified from the spleen cells using magnetic-activated
cell sorting (MACS™) according to the manufacturer’s
instructions (Miltenyi Biotec, Bergisch Gladbach, Germany).
Briefly, the spleen cells were incubated with anti-Thyl.2
beads, anti-CD4 beads, anti-CD8a beads and anti-CDI11b
beads, applied to a CS column (Miltenyi Biotec), and the
unbound cells were collected. Adherent cells were removed by
plating cells to plastic dishes (F3003; Falcon Becton
Dickinson, Franklin Lakes, NJ) overnight in RPMI-1640 (Life
Technologies, Rockville, MD) supplemented with 5x 107> m
2-mercaptoethanol (2-ME) and 10% fetal bovine serum (FBS;
Hyclone, Logan, UT). In order to assess the purity of B cells,
cells were stained with a fluorescein isothiocyanate (FITC)-
labelled anti-CD3 antibody and a FITC-labeled anti-CD11b
antibody (PharMingen, San Diego, CA), and analysed by
fluorescence-activated cell sorting (FACSCalibur™; Becton
Dickinson, San Jose, CA). Depending on the preparation, the
enriched B-cell preparation contained less than 1-2% of CD3 ™
cells as well as 0-4% CD11b™ cells.

Spleen cells or purified B cells (3 x 10°) were cultured in
200 pl of RPMI-1640 supplemented with 5 x 10> m 2-ME and
10% FBS in the presence of 20 ug/ml Salmonella typhimurium
LPS (Sigma Chemical Co.) and 500 ng/ml recombinant murine
IL-4 (WAKO Pure Chemical Industries, Osaka, Japan) for
7 days at 37°. IgE and IgGl in the supernatant were quan-
titated by sandwich enzyme-linked immunosorbent assay
(ELISA). In the case of 1gG3 production, IL-4 was omitted
from the culture.

ELISA

ELISA plates (Corning Costar Japan, Tokyo, Japan) were
coated with 250 ng of a monoclonal anti-mouse IgE antibody
(clone R35-72; Pharmingen) in 50 ul phosphate-buffered saline
(PBS). After blocking with 50 mm Tris, pH 7-6, 150 mm NaCl
containing 5% skimmed milk, culture supernatant or standard
IgE was added to the plate for 1 hr at room temperature. After
washing with PBS containing 0-05% Tween-20, the plates were
sequentially incubated with a biotinylated anti-mouse IgE
antibody (clone LO-ME-2, 1 ug/ml; Serotec, Oxford, UK)
and horseradish peroxidase-conjugated streptavidin (1 pg/ml;
Vector Laboratories, Burlingame, CA) for 1 hr each. The
bound peroxidase was quantitated with o-phenylenediamine
and hydrogen peroxide as substrate. Mouse monoclonal IgE
purified from IGELb4 hybridoma (TIB141, American Type
Culture Collection, Rockville, MD) supernatant was employed
as a standard." IgGl and IgG3 were quantitated in the
same manner, except that an anti-mouse IgGl antibody
(clone A85-1; PharMingen) and an antimouse IgG3 antibody
(clone R40-82; PharMingen) were used as capture antibodies,
and that a biotinylated anti-mouse IgGl antibody (clone
LO-MGI1-2; Cymbus Biotechnology, Chandlers Ford, UK)
and a biotinylated anti-mouse k antibody (clone R8-140;
PharMingen) were used as detecting antibodies, respectively.
Mouse myeloma IgGl (clone MOPC-21; PharMingen) and
I1gG3 (clone J606; PharMingen) were employed as standards.

© 2001 Blackwell Science Ltd, Immunology, 104, 333-340
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Reverse transcription—polymerase chain reaction (RT-PCR)
RNA was prepared from spleen cells stimulated for 4 days
as described above, except that six-well plates were used instead
of 96-well plates. Trizol reagent (Life Technologies) was used
to isolate RNA according to the manufacturer’s instructions.
The RNA was reverse-transcribed and amplified by PCR using
TaKaRa RNA PCR Kit (Takara, Tokyo, Japan) according to
the manufacturer’s instructions. As reported by Roper et al.,'”
primers to amplify mature Ce complementary DNA (cDNA)-
were 5-TCAAGGAACCTCAGTCACCGTC-3’ (sense
primer) corresponding to JH4 gene, and 5-CTAGGATA-
GTCTGTCAGGT-3’ (antisense primer) from the sequence of
exon 1 of Ce and the size of the PCR product from mature
Ce was approximately 300 bp. Primers to amplify B-actin
cDNA were 5-ATGGATGACGATATCGCT-3" (sense
primer) and 5~ATGAGGTAGTCTGTCAGGT-3’ (antisense
primer). Cycle conditions were 94° for 1 min for denatura-
tion, 57° for 1 min for annealing, and 72° for 1-5 min for
extension. After 25, 28, 31 or 34 cycles, the PCR product was
resolved in agarose gel electrophoresis, and stained with
ethidium bromide.

RESULTS

Bovine chymotrypsin enhances the production of
IgE and IgG1 by mouse spleen cells

In the first series of experiments, we estimated the potency of
bovine chymotrypsin to modulate IgE response in our culture
system. When added to the culture of mouse spleen cells,
chymotrypsin enhanced the production of both IgE and IgG1
stimulated with LPS and IL-4 (Fig. la,b, respectively). Its
action was dependent on the concentration, and evident above
25 pg/ml in the experiment shown in Fig. 1. Enzymatic activity
was essential for its enhancing activity, because DFP-treated
chymotrypsin was totally inactive (Fig. 1).

Thus, though a higher concentration was required than
that reported by Matsushita and Katz,'" chymotrypsin clearly
enhanced the IgE and IgG1 responses in our culture system,
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Figure 1. Bovine chymotrypsin enhances the production of IgE and
IgG1 by murine spleen cells stimulated with LPS plus IL-4. Spleen cells
from BALB/c mice were cultured with or without indicated
concentration of bovine chymotrypsin (open squares) or DFP-treated
chymotrypsin (closed squares) in the presence of LPS plus I1L-4 for
7 days. IgE (a) and IgGl (b) in the supernatant were quantitated by
ELISA. Each symbol and bar represent mean and standard error of
mean (SEM; n=6). Values obtained from the culture containing
chymotrypsin were compared with values from the culture without
chymotrypsin by Dunnett’s method (¥, P<0-05; **, P<0-01).

© 2001 Blackwell Science Ltd, Immunology, 104, 333-340

and these results prompted us to test the effects of mast cell
chymase on the IgE production.

RMCP-I enhances the production of IgE and IgG1

Mast cells are distributed throughout the body, and a subset of
mast cells secretes a chymotryptic enzyme, mast cell chymase,
when activated. In order to explore the possibility that mast cell
chymase may also modulate the IgE production, RMCP-I was
purified from rat skin, and added to the culture. We employed
rat chymase instead of mouse enzyme, because RMCP-I could
be obtained in large enough quantities for our experiments,
and it is closely homologous to mouse chymase, mouse mast
cell protease-4 (about 90% identical in primary sequence).'®
The purified RMCP-I migrated as a single band with a mole-
cular weight of about 30000 MW in SDS-PAGE under both
reducing and non-reducing conditions (data not shown). As
shown in Fig. 2(a), up to 1:0 ug/ml RMCP-I enhanced the IgE
synthesis stimulated with LPS plus IL-4 in a concentration-
dependent manner. The same concentration of RMCP-I also
enhanced the IgG1 production (Fig. 2b), and the minimum
concentration of RMCP-I effective to enhance the production
of IgE and IgG1 was as low as 250 ng/ml. In contrast to IgE
and IgG1l, RMCP-I suppressed the IgG3 production stimu-
lated with LPS (Fig. 2c), suggesting that RMCP-I did not exert
its enhancing effect by improving culture conditions or cell
viability.

In order to confirm the enhancement of the IgE production
by RMCP-I, the amount of mature Ce mRNA was estimated
with RT-PCR (Fig. 3). RNA was extracted from the spleen
cells that had been cultured with or without RMCP-I
(1-0 pg/ml) in the presence of LPS plus IL-4 for 4 days, and
analysed by RT-PCR using the primers for mature Ce
described by Roper e al.'> The amplified band from mature
Ce ¢cDNA was detected after the 28th cycle in the spleen cells
cultured with RMCP-I, whereas the band could be seen after
the 31st cycle in the cells cultured without RMCP-I (Fig. 3a).
The intensity of the bands derived from B-actin did not differ
significantly between the two groups (Fig. 3b). These results
indicated that mRNA for mature Ce was more abundant in
the B cells cultured with RMCP-I.

Proteolytic activity of RMCP-I is required for
enhancing immunoglobulin production

To test whether enzymatic activity of RMCP-I was required,
two inhibitors for chymase were used: chymostatin and
Y-40613. Chymostatin inhibits chymotryptic enzymes, such
as chymotrypsin and chymase, as well as cathepsins B and D,
and papain. The production of both IgE and IgG1 enhanced
by RMCP-I was suppressed in the presence of chymostatin,
although its inhibitory effect was only partial (Fig. 4). The
inhibition of the immunoglobulin production was dependent
on the concentration of chymostatin; the IgG1l production
was significantly inhibited above the inhibitor concentration of
0-1 pm in the experiment of Fig. 4(b), whereas the inhibition of
the IgE production was statistically significant at the inhi-
bitor concentration of 1-0 um (Fig. 4a). The inhibitory effect
of chymostatin was not caused by possible toxicity of this
compound, because the concentration used in our experiments
was well below the toxic concentration. Chymostatin up to



336 T. Yoshikawa et al.

(@ 151 (b) 1000 () 2001
— 800F * -
— = * = 150
= H g - S
g 10 S 600 f 5 e
=2 o £ £ 100} ek
Lg) 5_ (‘__'J 400 8 | Sk
- 2 200 2 90
O s IR
FRSIN ‘L o O 7N Q'I«Q N7
RMCP-| (pg/ml) RMCP-| (ng/ml) RMCP-| (pg/ml)

Figure 2. RMCP-I enhances the production of IgE and IgGl, but not IgG3. Spleen cells from BALB/c mice were cultured with
or without indicated concentration of RMCP-I in the presence of either LPS plus IL-4 (a and b) or LPS alone (c) for 7 days. IgE (a),
IgGl1 (b) and 1gG3 (c) in the supernatant were quantitated by ELISA. Each symbol and bar represents mean and SEM (n=6).
Values obtained from the culture containing chymase were compared with values from the culture without chymase by Dunnett’s

method (*, P<0:05; **, P<0-01).
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Figure 3. RT-PCR analysis of mature Ce mRNA.BALB/c spleen cells
were cultured with or without 1 pg/ml RMCP-I in the presence of
LPS plus IL-4 for 4 days. cDNA was reverse transcribed from mRNA,
and amplified with the primer pairs for mature Ce (a) and B-actin
(b) for indicated cycles. Bands in agarose gel were visualized with
ethidium bromide.

100 ug/ml (170 um) has been used in lymphocyte culture
without any effects on cell growth or viability."”

Y-40613 was a novel inhibitor specific for chymotryptic
enzymes including chymase.'®> The structure dictates its fine
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Figure 4. Enzymatic activity of RMCP-I is required for enhancing IgE
and IgGl. BALB/c spleen cells were cultured with (grey column) or
without (open column) 1 pg/ml RMCP-I in the presence of LPS plus
IL-4 for 7 days. Indicated concentration of either chymostatin (closed
symbols) or Y-40613 (open symbols) was added to some culture with
RMCP-I. Concentrations of IgE (a) and IgG1 (b) were determined by
ELISA. Each symbol and bar represents mean and SEM (n=6). The
data obtained in the presence of the inhibitors were compared to
the data obtained in the absence of the inhibitors by Williams’ Multiple
Comparison Test (*, P<0-05; **, P<0-01).

specificity against endopeptidases that cleave peptide bonds
carboxyl-terminal to aromatic residues, and Y-40613 did not
affect the activity of tryptic enzymes, such as mast cell tryptase,
thrombin, plasmin and kallikrein. Y-40613 inhibits RMCP-I
with a K; value of 103 nm. The production of both IgE and
IgG1 was suppressed by Y-40613 in a dose-dependent manner,
though the inhibition was again partial (Fig. 4). The suppres-
sive effect of Y-40613 as well as chymostatin indicated that
chymotryptic activity was required for the enhancement of
IgE and IgG1, and other materials possibly contaminating in
our RMCP-I preparation, especially other proteases, were not
responsible for the enhancement. In other experiments mast
cell tryptase purified from rat skin could not enhance the
IgE production in our system (data not shown). The only
partial inhibition of the enhancement by two inhibitors could
be caused by their limited potency, because RMCP-I, inacti-
vated irreversibly with PMSF, was totally inactive in enhancing
immunoglobulin production (see Fig. 5). These results indi-
cated that proteolytic activity of RMCP-I was essential for
enhancing both IgE and IgGl.

© 2001 Blackwell Science Ltd, Immunology, 104, 333-340
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Figure 5. RMCP-I enhances the production of IgE and IgGl by
enriched B cells. B cells enriched from BALB/c spleen cells were cultured
with or without indicated concentration of either RMCP-1 (open
symbols) or PMSF-treated RMCP-I (closed symbols) in the presence of
LPS plus IL-4 for 7 days. Concentrations of IgE (a) and IgG1 (b) in
the supernatant were determined by ELISA. Each symbol and bar
represents mean and SEM (n=6). Values obtained from the culture
containing chymase were compared with values from the culture
without chymase by Dunnett’s method (*, P <0-05; **, P<0-01).

B cells are the target cells of RMCP-1

In order to examine the possibility that RMCP-I might act
on B cells directly, B cells were enriched by MACS™, and
cultured with or without graded concentration of RMCP-I
in the presence of LPS plus IL-4. As shown in Fig. 5, the
production of both IgE and IgGl by the enriched B cells
was enhanced by RMCP-I in a concentration-dependent
manner: the enhancement was evident above 100-250 ng/ml
of RMCP-1, the same concentration required for the whole
spleen cells, and the immunoglobulin production was
maximal at 1-0 pg/ml as shown in the whole spleen cells
(see Fig. 2). Thus, T cells and macrophages were not required
for enhancement of the immunoglobulin production, suggest-
ing that B cells might be the direct target cells of RMCP-I.
We could frequently observe higher immunoglobulin produc-
tion in the enriched B cells (compare the vertical axes of
Fig. 2a,b and Fig. 5a,b). This might be a result of the sup-
pressive effects of macrophages, because removal of CD11b*
cells caused enhancement of immunoglobulin production
(data not shown). RMCP-I pretreated with PMSF neither
enhanced nor suppressed immunoglobulin production,
demonstrating that enzymatic activity was essential for
modulating the production of both IgE and IgG1 (Fig. 5).

An essential role of an MMP in enhancing
immunoglobulin syntheses

Mast cell chymase could activate various MMPs,'®2! and

some MMPs were shown to be involved in IgE production
in vitro.*>* In order to examine the possibility that RMCP-I
exerted its effects through MMP(s), a specific inhibitor
for MMPs, GI 129471, was added to the culture with
RMCP-I. GI 129471 was synthesized as a collagenase inhibitor
and shown to inhibit various MMPs including tumour necrosis
factor-o. (TNF-a)-converting enzyme.”* GI 129471 inhibited
the production of both IgE and IgG1 by the enriched B cells
that was enhanced by RMCP-I, in a dose-dependent fashion,
and the inhibition was nearly complete at the highest
concentration of the inhibitor (10 um; Fig. 6). GI 129471,

© 2001 Blackwell Science Ltd, Immunology, 104, 333-340
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Figure 6. A metalloprotease inhibitor, GI129471, blocks the produc-
tion of IgE and IgGl enhanced by RMCP-I. B cells enriched from
BALB/c spleen cells were cultured with (open symbols) or without
(closed symbols) 1 pg/ml RMCP-I in the presence of LPS plus IL-4 for
7 days. Indicated concentration of GI129471 was added to some
culture. Concentrations of IgE (a) and IgG1 (b) in the supernatant were
determined by ELISA. Each symbol and bar represents mean and
SEM (n=6). Values obtained from the culture containing GI1129471
were compared with values from the culture without the inhibitor
by Dunnett’s method (¥, P<0-05; **, P<0-01).

however, did not affect the immunoglobulin production in the
absence of RMCP-I (Fig. 6), indicating that the inhibitory
effect was not caused by any toxicity of the compound on B
cells. Given that GI 129471 did not affect the proteolytic
activity of RMCP-I, these results indicated that MMPs played
a role when RMCP-I enhanced the IgE and IgG1 responses.

DISCUSSION

We have been interested in the function of mast cell proteases,
and this report shows that rat mast cell chymase (RMCP-I) as
well as bovine chymotrypsin could enhance the production of
both IgE and IgG1 by mouse B cells stimulated with LPS plus
IL-4. The enhancement of IgE and IgG1 responses by bovine
chymotrypsin is in agreement with the report by Matsushita
and Katz,'' although we could not observe inhibition of the
IgE and IgG1 responses at relatively high concentrations of
chymotrypsin. It seemed unlikely that chymotrypsin would be
present in the milieu of B lymphocytes enough to enhance their
immunoglobulin production, because a high concentration of
the enzyme (25 pg/ml) was required (Fig. 1). Our data sup-
port the idea that mast cell chymase acts as a ‘physiological’
chymotryptic enzyme to modulate the IgE and IgG1 responses.
Mast cells are largely classified into two types according to their
serine proteases: T type contains tryptase alone, while TC type
contains both tryptase and chymase, and both types are
distributed throughout the body, especially along surfaces
exposed to the environment. Mast cells of TC type are
abundant in, for example, skin, conjunctiva and submucosa of
small intestine.>> Mast cell chymase could be released in tissues
at the concentration enough to affect the immunoglobulin
production. For instance, local concentration of chymase
would reach 1 pum (30 pug/ml) after degranulation of skin mast
cells, considering that 5 x 10° mast cells exist per 1 cm® skin.?®

RMCP-I enhanced the production of both IgE and IgG1
stimulated with LPS plus IL-4, while it slightly inhibited the
1gG3 production stimulated with LPS (Fig. 2), indicating that
mast cell chymase selectively augmented the immunoglobulin
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isotypes that dominated in the Th2 immune response. Given
that RMCP-I acts on B lymphocytes (Fig. 5), signals delivered
by mast cell chymase may exert its enhancing effects on the
immunoglobulin production in B cells in concert with the
signals from a Th2 cytokine, 1L-4. The mechanism however,
remains to be determined; it is possible that mast cell chymase
could enlarge the population of IgE-producing B cells as well
as IgG1-producing B cells, either by promoting class switch or
cell proliferation, or that chymase could augment IgE and
IgG1 syntheses by individual B cells.

The action of RMCP-I is dependent on its proteolytic
activity, because two inhibitors, chymostatin and Y-40613,
suppressed the enhancing effect of RMCP-I on the production
of IgE and IgG1 (Fig. 4), and an irreversible inhibitor, PMSF,
totally abolished the enhancing effect (Fig. 5). Requirement for
the enzymatic activity is similar to bovine chymotrypsin
(Fig. 1), and it is likely that both chymase and chymotrypsin
exert their effects through the same target molecule, though
mast cell chymase appeared even more effective than
chymotrypsin.

Our data employing an MMP inhibitor, GI 129471,
indicate that a Zn>"-dependent MMP is somehow involved
in the enhancement of the IgE and IgG1 responses (Fig. 6). A
precursor of some MMP that putatively modulates immuno-
globulin syntheses could be a direct target of mast cell chymase,
because chymase has been shown to activate precursors of
various MMPs, such as MMP-1 (collagenase), MMP-3
(stromelysin) and MMP-9 (gelatinase) by proteolytic cleavage
of the specific peptide bonds.'® 2! MMP inhibitors have been
shown to inhibit IgE production in human B cells stimulated
with anti-CD40 antibody and IL-4 through inhibition of pro-
teolysis of CD23,7>?* and one of them also reported that an
MMP inhibitor, batimastat, suppressed IgE production of
mouse B cells stimulated with LPS plus IL-4.2% GI 129471,
however, only suppressed the response enhanced by RMCP-I,
but not the immunoglobulin production in the absence of
RMCP-I in this report (Fig. 6). The reason for the discrepancy
between Christie er al.?* and ours is largely unknown, though
there are some differences in the experimental procedure, such
as the methods for enrichment of B cells: they used spleen cells
depleted of T cells by complement-dependent cytolysis, in
contrast to our use of MACS™ and adherence to remove both
T cells and macrophages.

Modulation of IgE response by serine proteases was first
described by Ishizaka and his colleagues to our knowledge.
GEF was a T-cell derived soluble factor that converted
IgE-binding factor produced by primed Lyt-1* FcR* T cells
to IgE-potentiating factor by enhancing its N-linked glycosy-
lation, which in turn augmented IgE production by primed B
lymphocytes.® They showed that GEF was a kallikrein-like
serine protease, and that its enzymatic activity was essential
for the GEF activity, because treatment of GEF with inhibitors
for serine proteases such as PMSF and DFP abrogated its
activity on the IgE response.” Other serine proteases, trypsin,
kallikrein and plasmin, also had GEF activity, and they
postulated that at least a part of the GEF activity was a result
of bradykinin generated from high molecular weight kininogen
by its proteolytic activity, as bradykinin in concentrations as
low as 10 ng/ml enhanced glycosylation of IgE-binding factor
produced by a T-cell hybridoma.” Mast cells of both TC type
and T type also contain a trypsin-like enzyme, tryptase, in their

granules, and it is most likely that mast cell tryptase could
have the GEF activity, as human tryptase could not only
activate plasma prekallikrein but directly generate bradykinin
from high- and low-molecular-weight kininogens.?” There is,
however, no data available about the GEF activity of mast
cell tryptase.

In inflammation driven by the Th2-type immune response
the number of mast cells would increase in the inflamed tissue
through the action of chemokines such as eotaxin and
RANTES (regulated on activation of normal T-cell expressed
and secreted), because human mast cells of TC type and their
progenitors express CCR3.%° Th2 cytokines produced
locally, such as IL-10 and IL-4, may further promote the
preferential development of TC type over the T type of mast
cells from the progenitors.?®3%3! The mast cells express the
elevated level of the high affinity receptor for IgE under
the influence of IL-4 and IgE.**3?35 When mast cells thus
primed efficiently with specific IgE are activated with the
cognate antigen, these activated mast cells may not only
initiate an allergic reaction but also induce IgE synthesis,
because the activated mast cells could express CD40L and
secrete IL-4 and IL-13.%°° Most importantly, Pawankar et al.
showed that nasal mast cells from perennial allergic patients
could express these molecules abundantly and elicit IgE
production directly in naive B cells, when triggered with a
specific allergen.*® Thus, B cells would be stimulated with the
activated mast cells as well as Th2 cells in the inflamed tissues
and form germinal centres producing IgE in situ, as shown in
humans and in mice.*'** Both our findings and others have
indicated that granular contents of mast cells other than
cytokines further support local IgE production: chymase
augments IgE production by naive B cells elicited by IL-4, as
shown in this report; tryptase generates bradykinin which in
turn potentiates IgE production from primed B lymphocytes
through IgE-binding factor;*”*” and histamine enhances IgE
synthesis, as shown in human naive B cells stimulated with anti-
CD58 antibody plus IL-4 or IL-13.** Small vesicles called
‘exosomes’ were identified in the granules in murine mast cells,
and the exosomes could also stimulate murine B cells.**
Another protease derived from the activated mast cells may
also facilitate this process: cathepsin G produced by TC type
mast cells can stimulate CD4" T cells and is a chemokinetic
factor for T cells.*>*¢ It is now obvious that mast cell products
involved in efferent phase of immune responses may have quite
a large impact on the afferent phase. A positive regulatory loop
may exist in local immune responses: activation of mast cells is
dependent on specific IgE, and the granular contents from the
activated mast cells further potentiate the local IgE production.
The local IgE production was suggested to be critical in some
diseases such as intrinsic asthma.*’

Genetic analysis also gives us a clue that mast cell chymase
has an important role in atopic inflammation. Human mast cell
chymase gene resides on chromosome 14ql1, and Mao et al.
reported an association of BstXI restriction fragment length
polymorphism of the chymase locus with atopic eczema.*® The
association is significant both in patients with pure atopic
eczema with a lower IgE level (<500 IU/ml) and in patients
with a high IgE level (>2000 IU/ml) and with a history of
asthma.**** Although mast cell chymase is likely involved in
proteolytic modulation of skin architecture in eczema, our
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data suggest that chymase may also be associated with atopic
disorders at the stage of pathogenic IgE production.

The above scenario for Th2-driven inflammation may also
be relevant in cardiovascular diseases. Mast cells of TC type are
abundant in human heart tissue and in adventitia and intima of
coronary arteries, and their function has been largely elusive.’!
Recent research discovered a role of mast cell chymase in
renin—angiotensin system: human chymase is a major enzyme
that generates angiotensin II from angiotensin I, and some
studies suggested that chymase may be much more potent
than the angiotensin-converting enzyme.>> The induction and
the amplification of IgE response by chymase may be involved
in the pathogenesis of cardiovascular diseases. Marone et al.
reviewed the increment of serum IgE level in the patients of
coronary artery diseases, and suggested the role of IgE in the
activation of cardiac mast cells in the pathogenesis.>

In order to demonstrate that mast cell chymase could act as
an enhancer of IgE production in vivo, we took advantage of
the fact that Y-40613 was orally active and had a long half life
in vivo. After subcutaneous injection of mercuric chloride,
Brown Norway rats mounted a high IgE response and multiple
disorders including polyarthritis and nephritis.** Oral admin-
istration of Y-40613 suppressed the IgE response in a dose-
dependent fashion, and reduced the severity of arthritis
and nephritis, suggesting the involvement of chymase in
the IgE response in vivo (Kobayashi, F. et al. submitted
for publication).

It is also important to know whether our finding is relevant
to humans. Our preliminary data showed that recombinant
human chymase expressed in Pichia pastoris enhanced the IgE
production by normal human peripheral blood lymphocytes
stimulated with IL-4 at a similar concentration as RMCP-I
enhanced murine IgE synthesis, although the mechanism in
detail remains to be determined (data not shown). Thus,
inhibitors for mast cell chymase could be novel therapeutics
that inhibit IgE-dependent disorders at both the induction and
effector phases.
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