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Gunnar Pejler,* Magnus Å brink,* Maria Ringvall,*

and Sara Wernersson*
Contents 1. Introduction 169
Volum
016/S

, Phys
ala, S
e 95 # 2007
0065-2776(07)95006-3 All righ

iology and Biochemistry, The Biomedical Centre, Swedish Univ
weden
Els
ts

ersi
2. E
xpression of MC Proteases
 171
2.1.
 H
uman MC proteases
 171
2.2.
 M
urine MC proteases
 173
2.3.
 R
at MC proteases
 174
2.4.
 M
C proteases from other species
 175
2.5.
 M
C protease expression profiles as MC markers
 175
3. G
enetic Organization and Regulation

of Transcription
 176
3.1.
 T
he chymase locus
 176
3.2.
 T
he tryptase locus
 179
3.3.
 T
he MC-CPA locus
 179
3.4.
 T
ranscriptional regulation
 180
4. E
volution of MC Proteases
 182
4.1.
 M
Cs in evolution
 182
4.2.
 M
C proteases in early evolution
 183
4.3.
 M
C chymase in mammalian evolution
 183
4.4.
 M
C tryptase in mammalian evolution
 184
5. P
rotein Organization and Processing
 184
6. T
hree-Dimensional Structure
 187
6.1.
 C
hymase
 187
6.2.
 T
ryptase
 189
6.3.
 M
C-CPA
 190
7. C
leavage Specificity
 190
7.1.
 C
hymase
 192
7.2.
 T
ryptase
 195
7.3.
 M
C-CPA
 195
evier Inc.
reserved.

ty of

167



168 Gunnar Pejler et al.
8. In
teraction of MC Proteases with PGS: Implications

for Storage, Activity, and Processing
 196
8.1.
 S
torage
 196
8.2.
 E
ffect of PGs on MC protease

activity/activation and processing
 201
8.3.
 S
tructural basis for GAG: MC

protease interaction
 202
9. S
ubstrates for MC Proteases
 203
9.1.
 C
hymase
 206
9.2.
 T
ryptase
 210
9.3.
 M
C-CPA
 213
9.4.
 C
oncerted action of the MC proteases
 213
10. In
 Vivo Function
 214
1
0.1.
 C
hymase
 214
10
.2.
 T
ryptase
 222
1
0.3.
 M
C-CPA
 225
11. M
C Protease Inhibitors
 226
11.1.
 S
ynthetic inhibitors
 226
1
1.2.
 In
 vivo regulation
 227
12. S
ummary and Future Perspectives
 228
Ackno
wledgments
 229
Refere
nces
 229
Abstract Mast cells (MCs) are traditionally thought of as a nuisance for its
host, for example, by causing many of the symptoms associated

with allergic reactions. In addition, recent research has put focus

on MCs for displaying harmful effects during various autoimmune

disorders. On the other hand, MCs can also be beneficial for its host,

for example, by contributing to the defense against insults such as

bacteria, parasites, and snake venom toxins. When the MC is

challenged by an external stimulus, it may respond by degranulation.

In this process, a number of powerful preformed inflammatory

‘‘mediators’’ are released, including cytokines, histamine, serglycin

proteoglycans, and several MC-specific proteases: chymases, tryp-

tases, and carboxypeptidase A. Although the exact effector mecha-

nism(s) by which MCs carry out their either beneficial or harmful

effects in vivo are in large parts unknown, it is reasonable to assume

that these mediators may contribute in profound ways. Among the

various MC mediators, the exact biological function of the MC

proteases has for a long time been relatively obscure. However,

recent progress involving successful genetic targeting of several MC

protease genes has generated powerful tools, which will enable us

to unravel the role of the MC proteases both in normal physiology

as well as in pathological settings. This chapter summarizes the

current knowledge of the biology of the MC proteases.
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ABBREVIATIONS
Ang
 angiotensin

a1-AC
 a1-antichymotrypsin

BMMC
 bone marrow-derived mast cell

CGRP
 calcitonin gene-related peptide

CPA
 carboxypeptidase

CTAP-III
 connective tissue-activating peptide III

CTMC
 connective tissue type mast cell

GAG
 glycosaminoglycan

HDL
 high-density lipoprotein

KO
 knockout

LDL
 low-density lipoprotein

MC
 mast cell

MMC
 mucosal mast cell

mMCP
 mouse mast cell protease

MMP
 matrix metalloprotease

NAP-2
 neutrophil-activating peptide 2

NDST
 N-deacetylase/N-sulfotransferase

PAR
 protease activated receptor

PG
 proteoglycan

PHM
 peptide histidine-methionine

a1-PI
 a1-proteinase inhibitor

rMCP
 rat mast cell protease

SCF
 stem cell factor

SG
 serglycin

SMC
 smooth muscle cell

TGF
 transforming growth factor

TMT
 transmembrane tryptase

VIP
 vasoactive intestinal peptide
1. INTRODUCTION

Mast cells (MCs) originate from the bone marrow, circulate in the blood as
immature precursors, and then migrate into various tissues in which they
undergo terminal differentiation under influence of local growth factors,
in particular stem cell factor (SCF) (Gurish and Boyce, 2002). MCs are
widely distributed throughout the body with a particular preponderance
at sites close to the exterior, for example, mucosal surfaces and skin. This
anatomic distribution is clearly in line with the notion of the MC as an
important player in first-line defense toward external insults. For various
general aspects of MC biology, the reader is referred to excellent review
articles (Galli et al., 2005a,b; Metcalfe et al., 1997).
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When MCs mature, they acquire numerous electron dense cytoplas-
mic granules, which can be released following an appropriate stimulus.
Out of such stimuli, cross-linking of IgE molecules bound to the high-
affinity IgE receptor, FcERI, by polyvalent antigen is the most well char-
acterized (Blank and Rivera, 2004). It has also been known for many years
that MCs can be activated in response to several other types of stimuli,
including anaphylatoxins C5a and C3a, neuropeptides (e.g., substance P),
endothelin 1 (ET-1), and engagement of Toll-like receptors or FcgRIII
(Galli et al., 2005b).

MCs are undoubtedly most well known for their harmful effects in
connection with immediate hypersensitivity reactions (Yu et al., 2006), but
MCs are also implicated in various additional disorders such as multiple
sclerosis (Secor et al., 2000), arthritis (Lee et al., 2002a), bullous pemphi-
goid (Chen et al., 2001), congestive heart failure (Hara et al., 2002), and
squamous carcinoma (Coussens et al., 1999). Although reports describing
harmful effects of MCs dominate the literature, it is important to empha-
size that MCs can also be beneficial for their host by contributing to the
innate immune defense toward certain pathogens, including bacteria
(Echtenacher et al., 1996; Malaviya et al., 1996), parasites (Ha et al., 1983),
and even toward snake venom poisoning (Metz et al., 2006). Much of this
knowledge is based on experiments using a mouse strain that lacks MCs
(the W/Wv strain), as a result of a mutation in the SCF receptor, c-kit.
By comparing the response to a certain stimulus, for example an experi-
mentally induced disease, between wild-type and MC-deficient mice, it
has been possible to specifically pinpoint an involvement of the MC in a
variety of pathological settings. Importantly however, the exact mecha-
nism by which MCs contribute to the various pathological conditions
listed above has in many cases not been clarified.

When MCs degranulate, they release a number of preformed compo-
nents to the exterior. MC activation may also cause de novo synthesis
and release of additional compounds, including PGD2, PGE2, LTB4, and
LTC4 as well as cytokines (Galli et al., 2005a,b; Metcalfe et al., 1997). Out of
the preformed MC mediators, histamine is by far the most thoroughly
characterized in terms of biological function. In addition, it has been
known for a long time that MC granules contain proteoglycans (PGs), that
is, protein ‘‘cores’’ to which glycosaminoglycan (GAG) side chains are
attached, and it is now well established that MCs also contain preformed
cytokines, for example, TNF-a (Gordon et al., 1990). Finally, MC granules
contain a number of MC-specific proteases: tryptases, chymases, and MC
carboxypeptidase A (MC-CPA). Tryptases and chymases belong to the
serine protease class, while MC-CPA is a zinc-dependent metalloprotease.
The designation of these proteases relates to their substrate specificities,
with tryptases having trypsin-like cleavage specificities, while chymases
have chymotrypsin-like specificities. MC-CPA has acquired its designation
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through its specificity for cleaving proteins/peptides from their C-terminal
end. The term ‘‘MC proteases’’ usually refers to the chymases, tryptases,
and CPA that are specifically expressed by MCs and stored within MC
granules. However, in addition to these MC-specific proteases, MCs may
contain and secrete other proteases, for example, matrix metalloproteases
(MMPs) (Baram et al., 2001), cathepsin D, C, and E (Dragonetti et al., 2000;
Henningsson et al., 2005; Wolters et al., 2000). In this chapter, the term ‘‘MC
proteases’’ will refer to the tryptases, chymases, andCPA that are present as
releasable compounds within MC secretory granules.

Mature MCs contain conspicuously large amounts of stored proteases.
For example, it has been calculated that human skin MCs contain alto-
gether�16 mg of tryptase and chymase per 106 cells (Schwartz et al., 1987).
Thus, MC degranulation will result in release of very large quantities of
proteases and it is therefore not far fetched to assume that they may
profoundly affect any process in which MCs are involved and in which
MC degranulation is a component. Indeed, a number of potential func-
tions for various MC proteases have been outlined during the years.
Noteworthy however, only in a few cases has any suggested function of
a MC protease been confirmed in vivo, for example, in experiments taking
advantage of genetically modified animals. In this chapter, the aim has
been to summarize current knowledge of the MC proteases, including
novel insights into their biological function.
2. EXPRESSION OF MC PROTEASES

The specific expression patterns for the MC proteases vary considerably
between species and also among different MC subclasses found within
a certain species (Table 1). Moreover, the repertoire of expressed MC
proteases is also a function of the degree of cellular differentiation and
can be modified following, for example, the course of a disease. The
phylogenetic relationships between the various MC tryptases and chy-
mases are indicated in Figs. 1 and 2, respectively. As indicated in Fig. 1,
MC chymases are classified as belonging to either the a- or b-class, based
on phylogenetic relationships (Chandrasekharan et al., 1996).
2.1. Human MC proteases

In humans, MCs are actually classified according to their content of MC
proteases, with MCs of the ‘‘MCT’’ class expressing tryptase only and the
‘‘MCTC’’ subclass expressing both tryptase and chymase. The MCTC sub-
class also expresses MC-CPA (Table 1). The MCT subclass is mainly pres-
ent in mucosal surfaces, for example, in lung and gut, whereas the MCTC

subclass dominates, for example, in skin and intestinal submucosa



TABLE 1 Expression of MC proteases by different MC subclasses in human,

mouse, and rat

Tryptase Chymase MC-CPA

Human

MCT b, a – –

MCTC b, a Chymase MC-CPA

Cord blood-

derived MCs

b, a Chymase ?

Rat

CTMCs rMCP-6, -7 rMCP-1, -5 MC-CPA

MMCs – rMCP-2, -3, -4, -8, -9, -10 –

BMMCs ? rMCP-2 –

Mouse
CTMCs mMCP-6, -7 mMCP-4, -5 MC-CPA

MMCs – mMCP-1, -2 –

BMMCs-IL-3

(WEHI-3B)

mMCP-6, -7 mMCP-5 MC-CPA

BMMCs-IL-3/

SCF

mMCP-6, -7 mMCP-4, -5 MC-CPA

BMMCs-IL-3/

IL-9/TGF-b1/
SCF

mMCP-6, -7 mMCP-1, -2, -4, -5 MC-CPA
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(Metcalfe et al., 1997). Importantly, only one human chymase gene,
belonging to the a-family, has been identified (Caughey et al., 1991;
Johnson et al., 1986; Urata et al., 1991), whereas two classes of secreted
tryptases, a and b, are expressed by human MCs (Miller et al., 1989, 1990;
Pallaoro et al., 1999; Schwartz et al., 1981a; Smith et al., 1984; Vanderslice
et al., 1990). Three similar b-tryptases have been identified, bI, bII, and bIII,
of which bII and bIII may be allelic variants at one locus, and bI and
a-tryptase allelic variants at a neighboring locus (Pallaoro et al., 1999).
Accordingly, it has been found that as much as 29% of the human popula-
tion are genetically deficient in a-tryptase (Soto et al., 2002). Human MCs
also express a transmembrane tryptase (denoted g-tryptase or hTMT)
(Caughey et al., 2000a; Wong et al., 2002), which appears to get exposed
at the cell surface after MC degranulation (Wong et al., 2002). In addition,
humanMCs have been shown to express an enzyme denoted d-tryptase, a
protease of trypsin-like cleavage specificity but so far of unknown
biological significance (Wang et al., 2002). Like in all other species investi-
gated, only one MC-CPA gene has been identified in humans (Goldstein
et al., 1989; Reynolds et al., 1989a, 1992). It has also been reported that
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FIGURE 1 Dendrogram of mammalian a- and b-chymases. Phylogenetic analyses of the

amino acid sequence of mature proteins were performed, using the CLUSTAL W algo-

rithm implemented in the DNAStarTM software. The length of each branch is propor-

tional to the number of mismatched residues between groups or pairs of sequences.

Granzyme A serves as an out-group. Accession numbers from the protein database of

NCBI (or Ensembl for Opossum) are listed to the right. m, murine; r, rat; s, sheep;

MCP, mast cell protease; and CMA, a-chymase.
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humanMCs contain and express neutrophil cathepsin G, a serine protease
with chymotrypsin-like cleavage specificity. This finding was originally
based on immunohistochemical evidence (Schechter et al., 1990). How-
ever, immunoblot analysis revealed that theMC cathepsin G antigen had a
higher molecular weight than that of reference cathepsin G. In a
subsequent study, cathepsin GmRNAwas identified by RT-PCR analysis
of skin tissue from patients with urticaria pigmentosa (Schechter et al.,
1994). However, the MCs were not purified, and it is therefore difficult to
completely rule out that the cathepsin G mRNA could be derived from
other cell types found within the skin. To fully establish cathepsin G as a
MC protease, it would thus be important to identify cathepsin G mRNA
expression in purified MCs.
2.2. Murine MC proteases

In rodents, MCs are usually divided into two major subclasses: mucosal
MCs (MMCs) and connective tissue typeMCs (CTMCs).As this designation
indicates, MMCs are preferentially located in mucosal surfaces, for exam-
ple, in gut, whereas CTMCs are located in, for example, skin, peritoneum,
and intestinal submucosa (Metcalfe et al., 1997).
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FIGURE 2 Dendrogram of mammalian tryptases. Phylogenetic analyses of the amino

acid sequence of mature proteins were performed, using the CLUSTAL W algorithm

implemented in the DNAStarTM software. The length of each branch is proportional to

the number of mismatched residues between groups or pairs of sequences. Granzyme A

serves as an out-group. Accession numbers from the protein database of NCBI are listed

to the right. m, murine; r, rat; s, sheep; MCP, mast cell protease; and TMT, transmembrane

tryptase.
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In mouse, MMCs mainly express two b-chymases, mouse MC prote-
ase 1 (mMCP-1) and mMCP-2 (Chu et al., 1992; Reynolds et al., 1990;
Serafin et al., 1990; Trong et al., 1989), but do not express tryptase or
MC-CPA. CTMCs also express chymases, but instead of mMCP-1 and-
2 they predominantly express mMCP-4 (b) and one a-chymase, mMCP-5
(Huang and Hellman, 1991; Reynolds et al., 1990). Yet another chymase,
mMCP-9, has been identified and shown to be specifically expressed by
MCs in the uterus (Hunt et al., 1997). In addition to chymases, mouse
CTMCs express two tryptases: mMCP-6 and -7 (Huang and Hellman,
1991; McNeil et al., 1992; Reynolds et al., 1990, 1991), and also MC-CPA
(Reynolds et al., 1989b). Similar to human MCs, mouse MCs express a
transmembrane form of tryptase, designated mTMT (Wong et al., 1999).
More recently, it was found that murine MCs express an additional
trypsin-like enzyme, mMCP-11. However, similar to mMCP-7, mMCP-
11 was mostly expressed at very early stages of MC differentiation (Wong
et al., 2004).
2.3. Rat MC proteases

Rat MCs display a protease expression pattern highly similar to that of
murine MCs. However, for historical reasons, the designation of rat MC
proteases is not in perfect analogy with the nomenclature used in mice. Rat
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MMCsexpress predominantly the b-chymase rMCP-2,which is structurally
most similar to mMCP-1 in mice, as well as two additional b-chymases:
rMCP-3 and -4 (Lützelschwab et al., 1997, 1998). In addition, rat MMCs
express several members of the rMCP-8 family (rMCP-8, -9, and -10),
a protease family of unknown substrate specificity and biological function
(Lützelschwab et al., 1997, 1998). One member of this protease family,
mMCP-8, is expressed in mouse, but it appears that mMCP-8 is expressed
by basophils rather than MCs (Poorafshar et al., 2000b). Similar to the
situation in mouse, rat MMCs do not express tryptases or MC-CPA. Rat
CTMCs express two chymases, rMCP-1 (b) and rMCP-5 (a), which
are homologues to mMCP-4 and -5, respectively (Le Trong et al.,
1987b; Lützelschwab et al., 1997). Thus, despite their discrepancy in
nomenclature, rMCP-1 and mMCP-4 are the corresponding mouse and rat
b-chymases. In addition, rat CTMCs express MC-CPA (Cole et al., 1991;
Lützelschwab et al., 1997) and two tryptases, rMCP-6 and -7 (Lützelschwab
et al., 1997), with the latter being the corresponding homologues to
mMCP-6 and -7. No detectable mRNA expression of cathepsin G was
found in a cDNA library derived from purified rat peritoneal MCs
(Lützelschwab et al., 1997).
2.4. MC proteases from other species

In sheep, two tryptases have been identified, tryptase-1 and -2 (Pemberton
et al., 2000), and two other MC proteases have also been character-
ized, sMCP-1 and -3. Interestingly, sMCP-1 has dual trypsin- and
chymotrypsin-like cleavage specificity (McAleese et al., 1998). An MC
protease of such dual cleavage specificity has also been isolated from
parasite-infected goat jejunum (Macaldowie et al., 1998). Canine MCs
express one chymase, belonging to the a-family (Caughey et al., 1990). In
addition, a dog MC tryptase has been characterized (Vanderslice et al.,
1989). Two similar tryptases have been isolated and characterized from
bovine sources (Gambacurta et al., 2003). Porcine MC tryptase with prop-
erties similar to those of human b-tryptase has also been isolated (Chen
et al., 2000). In gerbil MCs, tryptase activity has been identified and two
different chymases have been characterized: a b-chymase homologous
to mMCP-4 and an a-chymase homologous to mMCP-5 (Itoh et al., 1996).
2.5. MC protease expression profiles as MC markers

The specific expression pattern for MC proteases is a useful way to
determine the subclass of MCs. In addition, cells can actually be identified
as MCs based on their expression of MC proteases. The reason for this is
that MC proteases are highly specific for MCs. However, in some cases,
proteases classified as ‘‘MC proteases’’ can be expressed in other cell
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types. One example is the basophil lineage, which can express a-tryptase,
b-tryptase, and chymase, although at much lower levels than in MCs
(Jogie-Brahim et al., 2004; Li et al., 1998). Another example is the reported
expression of both a- and b-tryptases by human cell lines of monoblast-
like characteristics (Huang et al., 1993). Moreover, a chymase highly
similar to rMCP-2 has been reported to be expressed by rat smooth
muscle cells (SMCs), and has consequently been named SMC chymase
(Guo et al., 2001; Ju et al., 2001).
3. GENETIC ORGANIZATION AND REGULATION
OF TRANSCRIPTION

3.1. The chymase locus

The humanMC a-chymase gene (CMA1) is located on chromosome 14q11.2
at one end of a small cluster of four genes, covering �130 kb (Caughey
et al., 1993b). This cluster contains the neutrophil-specific cathepsin G gene
(CTSG) 65 kb upstream of CMA1 and the T-cell-specific granzyme H and
B genes (GZMH and GZMB) located 30 and 55 kb upstream of CTSG
(Table 2; Fig. 3A). The transcriptional orientations of these genes are the
same, and their overall genetic organization is conserved in rodents, dog,
and cattle (Gallwitz and Hellman, 2006; Gallwitz et al., 2006). However,
species-specific expansion of the locus has occurred. The locus can be
divided into a chymase and a granzyme region, and particularly in rodents,
a massive expansion of the chymase region is evident. The exon/intron
organization of a MC chymase gene is depicted in Fig. 3C.

In rat, one a-chymase and eight b-chymase genes are clustered on
chromosome 15p12. The complete locus has expanded to 1.1 Mb of
which the chymase region covers �550 kb. The genetic organization and
transcriptional orientations of Ctsg, the rMCP-5 (Cma1/Mcpt5), and rMCP-1
(Mcpt1) genes are the same as the orientation of the genes in the human
chymase locus but, interestingly, all other chymase genes, that is, Mcpt2,
-3, -4, -8, -9, and -10, transcribe in the opposite orientation (Fig. 3A).Mcpt8,
-9, and -10 are found in rat but not in human and only one member
(Mcpt8) is found in mouse.

In mouse, the MC chymase genes are closely clustered on chromosome
14C3, covering �160 kb of the complete 325-kb locus (Fig. 3A). Again, the
transcriptional orientations of the mMCP-5 gene (Cma1/Mcpt5) and Ctsg are
the same as in humans and also the mMCP-4, -8, and -9 genes (Mcpt4, -8,
and -9) are transcribed in the same direction. In contrast, the mMCP-1
and -2 genes (Mcpt1 and -2) transcribe in opposite orientation. Possibly, the
opposite transcriptional direction of mouseMcpt1/2 versus Mcpt4/5may be
related to their preferential expression in MMCs and CTMCs, respectively.



TABLE 2 Gene designation, chromosomal location, and homologues of human, mouse,

and rat MC proteases

MC proteases

Gene

designation

Chromosomal

location Homologues

MC chymases

Chymase 1 CMA1 14q11.2 mMCP-5, rMCP-5

rMCP-1 Mcpt1 15p12/13 mMCP-4

rMCP-2 Mcpt2 mMCP-2

rMCP-3 Mcpt3 mMCP-9

rMCP-4 Mcpt4 mMCP-1

rMCP-5 Cma1/

Mcpt5

mMCP-5

rMCP-8 Mcpt8 mMCP-8

rMCP-9 Mcpt9

rMCP-10 Mcpt10

mMCP-1 Mcpt1 14C1/2

mMCP-2 Mcpt2

mMCP-4 Mcpt4

mMCP-5 Cma1/

Mcpt5

mMCP-9 Mcpt9

MC tryptases

hTMT/Tryptase g TPSG1 16p13.3 mTMT, rTMT

hTryptase aI/bI TPSA1 mMCP-6, rMCP-6

hTryptase bII/bIII TPSAB1 mMCP-6, rMCP-6

hTryptase d TPSD1 mMCP-7, rMCP-7

hSPL-4 mMCP-11,

rMCP-11
rTMT Tpsg1 10q12 mTMT

rMCP-6 Mcpt6 mMCP-6

rMCP-7 Tpsab1 mMCP-7

rMCP-11 Prss34 mMCP-11

mTMT Tpsg1 17A3.3

mMCP-6 Mcpt6

mMCP-7 Tpsab1

mMCP-11 Prss34

MC-CPA

hMC-CPA CPA3 3q24 rMC-CPA,

mMC-CPA

rMC-CPA Cpa3 2q24

mMC-CPA Cpa3 3A3
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In support for such anotion, the ratMMCandCTMCchymase genes are also
transcribed in opposite directions (Fig. 3A).

3.2. The tryptase locus

The human tryptase locus resides on chromosome 16p13.3 and spans
�1.6 Mb. This locus harbors at least 11 genes (Fig. 3B). In mouse, the
tryptase locus covers 1.5 Mb, harbors 14 genes, and is situated on chromo-
some 17A3.3 (Fig. 3B; note that the genes beyond mPancreasin are not
depicted in the figure). It contains 13 functional tryptic genes and 1 non-
functional gene, mSpl. Both the human and rodent tryptase loci are
organized into two separate clusters spaced by �1.2–1.5 Mb (Fig. 3B).
The genes have been divided into group 1 and group 2 tryptases due to
conserved amino acid motifs in their propeptides (Wong et al., 2004).
Group 1 tryptases share, in their propeptide, a conserved upstream Cys-
Gly sequence and a conserved Arg/Lys at position –1. Group 2 genes
share a conserved Gly residue at position –1. In human and mouse, the
g-tryptase/TMT gene (TPSG1/Tpsg1), a group 1 gene, defines one border
of the locus, whereas human E-tryptase (TPSE1) or mousemT6 (not shown
in the figure) defines the other end. The group 2 genes are clustered close
to TPSG1/ Tpsg1 and have average sizes of only 2 kb. In contrast to the
chymase locus, the tryptase locus shows a fairly high degree of conserva-
tion as regards MC-specific transcripts, without any evident species-
specific expansion of homologous genes [Ensembl, March 2007 (Wong
et al., 2004)]. Both the mouse and rat tryptase loci contain four MC-specific
genes (Table 2): a gene for g-tryptase/TMT (a group 1 tryptase; Tpsg1) and
genes for three group 2 tryptases: mMCP-6/rMCP-6 (Mcpt6), mMCP-7/
rMCP-7 (Tpsab1), and mMCP-11/rMCP-11 (Prss34). The exon/intron
organization of an MC tryptase gene is depicted in Fig. 3D.

3.3. The MC-CPA locus

The MC-CPA gene organization is well conserved in human (CPA3),
mouse, and rat (Cpa3). In human and mouse, CPA3/Cpa3 is situated on
chromosome 3q24 and 3A3 and contains 11 exons that span over 32 and
FIGURE 3 Genetic organization of MC proteases. An overall organization comparison of

the chymase (A) and tryptase (B) locus in human, mouse, and rat. Note the expansion of

chymase genes in rodents. Numbers indicate the distances in kilobases (kb) between genes.

Arrows at standing bars show the transcriptional orientationof respective gene.C indicates

a nonfunctional gene. The scale is indicated by a bar and a number (kb); note that the rat

chymase locus is displayed at a size 1:3 to the human and mouse locus. The human, mouse,

and rat tryptase locus scale is 10 kb. The overall exon/intron structures of chymase and

tryptase genes are depicted in (C) and (D), respectively. The positions of the serine protease

catalytic triad residues, His, Asp, Ser, are indicated.



180 Gunnar Pejler et al.
27 kb, respectively. In rat, Cpa3 is situated on chromosome 2q24 and is
built from 12 exons that span over 34 kb (Ensembl, March 2007).
3.4. Transcriptional regulation

During differentiation, MCs depend on different cytokines for prolifera-
tion, maturation, and survival (Gurish and Boyce, 2002). To study various
aspects of MC differentiation, including regulation of MC protease
expression, many studies have used protocols in which bone marrow
cells are differentiated in vitro into MC phenotype, so-called bone
marrow-derived MCs (BMMCs). In a hallmark study, Gurish et al. (1992)
developed murine BMMCs in the presence of conditioned medium from
WEHI-3B cells (a murine macrophage-like myelomonocytic cell line) and
showed thatMcpt5, -6, and Cpa3were upregulatedwithin the first week of
culture. WEHI-3B-conditioned medium thus contains factors that drive
expression of MC proteases. Two of these factors were identified as IL-3
and SCF, of which IL-3 seems to promote expression of Mcpt5 and Cpa3.
Cpa3 is actually one of the first MC protease genes to be expressed and
detected inMCsdifferentiating frombonemarrowprogenitors (Rodewald
et al., 1996). SCF induced similar protease expression as IL-3 but also
promoted expression of Mcpt4, which is considered to be a marker of
terminally differentiated CTMCs. Interestingly, when IL-3 and SCF were
combined, Mcpt4 was not expressed, indicating that IL-3 arrests the MCs
in a more immature state that SCF cannot override (Gurish et al., 1992).
Other cytokines that influence the transcriptional activity of MC proteases
include TGF-b1, activin A, IL-4, IL-9, and IL-10. TGF-b1 and IL-9 seem to
promote the in vitro differentiation of bone marrow cells into more
mucosal-like MCs, enhancing the expression of the characteristic
MMC chymase genes, Mcpt1 and -2 (Miller et al., 1999). Whereas Mcpt4
expression appears to be a late differentiation marker for CTMCs, Mcpt2
expression has been suggested to be a late differentiation marker for
MMCs (Serafin et al., 1990). A combination of IL-9 or IL-10 and SCF induces
expression of Mcpt1, -2, and -4, an induction that was counteracted
when IL-4 was added to the cultures (Eklund et al., 1993). So, how is
the transcription and the protein levels of the MC proteases controlled?
Is it dictated by specific transcription factors or by posttranscriptional
events? In one study, it was reported that IL-10 induces expression of
Mcpt1 and -2 in BMMCs (Xia et al., 1996). However, when using a nuclear
run-on analysis, transcripts for Mcpt1 and -2 were found even in the
absence of IL-10, indicating that Mcpt1 and -2 are constitutively tran-
scribed by the MCs. Based on these findings, it was suggested that IL-10
stimulation results in higher levels ofMcpt1 and -2 transcripts by increas-
ing the mRNA stability (Xia et al., 1996). In contrast, glucocorticoids
seem to inhibit IL-10-induced stabilization of Mcpt1 and -2 transcripts by
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promoting mRNA degradation. The mRNA levels for Mcpt6 and -5 were
not affected to a major extent by glucocorticoids but, strikingly, transcrip-
tional levels for the serglycin (SG) gene and Cpa3 were upregulated
(Eklund et al., 1997).

In mouse, the 5 exon/4 intron organization of the chymase genes is
well conserved, and also the promotor/enhancer regions display strong
conservation (Huang and Hellman, 1994). In fact, the upstream regions
(up to –1200) of Mcpt1, -2, -4, and -9 all show very strong sequence
conservation, pointing to a common theme in their transcriptional regu-
lation. In contrast, the upstream region of Mcpt5 displays only partial
homology to the rest of the chymase locus. The upstream region of Mcpt8
shows no homology to the rest of the chymase locus (Lunderius and
Hellman, 2001; Tchougounova et al., 2003).

In a series of elegant studies, Kitamura and coworkers identified that
the mi transcription factor (MITF), a basic helix-loop-helix-leucine zipper
transcription factor, controls and enhances the transcriptional activity of
most of the MC protease genes. MITF regulates transcription through
specific E-boxes (CANNTG motifs) located –100 to –1200 upstream of
the respective gene. These studies took advantage of a mouse strain
with a mutant form of MITF which is a poor transactivator of the MC
protease genes (Ge et al., 2001; Jippo et al., 1999; Morii et al., 1994, 1996,
1997). It was reported that the leucine zipper (ZIP) domain of MITF is
important for normal MC development and that overexpression of nor-
mal MITF rescued expression of the MC protease genes (Morii et al.,
2001a). Of the chymase genes, Mcpt4 was shown to be regulated directly
by MITF as a targeted deletion of the E-box, at position –383 to –378,
abrogated the transcriptional activity (Jippo et al., 1999). In contrast,Mcpt5
was indirectly regulated by MITF as MITF did not bind to the promotor
region ofMcpt5. Here, addition of SCF rescued the transcriptional activity
of Mcpt5 in mi mutant MCs (Morii et al., 1997). Also Mcpt2 and -9 are
regulated by MITF (Ge et al., 2001), whereas, in contrast, Cpa3 transcrip-
tion appears to beMITF independent (Morii et al., 1996). Finally, a striking
observation in the mi mutant mice was that the mRNA levels for Ctsg and
Gzmb were also diminished. Therefore, it has been suggested that one or
several locus control regions, guided byMITF, controls the transcriptional
activity of the chymase locus in mice (Jippo et al., 1999).

Also MC tryptase expression is regulated by MITF. Kitamura and co-
workers demonstrated that the expression of Mcpt6 was directly regulated
byMITF (Morii et al., 1994, 1996).On interaction ofMITFwithpolyomavirus
enhancer-binding protein 2/core-binding factor (PEBP2/CBF), a synergis-
tic effect was seen on the level of Mcpt6 transcription. The interaction
between PEBP2/CBF and MITF was achieved through the N-terminal
region of MITF (Ogihara et al., 1999). In another study, the myc-associated
zinc finger protein-related factor (MAZR)was found to interactwith theZIP
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domain ofMITF and synergistically activateMcpt6. The zinc finger domain
of MAZR was crucial for the interaction to MITF (Morii et al., 2002).
In addition, the transcription factor c-jun has been implicated in regulation
of Mcpt6 through interaction with MITF (Kim and Lee, 2004). In contrast,
Tpsab1 (the gene for mMCP-7) does not seem to be positively regulated by
MITF (Ogihara et al., 2001). The levels of Tpsab1 transcript increase when
MCs are activated with TGF-b1 and activin A and decrease in the presence
ofMITF. The role ofMITF in this systemmay be to inhibit Smad3-mediated
transcription (Funaba et al., 2003). Finally,MITF regulates TMTgene expres-
sion by binding to two E-boxes located at position –1708 and –1805, respec-
tively (Morii et al., 2001b). In summary,MITFmay controlMCprotease gene
regulation either by making direct contact with promotor elements or by
interacting with other transcription factors.

Considering that MC proteases may be important components of
inflammatory pathways (Section 10), it would be likely that their expres-
sion is induced by inflammatory stimuli, for example, MC-activating
agents. However, there is to date no firm evidence supporting such a
notion. Instead, it appears that the expression of the MC proteases is
constitutive. As an example, MCs from various sources (e.g., BMMCs,
peritoneal MCs) contain high steady state levels of transcript coding for
the various MC proteases. Further, there is no striking evidence that MC
activation, for example, by FcERI cross-linking, results in increased tran-
scription of the MC protease genes (Xia et al., 1997). In many cases, how-
ever, it has been shown that the mRNA levels for MC proteases are
markedly increased in a tissue during the course of a disease. For example,
the infection of rats with Nippostrongylus brasiliensis induces upregulation
ofMMCprotease expression (Table 1; Lützelschwab et al., 1997). However,
the parasite infection causes a dramatic influx of MMCs into the infected
tissue. Hence, it appears likely that the increased mRNA levels arise from
the increased numbers of MCs present, rather than upregulated mRNA
levels within individual MCs.
4. EVOLUTION OF MC PROTEASES

4.1. MCs in evolution

MCs or MC-like cells have been observed in essentially all vertebrates, as
well as in some invertebrates, for example, clams (Ulrich and Boon, 2001)
and tunicates (Cavalcante et al., 2002). The widespread presence of MCs
indicates that they have indeed played an important beneficial role, also
in early evolution. However, most research on MC-derived proteases
has been done in mammals. Therefore, it is still an open question whether
MCproteases have an ancient origin or if they are restricted tomammalian
species.
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4.2. MC proteases in early evolution

It has not been clearly established whether MC proteases are present in
MCs of primitive vertebrates or invertebrates. A recent study searching
specifically for chymase-related genes in bony fish (teleosts) revealed that
the closest related group of proteases in teleosts differs significantly in
primary structure from their mammalian counterparts (Wernersson et al.,
2006). Thus, there are no direct structural homologues in teleosts to MC
chymase or to any of the other proteases encoded by the chymase locus,
that is, to granzyme B-H, rodent mMCP-8/rMCP-8 family, cattle duode-
nases, or cathepsin G. In contrast, the T-cell granzyme A (and K) can
clearly be traced back to early vertebrate evolution, as demonstrated by
the identification of single genes with close sequence homologies in sev-
eral species of teleosts (Praveen et al., 2004; Wernersson et al., 2006),
together with data supporting functional homology (Praveen et al., 2006).
The lack of primary structure homologues to MC chymase in teleosts does
not exclude the possibility that functional homologuesmay exist. Indeed, a
previous report suggests that chymotrypsin-like activity is conferred by
granzyme-like proteases in teleosts (Praveen et al., 2006). Certainly, in order
to determine the origin and evolutionary importance of the MC proteases,
it will be of great interest to identify proteases with chymotrypsin-like,
trypsin-like, or CPA activity in MC-like cells of primitive life-forms.
4.3. MC chymase in mammalian evolution

The phylogenetic relationships of MC proteases in mammals have been
more thoroughly investigated (Caughey, 2001; Huang and Hellman, 1994;
Lützelschwab et al., 1997). One or two a-chymase genes seem to be present
in every mammalian species studied so far, whereas b-chymases are
restricted to rodents. Although the rodent a-chymases, mMCP-5 and
rMCP-5, cluster together with the single human a-chymase in phyloge-
netic analyses (Fig. 1), they are most likely not the closest functional
homologues to human chymase since they have no chymase activity.
Instead they have acquired elastase activity (Karlson et al., 2003; Kunori
et al., 2002), presumably as a result of a reduced selective pressure on
a-chymases in rodents due to the presence of b-chymases. It is possible
that b-chymases have emerged exclusively in rodents. On the other hand,
the identification of a dog chymase-like gene, Cma2, related to both a- and
b-chymases favors the alternative hypothesis that an ancestral b-chymase
gene was present, at least before the divergence of carnivores and rodents,
which subsequently was lost in primates and ruminants (Gallwitz and
Hellman, 2006).

Interestingly, the chymase locus can be dated back to at least 200 Myr
ago, that is to early mammalian evolution. This was demonstrated by the
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presence of a single chymase-like gene in platypus and two related genes
in opossum (Gallwitz et al., 2006; Poorafshar et al., 2000a). In fact, of all
the genes within the chymase locus, the a-chymase gene seems to have
emerged first since one of the chymase-related genes in opossum
clustered firmly within the a-chymase group in phylogenetic analyses,
whereas the other gene related nearly equally well to any of the other
genes of the chymase locus (Gallwitz et al., 2006). The chymase locus has
undergone diverse changes during mammalian evolution, characterized
by multiple species-specific gene duplications, deletions, neofunctionali-
zation, or loss of function (Gallwitz et al., 2006). In this context, rodents
stand out as their chymase loci have expanded remarkably in relation to
that in other mammals. For instance, mice and rats hold at least four and
eight expressed chymase genes, respectively, as compared to the single
chymase gene in humans. The reason for this difference is not known, but
onemay speculate that a larger pathogenic exposure in rodent lifestyle has
fueled the expansion and diversification of the chymase gene family in
mice and rats.
4.4. MC tryptase in mammalian evolution

TheMC tryptase locus has undergone extensive gene duplications, similar
to that seen in the rodent chymase locus. However, these duplications
have most likely occurred already before the separation between humans
and rodents, as demonstrated by the presence of similar numbers of
corresponding genes in humans, mice, and rats (Wong et al., 2004). It is
difficult to trace the origin of the tryptase locus since most investigations
have studied the genes only of placental mammals. Yet, the high degree of
diversification and homology between different species implies an ancient
origin. For example, the closely related g-tryptase genes in mice, rats, and
humans suggests that an ancestor gene must have separated from the
other tryptase genes long before the separation of rodents and primates
(Caughey, 2001; Fig. 2). The recently completed genome databases from
many distantly related species will be rich sources of information in
tracking the evolutionary events forming the tryptase locus.
5. PROTEIN ORGANIZATION AND PROCESSING

The MC proteases are all synthesized as preproenzymes, that is, with an
N-terminal signal peptide directing them into the ER lumen. Cleavage
of the signal peptide then results in generation of proforms of the
respective proteases, and subsequent cleavage of the propetide results in
formation of mature enzyme. In no case has a proform of anyMC protease
been isolated from natural sources to allow N-terminal sequencing and
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determination of the exact site for cleavage of the signal peptide in vivo.
However, cleavage sites in the signal peptides have been predicted based
on the rules of von Heijne (1984). Hence, mMCP-6 and -7 have been
predicted to have 10-amino acid-long propeptides (McNeil et al., 1992;
Reynolds et al., 1991), whereas human b-tryptase has been proposed to
have a slightly longer signal peptide, 12 amino acids (Sakai et al., 1996a).
In chymases, it has been postulated that the preproenzyme is cleaved at
the –2 position, leaving a 2-amino acid activation pro/activation peptide
(Caughey et al., 1991; Huang et al., 1991; Serafin et al., 1991; Urata et al.,
1991). This is in analogy with a number of other serine proteases of
hematopoietic origin, for example, granzymes, elastase, and cathepsin G,
which all are known to possess 2-amino acid activation peptides. The
preproenzymes of both mouse and human MC-CPA have been predicted
to have 15-amino acid-long signal peptides, followed by 94 amino acid
pro/activation peptides (Reynolds et al., 1989a, 1991).

An unusual feature of the MC proteases is that they are all stored as
fully processed enzymes, that is, with the propeptide removed. This is
in sharp contrast with, for example, the pancreatic digestive proteases,
which are stored as proenzymes and are activated after release into the
gut lumen. The storage of such massive amounts of fully active proteases
within MC granules probably imposes a major challenge for the host cell,
considering that escape of the granular proteases into the cytosol may
cause serious damage. Most likely, the MC needs protective systems in
form of protease inhibitors that neutralize proteases that escape into the
cytosol. The existence of such protective mechanisms has not been inves-
tigated to any major extent. A likely possibility is that protection against
MC proteases leaking into the cytoplasm is conferred by one or several of
the relatively recently identified intracellular protease inhibitors of the
serpin class (Silverman et al., 2004). In line with such a notion, Strik et al.
(2004) showed that an intracellular serpin, PI6, is present in human MCs
and forms complexes with monomeric b-tryptase.

The fact that MC proteases are stored in fully active form may have
an important impact on the understanding of their biological function.
Indeed, the storage of the proteases in active form and in such large
amounts strongly suggests that the ability to rapidly release preactivated
proteases is functionally important for the MCs. The most obvious impli-
cation of this is that the MC proteases are aimed to function in the initial
phase during a response toward pathogens.

The exact mechanism and enzymes responsible for propeptide proces-
sing, leading to mature MC proteases, are only partly understood and are
best characterized for the chymase family. Dikov et al. (1994) showed
that inhibitors of dipeptidyl peptidase I (DPPI; synonym for cathepsin C),
a cysteine protease with specificity for cleaving dipeptides from the
N-terminus, prevented prochymase activation in the KiSV-M9 cell line,
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suggesting that DPPI could be involved in processing of the N-terminal
dipeptide of prochymases. Support for this notion came when it
was demonstrated in a purified system that DPPI can process the
N-terminal dipeptide of recombinant human prochymase and that this
cleavage resulted in active enzyme (Murakami et al., 1995). An important
implication of this finding is that the N-terminal processing of the pro-
peptide is itself sufficient for gaining enzymatic activity, which appears to
be in contrast to the tryptases (see below). The ability of DPPI to cleave off
the propeptide in human prochymase has also been confirmed by other
laboratories (McEuen et al., 1998). Further strong support for a role of
DPPI in prochymase processing came through the knockout (KO) of the
DPPI gene in mice, and the demonstration that mice lacking DPPI fail to
generate active CTMC chymases in vivo. This was shown both by in situ
enzymatic determinations and by that mMCP-5 was exclusively present
in its proform in DPPI�/� BMMCs (Wolters et al., 2001). Hence, DPPI is
essential for activation of the CTMC chymases and is presumably also
involved in the propeptide processing of the MMC chymases, mMCP-1
and -2. Moreover, it is likely that DPPI has the corresponding function in
processing of human prochymase, although this notion remains to be
proven in vivo. An interesting finding in this context is a loss-of-function
mutation in the DPPI gene in the Papillon–Lefevre syndrome, a rare
disorder characterized by increased susceptibility to early onset peri-
odontitis (Toomes et al., 1999). By using material from patients suffering
form this disorder, it would be possible to investigate if DPPI indeed
activates also the human prochymase.

The N-terminal processing mechanisms involved in tryptase activa-
tion are much less characterized than those of the chymases. In one report,
it was suggested that, similar to the chymases, also protryptases were
N-terminally processed by DPPI (Sakai et al., 1996b). It was proposed that
protryptase was capable of autocatalytic processing at the Arg(-3)–Val(-2)
bond and that DPPI proceeded by cleaving off the remaining dipeptide.
Further support for a role of DPPI in tryptase processing came from
studies on the DPPI KO strain in which it was demonstrated that the
levels of mature tryptase were somewhat lower in DPPI�/� MCs than in
wild-type counterparts (Wolters et al., 2001). However, in contrast to the
effect on chymases, there was no corresponding accumulation of protryp-
tase in DPPI�/� cells and it is thus not possible to firmly establish a role
for DPPI in protryptase processing.

The processing steps leading to formation of mature MC-CPA are not
fully understood. In an early report, it was shown that addition of a cysteine
proteases inhibitor (E-64d) to KiSV-MC14 cells, a cell line in which both
pro- and mature MC-CPA is detected, resulted in the accumulation of pro-
MC-CPA (Springman et al., 1995). However, pro-MC-CPA processing was
not affected by a DPPI inhibitor, indicating that the processing is catalyzed
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by a cysteine protease other than DPPI. An interesting observationwas that
the pro-MC-CPA processing occurred within the secretory granule rather
than in ER orGolgi (Springman et al., 1995), a finding that is supported by an
independent study (Rath-Wolfson, 2001).More recently, we sought to iden-
tify the proteases involved in processing of pro-MC-CPA by making use
of mouse strains lacking individual cathepsins. In line with the previous
observations, we did not see any accumulation of pro-MC-CPA in BMMCs
lacking DPPI/cathepsin C (Henningsson et al., 2003). Instead, the KO of
DPPI caused an accumulation of mature MC-CPA, suggesting that DPPI
maybe involved in regulating the amount of storedmatureMC-CPAwithin
the MC secretory granule (Henningsson et al., 2003). Further, no accumula-
tion of pro-MC-CPA was detected in MCs from animals deficient in either
cathepsin B, -L, or -S (Henningsson et al., 2003, 2005). In contrast, when
analyzing MCs from mice lacking cathepsin E, an aspartic protease, we
noticed a clear accumulation of pro-MC-CPA (Henningsson et al., 2005).
However, matureMC-CPAwas present to some extent even in the absence
of cathepsin E, indicating that cathepsin E is not essential for pro-MC-CPA
processing. Absence of a related aspartic acid protease, cathepsinD, did not
alter the levels of pro-MC-CPA. Thus, the ability to process pro-MC-CPA is
not a general property of aspartic acid proteases (Henningsson et al., 2005).
6. THREE-DIMENSIONAL STRUCTURE

6.1. Chymase

The crystal structures have been solved both for rMCP-2 (Remington et al.,
1988) and human chymase (McGrath et al., 1997; Pereira et al., 1999;
Fig. 4A). In addition, the structure of human prochymase was solved
(Reiling et al., 2003). The three-dimensional structure of human MC chy-
mase revealed a high degree of similarity with pancreatic chymotrypsin,
rMCP-2, and cathepsin G. A striking feature of human chymase, but not
of rMCP-2, is the presence of a large number of basic amino acid residues
(Lys/Arg) in two distinct clusters on the molecular surface (Fig. 4B). Most
likely, these clustered basic residues are involved in the interaction of
chymase with anionic GAGs (Section 8). By solving the crystal structure
of human prochymase, important clues were given as to the molecular
events taking place during the chymase activation process. It was shown
that two loops, the autolysis loop (Gly142-Thr154) and the 180 s loop
(Pro185A-Asp194), were positioned in a way that may prevent enzymatic
activity in the proform, and that rearrangement of these structural ele-
ments after propeptide processing unleashes the chymase proteolytic
activity (Reiling et al., 2003).

Additional insights into the three-dimensional structures of the chy-
mases have been derived from molecular modeling studies. In one study,
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FIGURE 4 (A) Structure of human chymase in ribbon representation. Two N-linked
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the four major murine MC chymases, mMCP-1, -2, -4, and -5, were
modeled (Sali et al., 1993). An interesting finding in that study was that
the murine chymases differed markedly with regard to their electrical
charge distribution on the molecular surface. Both mMCP-4 and -5 were,
similar to the human chymase (Fig. 4B), predicted to contain two distinct
patches of positive charge (Lys/Arg residues), and it was proposed that
these regions mediate tight interactions with the highly negatively
charged heparin PGs that are present in mMCP-4/5-expressing MCs
(i.e., CTMCs). In contrast, mMCP-1 and -2 lacked one of these positive
patches, and itwas discussed that the lower exposure of positive charge on
themMCP-1/2 surface is related to the lower charge of the PGs resident in
mMCP-1/2-expressing MCs (MMCs) than of the CTMC PGs (Enerback
et al., 1985).
6.2. Tryptase

In contrast to the chymases, which are active in monomeric form, it
was early discovered that the active form of MC tryptase is a tetramer
(Schwartz, 1981a). It is now known that MC tryptases from other mam-
malian species share the tetrameric organization. Further, it was shown
that disruption of the tryptase tetramer into monomers caused inactiva-
tion of the tryptase (Schwartz and Bradford, 1986). Thus, it was inferred
that the tetramerization procedure is necessary for gaining enzymatic
activity. Another remarkable feature of MC tryptase is its complete resis-
tance to endogenous macromolecular protease inhibitors (Smith et al.,
1984), although the enzyme is readily inhibited by synthetic low molecu-
lar weight inhibitors. The latter findings indicated that the active sites of
tryptase have limited access to the exterior, but the explanation for these
findings remained obscure for a long time. These issues were all resolved
when human b-tryptase was crystallized and its three-dimensinal struc-
ture solved (Pereira et al., 1998). It was found that the tryptase tetramer
was organized as a flat rectangular frame with one tryptase monomer in
each of its corners (Fig. 4C). A central pore is formed at the interior of the
tetramer and, remarkably, all of the active sites were facing this central
por e (Fig. 4C and D). Since the entry in to the centr al pore is quite narrow
(�40 � 15 Å), most macromolecular compounds would not be able to
enter, thus providing a perfect explanation for the resistance of tetrameric
tryptase to macromolecular protease inhibitors. Further, this structural
anatomy implies that many macromolecular potential substrates are
excluded from access to the active sites. Indeed, many of the identified
tryptase substrates are lowmolecular compounds (Table 6). In addition to
b-tryptase, also the structure of human a-tryptase has been solved.
a-Tryptase displayed a similar tetrameric organization and general
structural features as b-tryptase (Marquardt et al., 2002).
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Although it is clear that active tryptase predominantly occurs in a
tetrameric form, it has been suggested that tryptase also can be active in
a monomeric state (Addington and Johnson, 1996). Further evidence for
this camewhen Hallgren et al. (2001b) showed that recombinant mMCP-6,
when activated by lowmolecular weight heparin, gained enzymatic activ-
ity without concomitant tetramerization (Fig. 5A). Importantly, it was
demonstrated that activemonomericmMCP-6, in contrast to its tetrameric
counterpart, was readily inhibited by a macromolecular protease inhibi-
tor. Further, monomeric mMCP-6, in contrast to the tetrameric form,
degraded fibronectin (Hallgren et al., 2005), a protein that is predicted to
be too large to enter the central pore of a tryptase tetramer (Sommerhoff
et al., 2000). In a subsequent study, it was demonstrated that tetrameric
human b-tryptase, under conditions mimicking those that tryptase is
exposed to after its exocytosis in vivo, can dissociate to functionally distinct
active monomers (Fajardo and Pejler, 2003a). The notion that active mono-
mers can be generated from tetrameric human b-tryptase has also been
confirmed independently (Fukuoka and Schwartz, 2004). Moreover, simi-
lar to mMCP-6, it has been reported that activation of human recombinant
b-tryptase with low molecular weight heparin resulted in generation of
active tryptasemonomerswith properties distinct from those of tetrameric
tryptase (Hallgren et al., 2005).
6.3. MC-CPA

To date, no MC-CPA has been crystallized. Thus, insights into the three-
dimensional structure of MC-CPA are so far derived from predictions
made by modeling of MC-CPA based on the known structure of other
carboxypeptidases. Using such strategy, it was predicted that murine pro-
MC-CPA displays high structural similarity to porcine pancreatic pro-
CPA and -B (Springman et al., 1995). Moreover, it was found that large
areas of positive charges were present on the molecular surface, and it
was suggested that these areas most likely are involved in interactions
with anionic PGs (Springman et al., 1995).
7. CLEAVAGE SPECIFICITY

The key to understanding the function of any protease is to identify its
in vivo substrate(s). Important clues to this issue may come from determin-
ing the fine cleavage specificity of a protease, and then search for matching
peptide sequences inpotential target proteins/peptides. Information regard-
ing the exact cleavage specificity of a protease can also be useful when
constructing inhibitors of the protease. In the following, cleavage sites
are designated by using the nomenclature of Schechter and Berger (1967),
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that is, where the P1 position corresponds to the residue at the N-terminal
side of the cleavage site and the P10 residue is on the C-terminal side.
Hence, the P1–P10 bond constitutes the cleavage site (scissile bond), P2,
P3, and so on, residues are located further to the N-terminal end, and P20,
P30, and so on, are to the C-terminal end of the cleavage site (Table 3).

Mainly two types of approaches have been employed for determining
the substrate specificities of the MC proteases. The first type of approach
utilizes chromogenic substrateswhere a chromofore (usually 4-nitroanilide;
pNA) is replacing the P10 residue and where the P1, P2, and so on, residues
are varied. A disadvantage with this methodology is that no information is
obtained with regard to the contribution of the P10, P20, and so on, residues
to the cleavage specificity. Another inherent limitation of this methodology
is that a full covering of all possible variants at, for example, the P1–P4
positions would require chemical synthesis of an enormous amount of
different chromogenic substrates. Another approach to determine cleavage
specificity is to use peptide phage display technique. An advantage of this
method is that information is also gained regarding the influence of the P10,
P20 residues to the cleavage specificity. Further, a peptide phage librarywill
contain farmore combinations of sequences thanwhat is practically feasible
using a pNA substrate-based approach.
7.1. Chymase

In an early study, Powers et al. (1985) investigated the substrate specifi-
cities of rMCP-1, -2, human chymase, and dog chymase by using a chro-
mogenic substrate-based approach. They found that all of these chymases
showed a preference for Phe at the P1 position, but Tyr, Trp, and Leuwere
also well tolerated. By varying the P2–P4 positions, a slight preference
for hydrophobic residues at the P2 and P3 positions was noted (Powers
et al., 1985). Importantly, the substrate specificities of all tested chymases
were relatively similar. Karlson et al. (2002) employed a peptide phage
display-based approach to study the cleavage specificity of the rat chy-
mase, rMCP-4. In accordance with its predicted chymotrypsin-like speci-
ficity, rMCP-4 preferred Tyr and Phe at the P1 position. Further, there
was a striking preference for bulky/aromatic residues at the P2 position,
for Val at P3, for Leu at the P4 position, for residues with small side chains
at the P20 position, and a slight preference for Arg at the P10 position.
Based on the findings, a consensus sequence of Leu-Val-Trp-Phe-Arg-Gly
was generated, and the corresponding synthetic peptide was cleaved
by rMCP-4 exclusively at the Phe–Arg bond. However, it remains to be
shown whether this consensus sequence is the in vivo target for rMCP-4.
In a follow-up study, Karlson et al. (2003) studied the cleavage specificity
of rMCP-5 by peptide phage display technique. Prior to the study, it
had been predicted that rMCP-5 (and its mouse homologue, mMCP-5)



TABLE 3 Identified cleavage sites for MC chymases

Chymase References

#
Human chymase P4-P3-P2-P1-P10-P20-P30-P40

Ang I I H P F H L Reilly et al., 1982

Fibronectin S G P F T D V R Okumura et al., 2004

-‘‘- Q M I F E E H G Okumura et al., 2004

Serum albumin R E T Y G E M A Raymond et al., 2003

C1-inhibitor K M L F V E P I Schoenberger et al., 1989

Procollagenase Q F V L T E G N Saarinen et al., 1994

a2-macroglobulin R V G F Y E S D Walter et al., 1999

IL-1b N E A Y V H D A Mizutani et al., 1991

Procollagen 1a L K S L S Q Q I Kofford et al., 1997

SCF T K P F M L P P Longley et al., 1997

ET-1 V V P Y G L G S Nakano et al., 1997

Hepatocyte

growth factor

I V N L D H P V Raymond et al., 2006

apoA-I A T V Y V D V L Lee et al., 2003a

apoA-I V S Q F E G S A Lee et al., 2003a

proIL-18 Q V L F L D Q G Omoto et al., 2006

rMCP-1

Ang I D R V Y I H P F Le Trong et al., 1987a

Fibronectin V E V F I T E T Tchougounova et al., 2001

-‘‘- T T P F S P L V Tchougounova et al., 2001

-‘‘- I T I Y A V E E Tchougounova et al., 2001

Thrombin E K T F G A G E Pejler et al., 1995

-‘‘- R E T W T T S V Pejler et al., 1995

-‘‘- L S D Y I H P V Pejler et al., 1995

Dog chymase

Pro-MMP-9 L G K F Q T F E Fang et al., 1997

-‘‘- F Q T F E G D L Fang et al., 1997

mMCP-4

Ang I D R V Y I H P F Caughey et al., 2000b;

Lundequist et al., 2004

Ang I I H P F H L Caughey et al., 2000b;

Lundequist et al., 2004

Hepatocyte

growth factor

I V N L D H P V Raymond et al., 2006

Cleavage sites are indicated using the nomenclature of Schechter and Berger (1967). The scissile bond is
indicated by an arrow.
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actually may display elastase-like cleavage specificity, that is, cleave after
small aliphatic residues rather than after aromatic residues. The basis for
this prediction is the presence of a Val (Val199; corresponding to position
216 in chymotrypsin) residue at the primary specificity pocket (S1 subsite),
a property that normally confers elastase-like cleavage specificity. In chy-
motrypsin-like serine proteases, the corresponding residue is occupied by
a Gly residue (Solivan et al., 2002). Indeed, the peptide phage display
analysis, along with data using chromogenic substrates, clearly indicated
that rMCP-5 has elastase-like enzymatic properties with a preference for
Ile, Val, or Ala at the P1 position (Karlson et al., 2003). A further examina-
tion of the residues flanking the scissile bond revealed a slight preference
for hydrophobic residues at the P2 and P3 positions, that is, similarly to
other studied chymases (Powers et al., 1985). Further, there was a marked
preference for an acidic residue at the P20 position. The elastase-like
properties of rMCP-5 (and also mMCP-5) are also supported by another
study (Kunori et al., 2002).

An interesting feature of the human chymase structure is the cationic
properties of the S20 subsite, that is, the binding site for the P20 residue
(Table 3), due to the Lys40 residue (not present in pancreatic chymotryp-
sin). The cationic nature of S20 is clearly compatible with accommodation
of negatively charged residues at the substrate P20 position. This, in turn,
may explain the productive binding of angiotensin I (Ang I; Asp1-Arg2-
Val3-Tyr4-Ile5-His6-Pro7-Phe8-His9-Leu10) to the active site of human
chymase, with the carboxyl group of the C-terminal Leu residue of Ang
I interacting with the S20 subsite. Clearly, these findings are well in line
with the notion that human chymase preferentially cleaves the Phe8–His9
bond of Ang I (rather than the Tyr4–Ile5 bond which results in Ang I
degradation), leading to activation (Section 9.1.1.).

An additional approach to address the cleavage specificity of a pro-
tease is to identify the cleavage sites after incubation of the protease with
a substrate protein/peptide. Alignment of identified cleavage sites may
then reveal consensus sequences for cleavage. Examples of identified cleav-
age sites for MC chymases in various proteins are displayed in Table 3.
An examination of such identified cleavage sites confirms the strict req-
uirements for aromatic residues or Leu at the P1 position. An interesting
observation is that Pro is often found at the P2 position of sequences
recognized by human chymase, in agreement with that chromogenic sub-
strates with a P2 Pro are good substrates for human chymase (Powers et al.,
1985). Aliphatic residues are also frequently found at P2. Moreover, it is
clear that the P3–P4 positions show a high degree of variability. Another
finding in line with the phage display data reported for rMCP-5 (see above)
and the predictions based on the crystal structure of human chymase (see
above) is that acidic residues (Asp/Glu) often occupy the P20 position of
sites cleaved by human chymase.
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Together, the available data on the fine substrate specificities of chy-
mases suggest that they are relatively promiscuous, except for the strict
requirements at the P1 position and the preference for an acidic P20

residue. It may thus not be possible to determine the physiological targets
for the chymases, solely based on identification of preferred cleavage sites.
Rather, selection of physiological targets will most likely depend on other
factors such as availability of potential substrates at sites of MC degranu-
lation and concentration of substrate. In addition, it is important to note
that several of the MC chymases, for example human chymase, mMCP-4,
and -5, most likely occur in vivo in macromolecular complexes with
heparin/chondroitin sulfate (CS) PGs, and there is much evidence sug-
gesting that such association with PGs may profoundly influence the
selection of substrates and affect the rate of substrate degradation
(Section 8). The actual site of cleavage may also differ depending on the
absence or presence of heparin (Le Trong et al., 1987a).

7.2. Tryptase

Important knowledge concerning the fine substrate specificity of tryptases
has been generated using similar phage display-based systems as those
employed for chymases. In one study, Stevens et al. examined the specific-
ity ofmMCP-7. They found thatmMCP-7 showed a remarkable preference
for cleaving a consensus sequence of Leu-Ser-Ser-Arg-Gln-Ser (cleavage
after the Arg residue), a sequence found within one of the identified
tryptase substrates, fibrinogen (Huang et al., 1997). Later, the same group
examined the cleavage specificity of mMCP-6 using similar techniques.
The results indicated a rather broad extended cleavage specificity, with a
large degree of variability at the P2–P4 as well as P10–P30 positions (Huang
et al., 1998). Using phage display technique, Harris et al. found that bI- and
bII-tryptase both displayed a strict requirement for a P1 Arg or Lys.
Further, both bI- and bII-tryptase showed a slight preference for Gln at
the P2 position, preference for Arg/Lys at P3 and some preference for
Pro at P4 (Harris et al., 2001). In a parallel study, Huang et al. (2001) also
found that Pro residueswere common components of preferred sequences
for human bI-tryptase cleavage. However, Pro residues dominated at P3
rather than P4 (see above), although Pro was also found at P2 and P4.
In addition, they found that all of the cleaved sequences had a Lys residue
N-terminal of the cleavage site, in particular at the P6 position (Huang
et al., 2001).

7.3. MC-CPA

The available data on the cleavage properties of MC-CPA have mainly
been generated by HPLC analysis of products obtained after cleavage of
defined peptides by purified MC-CPA. Using such an approach, it was
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shown that human MC carboxypeptidase was able to hydrolyze the
C-terminal Leu of Ang I (Table 3), but not the C-terminal His of the
generated des-Leu10 Ang I to form Ang II. Further, MC carboxypeptidase
was, in contrast to pancreatic CPB, unable to cleave the C-terminal Arg in
bradykinin. It was also shown that the MC enzyme hydrolyzed a syn-
thetic dipeptide substrate with a terminal Phe but not the corresponding
substrate with a C-terminal Arg (Goldstein et al., 1989). These results
suggested that MC carboxypeptidase has cleavage properties similar to
that of pancreatic CPA and therefore that the MC carboxypeptidase is a
CPA. Also murine MC-CPA has been demonstrated to cleave Ang I,
generating des-Leu10 Ang I (Serafin et al., 1987). More recently, it was
shown in an ex vivo culture of peritoneal MCs that murineMC-CPA in fact
may hydrolyze the C-terminal His of des-Leu10 Ang I to form Ang II, and
also can hydrolyze the Phe8 C-terminal of Ang II. However, no further
hydrolysis was seen, indicating that the Pro residue which is positioned
at the C-terminal after cleavage of Phe8 (Table 3) is a poor substrate for
MC-CPA (Lundequist et al., 2004). Also in an earlier report, it was noted
that Pro, at the penultimate position of dipeptide substrates, prevents
hydrolysis by MC-CPA (Everitt and Neurath, 1980).
8. INTERACTION OF MC PROTEASES WITH PGS:
IMPLICATIONS FOR STORAGE, ACTIVITY,
AND PROCESSING

8.1. Storage

Based on the colocalization of MC proteases with anionic heparin/CS PGs
within granules, it was early suggested that these compounds are inter-
acting (Schwartz and Austen, 1980). Evidence for such an interaction
between PGs and MC proteases came when it was shown that degranula-
tion of BMMCs caused release of complexes of PGs and serine proteases
(Serafin et al., 1986) aswell asMC-CPA/PG complexes (Serafin et al., 1987).
High concentrations of NaCl disrupted these complexes, demonstrating
that the interaction, as expected from the anionic and cationic properties of
the MC PGs and proteases, respectively, was of electrostatic nature.

In 1999, two groups simultaneously presented strong evidence support-
ing an interaction of MC proteases and heparin PG in vivo (Forsberg et al.,
1999; Humphries et al., 1999). The strategy in both studies was to geneti-
cally target the gene for N-deacetylase/N-sulfotransferase 2 (NDST-2), an
enzyme that is required for sulfation of heparin (Forsberg andKjellen, 2001),
but has no role in CS synthesis. NDST-2 appears to be ubiquitously
expressed in various tissues and cell types, and is in most tissues coex-
pressed with an isozyme, NDST-1 (Kusche-Gullberg et al., 1998). However,
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CTMCs appear to predominantly express the NDST-2 isoform (Kusche-
Gullberg et al., 1998), and with no other compensating NDST isoform
present in NDST-2�/� CTMCs, sulfation of heparin is expected to be defec-
tive. Accordingly, itwas shown that theKOofNDST-2 resulted inprofound
reductions in the content of sulfated GAGs in CTMCs (Forsberg et al., 1999;
Humphries et al., 1999). A striking finding in both studies was that the KO
of NDST-2 resulted in an essentially complete absence of stored CTMC
proteases, that is, mMCP-4, -5, -6, and MC-CPA (Forsberg et al., 1999;
Humphries et al., 1999). Interestingly though, the mRNA levels for the
CTMC proteases were unaltered, indicating that the absence of NDST-2
affected the proteases at the level of storage rather than synthesis. Storage
of mMCP-6 in BMMCs, in contrast to mMCP-6 storage in CTMCs, was
virtually unaffected by the absence of NDST-2 (Henningsson et al., 2002;
Humphries et al., 1999). This is presumably due to the presence of CS in
these cells (Razin et al., 1982), and that CS can compensate for the lack of
heparin in promoting mMCP-6 storage. However, despite the presence
of CS, BMMCs were unable to store mMCP-5 and mature MC-CPA
(Henningsson et al., 2002; Humphries et al., 1999). Apparently, the latter
MC proteases are strictly dependent on GAGs of heparin type for proper
storage. In contrast to CTMCs, MMCs were morphologically unaffected by
the lack ofNDST-2 (Forsberg et al., 1999), a finding that is in good agreement
with the predominant presence of CS rather than heparin in MMCs
(Enerback et al., 1985).

The NDST-2 KO thus provides strong evidence for a critical role of
GAGs of heparin type in storage of several CTMC proteases. However, it
does not provide information relating to the core protein that the GAGs
are attached to, nor are the NDST-2�/� mice relevant tools for studying
the potential role of PGs for granule storage in MMCs. It has been
believed for a long time that GAGs in MC granule, irrespective of MC
subclass (e.g., CTMC/MMC) or GAG type (heparin/CS), are attached to
the same protein core, SG (Kjellén et al., 1989). However, since there are a
number of different PG core proteins, it has not been possible to exclude
the contribution of GAGs attached to non-SG core proteins to the total
pool of PGs stored within MC granules. Therefore, to specifically study
the role of serglycin proteoglycan (SG PG) inMC granule homeostasis, the
SG core protein gene was targeted (Åbrink et al., 2004). The results
revealed, in agreement with the results from the NDST-2 KO, that
mMCP-4, -5, -6, and MC-CPA were all critically dependent on SG PG
for storage in CTMCs, but not for mRNA expression. Moreover, it was
shown that the same proteases, when expressed by BMMCs, were
strongly SG-dependent for storage. In contrast, it was noticed both
in vivo and in BMMCs differentiated into an MMC-like phenotype that
mMCP-1 was independent on SG for storage and that mMCP-2 was only
partly dependent on SG for storage (Braga et al., 2007). Further, it was
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shown that mMCP-7 storage was not affected by the KO of SG (Braga
et al., 2007). The latter, together with previous findings (Humphries et al.,
1999), supports the notion that mMCP-7 is not dependent on SG PG for
storage within MC granules.

Together, the findings derived from the NDST-2 and SG KOs indicate
that certain MC proteases are strictly dependent on SG PG for storage,
whereas others are non- or only partly SG dependent (Table 4). Although
we cannot with certainty explain the differential SG dependence for stor-
age, the most likely explanation lies within the basic charge exposure and
corresponding GAG-binding properties of the respective proteases. As
displayed in Table 4, mMCP-4, -5, and MC-CPA are all strongly basic
proteins and expose defined patches of positive charge on their molecular
surface (Section 6). Thus, their strong dependence on SG is not surprising.
Also mMCP-6, despite a negative net charge, has been shown to expose
defined clusters of positively charged amino acid residues at themolecular
surface (most notably His residues; Fig. 4E; Hallgren et al., 2004) and
interacts strongly with heparin and other anionic polysaccharides
(Hallgren et al., 2001b). mMCP-1, on the other hand, has a much lower
net positive charge than mMCP-4/5, well explaining its lack of SG depen-
dence for storage (Braga et al., 2007). Further, the intermediate positive
charge of mMCP-2 is well in line with its only partial dependence on SG
(Braga et al., 2007). The lack of SG dependence for mMCP-7 storage is in
agreement with its independence of NDST-2 (Humphries et al., 1999).
On the other hand, it has been shown that recombinant mMCP-7 binds,
at low salt conditions, to heparin-Sepharose at acidic pH (Matsumoto
et al., 1995).

Although the findings generated through theKOofNDST-2 and the SG
core protein firmly establish the importance of SG PGs for storage of
CTMC protease, the underlying mechanisms are not fully understood.
TABLE 4 Net charge of MC proteases and their dependence on SG for storage

Protease Net chargea (pH 7.0)

SG dependence

for storage References

mMCP-1 þ4.7 � Braga et al., 2007

mMCP-2 þ7.2 (þ) Braga et al., 2007
mMCP-4 þ16.7 þ Åbrink et al., 2004

mMCP-5 þ13.9 þ Åbrink et al., 2004

mMCP-6 �2.2 þ Åbrink et al., 2004

mMCP-7 �6.2 � Braga et al., 2007

MC-CPA þ18.5 þ Åbrink et al., 2004

a Net charges were calculated for mature proteins, that is, without activation peptide.
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An attractive hypothesis would be that SG is necessary for intracellular
targeting (sorting) of the SG-dependent proteases into the granule, that is,
that SG is sorted to the pathway of regulated secretion and that the various
proteases are accompanying SG PG into the granule as cargo. According
to such a mechanism, lack of SG would be expected to result in failure
to sort MC proteases into granule, accompanied by missorting of MC
proteases into the constitutive pathway of secretion. However, the evi-
dence available so far indicate that MC proteases are correctly targeted
into MC granule also in SG�/�MCs, and that missorting into the constitu-
tive pathway of secretion is only a partial explanation for the lack of
granule-associatedMCproteases in SG�/�MCs (Henningsson et al., 2006).

Considering that the interactions between many of the MC proteases
and GAGs are of very high affinity, it is likely that the proteases will
remain attached to SG PG following MC degranulation. Indeed, such an
association has been demonstrated directly by the isolation of MC prote-
ase/PG complexes in supernatants obtained from degranulated MCs
(Serafin et al., 1986). Such an association may involve a large number of
protease units associated with each PG, and there is additionally a poten-
tial of cross-linking several PG/protease complexes. For these reasons,
high molecular weight aggregates may form with a possible restriction in
their ability to diffuse away from the site of MC degranulation. In line
with such a scenario, it is known that chymases tend to remain associated
with the MC surface after degranulation (Schwartz et al., 1981b;
Tchougounova and Pejler, 2001). In fact, chymase activity is present on
the surface of MCs even without induction of degranulation (Gervasoni
et al., 1986), suggesting that chymase is to some extent constitutively
released. In further support, mMCP-6 was reported to remain bound to
the extracellular matrix (ECM) following passive systemic anaphylaxis,
whereas, in contrast, mMCP-7 is rapidly transported to the blood
(Ghildyal et al., 1996). A plausible explanation for these findings is that
mMCP-6 remains associated with SG PG, whereas mMCP-7 rapidly dif-
fuses away from the MC surface due to its low affinity for SG PG (see
above). Interestingly, it has been shown that mMCP-1 is constitutively
released by BMMCs of MMC-like phenotype (Brown et al., 2003), in good
agreement with an inability of mMCP-1 to interact with SG, which could
result in decreased retention in MMC granules.

The exact organization of the SG PG/MC protease complexes within
MC secretory granules is not known. In one potential scenario, individual
PG molecules may bind to different proteases, resulting in macromolecu-
lar complexes that accommodate both tryptase, chymase, and MC-CPA,
with the alternative scenario being that the individual proteases occur in
separate complexes with SG PGs. These possibilities have not been
addressed so far in rodent systems. However, there is evidence indicating
that human MCs actually secrete MC-CPA and chymase in complexes
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with PGs which are separate from PG/tryptase complexes (Goldstein
et al., 1992). The underlying mechanism behind such a subdivision of
protease/PG complexes in the human MC is intriguing, but has not
been investigated further. Indeed, it is difficult to envisage how certain
PG molecules preferentially ‘‘select’’ tryptase over MC-CPA/chymase
and vice versa, considering that the interaction between all of the MC
proteases and GAGs appears to be of unspecific, electrostatic nature (see
below). On a speculative angle, one possibility could be that MCs synthe-
size tryptase and MC-CPA/chymase with different timing, that is, tryp-
tase/PG complexes are formed during a time frame when tryptase is
preferentially synthesized over MC-CPA/chymase and the other way
around. Such a mechanism would be in some analogy with the mechan-
isms behind the formation of granules of discrete contents in neutrophils
(Faurschou and Borregaard, 2003). In further support for a separation of
tryptase/PG complexes and complexes of PGs with MC-CPA/chymase,
it has been shown by ultrastructural analysis that chymase accumulated
in electron dense areas of human MC granule, whereas tryptase is found
in more electron translucent, crystalline parts of the granule (Whitaker-
Menezes et al., 1995). However, such a compartmentalization of granules
has not been described for rodent MCs.

It is clear from the above that PGs have a profound impact on the
storage of proteases in MC granules. However, it is reasonable to assume
that MC granule homeostasis is a dynamic process where each of the
granule constituents will affect storage of other granule components.
In line with such a notion, it has been shown that lack of mMCP-1 disturbs
the crystal intragranular structures in MMCs (Wastling et al., 1998).
Further, it was found that lack of MC-CPA affects the solubility of heparin
PG in peritonealMCs (Feyerabend et al., 2005). Another interesting finding
is that the KO of MC-CPA caused an impaired ability of CTMCs to store
mMCP-5 (Feyerabend et al., 2005). Conversely, it was previously reported
that theKOofmMCP-5 resulted in an inability of CTMCs to storeMC-CPA
(Stevens et al., 1996). These findings, along with a report showing that an
increase inMC-CPA storage in cathepsin C�/� BMMCswas accompanied
by increased mMCP-5 storage (Henningsson et al., 2003), strongly suggest
that mMCP-5 and MC-CPA are dependent not only on SG PG but also
on each other for proper storage. Clearly, a plausible explanation would
be that MC-CPA and mMCP-5 engage in physical contacts and that such
interactions are required for proper sorting into granules or for protection
toward proteolytic degradation. In contrast, mMCP-4 and -6 storage
was not affected by the KO of MC-CPA (Feyerabend et al., 2005), and
the increased storage of MC-CPA in cathepsin C�/� BMMCs was not
accompanied by increased mMCP-6 storage (Henningsson et al., 2003),
demonstrating that interdependence of MC-CPA and mMCP-5 exhibits
a large degree of specificity.
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Further support for an interdependence of various granule com-
pounds comes from a study in which the gene for histidine decarboxylase,
that is, the enzyme that converts histidine to histamine, was targeted
(Ohtsu et al., 2001). It was found that lack of histamine in peritoneal
MCs caused reduced metachromatic staining, indicative of a reduced
storage of SG PG. Further, it was demonstrated that storage of mMCP-4,
-5, -6, and MC-CPA, that is, the SG-dependent CTMC proteases, was
defective. A likely explanation for these findings could be that histamine
is required for balancing the negative charge of SG PGs in the granules
and that the absence of histamine thereby causes defects in PG storage,
that in turn may lead to a decrease in the levels of stored proteases.
8.2. Effect of PGs on MC protease activity/activation
and processing

Although a major function of SG PG is to promote protease storage, much
evidence points to a regulative role of SG PG for MC protease function at
various other levels. It has been known for a long time that tryptase
tetramers require heparin (or other structurally related polysaccharides)
for stability (Schwartz and Bradford, 1986). Further, it has been demon-
strated that both mMCP-6 and human b-tryptase are dependent on
heparin-like saccharides for tetramerization and enzymatic activation
(Hallgren et al., 2001b, 2005; Fig. 5A). Along this line, heparin antagonists
have been proven to be potent inhibitors of tryptases (Hallgren et al., 2001a;
Lundequist et al., 2003), and one study has suggested that heparin is also
needed for processing of protryptase to active enzyme (Sakai et al., 1996b).
For a more detailed discussion of various functional aspects of the interac-
tion of tryptase with heparin, see Hallgren and Pejler (2006).

In contrast to the tryptases, chymases do not require GAGs for gaining
or maintaining enzymatic activity, but the association of chymase with SG
PG may profoundly modulate chymase activity. In early reports, heparin
was shown to promote degradation of C3a by rat chymase (Gervasoni
et al., 1986) and to enhance the degradation of thrombin by both mMCP-4
(Pejler andKarlstrom, 1993) and rMCP-1 (Pejler et al., 1994). Analysis of the
underlying mechanism showed that thrombin, a heparin-binding protein
(Sheehan and Sadler, 1994), was attracted to the heparin moiety of the
chymase/heparin complex, thus providing an effective presentation of the
substrate (thrombin) to the chymase (Pejler and Sadler, 1999; Fig. 5B). As
evidence for such a mechanism, it was demonstrated that thrombin
in which the heparin-binding region was mutated was degraded to a
much lower extent than wild-type thrombin (Pejler and Sadler, 1999). In
further support for the proposed mechanism, it has been reported that
heparin antagonists efficiently prevent the chymase-dependent degrada-
tion of heparin-binding substrates (Tchougounova and Pejler, 2001;
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Tchougounova et al., 2001). Together, these findings indicate that the
association of chymase with SG PG will favor cleavage of substrates with
affinity for heparin. Indeed, several of the known chymase substrates are
GAG-binding proteins. However, it should be noted that heparin-binding
properties are not absolute prerequisites for being substrates for chymase,
as evident by the many nonheparin-binding peptides and proteins (e.g.,
albumin and Ang I) that are favorable chymase substrates. In fact, it has
been shown that cleavage of some substrates, for example, Ang I
(Murakami et al., 1995), is actually decreased in the presence of heparin.
It should also be stressed that the proposed mechanism is, for obvious
reasons, only operative for chymases that interact with anionic GAGs. An
important question is if this mechanism is also operative in vivo. Certainly,
since many chymases most likely remain tightly associated with SG PG
also after their release, it is plausible that SG PGwill influence the selection
of chymase substrates also in vivo. In support for this, one of the likely
in vivo substrates for mMCP-4, fibronectin, is a GAG-binding protein
(Maccarana and Lindahl, 1993).

In addition to influencing the selection of substrates, it has been shown
that heparin PG offers protection of chymases toward a range of endoge-
nous macromolecular protease inhibitors, including a1-antichymotrypsin
(a1-AC), a2-macroglobulin, and a1-protease inhibitor (a1-PI) (Lindstedt
et al., 2001b; Pejler, 1996; Pejler and Berg, 1995). Thus, SG PG may modu-
late the activity of GAG-binding chymases at several levels: by promoting
selection of certain substrates, by restricting chymase mobility, and by
increasing the life span of chymases after their exocytosis.

There are currently no reports describing effects of GAGs/PGs on the
enzymatic activities of MC-CPA. However, there is evidence indicating
that the processing of pro-MC-CPA into active protease is dependent on
PGs. First, it was shown that the processing of pro-MC-CPAwas defective
in BMMCs lacking NDST-2 (Henningsson et al., 2002) and it has also been
demonstrated that BMMCs lacking SG show defects in pro-MC-CPA
processing (Henningsson et al., 2006). The underlying mechanism behind
these findings is not clear, but it may be speculated that the pro-MC-CPA-
processing protease(s) is dependent on SG PG or that the association of
pro-MC-CPA with SG PG is required for proper presentation of the
cleavage site to the pro-MC-CPA-processing enzyme(s).
8.3. Structural basis for GAG: MC protease interaction

The structural basis for the interaction between GAGs and chymases has
been the subject of investigation. It was found that the binding of GAGs to
both rMCP-1 (Pejler and Maccarana, 1994) and human chymase (Sayama
et al., 1987) was of high affinity and of unspecific electrostatic nature, that
is, no specific structural element in the GAG was required for binding.
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Moreover, it was determined that the minimal size for binding of heparin
to rMCP-1 was a 14-mer oligosaccharide (Pejler and Maccarana, 1994);
thus, the minimal binding saccharide was relatively large as compared
with minimal oligosaccharides required for binding to other heparin-
binding proteins such as antithrombin (Baglin et al., 2002). Also the inter-
action between MC tryptase and GAGs have been shown to be
of unspecific electrostatic nature (Alter et al., 1987; Hallgren et al., 2001b,
2005); see also a review on this subject (Hallgren and Pejler, 2006). To date,
there are no reports in which the nature of the interaction between GAGs
and MC-CPA is described.
9. SUBSTRATES FOR MC PROTEASES

Given that the MC proteases, with certain exceptions, have a relatively
broad cleavage specificity (Section 7), it would be expected that a large
number of proteins/peptides could be potential substrates. Indeed, a
multitude of proteins and peptides are known to be cleaved by MC
proteases (Tables 5–7). Many of these have been identified through incu-
bation of the MC protease with the protein/peptide in a purified system.
In other cases, substrates have been identified in cell culture systems to
which a MC protease has been added; alternatively, the use of MC prote-
ase inhibitors has implicated certain proteins/peptides as substrates. In
only a few cases, there is in vivo evidence linking an MC protease to
degradation of a certain substrate (Table 8).

In order to understand the in vivo function of the MC proteases, both in
normal physiology as well as in pathological settings, it is imperative to
identify their true in vivo substrates. Certainly, identification of a given
compound as a substrate for an MC protease in vitro can give important
clues as to this, but one should be careful when attempting to extrapolate
such findings into an in vivo setting. Most likely, the ‘‘selection’’ of sub-
strates by the MC proteases in vivo is dependent on a variety of factors.
Obvious factors are the availability of potential MC protease substrates at
the site of MC degranulation and, importantly, the concentration of a
potential substrate in relation to the kcat/Km ratio of the MC protease for
that particular compound. If indeed a potential substrate is present at the
site of MC degranulation, and if its concentration is favorable, it is likely
that cleavage will occur in vivo. It is also very likely that the ‘‘selection’’ of
substrates by a given MC protease may differ during different phases of
a biological process. For example, immediately following the release of a
MC protease, for example, in early phases of an inflammatory reaction,
only resident potential substrates have the chance of being degraded by
the MC protease. Such resident compounds may include various ECM
components. In the next phase, compounds that are newly synthesized



TABLE 5 Substrates for MC chymases

References

Procollagen Kofford et al., 1997

Procollagenase Saarinen et al., 1994

Pro-MMP-9 Chen et al., 2002; Fang et al., 1996;

Tchougounova et al., 2005
Fibronectin Banovac and De Forteza, 1992; Lazaar

et al., 2002; Tchougounova et al.,

2003; Vartio et al., 1981

Vitronectin Banovac et al., 1993

TIMP-1 Frank et al., 2001

Substance P Caughey et al., 1988

VIP Caughey et al., 1988

Bradykinin Reilly et al., 1985
Kallidin Reilly et al., 1985

Big-endothelin 1/2 Kido et al., 1998; Nakano et al., 1997;

Takai et al., 1998; Wypij et al., 1992

Neurotensin Goldstein et al., 1991

Hepatocyte growth factor Raymond et al., 2006

CTAP-III Schiemann et al., 2006

Pro-IL-18 Omoto et al., 2006

IL-6, IL-13 Zhao et al., 2005
TGF-b1 Taipale et al., 1995

IL-1b-precursor Mizutani et al., 1991

SCF de Paulis et al., 1999; Longley et al.,

1997

apoE, apoA-I, apoA-II Lee et al., 2002b, 2003a; Lindstedt

et al., 1996

apoB Kokkonen et al., 1986

Phospholipid transfer protein Lee et al., 2003b
PAR-1 Schechter et al., 1998

C3a Gervasoni et al., 1986; Kajita and

Hugli, 1991

Albumin Raymond et al., 2003

Occludin Scudamore et al., 1998

C1 inhibitor Schoenberger et al., 1989

Ang I Urata et al., 1990

Thrombin Pejler and Karlstrom, 1993
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and secreted into the tissue as a consequence of the onset of an inflamma-
tory response, for example, cytokines and chemokines, may be targets for
MC proteases. Somewhat later, plasma components that have escaped



TABLE 6 Substrates for MC tryptases

References

Kininogen Imamura et al., 1996

Prekallikrein Imamura et al., 1996

Fibrinogen Huang et al., 1997; Schwartz et al., 1985

Gelatin Fajardo and Pejler, 2003b; Raymond et al., 2005
VIP Caughey et al., 1988

PHM Tam and Caughey, 1990

CGRP Tam and Caughey, 1990

Pro-uPA Stack and Johnson, 1994

Fibronectin Fajardo and Pejler, 2003a; Hallgren et al., 2001a;

Kaminska et al., 1999; Lohi et al., 1992

HDL Lee et al., 2002c

pro-MMP-3 Gruber et al., 1989; Lees et al., 1994
PAR-2 Cenac et al., 2002; Corvera et al., 1997;

Mirza et al., 1997; Molino et al., 1997

Type VI collagen Kielty et al., 1993

Pre-elafin Guyot et al., 2005

RANTES Pang et al., 2006

Eotaxin Pang et al., 2006

TABLE 7 Substrates for MC-CPA

References

ET-1 Metsarinne et al., 2002

Sarafotoxin Metz et al., 2006

Ang I Goldstein et al., 1989; Lundequist et al., 2004;
Serafin et al., 1987

apoB-100 Kokkonen et al., 1986

Neurotensin Goldstein et al., 1991
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into the tissue as a consequence of increased capillary permeability may
be cleaved. During this phase of the reaction, it is also likely that protease
inhibitors derived from extravasated blood plasma will downregulate the
activity of the MC proteases. In a following healing phase of the inflam-
matory reaction, yet other substrates could be targets for MC proteases.
Alternatively, if the acute inflammation proceeds to a chronic phase,
additional substrates could be cleaved.

An important consideration regards the consequences of the cleavage
of a certain compound by a given MC protease. In many cases, the result



TABLE 8 MC protease KO strains and KO strains in which MC proteases are affected

Knockout Phenotype References

mMCP-1 Altered granular

organization;

delayed expulsion of

T. spiralis

Knight et al., 2000;

Wastling et al., 1997

mMCP-4 Defective pro-MMP-9

processing; skin

fibrosis

Tchougounova et al.,

2003, 2005

mMCP-5 Defective MC-CPA

storage; protection in

ischemia reperfusion

injury

Abonia et al., 2005

MC-CPA Altered granular
staining; defective

mMCP-5 storage

Feyerabend et al., 2005

SG Severely defective MC

protease storage

CTMCs, MMCs and

BMMCs affected

Åbrink et al., 2004;

Braga et al., 2007

NDST-2 Severely defective MC

protease storage
CTMCs affected

Forsberg et al., 1999;

Humphries et al.,
1999

Histidine

decarboxylase

Reduced MC PG and

protease content

Ohtsu et al., 2001
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could be degradation of the compound and thereby loss of functional
properties. In fact, given that theMC proteases generally have quite broad
cleavage specificities, they are indeed well suited to carry out such gen-
eral degradation processes (Fig. 6). In other situations, the cleavage of a
certain compound can lead to its activation, as exemplified by the activa-
tion of several proenzymes by different MC proteases (Table 5). It is
important to stress that these modes of action are not necessarily mutually
exclusive. For example, an initial activating cleavage in a proenzyme may
be followed by additional inactivating cleavages.
9.1. Chymase

9.1.1. Angiotensin I
A multitude of substrates has been identified for different MC chymases
(Table 5). Among these, Ang I (Asp1-Arg2-Val3-Tyr4-Ile5-His6-Pro7-
Phe8-His9-Leu10) has by far attracted the largest attention. Early reports
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showed that human chymase can cleave Ang I at the Phe8–His9 bond
(Table 3), thereby forming Ang II, a potent vasoconstrictor (Reilly et al.,
1982; Urata et al., 1990). It was also demonstrated that whereas human
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chymase predominantly cleaves the Phe8–His9 bond, rat chymase
(rMCP-1) preferentially cleaves at the Tyr4–Ile5 bond, resulting in degra-
dation of the peptide and destroyed biological activity (Sanker et al., 1997).
These findings indicated that the mode of Ang I cleavage, that is, at the
Phe8–His9 or Tyr4–Ile5 bond, is a functional parameter that discriminates
the a- from the b-chymases, with a-chymases preferentially catalyzing the
activation cleavage and b-chymases predominantly causing Ang I degra-
dation. However, it was later shown that certain b-chymases, for example,
mMCP-4, in addition to degrading Ang I also can cleave at the Phe8–His9
bond, yielding Ang II (Caughey et al., 2000b). Thus, the ability to activate
or degrade Ang I may not be a property that strictly belongs to either
the a- or b-chymase family. The possibility that chymase may have a
role in the generation of Ang II in vivo has been studied intensely
(reviewed in Dell’Italia and Husain, 2002). This notion has, for example,
been prompted by the findings that Ang-converting enzyme (ACE) inhi-
bitors only produce partial inhibition of Ang II formation (Padmanabhan
et al., 1999; Wolny et al., 1997). Further, the KO of ACE only partially
prevented Ang II formation (Wei et al., 2002), suggesting that other Ang II-
generating mechanisms may be operative, such as chymase catalyzed.
Indeed, in vivo studies, for example, by using isolated human mammary
arteries have shown that chymase accounts for a substantial part of the
total Ang II-generating capacity (Richard et al., 2001). Moreover, trans-
genic overexpression of human chymase in mice indicated a correlation
between chymase expression and cardiac content of Ang II (Chen et al.,
2002). In further support for a role of MCs in Ang II formation, it was
shown that mice lacking MCs (W/Wv mice) showed an impaired ability
to generate Ang II (Li et al., 2004). In the latter study, it was suggested
that mMCP-5 is a major player in MC-dependent Ang II formation. How-
ever, this notion is difficult to reconcile with the elastase-like substrate
specificity of mMCP-5 (Section 7), which is not compatible with cleavage
of the Phe8–His9 bond in Ang I. To firmly establish a role of MC chymase
in Ang II generation in vivo, it will be important to investigate Ang II
generation in mice lacking appropriate MC chymases. However, this
remains to be done. Interestingly, recent evidence suggests that a
chymase-dependent pathway forAng II production, induced by advanced
glycation end products (AGEs), contributes to complications in diabetes
(Koka et al., 2006).

9.1.2. ECM components
An examination of the identified chymase substrates reveals that many of
them are components of the ECM or are involved in regulation of ECM
turnover (Table 5). Indeed, the location of MCs within connective tissues
and, hence, the release of chymase into connective tissues in association
withMCdegranulation iswell in linewith a role for chymase in regulating
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ECM composition. It was early shown, in a purified system, that fibronec-
tin is a substrate for human chymase (Vartio et al., 1981). Later it was
demonstrated that human chymase released fibronectin fragments from
the ECM of cultured airway SMCs (Lazaar et al., 2002) and that fibronectin
is also a substrate for murine MC chymases (Tchougounova et al., 2001).
More recently, it was reported that the KO of mMCP-4 caused marked
accumulation of fibronectin, both in in vitro-cultured peritoneal exudate
cells and in vivo (Tchougounova et al., 2003, 2005). Thus, chymase is likely
to be involved in fibronectin turnover by catalyzing its degradation. Also
vitronectin, another prominent ECM component, has been shown to be a
substrate for MC chymase (Banovac et al., 1993).

Chymase may also regulate ECM composition indirectly, by cleaving
and thereby activating compounds that, in turn, can modulate ECM com-
position. For example, chymase has been found to release latent TGF-b1
bound to ECM, unleashing its stimulating activity on fibroblast ECM
production (Taipale et al., 1995).Moreover, rat chymasemay activate latent
TGF-b1 present within the MC secretory granule (Lindstedt et al., 2001a).
Such effects on TGF-b1 would thus promote ECM deposition. Another
indirect activity of chymase that would lead to increased ECM deposition,
if operative in vivo, is the cleavage of procollagen leading to fibril formation
(Kofford et al., 1997). Chymase has also been reported to have activities that
indirectly can cause ECM degradation. One example is the activating
cleavage of procollagenase by human chymase (Saarinen et al., 1994).
Another, and well-studied, example is the activation of pro-MMP-9. This
activity was first demonstrated for dog chymase, which was shown to
cleave pro-MMP-9 released by a mastocytoma cell line (Fang et al., 1996,
1997). Thus, MCs could have the capability of both generating pro-MMP-9
and activating it without involving accessory cells. It has also been shown
that mMCP-4 can activate pro-MMP-9 in a purified system (Coussens
et al., 1999) and strong evidence for a physiological role of chymase in
pro-MMP-9 activation came when it was demonstrated that mice lacking
mMCP-4 failed to activate pro-MMP-9 in vivo (Tchougounova et al., 2005).
Moreover, the lack of mMCP-4 caused exaggerated deposition of collagen
in skin, supporting a role for chymase in regulating connective tissue
homeostasis in vivo (Tchougounova et al., 2005). In further support for a
role of chymases in promoting MMP activities, it has been reported that
chymase degrades tissue inhibitor of matrix metalloproteases-1 (TIMP-1),
an inhibitor of variousMMPs (Frank et al., 2001), and thatMC chymase can
activate pro-MMP-2 (Lundequist et al., 2006).

9.1.3. Lipoproteins
Anumber of studies fromKovanen and coworkers point to a potential role
for chymase in regulating various lipoprotein components. Rat chymase
(rMCP-1) was found to degrade lipoproteins containing apolipoprotein
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A-I (apoA-I), apoA-II (Lee et al., 2003a; Lindstedt et al., 1996), and apoB
(Kokkonen et al., 1986).Moreover, human chymase can degrade apoA-I, -II
(Lee et al., 2003a) as well as apoE (Lee et al., 2002b), and phospholipid
transfer protein (Lee et al., 2003b). The action of chymase on these apoli-
poproteins was shown to reduce the transfer of cholesterol from macro-
phages to lipoprotein particles, thereby promoting foam cell formation.
It has therefore been suggested that chymase accordingly may have a role
in the formation of atherosclerotic plaques (reviewed in Lee-Rueckert
and Kovanen, 2006). However, this notion remains to be proven experi-
mentally in vivo, for example, by using animals lacking the appropriate
chymase.

9.1.4. Inflammatory substances/bioactive peptides
MC chymases have been implicated in regulating the levels of diverse
inflammatory substances and bioactive peptides. One important example
is the activation of the IL-1b precursor by human chymase (Mizutani
et al., 1991). Other examples include the activation of big-ET-1 and -2 into
ET-1 and -2 by human, rat, andmonkey chymase (Kido et al., 1998; Nakano
et al., 1997; Takai et al., 1998; Wypij et al., 1992); the ability of human
chymase to activate connective tissue-activating peptide III (CTAP-III)
into neutrophil-activating peptide 2 (NAP-2/CXCL7) (Schiemann et al.,
2006); the degradation of TNF by soybean trypsin inhibitor-sensitive
proteases (presumably rMCP-1/5) released from rat peritoneal MCs
(Alshurafa et al., 2004), and the recently discovered ability of human
chymase to activate the IL-18 precursor in a purified system (Omoto
et al., 2006). Interestingly, platelet factor 4 (PF-4), a heparin antagonist
(Lane et al., 1986), inhibited CTAP-III processing without being cleaved
itself. Although not proven, we may speculate that PF-4 acts by binding
to the SG PG to which chymase is attached (Section 8; Fig. 5B), thereby
affecting chymase activity toward CTAP-III. Chymases have also been
shown to degrade substance P (Caughey et al., 1988), vasoactive intestinal
peptide (VIP) (Caughey et al., 1988), kallidin (Reilly et al., 1985), bradykinin
(Reilly et al., 1985), and C3a (Gervasoni et al., 1986; Kajita and Hugli, 1991).
Hence, chymase may play proinflammatory roles by activating certain
substances but may also have a dampening effect by degrading others.
9.2. Tryptase

The substrate profile for tryptase exhibits several similarities to that of
chymase. First, tryptase has also been reported to act on various ECM
compounds or components related to ECM turnover. For example, tryp-
tase can degrade fibronectin (Kaminska et al., 1999; Lohi et al., 1992),
although evidence indicates that only the monomeric form of tryptase
has this capacity (Fajardo and Pejler, 2003a; Hallgren et al., 2005). Further,
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tryptases can degrade denatured collagen (gelatin) (Fajardo and Pejler,
2003b) and type VI collagen (Kielty et al., 1993), as well as activate pro-
MMP-3, a protease that may regulate ECM composition by subsequently
activating pro-MMP-1 (Lees et al., 1994). Second, tryptase has, similar
to chymase, been demonstrated to degrade a number of bioactive pep-
tides including VIP, peptide histidine-methionine (PHM), and calcitonin
gene-related peptide (CGRP) (Caughey et al., 1988; Tam and Caughey,
1990). Third, also tryptase has been implicated in lipoprotein degra-
dation, through its ability to cleave the apolipoprotein components of
high-density lipoprotein (HDL) (Lee et al., 2002c).

9.2.1. Fibrinogen
One of the best-characterized substrates for tryptase is fibrinogen.
Schwartz et al. (1985) showed that fibrinogen was degraded by human
lung tryptase and that fibrinogen thereby lost its clotting activity. Later,
Stevens et al. expressed recombinant mMCP-7 and when examining its
cleavage specificity by phage display technique, they found that mMCP-7
preferentially cleaves a sequence found in fibrinogen (Huang et al., 1997;
Section 7). They also reported that mMCP-7 prolonged the clotting time
when added to plasma (Huang et al., 1997), suggesting a role in regulation
of blood coagulation. On the other hand, there is to our knowledge no
report suggesting that mice deficient in mMCP-7 (the C57BL/6 strain)
suffer from clotting disorders. Tryptase may also have the potential of
influencing the blood clotting system at another level, by proteolytically
activating prourokinase plasminogen activator (Stack and Johnson, 1994).
Noteworthy is that also chymase has been reported to have activities of
relevance for regulating blood clotting/fibrinolysis, through its ability
to degrade both thrombin (Pejler and Karlstrom, 1993) and plasmin
(Tchougounova and Pejler, 2001).

9.2.2. Protease-ativated receptor 2
Out of the implicated tryptase substrates, protease-activated receptor 2
(PAR-2) has by far attracted the largest attention. PAR-2 belongs to a
group of cell surface receptors (PAR-1–4) that all expose a ‘‘tethered’’ ligand
which after cleavage binds to its receptor, thereby inducing signaling events
that can be recorded by influx of calcium (reviewed in Ossovskaya and
Bunnett, 2004). A number of in vitro studies have shown that tryptase has
the ability to cleave and activate PAR-2 (Corvera et al., 1997; Mirza et al.,
1997; Molino et al., 1997), thereby inducing various signaling events such as
theMAP kinase pathway (Temkin et al., 2002;Weidinger et al., 2005a; Yoshii
et al., 2005), MEK (Yoshii et al., 2005), phosphatidylinositol 3-kinase (Brown
et al., 2005), and ERK1/2 (Brown et al., 2005). Lately, evidence has been
obtained that PAR-2 may in fact be an in vivo substrate for tryptase. Kelso
et al. demonstrated that injection of human tryptase into mice caused an
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arthritis-like joint inflammation. Interestingly, this response was abrogated
in animals lacking PAR-2 expression, thus strongly indicating tryptase
to cause joint inflammation through activation of PAR-2 (Kelso et al.,
2005). Additional evidence for an in vivo relevance of tryptase-catalyzed
PAR-2 cleavage comes from a study in which tryptase-induced intestinal
inflammation was suppressed in PAR-2�/� mice (Cenac et al., 2002).
9.2.3. Other substrates
Tryptase was shown to degrade RANTES and eotaxin, thereby abolishing
their chemotactic activities on eosinophils (Pang et al., 2006). Further,
a recent study indicated that tryptase may have a role in processing
of pre-elafin into active elafin, a serpin protease inhibitor that has been
linked to asthma (Guyot et al., 2005).
9.2.4. Effect of the tetrameric organization on substrate cleavage
An important issue when considering possible physiological substrates
for tryptase is its tetrameric organization, with the active sites facing a
central pore. The narrow entrance of the central pore will most likely
cause steric hindrance for entry, and it is therefore difficult to envisage
how large proteins, such as fibronectin, fibrinogen, and so on (Table 6),
gain access to the tryptase active sites [as discussed by Sommerhoff
et al. (2000)]. One possibility is that a part of the substrate protein is
‘‘extracted,’’ by unknown mechanisms, allowing entry into the central
pore and subsequent proteolysis (Sommerhoff et al., 2000). Another pos-
sibility is that the tryptase tetramer may dissociate into active monomers,
and that monomeric tryptase cleaves at least some of the known tryptase
substrates. Indeed, it has been demonstrated that fibronectin is com-
pletely resistant to degradation by tetrameric tryptase, but is efficiently
cleaved by the respective active monomers (Fajardo and Pejler, 2003a;
Hallgren et al., 2005). On the other hand, it is clear that fibrinogen,
despite its large size, is degraded equally well by tetrameric and mono-
meric b-tryptase (Fajardo and Pejler, 2003a). Thus, the mode of tryptase-
catalyzed degradation may vary for different protein substrates. We may
also speculate that partly unfolded proteins enter the central pore of
tryptase more readily than the respective folded counterpart (Fig. 6).
In line with the latter notion, it has been shown that denatured collagen
(gelatin) is a substrate for tetrameric b-tryptase (Fajardo and Pejler, 2003b)
and mastin, a trypsin-like protease secreted by canine MCs (Raymond
et al., 2005), whereas intact collagen appears to be resistant (Fajardo and
Pejler, 2003b). Clearly, the geometry of the central pore would not impose
any constraints for cleavage of smaller peptides. Accordingly, several
of the identified tryptase substrates are low molecular weight peptides
such as VIP, PHM, and CGRP (Table 6).
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9.3. MC-CPA

In comparison with chymase and tryptase, MC-CPA is much less char-
acterized in terms of potential physiological substrates. It has been
observed that purified human MC-CPA is able to hydrolyze Ang I to
des-Leu10 Ang I (Goldstein et al., 1989). Moreover, it was shown in an
ex vivo system of peritoneal exudates cells thatMC-CPA in fact can convert
Ang I into Ang II (Lundequist et al., 2004). Interestingly, when MC-CPA
was inhibited, mMCP-4 was shown to compensate for MC-CPA in Ang I
conversion. However, when both mMCP-4 and MC-CPA were inhibited,
Ang II formation was completely abrogated. Further, not only were MC-
CPA and mMCP-4 important players in Ang II formation, both proteases
were also shown to be key players in subsequent degradation of generated
Ang II (Lundequist et al., 2004). MC-CPA has also been reported to cleave
other bioactive peptides, including Leu5-enkephalin, neurotensin, kine-
tensin (Goldstein et al., 1991), and snake venom sarafotoxin (Metz et al.,
2006; Section 10).

Similar to both tryptase and chymase, MC-CPA has been implicated
in regulation of lipoproteins, by degrading the apoB component of
LDL (Kokkonen et al., 1986). Interestingly, it was suggested that chymase
and MC-CPA cooperate in degradation of apoB.
9.4. Concerted action of the MC proteases

Considering that chymases andMC-CPA have been shown to cooperate in
the cleavage of several substrates, for example Ang I and LDL, and,
furthermore, their possible interdependence in terms of storage
(Feyerabend et al., 2005; Stevens et al., 1996; Section 8), it is likely that
cooperation between these enzymes is a common mechanism. In fact, we
suggest that cooperation between the various MC protease classes
can represent a general mechanism leading to efficient substrate degrada-
tion (Fig. 6). In this context, it is noteworthy that the MC proteases collec-
tively, at least in rodents, encompass a panel of different proteolytic
activities, mimicking those of the pancreatic digestive proteases: trypsin-
like (mMCP-6/7), chymotrypsin-like (mMCP-4), elastase-like (mMCP-5),
and carboxypeptidase (MC-CPA) activities. A possible scenario is that
chymase first performs cleavages at various interior sites in the target
protein, thus exposing new C-terminal ends which may be further
processed by MC-CPA. Peptides that are released by this process could
be small enough to enter the tryptase central pore and be further degraded.
This, in turn, may expose new C-terminal targets for MC-CPA and can
expose new sites for cleavage by chymase. In addition, the concerted
action of chymase andMC-CPA on a given protein target can cause partial
denaturation, with the partially denaturated protein being able to enter the
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tryptase central pore and become degraded further. According to this
suggested scenario, protein targets may thus become extensively
degraded (Fig. 6).
10. IN VIVO FUNCTION

A multitude of potential biological functions have been ascribed to the
various MC proteases (Tables 9 and 10). These functions have been
inferred by different approaches. In many cases, the protease has been
added to a cell culture system followed by recording of a response. In
other approaches, purified protease has been administered into an exper-
imental animal, followed by assessment of, for example, inflammatory
parameters. MC protease functions have also been indicated by the corre-
lation between the presence of an MC protease in a tissue and a certain
disease. More recently, a number of studies have utilized more or less
selective MC protease inhibitors in different in vivo models for disease.
Finally, functions of MC proteases have in a few cases been inferred using
mice lacking individual MC proteases (Table 8) or lacking potential MC
protease substrates.
10.1. Chymase

10.1.1. Inflammation
A number of studies have reported various proinflammatory activities of
chymases (Table 9). In one pioneering study, injection of purified human
chymase into guinea pig skin caused influx of both neutrophils and
eosinophils (He and Walls, 1998a). In support of a role for chymase in
inflammatory cell recruitment, it has been reported that human chymase
is chemotactic in vitro for neutrophils and monocytes (Tani et al., 2000;
Tomimori et al., 2002a). It has also been demonstrated that intradermal
injection of human chymase in mice caused inflammatory cell influx,
including eosinophils (Tomimori et al., 2002a,b; Watanabe et al., 2002b).
Moreover, it was shown that chymase inhibitors reduced eosinophilic
inflammation in various models: (1) a model for atopic dermatitis based
on use of the NC/Nga mouse strain (Watanabe et al., 2002b), (2) a model
in which contact dermatitis is induced by dinitrofluorobenzene
(Tomimori et al., 2002a), and (3) in ascaris extract-induced skin
reactions (Tomimori et al., 2002b). A further link between chymase and
eosinophil function was provided by the finding that human chymase
induces ERK1/2 phosphorylation (Terakawa et al., 2005) and IL-8 produc-
tion (Terakawa et al., 2006) in eosinophil-like cells. Additional support for
a role of chymase in the pathogenesis of allergic skin reactions comes from
studies in which presence of chymase correlates with disease progression



TABLE 9 Biological processes in which MC chymase has been implicated

References

Eosinophil/neutrophil/

monocyte recruitment

He and Walls, 1998a; Watanabe

et al., 2002a

Induction of eosinophil

migration

Terakawa et al., 2005

Induction of allergic skin

reactions

Tomimori et al., 2002b

Degradation of dermal–

epidermal junctions

Briggaman et al., 1984

Ischemia reperfusion injury Abonia et al., 2005

Mucosal permeability Scudamore et al., 1995, 1998

Decreased barrier function

in epithelium

Ebihara et al., 2005a

Induction of vascular

permeability

He and Walls, 1998b

Defense toward parasites Knight et al., 2000

IL-8 induction in eosinophil-

like cells

Terakawa et al., 2006

Inhibition of SMC

proliferation

Wang et al., 2001

Reversal of VIP-induced
SMC relaxation

Franconi et al., 1989

Induction of SMC apoptosis Leskinen et al., 2001, 2006

Inhibition of SMC collagen

synthesis

Wang et al., 2001

Mitogen for fibroblasts Algermissen et al., 1999; Maruichi et al.,

2004; Pemberton et al., 1997

Fibrosis Jones et al., 2004; Kakizoe et al., 2001;

Nakajima and Naya, 2002; Sakaguchi
et al., 2004; Satomura et al., 2003; Takai

et al., 2003a; Tomimori et al., 2003

Induction of MC

degranulation

Kido et al., 1985; Schick and Austen,

1986; Schick et al., 1984

Secretagogue for airway

gland serous cells

Sommerhoff et al., 1989

Potentiation of histamine

release

Hultsch et al., 1988; Rubinstein

et al., 1990
Atopic eczema Mao et al., 1996, 1998; Tanaka et al., 1999

Atopic dermatitis and

nummular eczema

Jarvikallio et al., 1997

(continued)
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TABLE 9 (continued)

References

Dermatitis Badertscher et al., 2005; Imada et al.,

2002; Watanabe et al., 2002b

Protective role in lung

function in severe asthma

Balzar et al., 2005

Stimulation of IgE and IgG1

synthesis

Yoshikawa et al., 2001

Peritoneal adhesion

formation

Okamoto et al., 2002b, 2004a,b; Soga

et al., 2004
Regulation of blood

pressure

Li et al., 2004

Involvement in aneurysm

formation

Tsunemi et al., 2002, 2004

Myocardial infarction Jin et al., 2003; Hoshino et al., 2003

Bypass degeneration Ortlepp et al., 2001

Congenital heart disease Hamada et al., 1999

Angiogenesis Kondo et al., 2006; Muramatsu et al.,
2000, 2002; Russo et al., 2005

Wound healing Nishikori et al., 1998

Lung adenocarcinoma Nagata et al., 2003

Aortic lipid deposition Uehara et al., 2002

Regulation of HDL levels Fukuda et al., 2002

Psoriasis Harvima et al., 1990

Chronic leg ulcers Huttunen and Harvima, 2005

Conjunctival epithelial cell
apoptosis

Ebihara et al., 2005b

Scleroderma Shiota et al., 2005

Arteriovenous fistula

formation

Jin et al., 2005

Glycogen-induced

peritonitis

de Garavilla et al., 2005

Helicobacter pylori-

associated gastritis

Matsuo et al., 2003

Intimal hyperplasia after

balloon injury

Takai et al., 2003b
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(Badertscher et al., 2005) and from studies in which chymase polymorph-
isms have been correlated with atopic skin disorders (Mao et al., 1996;
Tanaka et al., 1999; Weidinger et al., 2005b). On the other hand, studies
demonstrating a negative correlation between chymase presence and



TABLE 10 Biological processes in which MC tryptase has been implicated

References

Airway

hyperresponsiveness/

inflammation

Berger et al., 1999; Clark et al., 1995;

Jarjour et al., 1991; Molinari et al., 1996;

Oh et al., 2002; Rice et al., 2000b; Sylvin

et al., 2002; Wright et al., 1999
Neutrophil recruitment Hallgren et al., 2000; He et al., 1997;

Huang et al., 1998

Eosinophil recruitment He et al., 1997

Vascular permeability

increase

He and Walls, 1997

Fibrosis Kondo et al., 2001

Sepsis Mallen-St Clair et al., 2004

Ulcerative cholitis Tremaine et al., 2002
Angiogenesis Blair et al., 1997; Nico et al., 2004

Arthritis Buckley et al., 1997, 1998; Tetlow and

Woolley, 1995

Multiple sclerosis Pedotti et al., 2003a; Rozniecki et al., 1995

Sudden infant death

syndrome

Buckley et al., 2001

Duchenne muscular

dystrophy

Nico et al., 2004

Psoriasis Namazi, 2005; Naukkarinen et al., 1994

Joint inflammation Kelso et al., 2005

Intestinal inflammation Cenac et al., 2002

Atopic dermatitis Jarvikallio et al., 1997

Itching Ui et al., 2006

Tumor cell proliferation Yoshii et al., 2005

Reversal of VIP-induced

SMC relaxation

Franconi et al., 1989
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atopic dermatitis/nummular eczema have suggested a protective role for
chymase in allergic skin disorders (Jarvikallio et al., 1997). Interestingly,
a study demonstrated that presence of chymase in small airways showed
a positive correlation with preserved lung function in asthmatic patients,
suggesting a protective role for chymase in asthma (Balzar et al., 2005).
In another correlative study, Harvima et al. (1990) found that the number
of chymase-positive MCs was clearly decreased in the upper dermis of
psoriatic lesions. Although it is not certain if, and how, chymase influences
disease progression, it is striking to note that chymase has been linked to
such a variety of skin disorders. Other examples in which chymase has
been implicated in skin disease include a study where scleroderma in
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tight-skin mice was suppressed by a chymase inhibitor (Shiota et al., 2005)
and a study suggesting an association of chymasewith the pathogenesis of
chronic leg ulcers (Huttunen and Harvima, 2005). Chymase presence has
also been correlated with other inflammatory disorders, such as
Helicobacter pylori-associated gastritis (Matsuo et al., 2003).

The mechanism by which chymase may participate in an inflammatory
response is intriguing. In several early studies, it was reported that purified
chymase may act in an ‘‘autocrine’’ fashion by inducingMC degranulation
accompanied by histamine release (Schick et al., 1984; Sommerhoff et al.,
1989). Moreover, it has been shown that chymase inhibition may dampen
histamine release fromMCs (Kido et al., 1985). However, themechanism by
which chymase induces MC degranulation has not been outlined. Another
mode of action for chymase could be to degrade epithelial cell–cell or cell-
basement membrane contacts, thereby increasing capillary permeability.
Indeed, several reports support such a notion. In a hallmark study, Miller
et al. found that rMCP-2 release strongly correlated with increased mucosal
permeability in rats infectedwithN. brasiliensis antigen.Moreover, infusion
of purified rMCP-2 induced marked mucosal permeability (Scudamore
et al., 1995). Later, the same group reported that the effect of rMCP-2 on
epithelial cell integrity may be due to degradation of the tight junction
proteins occludin and ZO-1 (Scudamore et al., 1998). The possibility that
chymase may act on tight junction proteins is also supported by a study in
which human chymase was demonstrated to induce decreased barrier
function of human corneal epithelium, an activity that was ascribed to
degradation of occludin and fibronectin (Ebihara et al., 2005a). Additional
support for a role of chymase in increasing capillary permeability comes
from a study in which purified human chymase induced microvascular
permeability in guinea pigs (He andWalls, 1998b). In amore recent report, it
was shown that MCs were required for increased mucosal permeability
during infection with Trichinella spiralis, and that this effect could be related
to cleavage of occludin by mMCP-1 (McDermott et al., 2003). The collected
evidence from these studies strongly suggest that one major function of
chymase, in an inflammatory context, may be to promote microvascular
permeability by degrading components involved in epithelial cell–cell
contacts.

10.1.2. Effect on SMCs
Several reports have implicated MC chymase in regulation of SMC
growth and function. Kovanen and coworkers have shown that rat chy-
mase inhibits rat aortic SMC proliferation (Wang et al., 2001). The same
group also found that chymase caused apoptosis of SMCs, an effect which
was ascribed to cleavage of fibronectin present in the ECM deposited by
the SMCs, and proapoptotic activities of released fibronectin fragments
(Leskinen et al., 2003). In a follow up study, it was suggested that the SMC
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apoptosis induced by chymase was caused by disrupting NF-kB-
mediated survival signaling (Leskinen et al., 2006). Of note is that chymase
in addition has been demonstrated to be apoptotic for conjunctival epi-
thelial cells, also through a mechanism involving degradation of fibronec-
tin (Ebihara et al., 2005b). Certainly, these findings are well in line with the
multitude of evidence suggesting fibronectin to be an in vivo substrate for
chymase. In another study, human chymase was found to inhibit the
proliferative response of airway SMCs to epidermal growth factor
(Lazaar et al., 2002). Moreover, chymase has been shown to inhibit colla-
gen synthesis in SMCs (Wang et al., 2001) and to reverse the effect of VIP
on SMC relaxation (Franconi et al., 1989). The possibility that chymase
may influence SMC function is also supported by the colocalization of
MCs and SMCs in human airways (Matin et al., 1992). Considering the
strong association between the presence of MCs within the SMC layer and
the pathogenesis of asthma (Brightling et al., 2002), it is clear that effects of
chymase on SMC function can profoundly influence the pathogenesis.
However, whether chymase in this context is harmful or protective (or an
‘‘innocent bystander’’) remains to be demonstrated.

10.1.3. Cardiac disorders
Given the discovery that chymase can convert Ang I into Ang II, and the
huge potential for this activity in terms of cardiac function, it is not
surprising that numerous studies have addressed the role of chymase in
heart disease and in models thereof. Thus, correlative evidence has linked
chymase to aneurysm formation in humans (Tsunemi et al., 2002) and to
congenital heart disease (Hamada et al., 1999), and a chymase polymor-
phism has been associated with bypass degeneration with implications
for atherosclerosis (Ortlepp et al., 2001). Further, studies employing vari-
ous chymase inhibitors in animal models have supported a role for
chymase in formation of abdominal aortic aneurysms (Tsunemi et al.,
2004), myocardial infarction (Hoshino et al., 2003; Jin et al., 2003), and
intimal hyperplasia after balloon injury (Takai et al., 2003b). The potential
of using chymase inhibitors in treatment of heart disease has been
reviewed (Takai et al., 2004a). In line with a role for chymase in heart
disease, it has also been shown that chymase inhibitors may reduce aortic
lipid deposition (Uehara et al., 2002) and that a chymase polymorphism
correlates with HDL levels (Fukuda et al., 2002).

10.1.4. Fibrosis
Several lines of evidence point toward a role for chymase in fibrotic
conditions. For instance, chymase presence has been correlated with
fibrosis in experimental diabetes (Jones et al., 2004) and in autoimmune
liver fibrosis (Satomura et al., 2003). Fibrosis progression in sclerotic skin
of tight-skin mice has been correlated with a selective upregulation of
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mMCP-4, but not mMCP-5, expression (Kakizoe et al., 2001). Further,
chymase inhibitors can reduce fibrosis in animal models (Sakaguchi
et al., 2004; Takai et al., 2003a; Tomimori et al., 2003). How chymase may
contribute to fibrotic conditions is not known but a number of reports
indicate that chymase is mitogenic for different types of fibroblasts
(Algermissen et al., 1999; Maruichi et al., 2004; Pemberton et al., 1997).
On a different angle, the ability of chymase to release ECM-bound TGF-b1
(Taipale et al., 1995) and to activate latent TGF-b1 (Lindstedt et al., 2001a)
may contribute to chymase-dependent fibrosis.

10.1.5. Angiogenesis
MCs have been implicated in angiogenesis and, although the exact role of
MCs in this process is not clear, several reports suggest a possible involve-
ment of chymase. For example, hamster sponge granuloma models have
been used to show inhibition of angiogenesis by a chymase inhibitor
(BCEAB) (Muramatsu et al., 2002) and by chymostatin, a broad spectrum
inhibitor of chymotrypsin-like proteases (Muramatsu et al., 2000). An effect
of chymase on angiogenesis could potentially affect both physiological and
pathological processes. Indeed, chymase positivity has been correlatedwith
both wound healing (Nishikori et al., 1998) and tumor angiogenesis (Kondo
et al., 2006). Interestingly, the latter report indicated that chymase presence
was associated with poor prognosis in gastric cancer. Along the same line,
chymase was associated with poor prognosis in lung adenocarcinoma
(Nagata et al., 2003). Additional support for a role of chymase in angio-
genesis has been obtained in a study in which inhibition of rMCP-5 expres-
sion, by antisense nucleotide technology, reduced granuloma-associated
angiogenesis in a rat model (Russo et al., 2005). Although the mechanism
by which chymase could influence angiogenesis is not known, it may be
speculated that chymase canpromote angiogenesis by, for example, degrad-
ing ECM to facilitate vessel growth, activate proangiogenic pro-MMPs such
as pro-MMP-9, or activate latent growth factors.

10.1.6. Peritoneal adhesion
Postoperative intraperitoneal adhesions are common problems during
surgery. Several reports have shown that various chymase inhibitors
(BCEAB, NK3201, TY-51184; Table 11) reduce the degree of peritoneal
adhesion in experimental models, suggesting that chymase inhibitors
have the potential of ameliorating this pathological condition (Okamoto
et al., 2002a,b, 2004a,b; Soga et al., 2004).

10.1.7. Regulation of immunoglobulin levels
Although it is likely that chymase exerts many of its actions during the
acute phase of an inflammatory response, as exemplified by effects on
mucosal permeability and histamine release (see above), it cannot be



TABLE 11 Low molecular weight MC chymase inhibitors

Ki/IC50

Selectivity

over

cathepsin G References

Nonpeptide

NK3201 IC50 ¼ 2.5 nM – Takai et al., 2001a

SUN-C8257 IC50 ¼ 0.31 mM 18 Fukami et al., 2000

SUN-C8077 IC50 ¼ 2.5 mM 0.4 Fukami et al., 2000

JNJ-10311795 Ki ¼ 2.3 nM 16.5 de Garavilla et al.,

2005

Cpd 41 IC50 ¼ 22 nM >4500 Niwata et al., 1997

BCEAB IC50 ¼ 5.4 nM ND Takai et al., 2001b

TY-51184 IC50 ¼ 37nM >2700 Takai et al., 2004b

SPF-32629 A IC50 ¼ 0.25mg/
ml

20 Shimatani et al.,

2006

TY-51076 IC50 ¼ 56 nm >400 Masaki et al., 2003

TEI-E548 Ki ¼ 6.2 nM – Hoshino et al., 2003

Y-40613 Ki ¼ 22.6 nM 32 Imada et al., 2002

Peptide based

Z-Ile-Glu-Pro-

Phe-COOMe

Ki ¼ 1 nM – Bastos et al., 1995

Diphenyl Na-

benzocarbonyl-

l-Arg-Glu-

Thr-PheP-

phosphonate

IC50¼3.8 nM 2700 Raymond et al.,

2003
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excluded that chymase also acts at other levels. For example, there is some
evidence that chymase (rMCP-1) stimulates IgE and IgG synthesis in vitro
(Yoshikawa et al., 2001) and, along the same line, there is limited evidence
suggesting that a chymase polymorphism correlates with IgE levels in
patients suffering from atopic dermatitis (Iwanaga et al., 2004). Clearly,
the function of chymase in connection with inflammation may be highly
complex andmuch future work will be needed to fully understand its role
in such settings.

10.1.8. Chymase functions implicated from gene KO studies
Only in a few cases have in vivo functions of chymases been suggested
from studies involving mice deficient in specific chymases (Table 8). In
one important study, Miller and coworkers demonstrated that mice lack-
ing mMCP-1 were less effective in clearance of T. spiralis than wild-type
controls (Knight et al., 2000). This finding is well in line with previous



222 Gunnar Pejler et al.
studies showing that animals lacking MCs altogether have a reduced
capacity in T. spiralis clearance (Ha et al., 1983), and suggests that the
effect of MCs in defense against parasites, at least partly, is dependent on
their content of chymase. However, it is not clear to what extent these
findings can be extrapolated to humans, considering that mMCP-1 has no
obvious functional human homologue. In another study, Gurish and
coworkers demonstrated that mice lacking mMCP-5 are protected in an
ischemia reperfusion injury model (Abonia et al., 2005). It should be noted
that mMCP-5�/� animals additionally lack MC-CPA (Stevens et al., 1996),
and it is thus uncertain whether the protection is due to lack of mMCP-5
or due to the secondary defect in MC-CPA storage.

10.1.9. Human chymase polymorphisms
Several studies have been performed in search for correlations between
different pathological states and certain polymorphisms in the human
chymase gene. The majority of reports focus on two polymorphisms: one
located in the promotor region and one in intron 2. It should be noted that
both of these polymorphisms are named in various ways in different
publications. The promotor polymorphism is presented as, for example,
BstXI, G3255A, -1905G/A, rs1800875, or CMA/B. The intron 2 polymor-
phism is usually referred to as A1625G or CMA/A. As described above,
chymase polymorphisms have been correlated with atopic skin disorders,
atherosclerosis, and HDL levels. In addition, chymase polymorphisms
have been connected to diabetic chronic renal insufficiency (Prasad et al.,
2006) and an elevated risk of developing gastric ulcer and gastric cancer
(Sugimoto et al., 2006), the latter in specific allele combinations with
an ACE polymorphism. Some data also support a possible additive effect
of chymase and ACE polymorphisms on hypertrophic cardiomyopathy
(Gumprecht et al., 2002; Pfeufer et al., 1996).
10.2. Tryptase

10.2.1. Inflammation
MC tryptase has been linked to a variety of disorders, mainly of inflam-
matory type (Table 10), but the in vivo significances of these findings have
in most cases not been verified. Similarly to chymase, a number of studies
have reported proinflammatory activities of tryptase. He et al. (1997)
showed that injection of human tryptase into guinea pig skin induced
influx of neutrophils and eosinophils. Using the same model, they also
demonstrated that the proinflammatory action of tryptase was associated
with increased microvascular leakage (He and Walls, 1997). Subse-
quently, two independent studies showed that recombinant mMCP-6,
when injected intraperitoneally in mice, induced an influx of neutrophils
(Hallgren et al., 2000; Huang et al., 1998). Interestingly, when mice instead
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were injected with mMCP-7, an influx of eosinophils rather than neutro-
phils was observed (Huang et al., 2001). Further, it has been reported
that instillation of human recombinant b-tryptase into trachea of mice
provokes a neutrophilic inflammation (Huang et al., 2001). Using sheep
as a model organism, it has been shown that human tryptase induces
cutaneous inflammation and that a tryptase inhibitor reduces cutaneous
inflammation in allergic animals (Molinari et al., 1995). The mechanisms
behind these proinflammatory activities are not known, but it has been
suggested that tryptase can stimulate IL-8 and ICAM expression in
endothelial cells (Compton et al., 1998; Huang et al., 1998). Similar to
chymase, tryptase may induce MC degranulation, and it was reported
that tryptase inhibitors can suppress MC degranulation in response
to calcium ionophore or IgE receptor cross-linking (He et al., 1998).
In addition, tryptase has been reported to provoke degranulation also of
eosinophils (Vliagoftis et al., 2004).

10.2.2. Fibrosis
Similarly to chymase, tryptase has been implicated in fibrosis. Several
reports have shown that tryptase is a mitogen for fibroblasts and can
stimulate collagen synthesis (Abe et al., 1998; Akers et al., 2000; Frungieri
et al., 2002; Gruber et al., 1997; Hartmann et al., 1992; Ruoss et al., 1991).
Tryptase is also mitogenic for SMCs (Brown et al., 1995, 2002) and myo-
cytes (Corvera et al., 1997). The possibility that tryptase accordingly may
have a role in fibrotic conditions, for example in allergic asthma, has been
discussed in a previous review (Levi-Schaffer and Piliponsky, 2003).

10.2.3. Airway inflammation
A number of reports suggest a role for MC tryptase in allergic airway
inflammation. Strong support for this notion was given when it was
demonstrated that two different tryptase inhibitors, APC-366 and
BABIM, suppressed inflammatory responses and airway hyperreactivity
in allergic sheep provoked by antigen (Clark et al., 1995). APC-366 was
later reported to have beneficial effects also in allergic pigs (Sylvin et al.,
2002). Further, it was shown that instillation of human tryptase into the
trachea of sheep induced bronchoconstriction mediated by histamine
release, and that the airway response was suppressed by APC-366
(Molinari et al., 1996). Additional support for a role of MC tryptase in
airway responses comes from studies in which human tryptase was
found to induce airway reactivity and histamine release in isolated
human (Berger et al., 1999) and guinea pig (Barrios et al., 1998) bronchi.

In light of the observed beneficial effects of APC-366 in animal models
for allergic airway responses, it subsequently underwent a clinical trial for
treatment of asthma (Krishna et al., 2001). However, the outcome of this
trial was relatively disappointing, with only a minor beneficial effect



224 Gunnar Pejler et al.
observed. This may thus argue against a major role for MC tryptase
in allergic airway responses. On the other hand, APC-366 is a very slow-
acting inhibitor, with several hours required for optimal tryptase inhibi-
tion (Rice et al., 1998) and, moreover, it is nonselective (Table 12). It can
therefore not be ruled out that the poor outcome of the clinical trial is
related to these properties and that the contribution of tryptase to airway
responses would be more apparent if better tryptase inhibitors would be
used. Indeed, more selective and potent tryptase inhibitors have been
developed (Table 12), and several of these, including AMG-126737
(Wright et al., 1999) and MOL-6131 (Oh et al., 2002), suppress airway
TABLE 12 Low molecular weight MC tryptase inhibitors

Ki/IC50

Selectivity

over

trypsin References

APC-366 Ki ¼ 0.33–

450 mM
0.5 Clark et al., 1995;

Hallgren et al.,

2001a; Rice et al.,

1998

Gabexate

mesylate

Ki ¼ 3.4 nM 500 Erbaa et al., 2001

Nafamostat

mesilate

IC50 ¼ 0.016 nM – Sendo et al., 2003

BABIM Ki ¼ 5 nM 18 Caughey et al.,

1993a; Katz et al.,

1998

RWJ-56423 Ki ¼ 10 nM 0.8 Costanzo et al., 2003

Cyclotheonamide

E4

IC50 ¼ 5.1 nM 1.2 Murakami et al.,

2002

AMG-126737 Ki ¼ 90 nM 28 Wright et al., 1999

MOL-6131 Ki ¼ 45 nM 24 Oh et al., 2002

BMS-262084 IC50 ¼ 4 nM 18 Sutton et al., 2002

BMS-354326 IC50 ¼ 1.8 nM 5,600 Bisacchi et al., 2004

BMS-363131 IC50 < 1.7 nM >3,000 Slusarchyk et al.,

2002

Compound 27 Ki ¼ 0.07 nM 560,000 Rice et al., 2000a

APC-2059 Ki ¼ 0.1 nM 150,000 Rice et al., 2000b

Diketopiperazine-

based

Ki ¼ 10–2400

nM

– Schaschke et al.,

2002

Compound 11b Ki < 0.01 nM 650,000 Burgess et al., 1999

Benzamidine

based

Ki ¼ 1 nM 46,000 Dener et al., 2001
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responses in animal models. In many cases, a high selectivity for MC
tryptase is obtained by developing dibasic inhibitors, that is, inhibitors
that simultaneously interact with two of the active sites in the tryptase
tetramer. Examples of such inhibitors include AMG-126737 (Wright et al.,
1999), MOL-6131 (Oh et al., 2002), and APC-2059 (Rice et al., 2000b;
Tremaine et al., 2002).

10.2.4. Angiogenesis
Tryptase has been shown to promote capillary growth and to be amitogen
for endothelial cells, indicating a potential role for tryptase in angiogenesis
(Blair et al., 1997). This is supported by the ability of tryptase to induce
proangiogenic, but not antiangiogenic cytokines (Somasundaram et al.,
2005). Moreover, a correlation between tryptase-positive neurons and
extent of angiogenesis has been reported in a mouse model for Duchenne
muscular dystrophy (Nico et al., 2004).

10.2.5. Correlative studies
Correlative studies have indicated potential links between MC tryptase
and a variety of disorders, including multiple sclerosis (Pedotti et al.,
2003b; Rozniecki et al., 1995), arthritis (Tetlow andWoolley, 1995), sudden
infant death syndrome (Buckley et al., 2001), psoriasis (Naukkarinen et al.,
1994), fibrosis (Kondo et al., 2001), and atopic dermatitis (Jarvikallio
et al., 1997).
10.3. MC-CPA

Until recently, very little information regarding the in vivo function of
MC-CPA has been available. Few reports have investigated the effect
of MC-CPA in cell culture-based systems, although one report suggests
that MC-CPA may be a mitogen for human dermal fibroblasts (Abe et al.,
2000). Importantly, a mouse strain lacking MC-CPA expression has been
generated (Feyerabend et al., 2005), an accomplishment that will greatly
facilitate investigations of its in vivo function. In the initial report describ-
ing the MC-CPA�/� strain, it was demonstrated that MC-CPA did not
contribute to passive cutaneous anaphylaxis. Interestingly, secretory
granules of MC-CPA�/� MCs showed defective staining with cationic
dyes, indicating alterations in storage of PGs, with the latter notion also
being supported by an increased solubility of 35S-sulfate labeled PGs in
MC-CPA�/� peritoneal MCs (Feyerabend et al., 2005). In an alternative
approach, strong evidence for an in vivo relevance of MC-CPA-catalyzed
degradation of snake venom sarafotoxin was obtained. Using the W/Wv

strain, Metz et al. demonstrated elegantly that MCs have a key role in
defense toward sarafotoxin-mediated lethality. Reconstitution of MC-
deficient mice with wild-typeMCs restored protection toward sarafotoxin
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while, strikingly, reconstitution with MCs in which MC-CPA expression
was suppressed by RNA interference failed to give protection (Metz et al.,
2006). Clearly, these recent and important findings have put MC-CPA on
the map of innate immunity, and we anticipate that new and important
functions of MC-CPA will be revealed in the near future.
11. MC PROTEASE INHIBITORS

11.1. Synthetic inhibitors

As a consequence of the multitude of pathological settings in which MC
proteases have been implicated, much effort has been invested in generat-
ing potent and selective MC protease inhibitors. Some of these inhibitors
are peptide based, as exemplified by the potent chymase inhibitor Z-Ile-
Glu-Pro-Phe-COOMe (Bastos et al., 1995). However, due to a requirement
for orally available compounds with favorable pharmacokinetics, recently
developed MC protease inhibitors are mainly nonpeptide based and of
low molecular weight (Tables 11 and 12). Such inhibitors have been
assessed in a variety of animal models for disease and have in many
cases proved to be effective in ameliorating the respective condition.
Thus, MC proteases are now considered as promising drug targets. How-
ever, the recent progress within this area should be taken with some
caution. First, several of the used inhibitors show a moderate degree of
selectivity for the respective MC protease or, alternatively, the selectivity
has to our knowledge not been characterized (Tables 11 and 12). For
example, two of the most frequently used MC protease inhibitors, APC-
366 and SUN-C8077, do not show any selectivity toward trypsin and
cathepsin G, respectively (Tables 11 and 12). Thus, the reported effect in
a diseasemodelmay not only be a consequence of inhibiting the targetMC
protease but also to inhibition of related proteases of non-MC origin.
Second, most of the inhibitors have been developed for their ability to
inhibit human proteases, that is, human chymase or b-tryptase, but are
used for targeting an animal counterpart protease. Therefore, it cannot
be ruled out that the potency for inhibition of the relevant animal
MC protease may differ considerably. For example, we found that APC-
366, a potent inhibitor of human b-tryptase (Table 12), was a very weak
inhibitor (IC50� 1 mM) ofmMCP-6 (Hallgren et al., 2001a). Hence, in order
to fully evaluate the relevance of inhibiting MC proteases in different
disease models, it would be useful to develop and assess selective inhibi-
tors of the relevant endogenous MC protease. Nevertheless, studies using
various MC protease inhibitors have led to the implication of MC
proteases in several novel settings (Section 10).
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11.2. In vivo regulation

Most likely, the MC proteases are under strict control after their release
from degranulated MCs in order to prevent the unleashing of excessive
protease activity that could cause damage to the host tissue. However, the
in vivo mechanisms that control MC protease activities have not been
extensively studied. For example, with the exception of the identification
of tryptase monomer in complex with the intracellular protease inhibitor
PI6 (Strik et al., 2004), in vivo-generated complexes of MC proteases and
endogenous protease inhibitors have not been isolated to date.

Several studies have shown that a1-AC, an endogenous protease inhibi-
tor of serpin type, is an efficient chymase inhibitor (Pejler, 1996; Pejler and
Berg, 1995; Schechter et al., 1989). Since skin MCs, at least under certain
pathological conditions, are positive for a1-AC (Huttunen and Harvima,
2005), it is likely that a1-AC indeed is an endogenous inhibitor of chymase.
In support for a role of serpins in chymase inhibition, Pemberton et al. (2006)
showed that mMCP-1, but not mMCP-2, was recovered in complexes with
serpins after the protease hadbeen injected into the circulation ofmice.Most
likely, since a1-AC is a plasma protein, chymase inhibition by a1-ACwould
predominantly occur during inflammatory conditions in which a1-AC has
been extravasated into the tissue. Further, it is of note that chymase, when
present in its physiological form, that is, in complex with heparin PG
(Section 8), is largely resistant to inhibition by a1-AC (Pejler and Berg,
1995). Also other plasmaprotease inhibitors, for example, a2-macroglobulin
(Walter et al., 1999) and a1-PI (Schechter et al., 1989), have been reported to
inhibit chymases, although it has been demonstrated that chymase shows
resistance also to these inhibitors when present in complex with heparin
PG (Pejler and Berg, 1995). A likely explanation for the protective effect of
heparin PG toward plasmaprotease inhibitors is that these inhibitors do not
show affinity for heparin. As a consequence, theymay be repelled by the SG
PG to which chymase is attached, according to the scheme outlined in
Fig. 5B. Another chymase inhibitor of potential physiological significance
is secretory leukocyte proteinase inhibitor (SLPI), a protease inhibitor found
in mucus secretions. Interestingly, chymase inhibition by SLPI was more
effective in the presence of heparin PG, thus in contrast to inhibition by
plasma protease inhibitors (Walter et al., 1996). A likely explanation for this
finding is that SLPI is a GAG-binding protein (Fath et al., 1998) and would
thus be attracted by the SGPG towhich chymase is bound (Fig. 5B).Another
potential endogenous chymase inhibitor is squamous cell carcinoma anti-
gen 2 (Schick et al., 1997), a serpin that serves as a serological marker for
advanced squamous cell tumors. In this context, it is interesting to note that
chymase (mMCP-4) has been implicated in squamous carcinoma through
its abilities to activate pro-MMP-9 and to induce hyperplastic skin to
become angiogenic (Coussens et al., 1999).
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The in vivo regulation of tryptase is an intriguing issue. To date, no
endogenous inhibitor capable of inhibiting tetrameric tryptase has been
identified. Therefore, the most likely scenario is that tryptase regulation
in vivo occurs by other means. A plausible mechanism is that the tryptase
tetramer, after exocytosis, dissociates into monomers that rapidly lose
activity. This notion is largely based on the known instability of tryptase
tetramers in conditions that prevail after its release into the extracellular
space, that is, neutral pH and body temperature (Schwartz and Bradford,
1986). However, it should be noted that tryptase monomers generated
during such conditions may be active, at least for a short time (Fajardo
and Pejler, 2003a). Hence, the active tryptase monomers may become
targets for endogenous protease inhibitors that fail to inhibit tetrameric
tryptase. In an alternative scenario, released tryptase tetramers may be
confronted to various polycationic proteins, for example, neutrophil-
derived lactoferrin and myeloperoxidase. Such polycationic compounds
will compete with tryptase for binding to tryptase-stabilizing GAGs, lead-
ing to tryptase dissociation and inactivation (Cregar et al., 1999; Elrod et al.,
1997; Hallgren et al., 2001a).

Very little is known about the control ofMC-CPA activity. In one study,
Uratani et al. (2000) reported that an MC-CPA inhibitory protein-denoted
latexin is present intracellularly within rat peritoneal MCs, in granules
distinct from those containing MC-CPA and histamine. Latexin was not
released following exposure of the MCs to either calcium ionophore or
compound 48/80, and it thus remains to be shownwhether latexin plays a
role in the extracellular control of MC-CPA activity. Another endogenous
inhibitor of MC-CPA, denoted tissue carboxypeptidase inhibitor (TCI),
was characterized by Normant et al. (1995). TCI is expressed in various
MC-containing tissues, for example, lung and intestine, and may thus
have the potential to regulate MC-CPA in vivo.

Clearly, the in vivo mechanisms that regulate MC proteases are likely
to be of great importance in fine-tuning various MC protease-dependent
conditions. Additional insight into this issue is therefore welcome and
will hopefully be generated in future research.
12. SUMMARY AND FUTURE PERSPECTIVES

As is evident from this chapter, past research on various MC proteases
has gathered large amounts of information regarding their structure,
processing mechanisms, expression profiles, cleavage specificity, and
potential in vivo substrates and functions. However, the critical questions
remain in large parts unanswered, that is, what is their true biological
function? Since the MC proteases are released during various inflamma-
tory conditions, it is likely that they at least under certain circumstances
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may contribute to the pathological condition in which the MC partici-
pates, that is, being harmful. On the other hand, it cannot be ruled out that
the MC proteases in some cases may actually have a role in dampening
the inflammatory response by, for example, degrading inflammatory
substances. In fact, we may even envisage a scenario where they may
play different roles during various phases of a given response, for exam-
ple aiding in recruitment of inflammatory cells in the early inflammatory
phase and by limiting a too extensive response by degrading inflamma-
tory molecules in subsequent stages of the reaction. Moreover, we cannot
rule out that MC proteases also can contribute to tissue homeostasis
under normal conditions, that is, in the absence of MC degranulation.
To answer these critical questions, it will be imperative to genetically
target the various MC protease genes and assess the outcome in different
disease models, in particular those in which MCs have been shown to
contribute to the pathogenesis. We are now at a stage where KO strains
for many of the major MC proteases are available, that is, animals lacking
mMCP-1, -4, -5, and MC-CPA (Table 8). With help of these KO strains,
and by assessing animals with combined deletions of the respective MC
proteases, we anticipate that the next few years will reveal a number of
in vivo settings in which MC proteases play a role. The next challenge will
then be to determine the exact mechanism behind a given finding, with
the key question being to determine which substrate that is the in vivo
target for the protease.
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Henningsson, F., Hergeth, S., Cortelius, R., Åbrink, M., and Pejler, G. (2006). A role for
serglycin proteoglycan in granular retention and processing of mast cell secretory
granule components. FEBS J. 273, 4901–4912.



Mast Cell Proteases 237
Hoshino, F., Urata, H., Inoue, Y., Saito, Y., Yahiro, E., Ideishi, M., Arakawa, K., and Saku, K.
(2003). Chymase inhibitor improves survival in hamsters with myocardial infarction.
J. Cardiovasc. Pharmacol. 41(Suppl. 1), S11–S18.

Huang, C., Wong, G. W., Ghildyal, N., Gurish, M. F., Sali, A., Matsumoto, R., Qiu, W. T.,
and Stevens, R. L. (1997). The tryptase, mouse mast cell protease 7, exhibits anticoag-
ulant activity in vivo and in vitro due to its ability to degrade fibrinogen in the
presence of the diverse array of protease inhibitors in plasma. J. Biol. Chem. 272,

31885–31893.
Huang, C., Friend, D. S., Qiu, W. T., Wong, G. W., Morales, G., Hunt, J., and Stevens, R. L.

(1998). Induction of a selective and persistent extravasation of neutrophils into the
peritoneal cavity by tryptase mouse mast cell protease 6. J. Immunol. 160, 1910–1919.

Huang, C., De Sanctis, G. T., O’Brien, P. J., Mizgerd, J. P., Friend, D. S., Drazen, J. M.,
Brass, L. F., and Stevens, R. L. (2001). Evaluation of the substrate specificity of human
mast cell tryptase beta I and demonstration of its importance in bacterial infections of the
lung. J. Biol. Chem. 276, 26276–26284.

Huang, R., and Hellman, L. (1991). Cloning and structural analysis of a novel mouse mast
cell specific serine protease, the MMCP-6: A connective tissue mast cell specific tryptase.
In ‘‘Proceedings of XIV International Congress of Allergology and Clinical Immunology’’
(A. L. de Wek, Ed.), p. 122. Hoerefe & Huber, Kyoto, Japan.

Huang, R., and Hellman, L. (1994). Genes for mast-cell serine protease and their molecular
evolution. Immunogenetics 40, 397–414.

Huang, R. Y., Blom, T., and Hellman, L. (1991). Cloning and structural analysis of MMCP-1,
MMCP-4 and MMCP-5, three mouse mast cell-specific serine proteases. Eur. J. Immunol.

21, 1611–1621.
Huang, R., Abrink,M., Gobl, A. E., Nilsson, G., Aveskogh,M., Larsson, L. G., Nilsson, K., and

Hellman, L. (1993). Expression of a mast cell tryptase in the human monocytic cell lines
U-937 and Mono Mac 6. Scand. J. Immunol. 38, 359–367.

Hultsch, T., Ennis, M., and Heidtmann, H. H. (1988). The role of chymase in ionophore-
induced histamine release from human pulmonary mast cells. Adv. Exp. Med. Biol. 240,

133–136.
Humphries, D. E., Wong, G. W., Friend, D. S., Gurish, M. F., Qiu, W. T., Huang, C.,

Sharpe, A. H., and Stevens, R. L. (1999). Heparin is essential for the storage of specific
granule proteases in mast cells [see comments]. Nature 400, 769–772.

Hunt, J. E., Friend, D. S., Gurish, M. F., Feyfant, E., Sali, A., Huang, C., Ghildyal, N.,
Stechschulte, S., Austen, K. F., and Stevens, R. L. (1997). Mouse mast cell protease 9, a
novel member of the chromosome 14 family of serine proteases that is selectively
expressed in uterine mast cells. J. Biol. Chem. 272, 29158–29166.

Huttunen,M., andHarvima, I. T. (2005). Mast cell tryptase and chymase in chronic leg ulcers:
Chymase is potentially destructive to epithelium and is controlled by proteinase inhibi-
tors. Br. J. Dermatol. 152, 1149–1160.

Imada, T., Komorita, N., Kobayashi, F., Naito, K., Yoshikawa, T., Miyazaki, M.,
Nakamura, N., and Kondo, T. (2002). Therapeutic potential of a specific chymase inhibi-
tor in atopic dermatitis. Jpn. J. Pharmacol. 90, 214–217.

Imamura, T., Dubin, A., Moore, W., Tanaka, R., and Travis, J. (1996). Induction of vascular
permeability enhancement by human tryptase: Dependence on activation of prekallikrein
and direct release of bradykinin from kininogens. Lab. Invest. 74, 861–870.

Itoh, H., Murakumo, Y., Tomita, M., Ide, H., Kobayashi, T., Maruyama, H., Horii, Y., and
Nawa, Y. (1996). Cloning of the cDNAs for mast-cell chymases from the jejunum
of Mongolian gerbils, Meriones unguiculatus, and their sequence similarities with
chymases expressed in the connective-tissue mast cells of mice and rats. Biochem. J.
314 , 923–929.



238 Gunnar Pejler et al.
Iwanaga, T., McEuen, A., Walls, A. F., Clough, J. B., Keith, T. P., Rorke, S., Barton, S. J.,
Holgate, S. T., and Holloway, J. W. (2004). Polymorphism of the mast cell chymase
gene (CMA1) promoter region: Lack of association with asthma but association with
serum total immunoglobulin E levels in adult atopic dermatitis. Clin. Exp. Allergy 34,

1037–1042.
Jarjour, N. N., Calhoun, W. J., Schwartz, L. B., and Busse, W. W. (1991). Elevated bronch-

oalveolar lavage fluid histamine levels in allergic asthmatics are associated with
increased airway obstruction. Am. Rev. Respir. Dis. 144, 83–87.

Jarvikallio, A., Naukkarinen, A., Harvima, I. T., Aalto, M. L., and Horsmanheimo, M. (1997).
Quantitative analysis of tryptase- and chymase-containing mast cells in atopic dermatitis
and nummular eczema. Br. J. Dermatol. 136, 871–877.

Jin, D., Takai, S., Yamada, M., Sakaguchi, M., Kamoshita, K., Ishida, K., Sukenaga, Y., and
Miyazaki, M. (2003). Impact of chymase inhibitor on cardiac function and survival after
myocardial infarction. Cardiovasc. Res. 60, 413–420.

Jin, D., Ueda, H., Takai, S., Okamoto, Y., Muramatsu, M., Sakaguchi, M., Shibahara, N.,
Katsuoka, Y., and Miyazaki, M. (2005). Effect of chymase inhibition on the arteriovenous
fistula stenosis in dogs. J. Am. Soc. Nephrol. 16, 1024–1034.

Jippo, T., Lee, Y. M., Katsu, Y., Tsujino, K., Morii, E., Kim, D. K., Kim, H.M., and Kitamura, Y.
(1999). Deficient transcription of mouse mast cell protease 4 gene in mutant mice of
mi/mi genotype. Blood 93, 1942–1950.

Jogie-Brahim, S., Min, H. K., Fukuoka, Y., Xia, H. Z., and Schwartz, L. B. (2004). Expression of
alpha-tryptase and beta-tryptase by human basophils. J. Allergy Clin. Immunol. 113,

1086–1092.
Johnson, L. A., Moon, K. E., and Eisenberg, M. (1986). Purification to homogeneity of the

human skin chymotryptic proteinase ‘‘chymase.’’ Anal. Biochem. 155, 358–364.
Jones, S. E., Gilbert, R. E., and Kelly, D. J. (2004). Tranilast reduces mesenteric vascular

collagen deposition and chymase-positive mast cells in experimental diabetes. J. Diabetes

Complications 18, 309–315.
Ju, H., Gros, R., You, X., Tsang, S., Husain, M., and Rabinovitch, M. (2001). Conditional and

targeted overexpression of vascular chymase causes hypertension in transgenic mice.
Proc. Natl. Acad. Sci. USA 98, 7469–7474.

Kajita, T., and Hugli, T. E. (1991). Evidence for in vivo degradation of C3a anaphylatoxin by
mast cell chymase. I. Nonspecific activation of rat peritoneal mast cells by C3ades Arg.
Am. J. Pathol. 138, 1359–1369.

Kakizoe, E., Shiota, N., Tanabe, Y., Shimoura, K., Kobayashi, Y., and Okunishi, H. (2001).
Isoform-selective upregulation of mast cell chymase in the development of skin fibrosis
in scleroderma model mice. J. Invest. Dermatol. 116, 118–123.

Kaminska, R., Helisalmi, P., Harvima, R. J., Naukkarinen, A., Horsmanheimo, M., and
Harvima, I. T. (1999). Focal dermal-epidermal separation and fibronectin cleavage in
basement membrane by human mast cell tryptase. J. Invest. Dermatol. 113, 567–573.

Karlson, U., Pejler, G., Froman, G., and Hellman, L. (2002). Rat mast cell protease 4 is a
beta-chymase with unusually stringent substrate recognition profile. J. Biol. Chem. 277,

18579–18585.
Karlson, U., Pejler, G., Tomasini-Johansson, B., and Hellman, L. (2003). Extended substrate

specificity of rat mast cell protease 5, a rodent alpha-chymase with elastase-like primary
specificity. J. Biol. Chem. 278, 39625–39631.

Katz, B. A., Clark, J. M., Finer-Moore, J. S., Jenkins, T. E., Johnson, C. R., Ross, M. J., Luong, C.,
Moore, W. R., and Stroud, R. M. (1998). Design of potent selective zinc-mediated serine
protease inhibitors. Nature 391, 608–612.

Kelso, E. B., Lockhart, J. C., Hembrough, T., Dunning, L., Plevin, R., Hollenberg, M. D.,
Sommerhoff, C. P., McLean, J. S., and Ferrell, W. R. (2005). Therapeutic Promise of Par2
Antagonism in Joint Inflammation. J. Pharmacol. Exp. Ther. 316(3), 1017–1024.



Mast Cell Proteases 239
Kido, H., Fukusen, N., and Katunuma, N. (1985). Antibody and inhibitor of chymase
inhibit histamine release in immunoglobulin E-activated mast cells. Biochem. Int. 10,
863–871.

Kido, H., Nakano, A., Okishima, N., Wakabayashi, H., Kishi, F., Nakaya, Y., Yoshizumi, M.,
and Tamaki, T. (1998). Human chymase, an enzyme forming novel bioactive 31-amino
acid length endothelins. Biol. Chem. 379, 885–891.

Kielty, C. M., Lees, M., Shuttleworth, C. A., andWoolley, D. (1993). Catabolism of intact type
VI collagen microfibrils: Susceptibility to degradation by serine proteinases. Biochem.

Biophys. Res. Commun. 191, 1230–1236.
Kim, D. K., and Lee, Y. M. (2004). Requirement of c-jun transcription factor on the mouse

mast cell protease-6 expression in the mast cells. Arch. Biochem. Biophys. 431, 71–78.
Kjellén, L., Pettersson, I., Lillhager, P., Steen, M. L., Pettersson, U., Lehtonen, P., Karlsson, T.,

Ruoslahti, E., and Hellman, L. (1989). Primary structure of a mouse mastocytoma
proteoglycan core protein. Biochem. J. 263, 105–113.

Knight, P. A., Wright, S. H., Lawrence, C. E., Paterson, Y. Y., andMiller, H. R. (2000). Delayed
expulsion of the nematode Trichinella spiralis in mice lacking the mucosal mast cell-
specific granule chymase, mouse mast cell protease-1. J. Exp. Med. 192, 1849–1856.

Kofford, M. W., Schwartz, L. B., Schechter, N. M., Yager, D. R., Diegelmann, R. F., and
Graham, M. F. (1997). Cleavage of type I procollagen by human mast cell chymase
initiates collagen fibril formation and generates a unique carboxyl-terminal propeptide.
J. Biol. Chem. 272, 7127–7131.

Koka, V., Wang, W., Huang, X. R., Kim-Mitsuyama, S., Truong, L. D., and Lan, H. Y.
(2006). Advanced glycation end products activate a chymase-dependent angiotensin
II-generating pathway in diabetic complications. Circulation 113, 1353–1360.

Kokkonen, J. O., Vartiainen, M., and Kovanen, P. T. (1986). Low density lipoprotein degra-
dation by secretory granules of rat mast cells. Sequential degradation of apolipoprotein B
by granule chymase and carboxypeptidase A. J. Biol. Chem. 261, 16067–16072.

Kondo, K., Muramatsu, M., Okamoto, Y., Jin, D., Takai, S., Tanigawa, N., and Miyazaki, M.
(2006). Expression of chymase-positive cells in gastric cancer and its correlation with the
angiogenesis. J. Surg. Oncol. 93, 36–42; discussion 42–33.

Kondo, S., Kagami, S., Kido, H., Strutz, F., Muller, G. A., and Kuroda, Y. (2001). Role of mast
cell tryptase in renal interstitial fibrosis. J. Am. Soc. Nephrol. 12, 1668–1676.

Krishna, M. T., Chauhan, A., Little, L., Sampson, K., Hawksworth, R., Mant, T.,
Djukanovic, R., Lee, T., and Holgate, S. (2001). Inhibition of mast cell tryptase by inhaled
APC 366 attenuates allergen- induced late-phase airway obstruction in asthma. J. Allergy
Clin. Immunol. 107, 1039–1045.

Kunori, Y., Koizumi, M., Masegi, T., Kasai, H., Kawabata, H., Yamazaki, Y., and
Fukamizu, A. (2002). Rodent alpha-chymases are elastase-like proteases. Eur. J. Biochem.

269, 5921–5930.
Kusche-Gullberg, M., Eriksson, I., Pikas, D. S., and Kjellén, L. (1998). Identification and expres-

sion in mouse of two heparan sulfate glucosaminyl N-deacetylase/N-sulfotransferase
genes. J. Biol. Chem. 273, 11902–11907.

Lane, D. A., Pejler, G., Flynn, A. M., Thompson, E. A., and Lindahl, U. (1986). Neutralization
of heparin-related saccharides by histidine-rich glycoprotein and platelet factor 4
[published erratum appears in J. Biol. Chem. (1986 Oct 5) 261(28), 13387]. J. Biol. Chem.

261, 3980–3986.
Lazaar, A. L., Plotnick, M. I., Kucich, U., Crichton, I., Lotfi, S., Das, S. K., Kane, S.,

Rosenbloom, J., Panettieri, R. A., Jr., Schechter, N. M., and Pure, E. (2002). Mast cell
chymase modifies cell-matrix interactions and inhibits mitogen-induced proliferation of
human airway smooth muscle cells. J. Immunol. 169, 1014–1020.

Le Trong, H., Neurath, H., and Woodbury, R. G. (1987a). Substrate specificity of the
chymotrypsin-like protease in secretory granules isolated from rat mast cells [published



240 Gunnar Pejler et al.
erratum appears in Proc. Natl. Acad. Sci. USA (1987 Apr) 84(8), 2266]. Proc. Natl. Acad.

Sci. USA 84, 364–367.
Le Trong, H., Parmelee, D. C., Walsh, K. A., Neurath, H., and Woodbury, R. G. (1987b).

Amino acid sequence of rat mast cell protease I (chymase). Biochemistry 26, 6988–6994.
Lee, D. M., Friend, D. S., Gurish, M. F., Benoist, C., Mathis, D., and Brenner, M. B. (2002a).

Mast cells: A cellular link between autoantibodies and inflammatory arthritis. Science 297,
1689–1692.

Lee, M., Calabresi, L., Chiesa, G., Franceschini, G., and Kovanen, P. T. (2002b). Mast cell
chymase degrades apoE and apoA-II in apoA-I-knockout mouse plasma and reduces its
ability to promote cellular cholesterol efflux.Arterioscler. Thromb. Vasc. Biol. 22, 1475–1481.

Lee, M., Sommerhoff, C. P., von Eckardstein, A., Zettl, F., Fritz, H., and Kovanen, P. T.
(2002c). Mast cell tryptase degrades HDL and blocks its function as an acceptor of cellular
cholesterol. Arterioscler. Thromb. Vasc. Biol. 22, 2086–2091.

Lee, M., Kovanen, P. T., Tedeschi, G., Oungre, E., Franceschini, G., and Calabresi, L. (2003a).
Apolipoprotein composition and particle size affect HDL degradation by chymase: Effect
on cellular cholesterol efflux. J. Lipid Res. 44, 539–546.

Lee, M., Metso, J., Jauhiainen, M., and Kovanen, P. T. (2003b). Degradation of phospholipid
transfer protein (PLTP) and PLTP-generated pre-beta-high density lipoprotein by mast
cell chymase impairs high affinity efflux of cholesterol from macrophage foam cells.
J. Biol. Chem. 278, 13539–13545.

Lee-Rueckert, M., and Kovanen, P. T. (2006). Mast cell proteases: Physiological tools to study
functional significance of high density lipoproteins in the initiation of reverse cholesterol
transport. Atherosclerosis 189, 8–18.

Lees, M., Taylor, D. J., and Woolley, D. E. (1994). Mast cell proteinases activate precursor
forms of collagenase and stromelysin, but not of gelatinases A and B. Eur. J. Biochem. 223,

171–177.
Leskinen, M., Wang, Y., Leszczynski, D., Lindstedt, K. A., and Kovanen, P. T. (2001). Mast

cell chymase induces apoptosis of vascular smooth muscle cells. Arterioscler. Thromb.
Vasc. Biol. 21, 516–522.

Leskinen, M. J., Lindstedt, K. A., Wang, Y., and Kovanen, P. T. (2003). Mast cell chymase
induces smooth muscle cell apoptosis by a mechanism involving fibronectin degradation
and disruption of focal adhesions. Arterioscler. Thromb. Vasc. Biol. 23, 238–243.

Leskinen, M. J., Heikkila, H. M., Speer, M. Y., Hakala, J. K., Laine, M., Kovanen, P. T., and
Lindstedt, K. A. (2006). Mast cell chymase induces smooth muscle cell apoptosis by
disrupting NF-kappaB-mediated survival signaling. Exp. Cell Res. 312, 1289–1298.

Levi-Schaffer, F., and Piliponsky, A. M. (2003). Tryptase, a novel link between allergic
inflammation and fibrosis. Trends Immunol. 24, 158–161.

Li, L., Li, Y., Reddel, S. W., Cherrian, M., Friend, D. S., Stevens, R. L., and Krilis, S. A. (1998).
Identification of basophilic cells that express mast cell granule proteases in the peripheral
blood of asthma, allergy, and drug-reactive patients. J. Immunol. 161, 5079–5086.

Li, M., Liu, K., Michalicek, J., Angus, J. A., Hunt, J. E., Dell’Italia, L. J., Feneley, M. P.,
Graham, R. M., and Husain, A. (2004). Involvement of chymase-mediated angiotensin
II generation in blood pressure regulation. J. Clin. Invest. 114, 112–120.

Lindstedt, K. A., Wang, Y., Shiota, N., Saarinen, J., Hyytiainen, M., Kokkonen, J. O., Keski-
Oja, J., and Kovanen, P. T. (2001a). Activation of paracrine TGF-beta1 signaling upon
stimulation and degranulation of rat serosal mast cells: A novel function for chymase.
FASEB J. 15, 1377–1388.

Lindstedt, L., Lee, M., Castro, G. R., Fruchart, J. C., and Kovanen, P. T. (1996). Chymase in
exocytosed rat mast cell granules effectively proteolyzes apolipoprotein AI-containing
lipoproteins, so reducing the cholesterol efflux-inducing ability of serum and aortic
intimal fluid. J. Clin. Invest. 97, 2174–2182.



Mast Cell Proteases 241
Lindstedt, L., Lee, M., and Kovanen, P. T. (2001b). Chymase bound to heparin is resistant to
its natural inhibitors and capable of proteolyzing high density lipoproteins in aortic
intimal fluid. Atherosclerosis 155, 87–97.

Lohi, J., Harvima, I., and Keski-Oja, J. (1992). Pericellular substrates of human mast cell
tryptase: 72,000 dalton gelatinase and fibronectin. J. Cell. Biochem. 50, 337–349.

Longley, B. J., Tyrrell, L., Ma, Y., Williams, D. A., Halaban, R., Langley, K., Lu, H. S., and
Schechter, N. M. (1997). Chymase cleavage of stem cell factor yields a bioactive, soluble
product. Proc. Natl. Acad. Sci. USA 94, 9017–9021.

Lundequist, A., Juliano, M. A., Juliano, L., and Pejler, G. (2003). Polycationic peptides as
inhibitors of mast cell serine proteases. Biochem. Pharmacol. 65, 1171–1180.
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