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Proteases are stored in very large amounts within abundant cytoplasmic granules of mast
cells (MCs), and in lower amounts in basophils. These proteases are stored in their active
form in complex with negatively charged proteoglycans, such as heparin and chondroitin
sulfate, ready for rapid release upon MC and basophil activation. The absolute majority of
these proteases belong to the large family of chymotrypsin related serine proteases. Three
such enzymes are found in human MCs, a chymotryptic enzyme, the chymase, a tryptic
enzyme, the tryptase and cathepsin G. Cathepsin G has in primates both chymase and
tryptase activity. MCs also express a MC specific exopeptidase, carboxypeptidase A3
(CPAB). The targets and thereby the functions of these enzymes have for many years been
the major question of the field. However, the fact that some of these enzymes have a
relatively broad specificity has made it difficult to obtain reliable information about the
biologically most important targets for these enzymes. Under optimal conditions they may
cleave arelatively large number of potential targets. Three of these enzymes, the chymase,
the tryptase and CPA3, have been shown to inactivate several venoms from snakes,
scorpions, bees and Gila monster. The chymase has also been shown to cleave several
connective tissue components and thereby to be an important player in connective tissue
homeostasis. This enzyme can also generate angiotensin Il (Ang Il) by cleavage of Ang |
and have thereby a role in blood pressure regulation. It also display anticoagulant activity
by cleaving fibrinogen and thrombin. A regulatory function on excessive T2 immunity has
also been observed for both the chymase and the tryptase by cleavage of a highly
selective set of cytokines and chemokines. The chymase also appear to have a protective
role against ectoparasites such as ticks, mosquitos and leeches by the cleavage of their
anticoagulant proteins. We here review the data that has accumulated concerning the
potential in vivo functions of these enzymes and we discuss how this information sheds
new light on the role of MCs and basophils in health and disease.
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INTRODUCTION

Mast cells (MCs) are tissue resident cells that are found primarily
in regions of the body in contact with the external world, such as
the skin, the tongue, the small intestine, the lungs and in
connective tissues surrounding different organs (1). They are
also often found close to blood vessels and nerves where they act
as sentinel cells, sensing the environment, signaling to other
immune cells, and opening the tissues for influx of antibodies,
complement and inflammatory cells. To perform these tasks they
store massive amounts of physiologically acting substances in
cytoplasmic granules, ready for rapid release upon activation of
the cell. In these granules we find histamine, heparin and several
proteases (2-10). The proteases, which are present in very large
amounts can account for up to 35% of the total cellular protein of
the MC, and they are stored in their active form in tight complex
with negatively charged proteoglycans such as heparin and
chondroitin sulfate (3, 4, 9, 11, 12). The absolute majority of
these proteases belong to the chymotrypsin related serine
protease family of endopeptidases (13). MCs primarily express
chymases and tryptases with chymotryptic or tryptic primary
cleavage specificities, respectively. The chymase is MC specific
and the tryptase is expressed in both MC and basophils. MCs
also express a carboxypeptidase named CPA3 that is restricted in
its expression to MCs and basophils (14-17). This A/B type
exopeptidase belongs to the M14 metallo-carboxypeptidase
family. Upon activation MCs also produce and secrete potent
lipid mediators, primarily leukotriene C4 (LTC4), and
prostaglandin D2 (PGD2) (10, 18-20). Leukotriene B4 (LTB4)
is also be produced by MC. However the major producer of this
leukotriene seems to be neutrophils and monocytes/
macrophages (21).

The transcripts for the granule proteases are the most highly
expressed transcripts in the mature MC where the expression
levels can be in the range of several percent of the total
transcriptome (1, 16, 22). In addition to MC tryptase and
chymase, serine proteases belonging to the same family of
trypsin/chymotrypsin related serine proteases have in
mammals also been identified in basophils, neutrophils,
cytotoxic T cells and natural killer (NK) cells but not in B
cells, macrophages, red blood cells, platelets or dendritic cells and
only at relatively low levels in eosinophils. A very broad spectrum
of primary cleavage specificities has been observed for these
hematopoietic serine proteases, including chymase, tryptase, asp-
ase, elastase and met-ase specificities, which highlights the large
flexibility in their active site (23). It is the amino acids of active
site pocket that determines the primary specificity and it is
primarily three residues that are responsible for this specificity,

Abbreviations: MC, mast cell; MMC, mucosal mast cell; CTMC, connective tissue
mast cell; Ang II, angiotensin II; CPA3, Carboxypeptidase A3; mMCP-1, mouse
mast cell protease 1; rMCP-1, rat mast cell protease 1; MCr, mast cell expressing
only the tryptase; MCrc mast cell expressing both the chymase and the tryptase;
TSLP, thymic stromal lymphopoietin; AT1, angiotensin receptor 1; ACE,
angiotensin converting enzyme; NK cell, natural killer cell; Vch, vascular
chymase; TAP, tick anticoagulant protein.

i.e. the residues 189, 216 and 226, according to the numbering in
bovine pancreatic chymotrypsinogen (Figure 1) (24).

The genes encoding these hematopoietic serine proteases are
organized in four different loci, i.e. the MC chymase locus, the
MC tryptase locus, the T cell tryptase locus and the met-ase locus
(25, 26). In mammals, these loci are often located on four
different chromosomes, indicating that some of them may
originate from whole genome duplications, so called
tetraploidizations. Two such tertraploidizations have most
likely occurred during early vertebrate evolution, which
indicate that the original locus was present before these
evolutionary important events (27). Interestingly, only one of
these loci is present in cartilaginous fish, the T cell tryptase locus,
which also is named the granzyme A/K locus. Not any of these
loci is present in jawless fish, including lamprey and hagfish,
indicating that they appear at the base of jawed vertebrates (25).

Two major subtypes of MCs have been identified in
mammals, connective tissue MCs (CTMCs) and mucosal MCs
(MMC:s) (28-30). They have been named primary based on their
tissue distribution. In humans and rodents CTMCs are primarily
located in connective tissue of the skin, the tongue and in
connective tissue surrounding different organs, whereas MMCs
are found in the intestinal mucosa of the duodenum and in
primates also in the lung (1, 31, 32). These MC subtypes express
different sets of the MC specific proteases. In humans the MMCs
are also named MCr, because they only express the tryptase,
whereas the human CTMCs, also named MCrc express four
proteases, the tryptase, the chymase, cathepsin G and CPA3 (30).
Interestingly, relatively large differences in the number of these
proteases and their tissue specificity have been observed between
species. As mentioned above human MCs primarily express four
such proteases, the chymase, the tryptase, cathepsin G and CPA3
(33, 34). In marked contrast, mouse and rat have a relatively large
number of such proteases. Mouse CTMCs express mMCP-5, the
evolutionary counterpart of the human chymase, a second
chymase named mMCP-4, two tryptases, named mMCP-6 and
-7 and the carboxypeptidase CPA3 (1). The name for the human
chymase gene and mMCP-5 in the locus annotation is Cmal.
Cmal is also classified as the o-chymase. In rodents a second
subfamily of chymases has been identified, a subfamily named 83-
chymases. These {3-chymases most likely originate from a
relatively early gene duplication of the a-chymase gene. This
initial duplication was then most likely followed by several
successive duplications. In the mouse chymase locus there are
five active such f3-chymases: mMCP-1, mMCP-2, mMCP-4,
mMCP-9 and mMCP-10 (Figure 2). Mouse CTMCs express
one of them, the mMCP-4. Mouse MMCs only express
chymases, mMCP-1 and mMCP-2, and no tryptase or CPA3.
To this should be added that the evolutionary counterpart of
human chymase in mice, the mMCP-5, is per definition no
longer a chymase since it lacks chymase activity. During
evolution, the origin of mMCP-5 has by mutations of the
amino acids surrounding the substrate binding pocket changed
its primary specificity from being a chymase to now only
accepting smaller aliphatic amino acids and thereby becoming
an elastase (Figure 1) (35, 36). Interestingly, when the o-
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FIGURE 1 | Nomenclature of the amino acids surrounding the cleaved peptide bond and the amino acids forming the active site pocket. Panel A shows the amino acids
N-terminal from the cleaved bond are termed P1 (where cleavage occurs, depicted by scissors), P2, P3 etc. Amino acids C-terminal of the cleaved bond are termed P1’
(adjacent to P1), P2’, P3’ etc. The corresponding interacting sub-sites in the enzyme are denoted with S. Panel B shows the S1 pocket, which is important in determining
the primary specificity of the chymotrypsin family. The important residues are shown, which determine chymotrypsin-, trypsin- or elastase-like specificity. Three residues
corresponding to positions 189, 216 and 226 in bovine pancreatic chymotrypsinogen has been found to be the amino acids forming the major part of this pocket and
thereby giving the primary specificity of the enzyme (24).
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FIGURE 2 | The chymase locus of three mammalian species. An in-scale figure of the chymase locus in three mammalian species; human, mouse and rat. The
genes are color coded. Granzymes are shown in dark blue, o-chymases in light blue and B-chymases as blue with a darker tint. mMMCP-8-related genes are in cyan,
duodenases in red and cathepsin G in green. The general scale bar of 50 kB is valid for most of the genes. However, the rat locus is much larger in size why we
have reduced the size to half. For rat we have therefore introduced a 100 kB size marker.
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chymase mMCP-5, became an elastase, the f8-chymase mMCP-4
seems to have taken over the role of the o-chymase. mMCP-4
has been found to have an extended cleavage specificity almost
identical to the human MC chymase (37). A similar expansion of
the number of chymases is also seen in the rat (Figure 2).
However, here the number of $3-chymases is even higher. Rats
have seven 3-chymases: rat (r) MCP-1, rMCP-2, rMCP-3, rMCP-
4, rMCP-1-like 1 (also named the vascular chymase (Vch)),
rMCP-1 like 2 and rMCP-1 like 3 (Figure 2) (25).

This massive increase in protease genes in rodent is primarily
seen in one of the four loci encoding the hematopoietic serine
proteases, i.e. in the chymase locus (Figure 2) (25, 26). This locus
encodes in humans only four genes, the MC chymase, cathepsin G
and two T cell expressed granzymes, the granzymes B and H. In
marked contrast, this locus encodes 15 functional protease genes
in mouse and as many as 18 such genes in rat (Figure 2). Why
rodents seem to need so many more of these genes compared to
primates is still an open but very interesting question.

Basophils also express some of these proteases but store them
at lower levels compared to MCs. Human basophils express the
tryptase and CPA3, whereas mouse basophils express the
basophil specific proteases mMCP-8 and mMCP-11 together
with CPA3 (34, 38-41).

A number of very diverse functions have been identified for
the different hematopoietic serine proteases, including apoptosis
induction, blood pressure regulation, inactivation of insect and
snake venoms, killing of bacteria and fungi, mobilization or
degradation of cytokines and the degradation of connective
tissue components (23, 42-47). These MC proteases may act
both locally and systemically. However, in the circulation the
presence of large amounts of protease inhibitors results in that
the chymase rapidly become inactivated upon entering the
circulation. The tryptase tetramers do relatively rapidly form
monomers after entering the circulation and the monomers are
inactive at physiological pH. The activity of these proteases is
therefore primarily confined to the area close to the mast cells
within the tissue and in there in macromolecular complex with
the proteoglycans, and only to a minor extent in the circulation.

ACE

1 Ang | 8

Y4
1

Ang |

The situation for the two tryptases in the mouse, mMCP-6 and
mMCP-7, is slightly different. mMCP-6 seems to stay at the site
and is not found in the circulation, whereas active tetramers of
mMCP-7 are found in relatively high amounts in plasma of mice,
but is gone from the circulation 4 hours after MC activation (48).
In this review we will try to summarize the evidence that has
accumulated on the biological targets for the very abundant MC
enzymes and the less abundant basophil proteases and what this
new knowledge can tell us about their role in MC and basophil
biology. We will first look at the targets for the chymases, where
most data have accumulated, followed by the tryptases and CPA3
and finally the basophil specific proteases. By applying an
evolutionary approach we aim to identify potential targets that
have been conserved among the majority of mammals which
would strongly support their evolutionary importance as targets
for particular enzymes.

IN VIVO TARGETS FOR THE
MC CHYMASES

Angiotensin | and The Regulation of

Blood Pressure

Angiotensin I (Ang I) is one of the first potential targets to be
identified for the human MC chymase. Ang I is a 10 amino acid
inactive peptide originating from cleavage of an elongated N
terminus of angiotensinogen by the aspartyl protease renin (49)
(Figure 3). Angiotensinogen is a member of the serpin family of
protease inhibitors mainly produced by the liver but mRNA is
also found in many other organs (50, 51). However, no inhibitory
activity on proteases has been detected for angiotensinogen (49).
Cleavage of Ang I by the human chymase at residue Phe8 results
in the eight amino acid peptide Ang II. Ang II, but not Ang 1, is a
ligand for the G-protein coupled angiotensin receptors 1 and 2
(AT1 and AT2) (52). Most of the classical effects by Ang II is
mediated by ATI1, involving induction of blood vessel
contraction, aldosterone release from the adrenal zona
glomerulosa, salt retention in the renal proximal tubules and
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FIGURE 3 | Angiotensin cleavage. Panel A shows the N-terminal end of angiotensinogen including the 10 amino acid and the cleavage sites in angiotensinogen for
renin and for the angiotensin converting enzyme (ACE). Panel B shows the Ang | peptide with the cleavage site for the majority of MC chymase at Phe 8 generating
Ang Il and for a few additional MC chymases from some species where their chymases also degrade Ang Il by cleavage at Tyr 4.
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stimulation of the sympathetic nervous system thereby resulting
in an increase in blood pressure (52). In some mammals the MC
chymase also cleaves after Tyr4 in Ang I and thereby also
degrade the peptide (Figure 3) (53, 54). The major Ang II
generating enzyme in the blood has classically been considered
to be the angiotensin converting enzyme (ACE) (Figure 3) (52).
However, Ang I conversion in the tissues may to a larger extent
be dependent on other enzymes including the MC chymases
(55). Human, macaque and dog MC chymases, and mouse
mMCP-4 seem to almost exclusively generate Ang II from Ang
I by cleavage at Phe8 (53, 54). However, the major rat CTMC
chymase, rMCP-1, seems to efficiently cleave at both Tyr4 and
Phe8 and thereby degrade Ang I (Figure 3) (53, 54). A similar
situation has been observed for golden hamster, and opossum
chymases indicating that not all mammals have MC chymases
with Ang I converting function (54). No studies have so far been
performed to look for other potential enzymes in these species,
which could have this function, except for in the rat (54). In the
rat one of the 8-chymases have changed tissue specificity and is
now no longer considered to be expressed in MCs, but instead in
vascular muscle cells, therefore it has been named rat vascular
chymase (Vch) (54, 56, 57). This protease was previously thought
to have taken over the role of Ang I converting enzyme from
rMCP-1, which also degrades Ang I by cleavage at Tyr4 (53, 56).
However, when we recently analyzed the Ang I converting
activity of recombinant Vch we found that it was a very poor
Ang I converter (54). The question therefore remains if other
enzymes in rat, hamster and opossum is responsible for Ang I
conversion in these species or if they have alternative strategies to
cope with blood pressure drop upon massive MC activation.

To have the MC enzymes involved in blood pressure
regulation makes biologically a lot of sense as a massive release
of histamine, leukotriene C4 and prostaglandin D2 from MCs
upon antigen triggering result in increased blood vessel
permeability and outflow of plasma from the vessels leading to
a drop in blood pressure (58). In such scenario, the generation of
Ang II by MC chymase could be essential for survival to
counteract a massive drop in blood pressure that could result
in unconsciousness, and severe injuries after fainting.

Matrix Components

The amount of proteolytic enzymes stored in the CTMCs is
remarkable. In spite of the fact that the granules already are filled
with these enzymes, MCs still seem to constantly synthesize these
enzymes. Their mRNA levels are namely exceptionally high even
in resting tissue CTMCs (1, 16, 22). It has been proposed that
these tissue resident MCs secrete small amounts of these
proteases by piece meal degranulation, possibly constantly as a
part of normal tissue homeostasis. The human, mouse, macaque,
dog and opossum MC chymases have been shown to efficiently
cleave fibronectin and at least the human chymase also seems to
activate pro-collagenases indicating that they play an active role
in connective tissue turnover (43, 44, 47, 59). Findings from
mMCP-4 knock out mice support the role of the MC chymase in
connective tissue homeostasis where the connective tissue in
these mice increase in thickness with increasing age indicating a
reduced turnover of the connective tissue components (59). A

similar phenomenon has been observed in mice lacking
macrophage colony stimulating factor (M-CSF) where these
mice lack or have very low numbers of osteoclasts, a type of
bone macrophages. These mice develop osteopetrosis with very
dense bone that become brittle due to that their bone matrix is
not being degraded and resynthesized, which results in small
cracks in the bone that are not being sealed (60). So at least two
different immune cells may have an important role in general
tissue homeostasis, i.e. MCs of connective tissue and
macrophages of both bone and connective tissue. Mouse
peritoneal macrophages also express high levels of several
connective tissue components including fibronectin,
proteoglycan 4, syndecan 3 and extracellular matrix protein 1
indicating that they are major players in connective tissue
homeostasis (61).

Regulating Intestinal Permeability

During parasite infections MMCs increase in numbers quite
dramatically in the intestinal mucosa peaking between one and
two weeks after a worm infestation (29, 62). The numbers can
increase by 10-50 fold and the majority of these new MCs are
located just below the epithelial layer of the intestinal mucosa of
the duodenum (29, 62, 63). Injection of the rat MMC-specific
protease rMCP-2 has been shown to rapidly affect the
permeability of the mucosal layer resulting in outflow of
antibodies, complement components and also inflammatory
cells, including eosinophils and neutrophils (64, 65). By
analyzing the cleavage of a panel of cell adhesion molecules
expressed in the intestinal mucosa of rats we found that rMCP-2
effectively cleave several of these components including
protocadherin, E-cadherin, cadherin-17 and occludin (66).
Interestingly, human MMCs lack chymases, so the question is
if primates have alternative strategies to increase intestinal
permeability. Injection of rMCP-2 intravenously, not only
locally produced, has been shown to result in this increase in
intestinal permeability indicating that also chymase originating
from CTMC could have this effect. We therefore decided to test
the ability of human chymase to cleave the same set of cell
adhesion molecules that we used to analyze the activity of rMCP-
2. We can here show that the human chymase actually is even
more active against these cell adhesion molecules than the
MMC-specific rMCP-2. Almost all of the tested targets,
including protocadherin, E-cadherin, cadherin-17 and occludin
were efficiently cleaved by the human chymase indicating that it
may have a similar function as rMCP-2 (Figure 4), despite its
absence in normal human MMCs.

MCs in Immunity to Bacteria

The role of MCs in the defense against bacterial infection have
been controversial due to the initially relatively poor animal
models (67). The early MC deficient mouse models, primarily the
W/W" but also the W*"/W*", that was based on mutations in the
stem cell factor receptor, the c-kit, had indicated a clear
involvement of MCs in bacterial defense. However, many of
these effects and also the role of MCs in autoimmunity could not
be confirmed when more stringent MC deficient mouse models
became available (67). In these early MC-deficient models there
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FIGURE 4 | Cleavage of adhesion molecules and thrombin by the human chymase. An SDS-PAGE analysis of a cleavage analysis of a panel of different cell adhesion
molecules and of the coagulation factor thrombin by the human MC chymase. C marks the target protein without addition of the chymase, as control, and HC marks the
cleavage of the target molecule by the human chymase. As a control for the activity of the human chymase is also a recombinant 2xTrx substrate included, where an
optimal cleavage site for this enzyme is inserted between two copies of the E. coli redox protein thioredoxin (43). In panel (A) forty ng of HC was used in each of the
cleavage reactions. In panel (B) which is a second cleavage reaction included of thrombin, there we used five times higher amount, or 200 ng, of the human chymase.

were also reduced numbers and activity of neutrophils and also
more general effects on hematopoiesis, which turned out to be
the major cause of the reduced efficiency to combat bacterial
infections in these mice. However, a clear role of MCs has later
been seen with the new and improved MC-deficient animal
model, including the CPA3-Cre, mMCP-5-Cre and Mcl-1{l/f]
mice (67). These new models are considerably better than the kit
dependent model, but also these new models have flaws. They
also show reduced numbers of basophils (68).

One important example of the importance of MC in bacterial
defense when using these new models is the defense against
infection by Escherichia coli in the urinary bladder. In this type of
infections the bacterial clearance has been well documented to be
dependent on the mouse MC chymase (mMCP-4) (69). Upon
infection by E. coli, MCs increase in numbers in the bladder wall
and migrate towards the epithelial layer where they release their
granules. The granule proteases do in turn cleave adhesion
molecules and when mMCP-4 enter the epithelial cells it induces
caspase 1 activation and pyroptotic cell death which results in the
shedding of the infected epithelial layer of cells lining the bladder
inner wall. The bacteria attached to the bladder wall are then
flushed out of the bladder resulting in marked reduction in bacterial
load and a faster recovery (69). The different MC proteases may
have similar functions in the duodenum and the urinary bladder, by
cleaving cell adhesion molecules resulting in increased permeability
and/or in epithelial shedding. Epithelial shedding seems namely
also to be a major defense strategy in the intestinal region during
severe bacterial infections, like Salmonella infections (70). During
severe Salmonella infections the infected cells of the epithelial layer

are shed to remove the bacteria from the epithelial layer and to
inhibit them from reaching deeper into the intestinal tissue (70).
Although the involvement of MCs in this intestinal shedding seem
very likely, this has to our knowledge not yet been documented.
Notably, a recent study has demonstrated a role for both MCs and
IgE in the clearance of bacterial infection in the ear of mice. The
importance of MCs in this study was linked to protection against
secondary lung infection by Staphylococcus aureus (71) and there
were indications that the MC proteases participated in the defense
(71). MC proteases probably also contribute to bacterial clearance
by cleavage of many bacterial virulence factors. However, there are
so far few documented examples of such potential targets of
importance for the bacterial defense.

Many bacteria use adhesion to connective tissue components,
primarily fibronectin as one way to attach and avoid being
flushed out of a tissue. This attachment is achieved by the
production of fibronectin binding proteins by bacteria (72). In
at least one study the cleavage of fibronectin by the mouse
chymase mMCP-4 have been shown to be of importance for
inhibiting bacteria to colonize a tissue and thereby having a
beneficial role in bacterial clearance (72).

Regulating coagulation

Granules of rodent CTMC:s contain large amounts of heparin and in
primates both CTMCs and MMCs contain heparin (73). Heparin is
a potent anticoagulant by the activation of anti-thrombin (74). The
triggering of MCs results in the release of histamine, leukotrienes,
prostaglandins, heparin and proteases. These mediators do in turn
trigger the opening of blood vessels, which results in an influx into
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the tissue of antibodies, complement, inflammatory cells and blood
coagulation components (58, 75). When clotting proteins come in
contact with the tissue, coagulation is initiated to seal the leakage of
the vessel. The potentially negative effect of coagulation is that the
flow of immune components is blocked. To counteract this closure,
MC heparin may limit activation of thrombin, one of the key
enzymes in the clotting cascade. The MC chymase may also help
in this inhibition of coagulation by actively inactivating thrombin by
proteolytic cleavage. Cleavage of thrombin by human chymase has
been shown previously (76). To further analyze the efficiency of this
cleavage we have tested the in vitro cleavage of human thrombin
with two different concentrations of the chymase (Figure 4). We
found that considerably more of the enzyme was needed to cleave
thrombin compared to the cell adhesion molecules, but still within
the physiological range of the enzyme concentration. Hence,
degradation of thrombin by the chymase may contribute to the
inhibition of coagulation after opening of the vessels for immune
mediators and cells. Chymase also efficiently cleave fibrinogen and
this effect has also been evolutionary conserved as we have shown
that both human and opossum chymase efficiently degrades
fibrinogen (47). MCs can thereby have anticoagulant activity by at
least three independent mechanisms, heparin and the inactivation of
both thrombin and fibrinogen.

Inactivation of Venoms
MCs are most abundant in tissues in close contact with the external
world like the skin, the tongue and the intestinal mucosa. Venoms
delivered by snake bites, scorpion stings or bee and wasp stings are
generally appearing in the skin. Several elegant studies have shown
the potent action of the different MC enzymes on these venoms
resulting in their inactivation (42, 77-80). The venoms also act
directly on the MCs by inducing degranulation (80).

The human MC chymase has been shown to cleave internally
in endothelin and sarafotoxin 6B from the Israeli mole viper (78,
81). Interestingly several of these toxins mimic the action of
endogenous activators. Some of these toxins show high sequence
homology to endothelin, a potent endogenous regulator of blood
pressure. Endothelin has been shown to be cleaved by both the
human chymase and by CPA3 (81). Chymase cleaves internally
in endothelin whereas CPA3 cleaves of a single amino acid in the
C-terminal end of this peptide (77, 81). It is the C-terminal
trimming, by the removal of the C-terminal tryptophan, that
appears to have the major inhibiting effect on the biological
activity of endothelin (81).

Regulating Excessive T2 Immunity

The default pattern in immune regulation has been considered to
be a humoral T2 immunity, primarily involving B cells and
immunoglobulins. This is an immune response not involving the
activation of potentially harmful cytotoxic T cells. However,
upon infection with intracellular parasites, including viruses
and certain bacteria, like Mycobacteria, Chlamydia and
Listeria, the immune system needs to activate a more potent
response. However, this will also activate more potentially
harmful players to locate and remove the infection including
killing the infected cells by inducing apoptosis and subsequent
phagocytosis of the infected cells. Antibodies are not sufficient to

target infectious agents that hide inside our own cells. The
important triggers of this cell mediated Tyl response are IL-12
and interferons, primarily IFN-o. and IFN-3. Ty 1 responses need
to be very tightly regulated and very small amounts of IL-12 is
apparently sufficient to activate this type of response. Attempts to
regulate excessive Ty2 immunity, which occur in allergic
patients, by tilting immunity more towards Tyl immunity has
not been successful, primarily due to the high potency of the IL-
12. Strikingly, mice injected with 1 ug of IL-12 per day resulted in
100% death at day six due to the potency of the IL-12 (82). The
question is if there also is a tight regulation of Ty;2 immunity and
in that case what cell type would most likely be involved. MCs
can produce a large number of cytokines, primarily Ty2
cytokines, so they can potentially enhance an ongoing T2
immunity (83). However, do they also have a role in
controlling excessive T2 immunity? In support of this notion,
we found that MC chymase cleaves the Tiy2-cytokine IL-33 and
exhibits a protective role in a mouse model of allergic asthma, as
suggested by the augmented sensitization, airway inflammation
and IL-33 levels in mice lacking the chymase mMCP-4 (84). To
study the human chymase for its selectivity in degrading
cytokines and chemokines we analyzed the activity of the
human chymase on a panel of 55 cytokines and chemokines.
To our surprise we found that this enzyme was exceptionally
restrictive in its cleavage. Only three cytokines were efficiently
cleaved by the human chymase, namely IL-18, IL-33 and IL-15
(46). Two of these, IL-18 and IL-33, are classical T2 cytokines
and the third, IL-15, has recently been shown to be a potent
inducer of allergen sensitization, showing that also this cytokine
has a potent Ty2 inducing activity (Figure 5) (88, 89). This very
high selectivity for a small set of T2 cytokines, indicated an
important role of the chymase in regulating excessive Ty2
immunity (46). We later showed that also the tryptase has a
very similar activity, which made the finding even more striking
(47). These two MC-specific enzymes combined appear to have a
very strong dampening effect on Ty2 immunity. One major
function of these abundant MC enzymes seems therefore to act
as a potent negative feed-back loop on T2 immunity (Figure 5).
This should be kept in mind when trying to develop anti-allergy
drugs by inhibiting the activity of the MC chymase and/or the
tryptase. In contrast to what we observed for the human
chymase, which did not cleave TNF-a, the mouse counterpart
to the human chymase, mMCP-4, has been shown to be a major
player in the inactivation of this cytokine in vivo (45). The targets
for these mast cell enzymes can therefore differ significantly
between species, a situation that needs to be kept in mind when
using animal models to study the in vivo effect of these enzymes.

Role In The Defense Against Ectoparasites
Basophils have been shown to accumulate at the site of tick
infestation. However, this happens only after the second contact
with the parasite and this accumulation is dependent on adaptive
immunity, IgE and the high affinity IgE receptor (FceRI) (90, 91).
Mouse basophils express a protease that is specific for this cell type,
the mMCP-8 (39, 62). To study the potential role of this enzyme in
the defense against ticks and other ectoparasites we produced a tick
anticoagulant protein (TAP) of Ornithodoros moubata and
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analyzed its sensitivity for cleavage by the basophil specific protease
mMCP-8 and a panel of other hematopoietic serine proteases. In
contrast to our expectations, we found that mMCP-8 had no effect
on this tick anticoagulants. However, all the connective tissue MC
chymases tested, including human-, dog-, rat-, hamster- and
opossum chymases did very efficiently degrade this anticoagulant
protein, indicating a potent role of the MC chymases in the defense
against this ectoparasite (92). We then continued this analysis by
analyzing the role of this panel of hematopoietic serine proteases on
anticoagulants from two other ectoparasites, leeches and
mosquitos. We tested their activity on the thrombin inhibitors
hirudin from Hirudum medicinalis and on anophelin from the
malaria vector Anopheles gambiae. Almost an identical pattern of
cleavage was seen for these two anticoagulants indicating that the
connective tissue MC proteases cleave the anticoagulants of a broad
array of different ectoparasites (92). Interestingly, the mucosal MC
proteases were in general inactive against these anticoagulant
proteins indicating a high selectivity of these proteases in their
target specificity (92). Connective tissue MCs are primarily located
in the skin which is the primary site of infection for these
ectoparasites, indicating a functional adaptation of the cleavage
specificity to targets of importance for the particular type and tissue
location of the MC. Ticks have been found to have the capacity to
counteract this effect of chymases by producing protease inhibitors.
One example of such an inhibitor has been found in the saliva of
the tick Ixodes ricinus, the serpin IRS-2, which is a potent inhibitor

of all the MC chymases tested (92, 93).

Other Potential Targets for the MC
Chymases

The potential targets for MC proteases as listed above, do most
likely not include all the targets of importance for the
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FIGURE 5 | A T2 immune response. A number of cytokines have been shown to be potent inducers of T2 mediated immunity. The most well characterized are thymic
stromal lymphopoietin (TSLP), IL-33, IL-18, IL-25 and IL-4. IL-18 has been shown to be potent inducers of T2 mediated immunity when present alone and not in
combination with IL-12. Interestingly when present together with IL-12, IL-18 acts instead as an enhancer of Ty1 mediated immunity (85). IL-4 and IL-13 are the only two
cytokines known to induce isotype switching in B cells to IgE (86). IL-5 is important for eosinophil infiltration, activation and proliferation, and IL-31 acts as an inducer of itch in
skin of atopic dermatitis patients. IL-9 is, in mice, an inducer of mucosal mast cell differentiation (87). Both IL-15 and IL-21 has been found to have T2 promoting activity as
described in the text. Cleavage of the T2 initiating early cytokines would most likely result in a dampening effect on T42 mediated immunity.

physiological role of these enzymes. MCs and the different MC
proteases have been shown to contribute, positively or negatively,
to a number of conditions including arthritis, dermatitis, obesity,
atherosclerosis, abdominal aortic aneurysm and cancer (94). This
information has been obtained by studies of knock out mice for
single and combinations of these proteases or with protease
inhibitors. These studies have given a lot of valuable
information concerning potential involvements of these
proteases in the role of MCs in vivo (94). However, to our
knowledge no more solid information concerning the most
important in vivo targets for these proteases in the phenotypic
changes that are observed in these studies have been reported.
These models give primarily information concerning the
importance of MCs or of individual MC proteases in a
particular disease or organ function, but they seem to be less
suitable for specifying the exact target for the proteases.
Combinations of in vivo and in vitro studies are therefore
essential for the fine mapping of the biological function of these
proteases as they may have a very complex physiological role in
immunity and tissue homeostasis. Surprisingly, the results from
knock out mice and from inhibitor studies are also often
contradictory as nicely shown in a recent review on the lessons
from knockouts and inhibitors into the in vivo function of the MC
chymase (94). Many of the chymase inhibitors are also affecting
the activity of the related cathepsin G that is expressed in high
levels in human MCs and the fact that most studies are performed
in mice while the inhibitor specificity has been determined for the
human chymase, is further complicating these analyses (33, 94).
More detailed screenings for potential targets of importance for
the biological effects observed are therefore needed before the
picture of the role of the various proteases in the observed
phenotypes can be obtained.

Frontiers in Immunology | www.frontiersin.org

8 July 2022 | Volume 13 | Article 918305


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Hellman et al.

Biological Targets of the Mast Cell Proteases

A summary of the potential targets of the MC chymase is
found in Figure 6.

IN VIVO TARGETS FOR THE
MC TRYPTASES

The target specificity for the tryptases are more restricted than for
the chymases. One reason for this is their tetrameric structure. The
active sites of tryptase are located in the center of the tetramer
making them less accessible for larger substrates (95). The tryptase
may also be active in its monomeric form, but this only at a pH
lower than the normal physiological pH (96). During inflammatory
conditions the pH may drop to 6.0-6.5 and then can the monomeric
tryptases also show activity, and the monomers have then a less
restrictive active site, potentially allowing larger substrates to enter
that active site. However, due to that the most active form of the
tryptase is in its tetrameric form most of the potential targets
identified for tryptase has been peptides. However, as discussed
above the human tryptase has also been shown to cleave a highly
selective set of Ty2 cytokines showing that not only peptides can
serve as important targets (47). The human tryptase also trims the
ends of fibrinogen, most likely resulting in the inability to form a
fibrin clot, and that the tryptase may thereby cooperate with the
chymase in controlling coagulation (47). The cleavage and
activation of the protease activated receptor 2 (PAR-2) by human
and mouse mast cell tryptases have been a controversial issue for
several years, but seem now to be relatively well documented (95,
97, 98). The human MC tryptase has also been shown to be highly
active in detoxifying six different snake venoms (80).

Inactivation of Venoms

Evidence for a prominent role of tryptase in the defense against snake
venoms has come from a study of the effect of human skin MC
extract and purified human chymase, tryptase and CPA3 on the
lethal effect of venom from six different snake species (80). In this
study only tryptase, and not chymase or CPA3, had an effect on the
survival rate of zebrafish embryos injected with venoms from a
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number of snake species, indicating that tryptase is the dominant
player in the protection against snake venom (80). This study
indicates that purified tryptase could be used as a potential
treatment for snake bite envenoming. A few of the potential targets
of the tryptase in these venoms were identified. One of them was L-
amino acid oxidase, an enzyme that act on platelets and induce
apoptosis and hemorrhagic effects, but can also induce apoptosis in a
number of different cells, the second was a zinc metalloproteinase
that induce capillary hemorrhage and myonecrosis (80).

PAR-2 Cleavage
Very recently the role of the mouse mast cell tryptase, mMCP-6, in
PAR-2 cleavage and its role in the induction of thymic stromal
lymphopoietin (TSLP) expression in mouse skin keratinocytes
have been demonstrated (97). In this study, keratinocytes from
PAR-2 negative mice did not show this induction of TSLP strongly
suggesting that PAR-2 is a target for the mast cell tryptases (97).
These findings also suggest that the MC tryptase can be an
important trigger of inflammatory cytokines by keratinocytes and
possibly also other tissue cells. Interestingly in this study histamine
was also found to induce several cytokines and chemokines,
although not TSLP but instead several other cytokines and
chemokines including IL-6, stem cell factor (SCF) and IL-8 (97).
PAR-2 is also an important component in the blood
coagulation system and several coagulation proteases, including
FXa and FVIIa, can activate PAR-2 (99).

Histone Modification

The tryptase has been shown to leak out from the granules in
small amounts and to enter the nucleus where it can cleave the
core histones in their N-terminal tail indicating that the tryptase
can have a regulatory role on transcription (100).

Peptide Substrates for the MC Tryptases

A number of peptides have been identified as potential substrates
for the MC tryptases including kininogen, vasoactive intestinal
peptide (VIP), peptide histidine-methionine (PHM) and
calcitonin gene-related peptide (CGRP) indicating that this
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FIGURE 6 | Targets for the human MC-Chymase. A number of potential targets for the human MC chymase is summarized.
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MC enzyme can have a potent regulatory function in several
tissues (95, 101-103). The degradation of several of these
mediators of bronchodilation may lead to increased bronchial
responsiveness and may at least partly explain the induction of
bronchial hyper-reactivity by tryptase (95).

Regulating Excessive Th2 Immunity

Due to the remarkable selectivity in the cleavage of cytokines and
chemokines by the human chymase, we decided to continue the
screening for potential similar activities of the other major granule
serine protease of human MCs, the tryptase. The tryptase was
found to be even more selective than the chymase. We detected
cleavage of only two cytokines out of a panel of 69 different human
cytokines and chemokines (47). The two cytokines cleaved by the
human tryptase were two additional key Ty;2 cytokines, TSLP and
IL-21 (Figure 5) (47). TSLP has been named a master regulator of
Ty2 immunity and IL-21 was recently identified as a potent
enhancer of IgE synthesis (104, 105). When we combined the
action by both the chymase and the tryptase we found a
remarkable selectivity of cytokines cleaved by these two
enzymes. All five cytokines cleaved by these two enzymes are
key Ty2 cytokines, either directly involved in the induction of a
T2 cytokine environment, or in sensitization or IgE production.
This coordinated action by the two major human MC proteases is
in our mind an exceptionally strong indication for a potent role of
these two MC proteases and of the MC in controlling excessive
Ty2 immunity (Figure 5). We will therefore stress the potential
danger with using tryptase and chymase inhibitors in the
treatment of Ty2 mediated inflammation including asthma,
dermatitis and other MC-dependent diseases. The long-term
effect may be the increase in Ty2 mediated immunity, by
increased sensitization to a broader panel of allergens and an
exaggerated allergic inflammation. A clear indication for such an
effect was observed in mice lacking the major MC chymase in
mice, mMCP-4, which were found to develop exaggerated
responses in two models of allergic airway inflammation (84,
106). The lack of both the chymase and the tryptase may here be
even more pronounced. Analysis of double knock out mice for

both mMCP-4 and mMCP-6, the counterpart of the human
tryptase, would therefore be very interesting for its effects on
allergen sensitization. However, similar to what was observed for
the chymase with TNF-o, there are differences in the cytokines
and chemokines cleaved by the MC tryptases in mouse and man.
The human tryptase cleaves TSLP and IL-21. The corresponding
enzyme in mouse, mMCP-6, does not cleave TSLP, but cleaves IL-
21 and also IL- 9, IL-13 and IL-33, indicating that care should be
taken when comparing data from human and mouse studies as the
exact targets may differ (47).

Interestingly, the tryptases can thereby both induce the
expression of certain cytokines, such as TSLP, by acting on
PAR-2 on keratinocytes and at the same degrade this cytokine,
indication a complex pattern of regulation of cytokines and
chemokines by these enzymes.

A summary of the potential targets of the MC tryptase is
found in Figure 7.

IN VIVO TARGETS FOR THE MC AND
BASOPHIL EXPRESSED CPA3

The potential targets for the MC and basophil specific CPA3
have been even more difficult to determine compared to the
tryptases due to that it is an exopeptidase and not an
endopeptidase. A minor trimming of a C-terminal end of a
protein is much more difficult to spot than an internal cleavage,
which markedly change the molecular weight of the target.
Removing one or a few amino acids of a large protein is often
difficult to detect on a gel. The major difficulties in obtaining
recombinant CPA3 is another major factor for the low number of
potential in vivo targets identified for this enzyme. The mouse
CPA3 apparently needs co-expression with mMCP-5 for the
presence in granules indicating a complex transport through
endoplasmic reticulum and Golgi for correct processing and
storage (107-109). Production of active mouse and human CPA3
has therefore been very difficult and no active mouse or human
recombinant CPA3 are presently available for more detailed
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FIGURE 7 | Targets for the human MC-Tryptase. A number of potential targets for the human MC tryptase is summarized.
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studies of their potential in vivo targets. We have tried with both
mammalian and insect cells without success.

The most well documented substrate for the CPA3 is so far
endothelin, a potent vasoconstrictor, and the related snake
venom component sarafotoxin (77, 81). Endothelins, which are
secreted from vascular endothelium, are the most potent
vasoconstrictors known (110). They act through two G-protein
couplet receptors, ETA and ETB (110). Removing the C-terminal
tryptophan results in the inactivation of the 21 amino acid
endothelin peptide (81). A few additional peptide hormones
have been identified as potential in vivo substrates for this
enzyme including neurotensin, kinetensin, Leu-enkephalin,
neuromedin N and Xenopsin (109, 111-114). However, no
more direct functional studies of the in vivo effects of these
latter targets have been performed as we can see from Pubmed.

Ang 1 and apolipoprotein B has also been identified as
potential targets. CPA3 can remove the C-terminal Leu of Ang
I to generate Ang 1-9 (Figure 3) (112). CPA3 can also trim
apolipoprotein B, a low density lipoprotein (LDL) involved in
cholesterol transport (115). This cleavage can promote LDL
fusion and thereby plaque formation.

The collected information concerning the biology of CPA3 is
thereby relatively limited why additional studies are needed for a
better understanding of the role of CPA3 in MC biology and
general physiology. However, the difficulty in obtaining
recombinant active enzyme is a major hurdle to overcome
before additional in vitro and in vivo studies of this abundant
MC and basophil enzyme can be performed. A possible role for
CPA3 in regulating Tz2 immunity has not been demonstrated
although CPA3 expression has been linked to Ty2 type of
asthma in humans (116, 117). We recently found a dampening
effect of a CPA inhibitor in a mouse model of allergic asthma,
however, the individual role of CPA3 compared to other types of
CPAs in this model has not been determined (118).

A summary of the potential targets of the MC CPA3 is found
in Figure 8.

IN VIVO TARGETS FOR THE BASOPHIL
SPECIFIC PROTEASES MMCP-8
AND MMCP-11

Two serine proteases have in mouse been found to be expressed
preferentially or almost exclusively in basophils, the proteases
mMCP-8 and mMCP-11 (39, 40, 62, 119). Numerous attempts
using several methods including phage display, chromogenic and
recombinant substrates have failed to obtain information
concerning the extended specificity of mMCP-8, why we
started to wonder if the protease was inactive. Using whole cell
extracts and recombinant mouse proteins have later shown that
it is active but highly restrictive in its cleavage pattern. Whole cell
extract has led to the identification of tubulin as one potential
target (119). However, tubulin is most likely not a biologically
important target for this enzyme as tubulin is an intracellular
protein and mMCP-8 is most likely only located extracellularly
after basophil granule release. Two additional potential targets
were recently identified by the screening of a panel of mouse
cytokines and chemokines. By using recombinant mMCP-8 on a
panel of 52 recombinant mouse cytokines and chemokines we
identified mouse PDGF-B and MIP-3a as targets (92). However,
a screening in the primary amino acid sequence of these three
proteins have not resulted in the identification of a consensus
sequence for its cleavage preference (92). The three amino acids
that form the substrate binding pocket of mMCP-8 indicate that
this protease has a strong preference for negatively charged
amino acids in the P1 position (Figure 1). Mouse and human
granzymes B, which are strict asp-ases, have triplets AGR and
TGR, respectively. The arginine in this triplet is responsible for
the preference for negatively charged residues in the binding
pocket. nMCP-8 and rat rMCP-8, -9 and -10 (all members of the
M8 subfamily) have ARR in this pocked (25). This is twice the
number of positive charge indicating an even stronger affinity for
negatively charged amino acids in the P1 position of substrates
(Figure 1B) (25). However, this preference for negatively
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FIGURE 8 | Targets for the human MC-CPA3. A number of potential targets for the human MC carboxypeptidase A3 (CPA3) is summarized.
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charged residues in the cleavable position (P1) has not yet been
possible to prove definitely.

Cleavage of PDGF-B may have a functional role in controlling
excessive fibrosis during a tick infestation (92). However, the role
of MIP-3a cleavage depends on the role this cleavage has on the
activity of this chemokine. N or C-terminal cleavage can
sometimes increase the activity of a cytokine or chemokine and
we still do not know if this N or C-terminal cleavage of mouse
MIP-3a results in inactivation or activation of this chemokine.

Interestingly also are other potential effects of mMCP-8 and
mMCP-11. Both of them have namely been shown to induce
inflammation and influx of inflammatory cells upon injection
into the skin of mice indicating a complex role in inflammation
(40, 119). The targets for these effects are, however, still
not known.

A summary of the potential targets of the basophil specific
proteases mMCP-8 and mMCP-11 is found in Figure 9.

SUMMARY

A number of quite diverse physiological effects have been
identified for the very abundant granule proteases of MCs.
MCs can act both as inflammatory cells by releasing a number
of potent physiologically acting substances such as histamine,
prostaglandins, leukotrienes and cytokines, but also act in
dampening such reactions by selective cleavage of key Ty2
cytokines. MCs have been shown to produce many of these
cytokines and seem now also to be able to trigger keratinocytes,
by the action of the tryptase on the protease activated receptor 2
(PAR-2), to produce TSLP. In the same study histamine was able
to induce another set of cytokines by these keratinocytes, IL-6,
IL-8 and SCF indicating potent effect of both proteases and other
granule components in the regulation of cytokines and
chemokines by other tissue cells, like the keratinocytes (97).

Histam

PDGF-B
MIP-3a
- mMCP-11
(Tryptase)
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The MC enzymes can most likely also play an important role
in facilitating the influx of inflammatory cells by cleavage of
connective tissue components to loosening up the compact
connective tissue and also to inhibit coagulation when blood
vessels open for influx of antibodies, complement and
inflammatory cells. To this should be added the potent effects
on numerous venoms from snakes, scorpions, Gila monster and
bees (78, 79). The effect on venoms seems to be very complex and
involves all three major classes of the mast cell proteases, the
chymase, the tryptase and the CPA3. A similar effect may also
apply to ectoparasites, by cleavage of their anticoagulants, which
are essential for a successful blood meal. Here it is primarily the
connective tissue MC chymases that seem to have this role (92).
However, the saliva of the ectoparasites is very complex with
many different proteins with various biological effects (92). Both
tryptase and CPA3 may therefore have effects of other
components than only the anticoagulant proteins, which are
the prime targets of the connective tissue MC chymases. When it
comes to the potential role of the MC proteases in blood pressure
regulation we have a similar situation as for the cytokines. One of
the MC enzymes, the chymase can generate a blood pressure
increasing peptide Ang II, from the precursor Ang I. At the same
time another of the MC enzymes, the CPA3, has the opposite
effect by inactivating endothelin, the most potent vasoconstrictor
known. The question is how these two activities are coordinated
during an inflammatory response involving MC activation
and degranulation?

The role of the MC proteases in bacterial defense and in
autoimmunity has also been controversial. Initially a number of
articles appeared in the literature showing potent effects of MCs
and also their proteases in the defense against bacterial infection.
However, most of these effects did disappear when more
stringent MC deficient animal models were used (67). The
more stringent models have later shown that MCs do have a
role in bacterial clearance, at least in the urinary bladder (69). A
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FIGURE 9 | Targets for the mouse basophil proteases mMMCP-8 and mMCP-11. A number of potential targets for the mouse basophil proteases mMCP-8 and
mMCP-11 is summarized. It is only for MMCP-8 that we so far have any targets identified in mouse PDGF-B, MIP-3a and tubulin. For both mMCP-8 and mMCP-11
we know that they induce inflammation and immune cell infiltration. Human basophils express the MC-tryptase and CPA3. Mouse basophils also express CPAS3.
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number of bacterial virulence factors are most likely also targets
for these MC proteases and for the related neutrophil proteases,
including N-elastase, proteinase 3 and cathepsin G, however, to
our knowledge no direct evidence for such a role in vivo for the
MC proteases has been documented.

The analysis of the cleavage activity on the anticoagulants
from ticks, leeches and mosquitos by a large panel of
hematopoietic serine proteases showed a remarkable specificity
of these protease. The connective tissue MC proteases efficiently
cleaved these anticoagulants whereas the mucosal MC proteases
were inactive (92). This despite the fact that they have a relatively
similar cleavage specificity indicating that the difference in
specificity is highly relevant for their in vivo function (26). The
connective tissue proteases sit in the skin where they can
encounter the anticoagulant proteins from these ectoparasites
whereas the mucosal MC proteases are found at other tissue
locations where there is little chance to come in contact with
these anticoagulants. Evolution has thereby fine-tuned their
specificity to fulfill their function to fit their specific in vivo
location. The very similar pattern in the cleavage products of
fibronectin after cleavage with human, macaque and dog MC
chymase also indicate conserved targets over relatively large
evolutionary timelines. For some of the targets we see a
conservation over several hundred million years involving
almost all mammals whereas for others the pattern is more
complex as seen for the generation of the blood pressure
regulating Ang II. A broad analysis involving MC enzyme
from all three extant mammalian lineages, monotremes,

REFERENCES

1. Akula S, Paivandy A, Fu Z, Thorpe M, Pejler G, Hellman L. Quantitative in-
Depth Analysis of the Mouse Mast Cell Transcriptome Reveals Organ-
Specific Mast Cell Heterogeneity. Cells (2020) 9(1):1-25. doi: 10.3390/
cells9010211

2. Angerth T, Huang RY, Aveskogh M, Pettersson I, Kjellen L, Hellman L.
Cloning and Structural Analysis of a Gene Encoding a Mouse Mastocytoma
Proteoglycan Core Protein; Analysis of its Evolutionary Relation to Three
Cross Hybridizing Regions in the Mouse Genome. Gene (1990) 93(2):235-
40. doi: 10.1016/0378-1119(90)90230-O

3. Forsberg E, Pejler G, Ringvall M, Lunderius C, Tomasini-Johansson B,
Kusche-Gullberg M, et al. Abnormal Mast Cells in Mice Deficient in a
Heparin-Synthesizing Enzyme. Nature (1999) 400(6746):773-6.
doi: 10.1038/23488

4. Ronnberg E, Pejler G. Serglycin: The Master of the Mast Cell. Methods Mol
Biol (2012) 836:201-17. doi: 10.1007/978-1-61779-498-8_14

5. Ohtsu H, Tanaka S, Terui T, Hori Y, Makabe-Kobayashi Y, Pejler G, et al.
Mice Lacking Histidine Decarboxylase Exhibit Abnormal Mast Cells. FEBS
Lett (2001) 502(1-2):53-6. doi: 10.1016/S0014-5793(01)02663-1

6. Pejler G, Ronnberg E, Waern I, Wernersson S. Mast Cell Proteases:
Multifaceted Regulators of Inflammatory Disease. Blood (2010) 115
(24):4981-90. doi: 10.1182/blood-2010-01-257287

7. Huang RY, Blom T, Hellman L. Cloning and Structural Analysis of MMCP-
1, MMCP-4 and MMCP-5, Three Mouse Mast Cell-Specific Serine
Proteases. Eur ] Immunol (1991) 21(7):1611-21. doi: 10.1002/
€ji.1830210706

8. Reynolds DS, Stevens RL, Lane WS, Carr MH, Austen KF, Serafin WE.
Different Mouse Mast Cell Populations Express Various Combinations of at
Least Six Distinct Mast Cell Serine Proteases. Proc Natl Acad Sci USA (1990)
87(8):3230-4. doi: 10.1073/pnas.87.8.3230

marsupials and placental mammals, for a larger panel of
potential substrates will be needed to fully understand the role
of these MC enzymes in MC biology and how conserved these
functions have been during the past 200 million years of
mammalian evolution.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

Conceptualization, LH. Writing original draft, LH. Reviewing
and editing, SW, SA, and ZF. All authors contributed to the
article and approved the submitted version.

FUNDING

This study was supported by the Knut and Alice Wallenberg
Foundation (KAW 2017-0022) to LH and SW, by Konsul Berghs
Stiftelse to SA and by the Swedish Heart and Lung Foundation
to SW.

Nel

. Abe T, Swieter M, Imai T, Hollander ND, Befus AD. Mast Cell
Heterogeneity: Two-Dimensional Gel Electrophoretic Analyses of Rat
Peritoneal and Intestinal Mucosal Mast Cells. Eur J Immunol (1990) 20
(9):1941-7. doi: 10.1002/ji.1830200911
Wernersson S, Pejler G. Mast Cell Secretory Granules: Armed for Battle. Nat
Rev Immunol (2014) 14(7):478-94. doi: 10.1038/nri3690
Pejler G, Abrink M, Ringvall M, Wernersson S. Mast Cell Proteases. Adv
Immunol (2007) 95:167-255. doi: 10.1016/S0065-2776(07)95006-3
Ronnberg E, Melo FR, Pejler G. Mast Cell Proteoglycans. J Histochem
Cytochem (2012) 60(12):950-62. doi: 10.1369/0022155412458927
Schwartz LB, Irani AM, Roller K, Castells MC, Schechter NM. Quantitation
of Histamine, Tryptase, and Chymase in Dispersed Human T and TC Mast
Cells. J Immunol (1987) 138(8):2611-5.

Irani AM, Goldstein SM, Wintroub BU, Bradford T, Schwartz LB. Human
Mast Cell Carboxypeptidase. Selective Localization to MCTC Cells. J
TImmunol (1991) 147(1):247-53.

Reynolds DS, Gurley DS, Stevens RL, Sugarbaker DJ, Austen KF, Serafin
WE. Cloning of Cdnas That Encode Human Mast Cell Carboxypeptidase a,
and Comparison of the Protein With Mouse Mast Cell Carboxypeptidase a
and Rat Pancreatic Carboxypeptidases. Proc Natl Acad Sci U S A (1989) 86
(23):9480-4. doi: 10.1073/pnas.86.23.9480

Lutzelschwab C, Pejler G, Aveskogh M, Hellman L. Secretory Granule
Proteases in Rat Mast Cells. Cloning of 10 Different Serine Proteases and
a Carboxypeptidase a From Various Rat Mast Cell Populations. J Exp Med
(1997) 185(1):13-29.

Atiakshin D, Kostin A, Trotsenko I, Samoilova V, Buchwalow I, Tiemann M.
Carboxypeptidase A3-a Key Component of the Protease Phenotype of Mast
Cells. Cells (2022) 11(3):1-23. doi: 10.3390/cells11030570

Boyce JA. Mast Cells and Eicosanoid Mediators: A System of Reciprocal
Paracrine and Autocrine Regulation. Immunol Rev (2007) 217:168-85. doi:
10.1111/j.1600-065X.2007.00512.x

10.

11.

12.

13.

14.

15.

16.

17.

18.

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 918305


https://doi.org/10.3390/cells9010211
https://doi.org/10.3390/cells9010211
https://doi.org/10.1016/0378-1119(90)90230-O
https://doi.org/10.1038/23488
https://doi.org/10.1007/978-1-61779-498-8_14
https://doi.org/10.1016/S0014-5793(01)02663-1
https://doi.org/10.1182/blood-2010-01-257287
https://doi.org/10.1002/eji.1830210706
https://doi.org/10.1002/eji.1830210706
https://doi.org/10.1073/pnas.87.8.3230
https://doi.org/10.1002/eji.1830200911
https://doi.org/10.1038/nri3690
https://doi.org/10.1016/S0065-2776(07)95006-3
https://doi.org/10.1369/0022155412458927
https://doi.org/10.1073/pnas.86.23.9480
https://doi.org/10.3390/cells11030570
https://doi.org/10.1111/j.1600-065X.2007.00512.x
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Hellman et al.

Biological Targets of the Mast Cell Proteases

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Heavey DJ, Ernst PB, Stevens RL, Befus AD, Bienenstock J, Austen KF.
Generation of Leukotriene C4, Leukotriene B4, and Prostaglandin D2 by
Immunologically Activated Rat Intestinal Mucosa Mast Cells. J Immunol
(1988) 140(6):1953-7.

Nakamura T. The Roles of Lipid Mediators in Type I Hypersensitivity. J
Pharmacol Sci (2021) 147(1):126-31. doi: 10.1016/j.jphs.2021.06.001
Peters-Golden M, Henderson WRJr. Leukotrienes. N Engl ] Med (2007) 357
(18):1841-54. doi: 10.1056/NEJMra071371

Akula S, Paivandy A, Fu Z, Thorpe M, Pejler G, Hellman L. How Relevant
are Bone Marrow-Derived Mast Cells (Bmmcs) as Models for Tissue Mast
Cells? A Comparative Transcriptome Analysis of Bmmcs and Peritoneal
Mast Cells. Cells (2020) 9(9):1-19. doi: 10.3390/cells9092118

Hellman L, Thorpe M. Granule Proteases of Hematopoietic Cells, a Family
of Versatile Inflammatory Mediators - an Update on Their Cleavage
Specificity, In Vivo Substrates, and Evolution. Biol Chem (2014) 395
(1):15-49. doi: 10.1515/hsz-2013-0211

Schechter I, Berger A. On the Size of the Active Site in Proteases. I. Papain.
Biochem Biophys Res Commun (1967) 27(2):157-62. doi: 10.1016/S0006-
291X(67)80055-X

Akula S, Thorpe M, Boinapally V, Hellman L. Granule Associated Serine
Proteases of Hematopoietic Cells - an Analysis of Their Appearance and
Diversification During Vertebrate Evolution. PLoS One (2015) 10(11):
€0143091. doi: 10.1371/journal.pone.0143091.eCollection2015

Akula S, Fu Z, Wernersson S, Hellman L. The Evolutionary History of the
Chymase Locus -a Locus Encoding Several of the Major Hematopoietic
Serine Proteases. Int J Mol Sci (2021) 22(20):1-25. doi: 10.3390/
ijms222010975

Sundstrom G, Larsson TA, Brenner S, Venkatesh B, Larhammar D.
Evolution of the Neuropeptide Y Family: New Genes by Chromosome
Duplications in Early Vertebrates and in Teleost Fishes. Gen Comp
Endocrinol (2008) 155(3):705-16. doi: 10.1016/j.ygcen.2007.08.016
Enerback L. Mast Cells in Rat Gastrointestinal Mucosa. I. Effects of Fixation.
Acta Pathol Microbiol Scand (1966) 66(3):289-302. doi: 10.1111/
apm.1966.66.3.289

Lutzelschwab C, Lunderius C, Enerback L, Hellman L. A Kinetic Analysis of
the Expression of Mast Cell Protease Mrna in the Intestines of
Nippostrongylus Brasiliensis-Infected Rats. Eur ] Immunol (1998) 28
(11):3730-7. doi: 10.1002/(SICI)1521-4141(199811)28:11<3730::AID-
IMMU3730>3.0.CO;2-0

Irani AA, Schechter NM, Craig SS, DeBlois G, Schwartz LB. Two Types of
Human Mast Cells That Have Distinct Neutral Protease Compositions. Proc
Natl Acad Sci U S A (1986) 83(12):4464-8. doi: 10.1073/pnas.83.12.4464

. Erjefalt JS. Mast Cells in Human Airways: The Culprit? Eur Respir Rev Off |

Eur Respir Soc (2014) 23(133):299-307. doi: 10.1183/09059180.00005014
Siddhuraj P, Clausson CM, Sanden C, Alyamani M, Kadivar M, Marsal J,
et al. Lung Mast Cells Have a High Constitutive Expression of
Carboxypeptidase A3 Mrna That Is Independent From Granule-Stored
CPA3. Cells (2021) 10(2):1-17. doi: 10.3390/cells10020309

Motakis E, Guhl S, Ishizu Y, Itoh M, Kawaji H, de Hoon M, et al. Redefinition of
the Human Mast Cell Transcriptome by Deep-CAGE Sequencing. Blood (2014)
123(17):e58-67. doi: 10.1182/blood-2013-02-483792

Caughey GH. Mast Cell Proteases as Pharmacological Targets. Eur |
Pharmacol (2016) 778:44-55. doi: 10.1016/j.ejphar.2015.04.045

Kunori Y, Koizumi M, Masegi T, Kasai H, Kawabata H, Yamazaki Y, et al.
Rodent Alpha-Chymases are Elastase-Like Proteases. Eur | Biochem FEBS
(2002) 269(23):5921-30. doi: 10.1046/j.1432-1033.2002.03316.x

Karlson U, Pejler G, Tomasini-Johansson B, Hellman L. Extended Substrate
Specificity of Rat Mast Cell Protease 5, a Rodent Alpha-Chymase With
Elastase-Like Primary Specificity. J Biol Chem (2003) 278(41):39625-31. doi:
10.1074/jbc.M301512200

Andersson MK, Karlson U, Hellman L. The Extended Cleavage Specificity of
the Rodent Beta-Chymases Rmcp-1 and Mmcp-4 Reveal Major Functional
Similarities to the Human Mast Cell Chymase. Mol Immunol (2008) 45
(3):766-75. doi: 10.1016/j.molimm.2007.06.360

Jogie-Brahim S, Min HK, Fukuoka Y, Xia HZ, Schwartz LB. Expression of
Alpha-Tryptase and Beta-Tryptase by Human Basophils. ] Allergy Clin
Immunol (2004) 113(6):1086-92. doi: 10.1016/j.jaci.2004.02.032

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Poorafshar M, Helmby H, Troye-Blomberg M, Hellman L. MMCP-8, the
First Lineage-Specific Differentiation Marker for Mouse Basophils. Elevated
Numbers of Potent IL-4-Producing and MMCP-8-Positive Cells in Spleens
of Malaria-Infected Mice. Eur ] Immunol (2000) 30(9):2660-8. doi: 10.1002/
1521-4141(200009)30:9<2660:AID-IMMU2660>3.0.CO;2-1

ki M, Tanaka K, Deki H, Fujimaki M, Sato S, Yoshikawa S, et al. Basophil
Tryptase Mmcp-11 Plays a Crucial Role in Ige-Mediated, Delayed-Onset
Allergic Inflammation in Mice. Blood (2016) 128(25):2909-18. doi: 10.1182/
blood-2016-07-729392

Charles N, Watford WT, Ramos HL, Hellman L, Oettgen HC, Gomez G,
et al. Lyn Kinase Controls Basophil GATA-3 Transcription Factor
Expression and Induction of Th2 Cell Differentiation. Immunity (2009) 30
(4):533-43. doi: 10.1016/j.immuni.2009.02.008

Akahoshi M, Song CH, Piliponsky AM, Metz M, Guzzetta A, Abrink M,
et al. Mast Cell Chymase Reduces the Toxicity of Gila Monster Venom,
Scorpion Venom, and Vasoactive Intestinal Polypeptide in Mice. J Clin
Invest (2011) 121(10):4180-91. doi: 10.1172/JCI46139

Thorpe M, Yu J, Boinapally V, Ahooghalandari P, Kervinen J, Garavilla LD,
et al. Extended Cleavage Specificity of the Mast Cell Chymase From the
Crab-Eating Macaque (Macaca Fascicularis): An Interesting Animal Model
for the Analysis of the Function of the Human Mast Cell Chymase. Int
Immunol (2012) 12:771-82. doi: 10.1093/intimm/dxs081

Tchougounova E, Lundequist A, Fajardo I, Winberg JO, Abrink M, Pejler G.
A Key Role for Mast Cell Chymase in the Activation of Pro-Matrix
Metalloprotease-9 and Pro-Matrix Metalloprotease-2. J Biol Chem (2005)
280(10):9291-6. doi: 10.1074/jbc.M410396200

Piliponsky AM, Chen CC, Rios EJ, Treuting PM, Lahiri A, Abrink M, et al.
The Chymase Mouse Mast Cell Protease 4 Degrades TNF, Limits
Inflammation, and Promotes Survival in a Model of Sepsis. Am ] Pathol
(2012) 181(3):875-86. doi: 10.1016/j.ajpath.2012.05.013

Fu Z, Thorpe M, Alemayehu R, Roy A, Kervinen J, de Garavilla L, et al.
Highly Selective Cleavage of Cytokines and Chemokines by the Human Mast
Cell Chymase and Neutrophil Cathepsin G. ] Immunol (2017) 198(4):1474—
83. doi: 10.4049/jimmunol.1601223

Fu Z, Akula S, Thorpe M, Hellman L. Highly Selective Cleavage of TH2-
Promoting Cytokines by the Human and the Mouse Mast Cell Tryptases,
Indicating a Potent Negative Feedback Loop on TH2 Immunity. Int ] Mol Sci
(2019) 20(20):1-18. doi: 10.3390/ijms20205147

Ghildyal N, Friend DS, Stevens RL, Austen KF, Huang C, Penrose JF, et al.
Fate of Two Mast Cell Tryptases in V3 Mastocytosis and Normal BALB/C
Mice Undergoing Passive Systemic Anaphylaxis: Prolonged Retention of
Exocytosed Mmcp-6 in Connective Tissues, and Rapid Accumulation of
Enzymatically Active Mmcp-7 in the Blood. ] Exp Med (1996) 184(3):1061-
73. doi: 10.1084/jem.184.3.1061

Shu Z, Wan J, Read RJ, Carrell RW, Zhou A. Angiotensinogen and the
Modulation of Blood Pressure. Front Cardiovasc Med (2021) 8:645123. doi:
10.3389/fcvm.2021.645123

Doolittle RF. Angiotensinogen is Related to the Antitrypsin-Antithrombin-
Ovalbumin Family. Science (1983) 222(4622):417-9. doi: 10.1126/science.6604942
Wu C, Lu H, Cassis LA, Daugherty A. Molecular and Pathophysiological
Features of Angiotensinogen: A Mini Review. N Am ] Med Sci (Boston)
(2011) 4(4):183-90. doi: 10.7156/v4i4p183

Bader M, Ganten D. Update on Tissue Renin-Angiotensin Systems. ] Mol
Med (2008) 86(6):615-21. doi: 10.1007/s00109-008-0336-0

Caughey GH, Raymond WW, Wolters P]. Angiotensin II Generation by
Mast Cell Alpha- and Beta-Chymases. Biochim Biophys Acta (2000) 1480(1-
2):245-57. doi: 10.1016/S0167-4838(00)00076-5

Berglund P, Akula S, Fu Z, Thorpe M, Hellman L. Extended Cleavage
Specificity of the Rat Vascular Chymase, a Potential Blood Pressure
Regulating Enzyme Expressed by Rat Vascular Smooth Muscle Cells. Int |
Mol Sci (2020) 21(22):1*21. doi: 10.3390/ijms21228546

Takai S, Sakaguchi M, Jin D, Yamada M, Kirimura K, Miyazaki M. Different
Angiotensin II-Forming Pathways in Human and Rat Vascular Tissues. Clin
Chim Acta (2001) 305(1-2):191-5. doi: 10.1016/S0009-8981(01)00379-5

. Guo C, Ju H, Leung D, Massaeli H, Shi M, Rabinovitch M. A Novel Vascular

Smooth Muscle Chymase is Upregulated in Hypertensive Rats. J Clin Invest
(2001) 107(6):703-15. doi: 10.1172/JCI9997

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 918305


https://doi.org/10.1016/j.jphs.2021.06.001
https://doi.org/10.1056/NEJMra071371
https://doi.org/10.3390/cells9092118
https://doi.org/10.1515/hsz-2013-0211
https://doi.org/10.1016/S0006-291X(67)80055-X
https://doi.org/10.1016/S0006-291X(67)80055-X
https://doi.org/10.1371/journal.pone.0143091.eCollection2015
https://doi.org/10.3390/ijms222010975
https://doi.org/10.3390/ijms222010975
https://doi.org/10.1016/j.ygcen.2007.08.016
https://doi.org/10.1111/apm.1966.66.3.289
https://doi.org/10.1111/apm.1966.66.3.289
https://doi.org/10.1002/(SICI)1521-4141(199811)28:11%3C3730::AID-IMMU3730%3E3.0.CO;2-0
https://doi.org/10.1002/(SICI)1521-4141(199811)28:11%3C3730::AID-IMMU3730%3E3.0.CO;2-0
https://doi.org/10.1073/pnas.83.12.4464
https://doi.org/10.1183/09059180.00005014
https://doi.org/10.3390/cells10020309
https://doi.org/10.1182/blood-2013-02-483792
https://doi.org/10.1016/j.ejphar.2015.04.045
https://doi.org/10.1046/j.1432-1033.2002.03316.x
https://doi.org/10.1074/jbc.M301512200
https://doi.org/10.1016/j.molimm.2007.06.360
https://doi.org/10.1016/j.jaci.2004.02.032
https://doi.org/10.1002/1521-4141(200009)30:9%3C2660::AID-IMMU2660%3E3.0.CO;2-I
https://doi.org/10.1002/1521-4141(200009)30:9%3C2660::AID-IMMU2660%3E3.0.CO;2-I
https://doi.org/10.1182/blood-2016-07-729392
https://doi.org/10.1182/blood-2016-07-729392
https://doi.org/10.1016/j.immuni.2009.02.008
https://doi.org/10.1172/JCI46139
https://doi.org/10.1093/intimm/dxs081
https://doi.org/10.1074/jbc.M410396200
https://doi.org/10.1016/j.ajpath.2012.05.013
https://doi.org/10.4049/jimmunol.1601223
https://doi.org/10.3390/ijms20205147
https://doi.org/10.1084/jem.184.3.1061
https://doi.org/10.3389/fcvm.2021.645123
https://doi.org/10.1126/science.6604942
https://doi.org/10.7156/v4i4p183
https://doi.org/10.1007/s00109-008-0336-0
https://doi.org/10.1016/S0167-4838(00)00076-5
https://doi.org/10.3390/ijms21228546
https://doi.org/10.1016/S0009-8981(01)00379-5
https://doi.org/10.1172/JCI9997
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Hellman et al.

Biological Targets of the Mast Cell Proteases

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Ju H, Gros R, You X, Tsang S, Husain M, Rabinovitch M. Conditional and
Targeted Overexpression of Vascular Chymase Causes Hypertension in
Transgenic Mice. Proc Natl Acad Sci U S A (2001) 98(13):7469-74. doi:
10.1073/pnas.131147598

Nakamura T, Murata T. Regulation of Vascular Permeability in
Anaphylaxis. Br | Pharmacol (2018) 175(13):2538-42. doi: 10.1111/
bph.14332

Tchougounova E, Pejler G, Abrink M. The Chymase, Mouse Mast Cell
Protease 4, Constitutes the Major Chymotrypsin-Like Activity in
Peritoneum and Ear Tissue. A Role for Mouse Mast Cell Protease 4 in
Thrombin Regulation and Fibronectin Turnover. ] Exp Med (2003) 198
(3):423-31. doi: 10.1081/jem.2003067

Wiktor-Jedrzejczak W, Bartocci A, Ferrante AW]r., Ahmed-Ansari A, Sell
KW, Pollard JW, et al. Total Absence of Colony-Stimulating Factor 1 in the
Macrophage-Deficient Osteopetrotic (Op/Op) Mouse. Proc Natl Acad Sci U
S A (1990) 87(12):4828-32. doi: 10.1073/pnas.87.12.4828

Paivandy A, Akula S, Lara S, Fu Z, Olsson AK, Kleinau S, et al. Quantitative
in-Depth Transcriptome Analysis Implicates Peritoneal Macrophages as
Important Players in the Complement and Coagulation Systems. Int ] Mol
Sci (2022) 23(3):1-24. doi: 10.3390/ijms23031185

Lutzelschwab C, Huang MR, Kullberg MC, Aveskogh M, Hellman L.
Characterization of Mouse Mast Cell Protease-8, the First Member of a
Novel Subfamily of Mouse Mast Cell Serine Proteases, Distinct From Both
the Classical Chymases and Tryptases. Eur ] Immunol (1998) 28(3):1022-33.
doi: 10.1002/(SICI)1521-4141(199803)28:03<1022::AID-
IMMU1022>3.0.CO;2-1

King SJ, Miller HR, Newlands GF, Woodbury RG. Depletion of Mucosal
Mast Cell Protease by Corticosteroids: Effect on Intestinal Anaphylaxis in the
Rat. Proc Natl Acad Sci USA (1985) 82(4):1214-8. doi: 10.1073/
pnas.82.4.1214

King SJ, Miller HR. Anaphylactic Release of Mucosal Mast Cell Protease and
its Relationship to Gut Permeability in Nippostrongylus-Primed Rats.
Immunology (1984) 51(4):653-60. doi: 10.1073/pnas.82.4.1214

Scudamore CL, Thornton EM, McMillan L, Newlands GF, Miller HR.
Release of the Mucosal Mast Cell Granule Chymase, Rat Mast Cell
Protease-II, During Anaphylaxis is Associated With the Rapid
Development of Paracellular Permeability to Macromolecules in Rat
Jejunum. J Exp Med (1995) 182(6):1871-81. doi: 10.1084/jem.182.6.1871
Fu Z, Thorpe M, Hellman L. Rmcp-2, the Major Rat Mucosal Mast Cell
Protease, an Analysis of its Extended Cleavage Specificity and its Potential
Role in Regulating Intestinal Permeability by the Cleavage of Cell Adhesion
and Junction Proteins. PLoS One (2015) 10(6):e0131720. doi: 10.1371/
journal.pone.0131720

Rodewald HR, Feyerabend TB. Widespread Immunological Functions of
Mast Cells: Fact or Fiction? Immunity (2012) 37(1):13-24. doi: 10.1016/
j-immuni.2012.07.007

Lilla JN, Chen CC, Mukai K, BenBarak MJ, Franco CB, Kalesnikoff J, et al.
Reduced Mast Cell and Basophil Numbers and Function in Cpa3-Cre; Mcl-
1{l/F1 Mice. Blood (2011) 118(26):6930-8. doi: 10.1182/blood-2011-03-
343962

Choi HW, Bowen SE, Miao Y, Chan CY, Miao EA, Abrink M, et al. Loss of
Bladder Epithelium Induced by Cytolytic Mast Cell Granules. Immunity
(2016) 45(6):1258-69. doi: 10.1016/j.immuni.2016.11.003

Sellin ME, Muller AA, Felmy B, Dolowschiak T, Diard M, Tardivel A, et al.
Epithelium-Intrinsic NAIP/NLRC4 Inflammasome Drives Infected
Enterocyte Expulsion to Restrict Salmonella Replication in the Intestinal
Mucosa. Cell Host Microbe (2014) 16(2):237-48. doi: 10.1016/
j.chom.2014.07.001

Starkl P, Watzenboeck ML, Popov LM, Zahalka S, Hladik A, Lakovits K,
et al. Ige Effector Mechanisms, in Concert With Mast Cells, Contribute to
Acquired Host Defense Against Staphylococcus Aureus. Immunity (2020) 53
(6):1333. doi: 10.1016/j.immuni.2020.11.012

Gendrin C, Shubin NJ, Boldenow E, Merillat S, Clauson M, Power D, et al.
Mast Cell Chymase Decreases the Severity of Group B Streptococcus
Infections. ] Allergy Clin Immunol (2018) 142(1):120-9.e6. doi: 10.1016/
j-jaci.2017.07.042

Craig SS, Irani AM, Metcalfe DD, Schwartz LB. Ultrastructural Localization
of Heparin to Human Mast Cells of the MCTC and MCT Types by Labeling

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

87.

88.

89.

90.

91.

With Antithrombin III-Gold. Lab Investigation ] Tech Methods Pathol
(1993) 69(5):552-61.

Olson ST, Chuang YJ. Heparin Activates Antithrombin Anticoagulant
Function by Generating New Interaction Sites (Exosites) for Blood
Clotting Proteinases. Trends Cardiovasc Med (2002) 12(8):331-8. doi:
10.1016/S1050-1738(02)00183-4

Hellman L. Profound Reduction in Allergen Sensitivity Following Treatment
With a Novel Allergy Vaccine. Eur ] Immunol (1994) 24:415-20. doi:
10.1002/€ji.1830240222

Pejler G, Soderstrom K, Karlstrom A. Inactivation of Thrombin by a
Complex Between Rat Mast-Cell Protease 1 and Heparin Proteoglycan.
Biochem J (1994) 299(Pt 2):507-13. doi: 10.1042/bj2990507

Metz M, Piliponsky AM, Chen CC, Lammel V, Abrink M, Pejler G, et al.
Mast Cells can Enhance Resistance to Snake and Honeybee Venoms. Science
(2006) 313(5786):526-30. doi: 10.1126/science.1128877

Galli S, Metz M, Starkl P, Marichal T, Tsai M. Mast Cells and Ige in Defense
Against Lethality of Venoms: Possible "Benefit" of Allergy[]. Allergo J Int
(2020) 29(2):46-62. doi: 10.1007/s40629-020-00118-6

Starkl P, Gaudenzio N, Marichal T, Reber LL, Sibilano R, Watzenboeck ML,
et al. Ige Antibodies Increase Honeybee Venom Responsiveness and
Detoxification Efficiency of Mast Cells. Allergy (2022) 77(2):499-512. doi:
10.1111/all.14852

Anderson E, Stavenhagen K, Kolarich D, Sommerhoff CP, Maurer M, Metz
M. Human Mast Cell Tryptase is a Potential Treatment for Snakebite
Envenoming Across Multiple Snake Species. Front Immunol (2018)
9:1532. doi: 10.3389/fimmu.2018.01532

Schneider LA, Schlenner SM, Feyerabend TB, Wunderlin M, Rodewald HR.
Molecular Mechanism of Mast Cell Mediated Innate Defense Against
Endothelin and Snake Venom Sarafotoxin. | Exp Med (2007) 204
(11):2629-39. doi: 10.1084/jem.20071262

Leonard JP, Sherman ML, Fisher GL, Buchanan L], Larsen G, Atkins MB,
et al. Effects of Single-Dose Interleukin-12 Exposure on Interleukin-12-
Associated Toxicity and Interferon-Gamma Production. Blood (1997) 90
(7):2541-8.

Wang N, Wang J, Zhang Y, Hu S, Zhang T, Wu Y, et al. Substance P-Induced
Lung Inflammation in Mice is Mast Cell Dependent. Clin Exp Allergy (2022)
52(1):46-58. doi: 10.1111/cea.13902

Waern I, Lundequist A, Pejler G, Wernersson S. Mast Cell Chymase
Modulates IL-33 Levels and Controls Allergic Sensitization in Dust-Mite
Induced Airway Inflammation. Mucosal Immunol (2013) 6(5):911-20. doi:
10.1038/mi.2012.129

Nakanishi K. Unique Action of Interleukin-18 on T Cells and Other
Immune Cells. Front Immunol (2018) 9:763. doi: 10.3389/fimmu.2018.00763

. Punnonen J, Aversa GG, Cocks BG, McKenzie AN]J, Menon S, Zurawski G,

et al. Interleukin-13 Induces Interleukin-4-Independent Igg4 and Ige
Synthesis and CD23 Expression by Human B Cells. Proc Natl Acad Sci
USA (1993) 90:3730-4. doi: 10.1073/pnas.90.8.3730

Miller HR, Wright SH, Knight PA, Thornton EM. A Novel Function for
Transforming Growth Factor-Betal: Upregulation of the Expression and the
Ige-Independent Extracellular Release of a Mucosal Mast Cell Granule-
Specific Beta-Chymase, Mouse Mast Cell Protease-1. Blood (1999) 93
(10):3473-86. doi: 10.1182/blood.V93.10.3473.410k01_3473_3486

Ruckert R, Herz U, Paus R, Ungureanu D, Pohl T, Renz H, et al. IL-15-Igg2b
Fusion Protein Accelerates and Enhances a Th2 But Not a Thl Immune
Response In Vivo, While IL-2-Igg2b Fusion Protein Inhibits Both. Eur |
Immunol (1998) 28(10):3312-20. doi: 10.1002/(SICI)1521-4141(199810)
28:10<3312::AID-IMMU3312>3.0.CO;2-I

Ruckert R, Brandt K, Braun A, Hoymann HG, Herz U, Budagian V, et al.
Blocking IL-15 Prevents the Induction of Allergen-Specific T Cells and
Allergic Inflammation In Vivo. J Immunol (2005) 174(9):5507-15. doi:
10.4049/jimmunol.174.9.5507

Karasuyama H, Miyake K, Yoshikawa S. Immunobiology of Acquired
Resistance to Ticks. Front Immunol (2020) 11:601504. doi: 10.3389/
fimmu.2020.601504

Wada T, Ishiwata K, Koseki H, Ishikura T, Ugajin T, Ohnuma N, et al.
Selective Ablation of Basophils in Mice Reveals Their Nonredundant Role in
Acquired Immunity Against Ticks. J Clin Invest (2010) 120(8):2867-75. doi:
10.1172/]JCI142680

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 918305


https://doi.org/10.1073/pnas.131147598
https://doi.org/10.1111/bph.14332
https://doi.org/10.1111/bph.14332
https://doi.org/10.1081/jem.2003067
https://doi.org/10.1073/pnas.87.12.4828
https://doi.org/10.3390/ijms23031185
https://doi.org/10.1002/(SICI)1521-4141(199803)28:03%3C1022::AID-IMMU1022%3E3.0.CO;2-1
https://doi.org/10.1002/(SICI)1521-4141(199803)28:03%3C1022::AID-IMMU1022%3E3.0.CO;2-1
https://doi.org/10.1073/pnas.82.4.1214
https://doi.org/10.1073/pnas.82.4.1214
https://doi.org/10.1073/pnas.82.4.1214
https://doi.org/10.1084/jem.182.6.1871
https://doi.org/10.1371/journal.pone.0131720
https://doi.org/10.1371/journal.pone.0131720
https://doi.org/10.1016/j.immuni.2012.07.007
https://doi.org/10.1016/j.immuni.2012.07.007
https://doi.org/10.1182/blood-2011-03-343962
https://doi.org/10.1182/blood-2011-03-343962
https://doi.org/10.1016/j.immuni.2016.11.003
https://doi.org/10.1016/j.chom.2014.07.001
https://doi.org/10.1016/j.chom.2014.07.001
https://doi.org/10.1016/j.immuni.2020.11.012
https://doi.org/10.1016/j.jaci.2017.07.042
https://doi.org/10.1016/j.jaci.2017.07.042
https://doi.org/10.1016/S1050-1738(02)00183-4
https://doi.org/10.1002/eji.1830240222
https://doi.org/10.1042/bj2990507
https://doi.org/10.1126/science.1128877
https://doi.org/10.1007/s40629-020-00118-6
https://doi.org/10.1111/all.14852
https://doi.org/10.3389/fimmu.2018.01532
https://doi.org/10.1084/jem.20071262
https://doi.org/10.1111/cea.13902
https://doi.org/10.1038/mi.2012.129
https://doi.org/10.3389/fimmu.2018.00763
https://doi.org/10.1073/pnas.90.8.3730
https://doi.org/10.1182/blood.V93.10.3473.410k01_3473_3486
https://doi.org/10.1002/(SICI)1521-4141(199810)28:10%3C3312::AID-IMMU3312%3E3.0.CO;2-I
https://doi.org/10.1002/(SICI)1521-4141(199810)28:10%3C3312::AID-IMMU3312%3E3.0.CO;2-I
https://doi.org/10.4049/jimmunol.174.9.5507
https://doi.org/10.3389/fimmu.2020.601504
https://doi.org/10.3389/fimmu.2020.601504
https://doi.org/10.1172/JCI42680
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Hellman et al.

Biological Targets of the Mast Cell Proteases

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Fu Z, Akula S, Olsson AK, Kervinen J, Hellman L. Mast Cells and Basophils
in the Defense Against Ectoparasites: Efficient Degradation of Parasite
Anticoagulants by the Connective Tissue Mast Cell Chymases. Int ] Mol
Sci (2021) 22(23):1-15. doi: 10.3390/ijms222312627

Chmelar J, Oliveira CJ, Rezacova P, Francischetti IM, Kovarova Z, Pejler G,
etal. A Tick Salivary Protein Targets Cathepsin G and Chymase and Inhibits
Host Inflammation and Platelet Aggregation. Blood (2011) 117(2):736-44.
doi: 10.1182/blood-2010-06-293241

Pejler G. Novel Insight Into the In Vivo Function of Mast Cell Chymase:
Lessons From Knockouts and Inhibitors. J Innate Immun (2020) 12(5):357—
72. doi: 10.1159/000506985

Hallgren J, Pejler G. Biology of Mast Cell Tryptase. An Inflammatory Mediator.
FEBS ] (2006) 273(9):1871-95. doi: 10.1111/j.1742-4658.2006.05211.x
Fukuoka Y, Schwartz LB. Human Beta-Tryptase: Detection and
Characterization of the Active Monomer and Prevention of Tetramer
Reconstitution by Protease Inhibitors. Biochemistry (2004) 43(33):10757-
64. doi: 10.1021/bi049486¢

Redhu D, Franke K, Aparicio-Soto M, Kumari V, Pazur K, Illerhaus A, et al.
Mast Cells Instruct Keratinocytes to Produce Thymic Stromal
Lymphopoietin: Relevance of the Tryptase/Protease-Activated Receptor 2
Axis. J Allergy Clin Immunol (2022) 149(6):2053-61. doi: 10.1016/
j.jaci.2022.01.029

Redhu D, Franke K, Kumari V, Francuzik W, Babina M, Worm M. Thymic
Stromal Lymphopoietin Production Induced by Skin Irritation Results From
Concomitant Activation of Protease-Activated Receptor 2 and Interleukin 1
Pathways. Br ] Dermatol (2020) 182(1):119-29. doi: 10.1111/bjd.17940
Rothmeier AS, Ruf W. Protease-Activated Receptor 2 Signaling in
Inflammation. Semin Immunopathol (2012) 34(1):133-49. doi: 10.1007/
500281-011-0289-1

Melo FR, Vita F, Berent-Maoz B, Levi-Schaffer F, Zabucchi G, Pejler G.
Proteolytic Histone Modification by Mast Cell Tryptase, a Serglycin
Proteoglycan-Dependent Secretory Granule Protease. J Biol Chem (2014)
289(11):7682-90. doi: 10.1074/jbc.M113.546895

Imamura T, Dubin A, Moore W, Tanaka R, Travis J. Induction of Vascular
Permeability Enhancement by Human Tryptase: Dependence on Activation
of Prekallikrein and Direct Release of Bradykinin From Kininogens. Lab
Investigation ] Tech Methods Pathol (1996) 74(5):861-70.

Caughey GH, Leidig F, Viro NF, Nadel JA. Substance P and Vasoactive
Intestinal Peptide Degradation by Mast Cell Tryptase and Chymase.
J Pharmacol Exp Ther (1988) 244(1):133-7.

Tam EK, Caughey GH. Degradation of Airway Neuropeptides by Human
Lung Tryptase. Am ] Respir Cell Mol Biol (1990) 3(1):27-32. doi: 10.1165/
ajrcmb/3.1.27

Ozaki K, Spolski R, Feng CG, Qi CF, Cheng ], Sher A, et al. A Critical Role for
IL-21 in Regulating Immunoglobulin Production. Science (2002) 298
(5598):1630-4. doi: 10.1126/science.1077002

Shamji MH, Layhadi JA, Achkova D, Kouser L, Perera-Webb A, Couto-
Francisco NG, et al. Role of IL-35 in Sublingual Allergen Immunotherapy.
J Allergy Clin Immunol (2019) 143(3):1131-42.e4. doi: 10.1016/
jjaci.2018.06.041

Waern I, Jonasson S, Hjoberg J, Bucht A, Abrink M, Pejler G, et al. Mouse
Mast Cell Protease 4 is the Major Chymase in Murine Airways and has a
Protective Role in Allergic Airway Inflammation. J Immunol (2009) 183
(10):6369-76. doi: 10.4049/jimmunol.0900180

Stevens RL, Qui D, McNeil HP, Friend DS, Hunt JE, Austen KF, et al.
Transgenic Mice That Possess a Disrupted Mast Cell Protease 5 Gene Cannot
Store Carboxypeptidase a in Their Granules. FASEB J (1996) 10:1307-.
Feyerabend TB, Hausser H, Tietz A, Blum C, Hellman L, Straus AH, et al.
Loss of Histochemical Identity in Mast Cells Lacking Carboxypeptidase a.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Mol Cell Biol (2005) 25(14):6199-210. doi: 10.1128/MCB.25.14.6199-
6210.2005

Pejler G, Knight SD, Henningsson F, Wernersson S. Novel Insights Into the
Biological Function of Mast Cell Carboxypeptidase a. Trends Immunol
(2009) 30(8):401-8. doi: 10.1016/}.it.2009.04.008

Eroglu E, Kocyigit I, Lindholm B. The Endothelin System as Target for
Therapeutic Interventions in Cardiovascular and Renal Disease. Clin Chim
Acta (2020) 506:92-106. doi: 10.1016/j.cca.2020.03.008

Piliponsky AM, Chen CC, Nishimura T, Metz M, Rios EJ, Dobner PR, et al.
Neurotensin Increases Mortality and Mast Cells Reduce Neurotensin Levels
in a Mouse Model of Sepsis. Nat Med (2008) 14(4):392-8. doi: 10.1038/
nml738

Goldstein SM, Leong J, Bunnett NW. Human Mast Cell Proteases Hydrolyze
Neurotensin, Kinetensin and Leu5-Enkephalin. Peptides (1991) 12(5):995-
1000. doi: 10.1016/0196-9781(91)90049-U

Cochrane DE, Carraway RE, Boucher W, Feldberg RS. Rapid Degradation of
Neurotensin by Stimulated Rat Mast Cells. Peptides (1991) 12(6):1187-94.
doi: 10.1016/0196-9781(91)90193-S

Bunnett NW, Goldstein SM, Nakazato P. Isolation of a Neuropeptide-
Degrading Carboxypeptidase From the Human Stomach. Gastroenterology
(1992) 102(1):76-87. doi: 10.1016/0016-5085(92)91786-4

Paananen K, Kovanen PT. Proteolysis and Fusion of Low Density
Lipoprotein Particles Independently Strengthen Their Binding to
Exocytosed Mast Cell Granules. ] Biol Chem (1994) 269(3):2023-31. doi:
10.1016/S0021-9258(17)42130-2

Dougherty RH, Sidhu SS, Raman K, Solon M, Solberg OD, Caughey GH,
et al. Accumulation of Intraepithelial Mast Cells With a Unique Protease
Phenotype in T(H)2-High Asthma. ] Allergy Clin Immunol (2010) 125
(5):1046-53.¢8. doi: 10.1016/j.jaci.2010.03.003

Fricker M, Gibson PG, Powell H, Simpson JL, Yang IA, Upham JW, et al. A
Sputum 6-Gene Signature Predicts Future Exacerbations of Poorly
Controlled Asthma. J Allergy Clin Immunol (2019) 144(1):51-60.e11. doi:
10.1016/j.jaci.2018.12.1020

Waern I, Taha S, Lorenzo J, Montpeyo D, Covaleda-Cortes G, Aviles FX,
et al. Carboxypeptidase Inhibition by Nvci Suppresses Airway
Hyperreactivity in a Mouse Asthma Model. Allergy (2021) 76(7):2234-7.
doi: 10.1111/all.14730

Tsutsui H, Yamanishi Y, Ohtsuka H, Sato S, Yoshikawa S, Karasuyama H.
The Basophil-Specific Protease Mmcp-8 Provokes an Inflammatory
Response in the Skin With Microvascular Hyperpermeability and
Leukocyte Infiltration. J Biol Chem (2017) 292(3):1061-7. doi: 10.1074/
jbc.M116.754648

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Hellman, Akula, Fu and Wernersson. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 918305


https://doi.org/10.3390/ijms222312627
https://doi.org/10.1182/blood-2010-06-293241
https://doi.org/10.1159/000506985
https://doi.org/10.1111/j.1742-4658.2006.05211.x
https://doi.org/10.1021/bi049486c
https://doi.org/10.1016/j.jaci.2022.01.029
https://doi.org/10.1016/j.jaci.2022.01.029
https://doi.org/10.1111/bjd.17940
https://doi.org/10.1007/s00281-011-0289-1
https://doi.org/10.1007/s00281-011-0289-1
https://doi.org/10.1074/jbc.M113.546895
https://doi.org/10.1165/ajrcmb/3.1.27
https://doi.org/10.1165/ajrcmb/3.1.27
https://doi.org/10.1126/science.1077002
https://doi.org/10.1016/j.jaci.2018.06.041
https://doi.org/10.1016/j.jaci.2018.06.041
https://doi.org/10.4049/jimmunol.0900180
https://doi.org/10.1128/MCB.25.14.6199-6210.2005
https://doi.org/10.1128/MCB.25.14.6199-6210.2005
https://doi.org/10.1016/j.it.2009.04.008
https://doi.org/10.1016/j.cca.2020.03.008
https://doi.org/10.1038/nm1738
https://doi.org/10.1038/nm1738
https://doi.org/10.1016/0196-9781(91)90049-U
https://doi.org/10.1016/0196-9781(91)90193-S
https://doi.org/10.1016/0016-5085(92)91786-4
https://doi.org/10.1016/S0021-9258(17)42130-2
https://doi.org/10.1016/j.jaci.2010.03.003
https://doi.org/10.1016/j.jaci.2018.12.1020
https://doi.org/10.1111/all.14730
https://doi.org/10.1074/jbc.M116.754648
https://doi.org/10.1074/jbc.M116.754648
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Mast Cell and Basophil Granule Proteases - In Vivo Targets and Function
	Introduction
	In Vivo Targets for the MC Chymases
	Angiotensin I and The Regulation of Blood Pressure
	Matrix Components
	Regulating Intestinal Permeability
	MCs in Immunity to Bacteria
	Regulating coagulation
	Inactivation of Venoms
	Regulating Excessive TH2 Immunity
	Role In The Defense Against Ectoparasites
	Other Potential Targets for the MC Chymases

	In Vivo Targets for the MC Tryptases
	Inactivation of Venoms
	PAR-2 Cleavage
	Histone Modification
	Peptide Substrates for the MC Tryptases
	Regulating Excessive TH2 Immunity

	In Vivo Targets for the MC and Basophil Expressed CPA3
	In Vivo Targets for the Basophil Specific Proteases mMCP-8 and mMCP-11
	Summary
	Data Availability Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


