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Abstract
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Mast cells are innate immune cells, historically involved in allergy responses involving IgE.
Through this, they have earned a reputation as a fairly detrimental cell type. Their beneficial
roles remain somewhat enigmatic although they clearly have the ability to modulate the immune
system. This is due to their ability to synthesise many cytokines and chemokines as well as
immediately release potent granule-stored mediators. One such mediator is a serine protease,
chymase, which has been targeted by pharmaceutical companies developing inhibitors for use
in inflammatory conditions.

In order to address roles of the proteases, information regarding their cleavage specificity
using substrate phage display can help find potential in vivo substrates.  The human chymase
cleaves substrates with aromatic amino acids in the P1 position and has a preference for
negatively charged amino acids in the P2’ position. The molecular interactions mediating this
P2’ preference was investigated by site-directed mutagenesis, where Arg143 and Lys192 had
a clear effect in this selectivity.

As humans express one chymase and rodents express multiple chymases, extrapolating data
between species is difficult. Here, the crab-eating macaque was characterised, which showed
many similarities to the human chymase including a near identical extended cleavage specificity
and effects of human chymase inhibitors.  Appropriate models are needed when developing
human inhibitors for therapeutic use in inflammatory conditions.

The effects of five specific chymase inhibitors in development were also tested. The
selectivity of inhibitors was dependent on both Arg143 and Lys192, with a greater effect of
Lys192. Identification of residues involved in specific inhibitor interactions is important for
selective inhibitor development.

Another innate cell type, the NK cell, is important in virus and tumour defence. In the channel
catfish, a serine protease from an NK-like cell, granzyme-like I, was characterised. A strict
preference for Met in the P1 position was seen, and caspase 6 was identified as a potential in
vivo target. This may highlight a novel apoptosis-inducing mechanism from a similar cell type
has been conserved for approximately 400 myr.

Here, important residues mediating chymases’ specificity and interactions with inhibitors has
been addressed, as well as finding a new animal model for providing ways to combat their roles
in pathological settings.
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ACE angiotensin converting enzyme 
Ala alanine 
AMP antimicrobial peptide 
Ang angiotensin 
Arg arginine 
Asp aspartic acid 
BMMC bone marrow-derived mast cell 
CCL chemokine ligand 
CLP caecum ligation puncture 
Cre Cre-recombinase 
CTL cytotoxic T lymphocyte 
Cys cysteine 
CTMC connective tissue mast cell 
EAE experimental autoimmune encephalomyelitis 
ECM extracellular matrix 
ET endothelin 
GM-CSF granulocyte macrophage-colony stimulating factor 
GAG glycosaminoglycan 
Glu glutamic acid 
Gly glycine 
His histidine 
HMGB1 high mobility group protein B1 
Hsp heat shock protein 
IgE immunoglobulin E 
IL interleukin 
Ile isoleucine 
k/o knockout 
Leu leucine 
LPS lipopolysaccharide 
LTC4 leukotriene C4 
Lys lysine 
MC mast cell 

 



MC-CPA mast cell-carboxypeptidase A 
MCP monocyte chemoattractant protein 
MCT mast cell containing tryptase 
MCTC mast cell containing tryptase and chymase 
Met methionine 
MIP macrophage inflammatory protein 
MMC mucosal mast cell 
mMCP mouse mast cell protease 
MMP matrix metalloprotease 
NCC non-specific cytotoxic cell 
NK natural killer 
PAMP pathogen associated molecular pattern 
PGD2 prostaglandin D2 
Phe phenylalanine 
pNA p-nitroanilide 
Pro proline 
SCF stem cell factor 
Ser serine 
SLPI secretory leukocyte protease inhibitor 
SMC smooth muscle cell 
TGF-β tumour growth factor-β 
Thr threonine 
TLR toll-like receptor 
TNF-α tumour necrosis factor-α 
Trx thioredoxin 
Tyr tyrosine 
Val valine 
VIP vasoactive intestinal peptide 
WT wild-type   
 

 



Introduction 

The immune system 
During life there are constant challenges from bacteria, parasites and viruses. 
Without a way to handle such threats, it would not be possible to survive. An 
extraordinary system is in place that allows life to flourish and resist these 
microbial challenges: the immune system. It is composed of two branches, 
each with different features that form a complex network of responses. In-
nate immunity is the general term for the non-adaptive host defence, which 
includes anatomical and physical barriers such as the skin, mucosal layers, 
tears and saliva. A number of leukocytes are involved in this system, includ-
ing the phagocytes (macrophages, dendritic cells and neutrophils) as well as 
eosinophils, basophils and natural killer (NK) cells. These cells are collec-
tively involved when a microbe penetrates the first line of defence, resulting 
in attempts to rid the body of the pathogen, manifested as an inflammatory 
reaction. Of the innate-type cells also capable of mounting a strong inflam-
matory response are the mast cells (MC). They contain a huge number of 
mediators capable of initiating the combatorial effects against the microbes. 
One prominent group of mediators are a large group of proteins, the serine 
proteases, which are abundantly found in granules not only in MC but other 
immune cells like NK cells, cytotoxic T cells (CTL) and neutrophils. NK 
cells are an innate immune cells involved in protection against viruses and 
tumour cells. They contain a group of cytotoxic serine proteases called gran-
zymes, which enable killing of the target cell.   

The immune systems second branch is the adaptive response. This is a 
specialized response involving activation of lymphocytes, including B and T 
cells. The adaptive response involves the ability of B cells to produce anti-
bodies, directly combating the invading microbes. T cells are divided into 
the orchestrators of adaptive immunity with the T helper cells or the virus-
infected and tumour cell killing, CTL. The later contain cytotoxic granzymes 
similarly to the NK cells. Together, the innate and adaptive systems work 
together to produce an effective way of dealing with potential pathogens. 

Being such a complex system, sometimes problems can arise. This can be 
a result of misdirection, targeting self-structures in a phenomenon termed 
autoimmunity or through a combination with an exaggerated response, 
something seen with allergies. The later is of relevance to the work in this 
thesis, based around the MC. These cells contain many mediators that cause 
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the symptoms we see from allergies and asthma, against foods, pollens and 
drugs. Although arguably not life-threatening, these conditions are major 
worldwide burdens.   

Mast cells 
MC are innate-type cells located at strategic positions close to surfaces in-
cluding the skin, airways and gastro-intestinal tract. MC are derived from 
haematopoietic cells that circulate in the blood, where they mature after 
reaching their final destination in the tissues. MC possess a vast amount of 
pre-stored and de novo synthesised mediators, which can be seen as dense 
granules (figure 1), and upon cell activation can be released into the local 
environment. Most noticeably, the effects of the mediators are seen rapidly 
during allergic reactions. The pre-stored mediators include proteases, hista-
mine and proteoglycans as well as some cytokines including tumour necrosis 
factor-alpha (TNF-α). The de novo synthesised mediators include pros-
taglandins, leukotrienes and cytokines. MC are also a long-lived cell popula-
tion that have the capability to regenerate after a degranulation event (Xiang 
et al., 2001), where the constituents of the granules are released. 

 
Figure 1. Human lung mast cell. Intact mast cell (before degranulation) with very 
apparent dense granules. Image used with permission from Dvorak, 2005. 

Of all the stored mediators in MC, the serine proteases contribute up to 
35% of the cells total protein content (Schwartz et al., 1987), which makes 
their function all the more interesting. This thesis will mainly focus on gain-
ing more insight into the nature of these enzymes, based on identifying their 
cleavage specificity and a number of other features. Characterisation of a 
fish serine protease from the channel catfish (Ictalurus punctatus) is also 
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included, potentially highlighting unique or conserved characteristics of 
distantly related enzymes. 

Mast cell heterogeneity 
MC are a heterogenous population of cells. Rodent populations are named 
based on their anatomical location, which includes connective tissue mast 
cells (CTMC) and mucosal mast cells (MMC) (Enerback, 1966). CTMC are 
found in the peritoneum and skin, whereas MMC are located in the respira-
tory and gastro-intestinal tracts. Humans have two apparent populations 
based on their protease content; MC that only have tryptase (MCT) and MC 
that have both tryptase and chymase (MCTC) (Irani et al., 1986). The rodent 
CTMC are most similar to the MCTC while MMC and MCT share similar 
properties despite MMC having only chymase instead of only tryptase in the 
human MCT. The constituents of each population are summarised in table 1. 
Whilst the functional differences between MMC and CTMC are not well 
defined, it is apparent that MMC proliferate during parasitic infection 
(Miller, 1996) and are T-cell dependent (Ruitenberg and Elgersma, 1976). 
However CTMC are T-cell independent and their numbers do not change 
during infection (Aldenborg and Enerback, 1985), indicating they are a resi-
dent cell population, possibly involved in connective tissue remodelling. 

In mice, MC progenitors exist as c-kithi, Thy-1lo cells containing granules 
and mRNA for MC specific proteases (Rodewald et al., 1996), whereas hu-
man MC progenitors are CD34+, CD13+ and CD117+ (c-kit+), non-granulated 
cells (Kirshenbaum et al., 1999). Stem cell factor (SCF), otherwise known as 
c-kit ligand as well as interleukin (IL)-3 are the main cytokines responsible 
for MC differentiation and proliferation (Kirshenbaum et al., 1992). In vitro, 
bone marrow-derived MC (BMMC) can be stimulated with various cyto-
kines to differentiate into either MMC, with the addition of transforming 
growth factor (TGF)-β1 and IL-9 (Miller et al., 1999) or CTMC with SCF 
and IL-3 (Gurish et al., 1992). 

Mast cell granules 
Pre-stored mediators are held within the granules of MC, which can be re-
leased immediately upon degranulation. De novo synthesised compounds 
represent a delayed response after cell activation.  

Pre-stored mediators 
Histamine 
Histamine is a biogenic amine that binds to its receptors denoted H1, H2, H3 
and H4. H1-H3 receptors are found on smooth muscle cells (SMC), endothe-
lial cells and in the nervous system. H4 receptors are expressed in the bone 
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marrow and on leukocytes, where they are used for chemotaxis (Hofstra et 
al., 2003). MC are abundant sources of histamine, where subsequent binding 
to receptors leads to bronchial and intestinal smooth muscle contraction, 
vascular leakage, neurotransmission and gastric acid secretion. Commer-
cially available anti-histamines are commonly used to combat the effects of 
allergic reactions. 
 

Proteases 
The serine proteases include chymase and tryptase as well as MC-
metalloprotease carboxypeptidase A (MC-CPA). These are stored in com-
plex with negatively charged serglycin proteoglycans and, as mentioned 
earlier, contribute to a high proportion of the total protein content of the cell. 
They are active at neutral pH, hence also termed neutral proteases. The chy-
mase is a monomeric protease with a chymotrypsin-like primary specificity, 
which is synthesised as an inactive pro-enzyme containing a cleavable N-
terminal dipeptide. In order for chymase activity, this activation dipeptide 
removal is dependent on another enzyme, dipeptidyl peptidase I (a.k.a. 
cathepsin C) (Wolters et al., 2001). An obvious difference between species is 
the number of chymases present in human MC in comparison to rodent MC; 
humans express 1 chymase whereas mice express 4 (mouse mast cell prote-
ase (mMCP-1, -2, -4 and -5) and rats 5 (rat (r)MCP-1, -2, -3, -4 and -5). The 
roles of the chymases are discussed later.  

Tryptases are active as tetramers having a trypsin-like primary specificity, 
and are dependent on heparin for their activity (Schwartz and Bradford, 
1986). In humans there are four groups of tryptases: α (subtype I and II), β 
(I, II and III), membrane anchored-ɣ (I and II) and δ (I and II) (Hallgren and 
Pejler, 2006). The β-tryptases are abundantly stored and the most active of 
the tryptases. Their tetrameric property, bound by heparin, stabilises their 
structure and protects them from serine protease inhibitors (serpins) (Pereira 
et al., 1998). Interestingly, in a population study, the α-tryptases were miss-
ing in 29% of individuals, a number even higher in Caucasians (45%) (Soto 
et al., 2002). In addition to this, a more recent analysis of the α-tryptase and 
other tryptase deficiencies indicates a strong selectable advantage of having 
a functional tryptase (Trivedi et al., 2009). 

Mice have four tryptases, mMCP-6, mMCP-7, as well as two tryptases 
expressed early in MC development: mMCP-11 plus a transmembrane tryp-
tase (mTMT). mMCP-6 and mMCP-7 are only found in CTMC and have 
trypsin-like cleavage specificities, where mMCP-6 prefers Lys and mMCP-7 
prefers Arg in the P1 position (see figure 3 for nomenclature details) (Huang 
et al., 1998; Matsumoto et al., 1995). From this, mMCP-6 is more similar to 
the human β-tryptases, however both are stored in the granules of CTMC. 
mTMT appears to be similar to the membrane bound human ɣ-tryptase, al-
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though mTMT is only found in specific mouse strains, notably in C57BL/6 
but not BALB/c. Interestingly a similar phenomenon is seen with mMCP-7, 
which is not expressed in C57BL/6 mice (Hunt et al., 1996). The biological 
significance of these differences is not apparent, although generally tryptases 
have been allocated various functions, many of which are similar to the ef-
fects of the chymases (Hallgren and Pejler, 2006). 

MC-CPA is a zinc-dependent metalloprotease that has exopeptidase activ-
ity, meaning it cleaves C-terminal amino acid residues, preferably after aro-
matic (i.e., similar to chymases) or aliphatic amino acids (Everitt and 
Neurath, 1980). It is apparent that the human chymase and MC-CPA are 
stored together with their proteoglycan complexes and that these complexes 
are separate from the tryptase-proteoglycan complexes (Goldstein et al., 
1992). The biological relevance of the chymase-CPA complexes are indi-
cated by the substrates they cleave; it is possible that the chymase first 
cleaves the substrate to generate further cleavage sites for MC-CPA, as 
shown with apolipoprotein B degradation (Kokkonen et al., 1986). 

Proteoglycans 
Proteoglycans are ubiquitously expressed proteins that contain a core protein 
with covalently linked glycosaminoglycan (GAG) side chains. The GAG 
chains are unbranched polysaccharides of either heparin or chondroitin sul-
phate in human MC and CTMC in rodents, whereas MMC contain only 
chondroitin sulphate. The GAG chains are sulphated, giving them a negative 
charge, which facilitates the storage of the positively charged proteases and 
histamine (Zehnder and Galli, 1999). Heparins negative charge is vital for 
the storage of the proteases in CTMC, as mice lacking the enzyme involved 
in sulphation, glucosaminyl N-deacetylase/N-sulphotransferase-2 (NDST-2), 
have no stored mMCP-4, -5, -6 or MC-CPA although they express them at 
RNA level (Forsberg et al., 1999). Serglycin proteoglycans are intracellular 
proteoglycans found in haematopoietic cells including MC, which contain a 
core protein with repeating Ser and Gly units (hence the name) to which the 
GAG chains are attached. Knocking out serglycin results in the same pheno-
type as the NDST-2-/- mice, where there is a lack of storage of the granule 
proteases, highlighting the importance for serglycin as a scaffold for media-
tor storage (Abrink et al., 2004). 

Cytokines 
Cytokines are low molecular weight regulatory proteins, which have immu-
nomodulatory roles. Although MC store a rather limited amount of cyto-
kines, de novo synthesis is the prominent method of production of a great 
array of cytokines. The pro-inflammatory TNF-α was the first cytokine 
shown to be stored in the MC granules (Walsh et al., 1991). TGF-β1, an anti-
inflammatory cytokine, also appears to be stored, as mRNA and detectable 
protein levels are found in non-stimulated rat CTMC (Lindstedt et al., 2001).  
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De novo synthesised mediators 
Cytokines and chemokines 
MC do not typically store cytokines, but are capable of producing a vast 
number of different ones, which have a multitude of effects. Different modes 
of activation can result in the release of IL-1, IL-3, IL-4, IL-5, IL-6, IL-8, 
IL-10, IL-13, IL-16, granulocyte macrophage-colony stimulating factor 
(GM-CSF), TNF-α, basic fibroblast growth factor and vascular endothelial 
growth factor (Bradding and Holgate, 1999). The more recently discovered 
cytokine IL-33 is also expressed in BMMC when activated by IgE (Hsu et 
al., 2010). 

Chemokines are a group of cytokines whose name is derived from their 
ability to induce chemotaxis of cells. Chemokines produced from MC, which 
attract cells to the sites of MC activation, include macrophage inflammatory 
protein (MIP)α and MIPβ (or chemokine ligand (CCL)3 and CCL4 respec-
tively), which attract granulocytes; monocyte chemoattractant protein 
(MCP)-1 (a.k.a CCL2) and regulated and normal T-cell expressed and se-
creted (a.k.a. CCL5/RANTES), attracting mainly monocytes and T cells, 
respectively (Ono et al., 2003). Although designated cytokines, IL-8 is an 
important chemoattractant for neutrophils and IL-16 for T cells (Bradding 
and Holgate, 1999). 

Eicosanoids 
Eicosanoids are lipid mediators derived from arachidonic acid. They include 
the prostaglandin and leukotrienes, which have a number of roles involved in 
inflammation and central nervous system signalling.  They are released from 
cell membrane lipids by phospholipases, which form arachidonic acid (Funk, 
2001). The cyclooxygenase enzymes synthesise prostaglandin D2 (PGD2) 
and lipoxygenase enzymes synthesise leukotriene C4 (LTC4) from arachi-
donic acid. PGD2 released from MC causes vasodilation and bronchocon-
striction (Johnston et al., 1995) as well as chemotaxis of a number of leuko-
cytes, including eosinophils and TH2 cells (Hirai et al., 2001). LTC4 has 
similar effects, causing prolonged bronchoconstriction, increased vascular 
permeability and mucous production (Boyce, 2003). Platelet-activating fac-
tor is a lipid mediator mainly involved in platelet aggregation and pro-
inflammatory responses including systemic hypotension (Demopoulos et al., 
1979) as well as being a chemotactic factor for leukocytes, including eosino-
phils (Wardlaw et al., 1986). 
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Table 1. Summary table of mast cell mediators. 
Content MMC CTMC 

Human 
(MCT) 

Mouse Rat Human 
(MCTC) 

Mouse Rat 

Serine protease 
 

Tryptase Chymase Chymase Tryptase 
Chymase 

Tryptase 
Chymase 

Tryptase 
Chymase 

Metalloprotease 
 

- - - CPA CPA CPA 

Proteoglycan 
(GAG chain) 
 

Heparin 
CS A,E 

 
CS A,E 

 
CS 
A,E,di B 

Heparin 
CS A,E 

Heparin 
CS E 

Heparin 
CS E 

Histamine 
 

+ + + + ++ ++ 

Prostaglandin 
 

PGD2 PGD2low PGD2low
 PGD2 PGD2 PGD2 

Leukotriene LTC4 LTC4 LTC4 LTC4Low - LTC4Low 

Abbreviations: MMC, mucosal mast cell. CTMC, connective tissue mast cell. MCT, 
mast cell (tryptase). MCTC, mast cell (tryptase and chymase).GAG, glycosaminogly-
can. CPA, carboxypeptidase A. CS A/E, chondroitin sulphate A/E. PGD2, pros-
taglandin D2. LTC4, leukotriene C4. Data from (Boyce, 2003; Feger et al., 2002; 
Lutzelschwab et al., 1997; Malaviya and Abraham, 1998; Welle, 1997). 

Mast cell activation 
A key feature of MC is not only their anatomical location but the rapid response 
and release of mediators after activation. Depending on the manner of activa-
tion, MC can release their mediators with or without full degranulation.  

FcεRI and FcɣR activation 
The classic MC activation pathway is via cross-linking of FcεRI to immu-
noglobulin (Ig)E bound antigen.  FcεRI is the high-affinity IgE receptor 
composed of four polypeptide chains: one α-, one β- and two ɣ-chains (fig-
ure 2). The α-chain is responsible for the high-affinity binding to the Fc re-
gion of the antibody (details in figure 2) (Hakimi et al., 1990). The β- and ɣ-
chains are responsible for receptor signalling, mediated via phosphorylation 
of immunoreceptor tyrosine-based activation motifs (ITAMs), which ulti-
mately results in cell activation (Jouvin et al., 1994). Cross-linking of the 
receptor brings about a phosphorylation signalling cascade that ultimately 
results in degranulation of the cell and expulsion of mediators (Turner and 
Kinet, 1999). 

MC also express FcɣRs on their surface. Human MC express the high-
affinity, FcɣRI and the low affinity, FcɣRIIA whereas mice only express the 
low-affinity, FcɣRIIIA and the low-affinity inhibitory receptor, FcɣIIB. The 
later receptor contains immunoreceptor tyrosine based inhibitory motifs 
(ITIMs), whose activation leads to an inhibitory effect on degranulation and 
mediator release (Daeron et al., 1995). 
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Figure 2. IgE (CH3 domain) binding to the high affinity FcεRI (alpha chain). Dotted 
lines indicate a disulphide bond. Abbreviations: ITAM, immunoreceptor tyrosine-
based activation motif. VL, variable-light. VH, variable-heavy. CL, constant-light. CH, 
constant-heavy. Adapted from (Holgate, 1998). 

Toll-like receptors 
Toll-like receptors (TLR) are a group of pattern recognition receptors be-
longing to innate immunity that recognize pathogen-associated molecular 
patterns (PAMPs). The PAMPs are conserved structures on microbes, which 
bind to various members (11 in total) of the TLR family (Takeuchi and 
Akira, 2010). Human cord blood-derived MC express TLR2 and TLR4. Ro-
dent MC express TLR1, 2, 3, 4, 6, 7, and 9 (Matsushima et al., 2004), where 
in mice, TLR4 is activated by lipopolysaccharide (LPS), which results in 
cytokine release without degranulation. Conversely, TLR2 activation by the 
bacterial cell wall component peptidoglycan results in MC degranulation 
(Supajatura et al., 2002). Generally, TLR-based activation is independent of 
MC degranulation, unlike IgE-mediated activation. 

Complement 
The anaphylatoxins C3a and C5a from the complement system are capable 
of degranulating rat MC (Johnson et al., 1975). In humans, C5a receptor is 
mainly expressed on skin MC and on a subset of cardiac MC (Fureder et al., 
1995), where these cells are capable of degranulating after exposure to C5a 
(Schulman et al., 1988). Patients with mastocytosis also express the C3a 
receptor (Nunez-Lopez et al., 2003).  
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Other modes of activation 
MC can be activated by many other stimuli. Several cytokines including IL-
1, IL-3, IL-8, IL-33, thymic stromal lymphopoietin and GM-CSF can induce 
histamine release from MC in vitro (Mekori and Metcalfe, 2000; Subrama-
nian and Bray, 1987). Similarly, degranulation can occur with SCF and two 
chemokines MIPα and MCP-1 in vivo (Alam et al., 1994; Taylor et al., 
1995). The small peptide, endothelin (ET)-1 and the structurally similar sara-
fotoxin 6b (Metz et al., 2006; Yamamura et al., 1994) as well as the neu-
ropeptides including substance P and vasoactive intestinal peptide (VIP) can 
all activate MC (Bauer and Razin, 2000). Many basic compounds can di-
rectly cause degranulation including compound 48/80 and mastoparan, the 
later from wasp venom (Hirai et al., 1979). Other activating substances in-
clude opiates (e.g., morphine), the lipid mediator sphinogosine-1-phosphate 
and agents that increase the intracellular calcium levels, notably calcium 
ionophore (A23187) and ionomycin (Metcalfe et al., 1997). There is evi-
dence that activated T cells expressing the integrin leukocyte function-
associated antigen-1 can bind MC glycoprotein intercellular adhesion mole-
cule-1, which can induce degranulation and subsequent mediator release 
(Bhattacharyya et al., 1998; Inamura et al., 1998). 

In vivo functions 
Knockout mice  
One contribution to the knowledge gained from MC function is from modi-
fied mice that lack MC or constituents of MC. A number of MC knockout 
(k/o) mice exist, which have highlighted the effects of MC in a number of 
physiological settings. Much of the information regarding MC function uses 
two important models, which are based on mutations in the receptor tyrosine 
kinase or c-kit gene. C-kit is needed for the normal response to SCF, which 
amongst MC and other cells types is vital for their development (Rottem et 
al., 1994). By conventional terminology these mice have been referred to as 
MC k/o although the changing shift in the field now describes them more 
accurately as ‘Kit mutants’, as MC are clearly not the only cells affected. 
Great caution has to be taken when interpreting the MC effects seen in these 
mice. 

Kit-dependent knockouts 
WBB6/F1-c-kitW/c-kitWv (KitW/Wv) 
The KitW/Wv mouse has a double mutation at the W locus (‘white-spotting’, 
i.e., c-kit) (Kitamura et al., 1978). The W mutation results in a frame deletion 
in the c-kit coding region, resulting in a lack of surface receptor expression. 
Homozygous KitW/W mice suffer from perinatal death. The Wv mutation is a 
missense mutation, which results in a 90 % decrease in autophosphorylation 
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of the c-kit receptor. Therefore KitWv/Wv mice express the c-kit receptor and 
also have MC. A heterozygous cross between the two produces KitW/Wv mice, 
which are MC deficient (Krishnaswamy and Chi, 2006). However, they have 
a severely altered phenotype including reduced neutrophils, no interstitial 
cells of Cajal, increased gastric ulcers, are anaemic and sterile (Feyerabend 
et al., 2011). In a model of sepsis in the peritoneum, based on caecum liga-
tion puncture (CLP),  KitW/Wv mice suffer increased mortality in comparison 
to wild-type (WT) and reconstituted mice, highlighting a protective role in 
this model (Echtenacher et al., 1996). Similarly, MC involvement is indi-
cated in models using bacteria. KitW/Wv mice show a high decrease in the 
clearance of Klebsiella pneumonia as well as death when the bacterial loads 
are increased (Malaviya et al., 1996). This is directly correlated with a re-
duced neutrophil influx, which may be in part dependent on MC cytokines or 
inherent problems with kit signalling and reduced neutrophil numbers. In a 
different setting, KitW/Wv mice are susceptible to Helicobacter felis stomach 
colonization after immunization, which when reconstituted with MC recover 
the ability to clear the infection (Velin et al., 2005). 

C57BL/6-KitW-sh/W-sh (KitW-sh/W-sh) 
The W-sash (Wsh) is an inversion mutation upstream of the c-kit transcrip-
tional start site (Lyon and Glenister, 1982). These mice are MC deficient but 
importantly have fewer abnormalities than the KitW/Wv mice (Grimbaldeston 
et al., 2005). This genomic rearrangement does not only affect the expres-
sion of Kit itself but can lead to the dysregulation of 27 other genes (Ni-
grovic et al., 2008). The KitW-sh mice have been used more recently since 
they have fewer abnormalities than the KitW/W-v mice; they are fertile and 
have normal red blood cell numbers (Grimbaldeston et al., 2005). However, 
they do have neutrophilia, increased megakaryocytes, splenomegaly and 
cardiomegaly (Nigrovic et al., 2008). KitW-sh/W-sh mice have also been used in 
bacterial settings. When infected with Mycoplasma pneumonia, these mice 
have impaired clearance of the bacteria and less severe pneumonia, again 
highlighting an involvement of MC in protection against bacterial challenges 
(Xu et al., 2006). 

Kit-independent knockouts  
Cre/loxP system 
Despite the information gained about the roles of MC, both the KitW/Wv and 
KitW-sh mice suffer from a number of abnormalities associated with sponta-
neous c-kit mutations. A MC k/o was developed based on the Cre-
recombinase (Cre) technology, whereby Cre recognizes and recombines so 
called loxP sites. The loxP sites are 34 bp consisting of an 8 bp region where 
the recombination occurs. Typically, one mouse with a cell/tissue specific 
promoter would drive Cre expression, which would be crossed with another 
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mouse containing the target gene, flanked by loxP sites. The subsequent 
recombination (i.e., deletion of the target gene) would only occur in 
cells/tissues expressing Cre. In this approach a number of MC k/o have been 
generated, based on MC specific promoters for mMCP-5, α-chymase and 
CPA3 (Dudeck et al., 2011; Feyerabend et al., 2011; Lilla et al., 2011; 
Musch et al., 2008).  

Interestingly, CPACre/+ mice have brought in to question, the roles of MC 
in experimental autoimmune encephalomyelitis (EAE) and a K/BxN auto-
immune arthritis model. In the later, serum transfer from K/BxN mice to WT 
mice, results in the development of arthritis in the joints. KitW/Wv  mice are 
protected from arthritis, suggesting a negative role for MC in this model 
(Lee et al., 2002). However, CPACre/+, like the CPA+/+ mice, are susceptible 
to the arthritis, directly contradicting the apparent vital role of MC in this 
setting. Similarly, in EAE, a model for human multiple sclerosis, it is seen 
that both KitW/Wv and KitW-sh mice are more resistant to EAE (Secor et al., 
2000; Stelekati et al., 2009). Strikingly here, KitW/Wv mice as well as both 
CPACre/+ and CPA+/+ are all equally susceptible to EAE, once again question-
ing the role of MC in the EAE model (Feyerabend et al., 2011).   

These results bring in to question the involvement of MC in some disease 
settings, which are likely attributed to c-kit defects rather than MC specifi-
cally.   

Inducible Cre-based systems 
There are also several inducible MC k/o variants (Dudeck et al., 2011; Heger 
et al., 2014; Sawaguchi et al., 2012), which may be important where tempo-
ral control is needed, for example if deletion of a target impairs cell devel-
opment or whether the effects of certain deletions during the course of dis-
ease are important. One way to achieve this is by introducing a floxed diph-
theria toxin receptor, which becomes expressed once crossed with a Cre 
expressing mouse. Upon injection of diphtheria toxin, the affected cells die. 
Over 90 % of CTMC are deleted after addition of diphtheria toxin in the 
mMCP-5-Cre mouse crossed with a floxed diphtheria toxin receptor mouse 
(Dudeck et al., 2011).    

Serine proteases 
General nomenclature  
As implied by their name, all serine proteases share a common serine residue 
in their active site (Carter and Wells, 1988). Two additional amino acids are 
also conserved in their catalytic mechanism; His57 and Asp102, which to-
gether (with Ser195) form the catalytic triad. The numbering refers to posi-
tions based on bovine chymotrypsinogen, which has 245 amino acids ar-
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ranged in two, six-stranded beta barrels (Greer, 1990). The protease database 
MEROPS includes 686 identified S1 family members of serine proteases 
(belonging to the chymotrypsin A family from cattle, Bos taurus). All serine 
proteases are endopeptidases, meaning they cleave peptide bonds within 
their target substrates. Within all groups of the serine proteases, there are 
four ‘classic’ clans of proteases, which are structurally different indicating 
independent evolution of a similar catalytic mechanism (Dodson and Wlo-
dawer, 1998): 

 
• Chymotrypsin; His-Asp-Ser 
• Subtilisin; Asp-His-Ser 
• Carboxypeptidase Y; Ser-Asp-His 
• Clp protease; Ser-His-Asp 

 
The members of these clans are represented in a number of organisms in-

cluding bacteria, plants and animals. The interests here are the chymotryp-
sin-related serine proteases expressed by haematopoietic cells, where the 
focus mainly lies with MC chymases, notably the human chymase and the 
macaque chymase. 

Cleavage specificity nomenclature  
When a peptide bond is hydrolysed (cleaved), the resulting amino acids C-
terminal of the broken bond is denoted P1’, P2’ etc (figure 3). Alternatively, 
N-terminal amino acid residues are termed P1, P2 etc (according to 
(Schechter and Berger, 1967). The substrate P-sites interact with their coun-
terpart sub-sites in the enzyme, which are denoted S1, S2, S1’, S2’ etc. 
Cleavage of the peptide bond always occurs between P1 and P1’ in the sub-
strate.  

 
Figure 3. Nomenclature surrounding the cleaved peptide bond (depicted by scis-
sors). The amino acids N-terminal from the cleaved bond are termed P1 (where 
cleavage occurs, shaded in red), 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. 
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Structural features 
The important His, Asp and Ser residues that make up the catalytic triad 
span the active site, where the S1 pocket sits adjacent to the Ser195. Enzyme 
specificity amongst the chymotrypsin family is strongly correlated with the 
S1 pocket, where residues 189, 216 and 226 play a key role. These residues 
are highly complementary to the substrates, determining the primary speci-
ficity (see figure 4). For example, the negative Asp189 in the S1 pocket ac-
commodates positively charged Arg or Lys in the substrate, in the case for 
trypsin. Steric properties of certain amino acids are also important, for ex-
ample with elastase specificities, slightly larger, usually non-polar amino 
acids create a smaller S1 pocket (Perona and Craik, 1997). Hence, only small 
amino acids can be accommodated in the elastase S1 pocket. It should be 
noted that these are not the only determinants of the enzymes primary cleav-
age specificity. Trypsin for example, does not change specificity by mutating 
Asp189 to Lys189, which suggests sites away from the active site also play a 
role in determining the primary specificity (Graf et al., 1987). 

 
Figure 4. The S1 pocket is important in determining the primary specificity of the 
chymotrypsin family. A. The important residues, which determine chymotrypsin-, 
trypsin- or elastase-like specificity are shown. B. The S1 pocket residues (in blue) 
and catalytic triad (red) in the human chymase (PDB code 3N70) 
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The majority of chymotrypsin-like proteases have a primary specificity 
belonging to one of three groups: chymotrypsin-like, trypsin-like or elastase-
like (as shown in figure 4). A chymotrypsin-like specificity cleaves after 
large, hydrophobic amino acids such as Trp, Phe and Tyr. Trypsin-like 
specificity cleaves after the positively charged residues, Arg and Lys and 
elastase-like specificity cleaves after small aliphatic residues including Val 
and Ala. Further specificities in the chymotrypsin family include metases, 
which cleave after Met and aspases, which cleave after negatively charged 
Asp residues. 

Function 
The chymotrypsin-like proteases constitute a variety of different functions. 
In mammals, they include members involved in food digestion (e.g., tryp-
sin), blood coagulation (e.g., thrombin) and fibrinolysis (e.g., tissue plasmi-
nogen activator), reproduction (e.g., prostate specific antigen) and more 
relevant to this thesis, in the immune response (e.g., chymases and gran-
zymes). Logically, the specificity of the protease is related to its function. 
For example, the digestive enzyme trypsin has a broad specificity and 
cleaves after basic amino acids. This is rational as the digestion process 
would be flawed if the enzyme showed a very narrow specificity, therefore 
we would not be able to process much of what we eat. Conversely, a prote-
ase like enterokinase, whose natural target is trypsinogen, is produced in the 
duodenum. Trypsinogen is the zymogen form of trypsin, which is produced 
in the pancreas and only becomes active where it is needed; for example, in 
the intestine for use during digestion. Enterokinase has a very stringent 
specificity and cleaves the sequence Asp-Asp-Asp-Asp-Lys in trypsinogen 
to convert it to active trypsin (Davie and Neurath, 1955). 

Catalytic mechanism 
The catalytic triad or ‘charge-relay system’ offers a means to hydrolyse pep-
tide bonds in two chemical steps; an acylation followed by a deacylation 
(Kraut, 1977). The catalytic triad covers the active site of the enzyme, where 
in the first acylation step includes a nucleophilic Ser195 attack on the car-
bonyl group of the substrate, aided by the His57 acting as a base. This forms 
a tetrahedral intermediate where Asp102 stabilises His57 by hydrogen bond-
ing to it. In this transition state, the carbonyl oxygen of the substrate acquires 
a negative charge, which is stabilised by hydrogen bonding to amide nitro-
gens in a pocket of the enzyme, termed the oxyanion hole. The donation of a 
proton from the His57 acts as an acid and collapses the tetrahedral interme-
diate to form an acyl-enzyme intermediate, which releases the carboxy-
terminal portion of the substrate. The deacylation step follows; where water 
attacks the carbonyl carbon of the acyl-enzyme, which is helped by the His 
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residue. This forms a second tetrahedral intermediate, which collapses under 
proton donation, releasing the N-terminal acyl group and regenerating the 
Ser (Hedstrom, 2002). 

Mast cell chymase locus 
The chymotrypsin-like serine proteases are arranged in a cluster termed the 
MC chymase locus (Caughey et al., 1993). The human locus includes four 
genes: the MC chymase, neutrophil cathepsin G and NK/T cell granzyme B 
and H. A striking feature of the rodent chymase locus is the vast expansion 
in size and number of genes. In mice, the locus has expanded almost 4 times, 
to include 15 genes and in rats the expansion is even more extreme, with 28 
functional genes and two additional pseudogenes (figure 5). 

 
Figure 5. Mast cell chymase loci. The human chymase locus contains four genes: 
chymase (Cma1), cathepsin G (Ctsg) and granzymes B and H (GzmB/H). 

The expanded number of genes and potential lack of clear homologues, at 
least in the context of the human chymases with rodent chymases, highlights 
the difficulties when comparing the genes and directly extrapolating results 
obtained in rodent models.  

Primary or extended specificities 
The genes expressed from the MC chymase locus are all contained in gran-
ules within their respective cell type. These granule-associated serine prote-
ases, or graspases, all have a common feature, which distinguishes them 
from other chymotrypsin-like family members; they lack a disulphide bond 
between Cys191 and Cys220 (Zamolodchikova et al., 2003). This creates a 
new S3 pocket, which can interact with the P3 position in the substrate. The 
importance of this has been shown in rMCP-2, where p-nitroanilide (pNA) 
substrates are cleaved 100 times more efficiently with optimal P3 sites than 
sub-optimal ones. Conversely, chymotrypsin showed almost no difference 
with varied amino acids in the P3 position (Remington et al., 1988). 

In order to study the primary specificity of proteases (i.e., cleavage at the 
P1 position), a relatively simple approach with chromogenic substrates can 
be used. Here, a small peptide (typically 1-5 amino acids long) with a C-
terminal chemical group, such as pNA, which once released from its adja-
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cent amino acid, produces a coloured product. The adjacent amino acid to 
the coloured group therefore represents the P1 position. The coloured prod-
uct can measured using a spectrophotometer, which is proportional to the 
enzymes activity. This approach was used to identify the cleavage patterns 
of the human and dog chymases, rMCP-1 and rMCP-2. All proteases pre-
ferred hydrophobic residues in P1-P4 positions, where Phe was preferred in 
the P1 position for each chymase. The full positions for the human chymase 
from P4-P1 were: Phe/Met-Val-Pro-Phe (Powers et al., 1985).  

Another tool for studying the cleavage specificity is through peptide li-
braries. These are usually based around a fixed amino acid position, i.e., the 
P1 position, and then the remaining positions are varied. A fluorogenic 
tetrapeptide library was used to study the specificity of the human chymase 
and the preferred sequence was reported, from P4-P1, as Arg-Thr-Glu-Tyr. 
This sequence was found in albumin, one of many cleavable chymase targets 
in vitro (Raymond et al., 2003). Interestingly, the identified consensus se-
quences in these studies were fairly different. This highlights some potential 
problems when using chromogenic substrates and peptide libraries. The 
leaving group, C-terminal of the cleaved bond will interact with sub-sites 
(S1’) of the enzyme, which may be a reason for the discrepancies seen from 
the human chymase preferred sequences.  

An inherent problem with these approaches is the inability to look at C-
terminal residues of the cleaved bonds (i.e., P1’, P2’ etc) simultaneously 
with the N-terminal residues. One method to overcome this is substrate 
phage display (figure 8). As implied by the name, it involves a random li-
brary of peptides being displayed on phages. The peptides are not influenced 
by leaving groups and both N- and C-terminal residues can be looked at in 
the same reaction. This approach has been used to find the extended cleav-
age specificity of a number of proteases including the human chymase, dog 
chymase, mMCP-1, mMCP-4, rMCP-1 and the opossum chymase (Anders-
son et al., 2009; Andersson et al., 2008a; Andersson et al., 2008b; Gallwitz 
et al., 2010; Reimer et al., 2008). The macaque chymase and human chy-
mase variants as well as a fish protease have been studied using this tech-
nique in this thesis. 

Mast cell serine proteases 
Aside from differences in mediators from rodent and human MC, the differ-
ent subtypes also have different serine proteases (table 2).  
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Table 2. Summary of serine proteases in rodent and human mast cells. 
Serine  
protease 

MMC CTMC 
Human 
(MCT) 

Mouse Rat Human 
(MCTC) 

Mouse Rat 

Chymase - mMCP-1 rMCP-2 HC mMCP-4 rMCP-1 
  mMCP-2 rMCP-3 

rMCP-4 
 

 mMCP-5 rMCP-5 

Tryptase α-/β- 
tryptase 

- - α-/β- 
tryptase 

mMCP-6 
mMCP-7 
mTMT 

rMCP-6 
rMCP-7 

       
rMCP-8 
family 

- - rMCP-8 
rMCP-9 

- - - 

   rMCP-10    

Abbreviations: MMC, mucosal mast cell. CTMC, connective tissue mast cell. MCT, 
mast cell (tryptase). MCTC, mast cell (tryptase and chymase). mMCP, mouse mast 
cell protease. rMCP, rat mast cell protease. HC, human chymase. mTMT, mouse 
transmembrane tryptase. Data from (Lutzelschwab et al., 1997; Miller and 
Pemberton, 2002; Welle, 1997). 
 

α- and β- chymases 
Phylogenetic analyses of the chymases reveals two distinct groups, the α- 
and β-chymases (figure 6). The human chymase along with m/rMCP-5 be-
long to the α-chymases, whereas β-chymases have only been found in ro-
dents (Chandrasekharan et al., 1996), except for guinea pigs, which lack β-
chymases. Despite the sequence similarity (75% at protein level) between 
mMCP-5 and the human chymase, the functional homologue is thought to be 
mMCP-4. One important determination of this is the proteases cleavage 
specificities; mMCP-5 has elastase-like specificity, whereas mMCP-4 and 
the human chymase share chymotrypsin-like specificities, including a rela-
tively similar extended specificity, including a preference for negatively 
charged P2’ amino acids (see figure 3 for terminology) (Andersson et al., 
2008a). In the α-chymases the human chymase clusters with the macaque 
and baboon chymase. The macaque chymase shows some 98% sequence 
identity to the human chymase, which indicates its usefulness when studying 
human chymase functions. Characterization of the macaque chymase is one 
of the main features of this thesis. 
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Figure 6. Dendrogram showing the relationship between the alpha and beta chy-
mases. The amino acid sequences are from the mature chymase proteins and boot-
strap values are shown. The tree was made in FigTree with the help of Srinivas 
Akula. The results are based on work from Ulrika Karlson, 2003. 

Mast cell protease knockouts 
mMCP-1 
mMCP-1 is the major mucosal MC chymase expressed in mice. mMCP-1-/- 
(MF-1) mice show normal transcription levels of the other chymases 
mMCP-2, -4 and -5 but lacked transcription of mMCP-1. The mMCP-1 pro-
tein is also not detected in the jejunum of the mice, confirming their k/o 
status. In normal mice (BALB/c), mMCP-1 is constitutively expressed in the 
jejunum, which is then up-regulated during Nippostronglyus brasiliensis 
infection. This highlights a potential role in nematode infection, where 
mMCP-1 acts to increase epithelial permeability thereby allowing the trans-
fer of Ig from the mucosa into the gut lumen (Wastling et al., 1998). rMCP-2 
in rats is the homologue to mouse mMCP-1, which also facilitates epithelial 
permeability. Using an ex vivo approach, adding N. brasiliensis to a perfu-
sion of the mesenteric artery and jejunal lumen results in an increase in 
rMCP-2 in both areas after two minutes (Scudamore et al., 1995). In a 
BALB/c backcrossed mMCP-1-/- mouse, a delayed expulsion of Trichinella 
spiralis is observed (Knight et al., 2000). 
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mMCP-4 
Despite being a member of the α-chymases, mMCP-5 is not the functional 
mouse homologue of the human chymase due to a Val at residue 216 (in-
stead of Gly) giving the enzyme elastase-like specificity. mMCP-4, a β-
chymase, has a number of features including a similar tissue distribution 
(Sayama et al., 1987) and cleavage specificity as the human chymase 
(Andersson et al., 2008a). An mMCP-4-/- was developed that lacks virtually 
all chymotrypsin-like activity in the peritoneal cell population and ear tissue, 
without altering MC numbers or other MC granule constituents. In this 
model, thrombin inactivation and a reduced ability to process fibronectin, an 
extracellular matrix (ECM) component, are apparent features 
(Tchougounova et al., 2003). Another indication of mMCP-4 involvement in 
maintaining connective tissue homeostasis is seen in mMCP-4-/- mice, which 
accumulate unprocessed pro-matrix metalloproteases (MMP)-2 and 9 as well 
as the connective tissue proteins collagen and fibronectin (Tchougounova et 
al., 2005). 

mMCP-5 
mMCP-5 contributes to ischaemic reperfusion injury, a response of returned 
blood-flow with accompanied inflammation and damage to the cells/tissue 
(Abonia et al., 2005). KitW/Wv mice appear to be protected from ischaemia 
reperfusion injury as extensive muscle damage is not seen in this model 
(Mukundan et al., 2001). However, the role of MC-CPA cannot be over-
looked as mMCP-5-/- mice lack this metalloprotease, therefore the contribu-
tions of both proteases are not well defined (Stevens et al., 1996). 

mMCP-6 
mMCP-6 along with mMCP-7 are the human β-tryptase homologues 
(McNeil et al., 1992; Reynolds et al., 1991). Both proteases are expressed 
only in CTMC and two mouse strains carrying mMCP-6 modifications exist. 
The first mMCP-6-/- mice are unable to clear Klebsiella pneumonia infection 
and suffer increased mortality in comparison to their WT counterparts. Here, 
it is apparent that the local neutrophil numbers during inflammation are not 
as high as the WT (Thakurdas et al., 2007). Because the mMCP-6-/- mice are 
bred on a C57BL/6 background, they also lack mMCP-7 (Hunt et al., 1996). 
Therefore, the contribution of mMCP-7 with a redundant mMCP-6 was un-
known. A second mMCP-6-/- mouse was developed based on 129/Sv mouse 
strain, which has an expressed mMCP-7 gene (subsequently backcrossed to 
C57BL/6). When challenged orally with the parasitic nematode Trichinella 
spiralis, these mMCP-6-/- mice show a higher larval burden and a lack of 
clearance of the worms, in comparison to WT (i.e., mMCP-7 containing 
mice). The only clear physiological change is a decrease in eosinophil num-

 29 



bers at the infection site, highlighting the importance of mMCP-6 in recruit-
ment of leukocytes (Shin et al., 2008). 

MC-CPA 
The dependence of mMCP-5 for MC-CPA storage and vice versa is high-
lighted with the first MC-CPA k/o mice, which lacks MC-CPA as well as 
mMCP-5. The effect is not because of a lack of mMCP-5 transcription, 
which is normal in MC-CPA-/- mice (Feyerabend et al., 2005). A second 
MC-CPA deficient mouse was developed (termed MC-CPAinactive), where 
expression levels of the protease are normal, however the enzyme activity is 
completely diminished. The MC-CPA+/+ mice are protected in comparison to 
the KitW/Wv and MC-CPAinactive mice who succumb to the toxic effects of ET-
1, an endogenous peptide increased during bacterial infection (Schneider et 
al., 2007). 

Multiple protease knockout 
There is further evidence of the interplay between various proteases and the 
negatively charged heparin GAG sidechains of serglycin. Similarly to what 
is seen in the serglycin and NDST-2 k/o (the enzyme responsible for sul-
phation) with the loss of negative charge and protease storage problems, a 
converse effect is seen when knocking out multiple proteases. Mice lacking 
mMCP-4, mMCP-6 and MC-CPA (and mMCP-5) have reduced heparin 
levels as well as distorted granule integrity, although these MC degranulate 
normally. This clearly highlights the importance of electrostatic interactions 
as altering either the positively charged proteases or negatively charged ser-
glycin proteoglycans impairs granule storage (Grujic et al., 2014). 

Chymase substrates 
One difficulty in defining a physiological role for the chymase is its ability 
to cleave a vast array of substrates in vitro and to substantiate these targets in 
vivo is challenging. In the next section a selection of well-studied substrates 
is shown, whose involvement in a number of different contexts may shed 
some light on where and how the chymase functions.  

Angiotensin 
One of the most well studied substrates of the human chymase is angiotensin 
(ang). Ang is a key modulator of the renin-angiotensin system where ang I 
(1-10) is converted to a vasoconstrictor, ang II (1-8), by two enzymes. De-
spite the designated angiotensin-converting enzyme (ACE), the human chy-
mase accounts for approximately 95% of the total ang II forming activity in 
isolated human arteries (Takai et al., 2001). Interestingly, the human chy-
mases functional rat homologue rMCP-1 preferentially forms a 1-4 ang 
product, hence degrading ang I (shown in figure 7) (Wintroub et al., 1984). 
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Figure 7. Angiotensin I to II converting (or degradation) ability of selected chy-
mases. The Phe8 indicates conversion of angiotensin I to II, whereas cleavage at Tyr4 
results in degradation of angiotensin I. Bracketed chymases show secondary degra-
dation/conversion after their preferential initial cleavage. 

This difference in ang-activity is a clear functional difference between the 
chymase members. Clinically, the human chymase may be an important 
target in combating several processes involving ang II. Chymase inhibitors 
may be beneficial in these settings against hypertension, aortic aneurysm, 
angiogenesis, myocardial infarction and cardiac fibrosis (Miyazaki et al., 
2006). 

Secretory leukocyte protease inhibitor  
Secretory leukocyte protease inhibitor (SLPI) is a stable, 11.7 kDa protein 
that inhibits cathepsin G, elastase, trypsin, chymotrypsin, tryptase and chy-
mase (Doumas et al., 2005). However, in vitro the human chymase can 
cleave SLPI, which is substantiated ex vivo using human saliva, where the 
increased cleaved (c)SLPI levels correlates with individuals suffering from 
allergy and asthma (Belkowski et al., 2008). In this context, SLPI could be a 
useful biomarker for chymase activity, as increased cSLPI is also found in 
sputum and nasal lavage samples in asthmatics and allergic rhinitis patients 
(Belkowski et al., 2009). 

Cytokines 
The involvement in cytokine cleavage is extensive. Human skin-derived MC 
are shown to efficiently cleave IL-5, IL-6, IL-13 and TNF-α. The causal 
proteases are chymase and cathepsin G, based on inhibitor effects (Zhao et 
al., 2005). As these cytokines are typically associated with inflammatory 
responses, it is likely their cleavage will have an anti-inflammatory effect. 
The importance of mMCP-4 in the CLP model highlights its ability to cleave 
the pro-inflammatory cytokine TNF-α. In this model, mMCP-4-/- mice have 
increased TNF-α levels, neutrophil numbers and a higher mortality in com-
parison to WT mice. TNF-α is degraded by mMCP-4, which has a protective 
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effect, highlighting the importance for survival by the chymase (Piliponsky 
et al., 2012). The human chymase can cleave membrane bound SCF pro-
duced by stromal cells to generate a soluble variant, which may further regu-
late the recruitment of MC (Longley et al., 1997).  

The ability of the human chymase to induce leukocyte recruitment in-
volves the increased expression of cytokines or the direct action of cytokine 
cleavage. Injecting the human chymase in guinea pigs or mice induces ac-
cumulation of mainly eosinophils and neutrophils, although this may be a 
direct or indirect effect (He and Walls, 1998). A direct effect is seen where 
human monocytes and neutrophils are attracted to the chymase in vitro (Tani 
et al., 2000). The human chymase and mMCP-4 increase the expression of 
IL-8 and the mouse homologue MIP-2 in vitro, respectively. mMCP-4 also 
increases neutrophil numbers and MIP-2 at the injection site in mice (Tera-
kawa et al., 2006). Latent TGF-β1 can be released from the ECM by the 
human chymase, the initial step towards its activation and its subsequent 
cleavage is seen in a rat system, where exposure to rMCP-1 results in a 
cleaved, active TGF-β1 (Lindstedt et al., 2001; Taipale et al., 1995). IL-1β 
belongs to the IL-1 family, which play a central role in mediating inflamma-
tion. IL-1β is synthesised as an inactive precursor, which is classically acti-
vated by caspase-1 (a.k.a. interleukin converting enzyme). The human chy-
mase also has the ability to cleave and activate IL-1β, which has chemotactic 
properties, facilitating neutrophil and macrophage chemotaxis (Mizutani et 
al., 1991). Another IL-1 family member, pro-IL-18, is also cleaved and acti-
vated by the human chymase (Omoto et al., 2006). 

Danger-associated molecular patterns  
Danger-associated molecular patterns (a.k.a. alarmins) are endogenous fac-
tors released during stress and injury. These include many molecules such as 
high mobility group protein B1 (HMGB1), heat-shock proteins (Hsp), uric 
acid, biglycan as well as certain cytokines (Kono and Rock, 2008). The more 
recently discovered IL-33 is one such cytokine, which also belongs to the IL-
1 cytokine family and is highly expressed in endothelial cells and released 
upon cell damage (Cayrol and Girard, 2009). Both the human chymase and 
its mouse counterpart, mMCP-4, degrade IL-33 as well as other alarmins 
including Hsp70, biglycan and HMGB1 (Roy et al., 2014). Cleavage of such 
proteins could represent an in vivo function of limiting inflammation (dis-
cussed later). 

Endothelin-1 
ET-1 represents an interesting and complex potential in vivo substrate for the 
chymases. ET are a family of peptides mainly produced by endothelial cells 
that are involved in blood pressure regulation. Big ET is a 38 amino acid 
precursor of ET-1 (1-21 amino acids), which is a potent vasoconstrictor. ET-
1 binds two receptors, ETA or ETB, which are mainly expressed on SMC 
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(Nagata et al., 2000). ETA receptors are also found on MC, which when ET-
1 binds, can cause degranulation and release of mediators including the pro-
teases. The human chymase cleaves big ET at Tyr31 generating a novel 
vasoconstrictive peptide (Nakano et al., 1997). In a CPA-/- mice, challenge 
with exogenous ET-1 results in a high mouse mortality (15/16) (Schneider et 
al., 2007). In CPA+/+ mice, ET-1 is degraded via cleavage of the Trp20, 
which protects from the high death seen in the k/o counterpart (Schneider et 
al., 2007).  

mMCP-4 is also  important in the conversion of exogenously added big 
ET, based on inhibition studies and the effects seen in mMCP-4 deficient 
mice (Houde et al., 2013; Simard et al., 2009). In the later, systemic addition 
of big ET and conversion to both ET-1 (plus the novel 1-31 variant) causing 
an increase in blood pressure is reduced by more than 50 % in mMCP-4-/- 
mice (Houde et al., 2013). 

Therefore, an interesting interplay between the chymase and MC-CPA 
could be an activation (by chymase) and inactivation (by CPA) of ET. This 
is feasible given both enzymes are stored in the same MC (Irani et al., 1991).  

Protective effects 
Historically, MC have earned a reputation for being a ‘bad-guy’ for their 
roles in hypersensitivity and inflammatory reactions. However, their physio-
logical role is not entirely clear. Some protective effects of chymases have 
been shown already, notably in mice k/o that have problems with expulsion 
of bacteria and parasites, as well as inflammatory cytokine degradation, 
alarmin degradation and detoxification of endogenous peptides such as ET-
1. In the next section, further evidence that MC play a protective and anti-
inflammatory role is highlighted. 

Roles in detoxification of venom 
Despite the ability of bee and snake venom to activate MC directly or via 
IgE-mediated sensitization, there is some evidence that MC are also involved 
in the detoxification of these venoms. In a study focusing on the sarafotoxins 
from the venom of Atractaspis engaddensis or Israeli mole viper, the impor-
tance of MC and their proteases is apparent. When injected intraperitoneally 
with the highly toxic sarafotoxin 6b, all MC deficient mice (KitW/Wv) die 
within 1 hour, whereas WT mice survive even after injection with 10 times 
the sarafotoxin concentration. Using potato carboxypeptidase inhibitor, 
which inhibits CPA, similar deaths are recorded, highlighting a protective 
effect of CPA from MC in this model (Metz et al., 2006). These effects may 
not be so surprising given the 67% homology of sarafotoxin b to ET-1 
(Kloog et al., 1988). A more prominent role of the mouse chymase, mMCP-
4, is shown in limiting the toxicity from the Gila monster (Heloderma sus-
pectum). Helodermin is a constituent of the Gila monsters venom, which has 
similar features to the mammalian VIP. mMCP-4 can limit the lethal toxicity 
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seen with increased concentrations of VIP as well as the toxins from two 
scorpions, highlighting protective roles against endogenous and exogenous 
compounds (Akahoshi et al., 2011).   

Beneficial role in allergy 
Seemingly counterintuitive, however the human chymase cleaves pro-
inflammatory cytokines, which could dampen the effects of cytokine release 
after allergen challenge. Therefore, despite initiating allergic responses, the 
human chymase may also dampen the effect not only by limiting cytokine 
effects but directly degrading the allergen. One example of this is seen with 
birch pollen, which contains the allergen profilin. Profilin is cleaved by the 
human chymase, which destroys epitopes recognized by IgE (Mellon et al., 
2002). In this manner, the allergy response can be self-limiting as soluble 
profilin can be cleaved by newly released chymase from degranulated cells. 

In an ovalbumin mouse model of allergic asthma, mMCP-4-/- mice show 
increased airway hyperresponsiveness, as well as increased lung inflamma-
tion. The potential involvement of mMCP-4 in SMC regulation is apparent 
as mMCP-4-/- mice have an increased SMC layer (Waern et al., 2009). This 
highlights a beneficial role of the chymase in limiting the negative effects of 
MC in allergic asthma.  

Roles in limiting inflammation 
IL-33 and other alarmins are more recently described targets for the human 
chymase. IL-33 is thought to play a role in many inflammatory conditions 
including asthma, rheumatoid arthritis and cardiovascular disease (REF).  
IL-33 can induce the production of the pro-inflammatory cytokines IL-6 and 
TNF-α when binding to its T1/ST2 receptor (Moulin et al., 2007). In this 
context, exaggerated inflammation could potentially lead to tissue destruc-
tion, which may be limited by cleavage of such alarmins. Cleavage of a Tri-
chinella spiralis virulence factor, Hsp70, seen in WT mice compared to 
mMCP-4 k/o prompted the idea that chymase could also cleave endogenous 
alarmins. Indeed, Hsp70 is cleaved by the human chymase and mMCP-4 
(Roy et al., 2014), although the role of endogenous Hsp70 as an alarmin has 
been questioned (Broere et al., 2011), especially as some studies using 
Hsp70 may have been contaminated with LPS (Bausinger et al., 2002). In a 
similar context, HMGB1, a nuclear chromatin-binding factor, is also a potent 
mediator of inflammation once outside the cell (Scaffidi et al., 2002). The 
resulting cleavage by the human chymase and mMCP-4 further indicates a 
role in a physiological process by limiting inflammation (Roy et al., 2014). 

Mini summary 
Despite the MC notoriety in allergies and the potential to exacerbate in-
flammation by their ability to store and de novo synthesise mediators, the 
beneficial effects are also apparent. Instead of being the stereotypical ‘bad-
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guy’, a fairer title should include the immunomodulatory properties of the 
cells. The physiological roles and involvement of MC, and in particular their 
proteases, is a tough question to address, as different settings and genetic 
backgrounds of animal models all contribute data but highlight the intricate 
details that are needed if the chymase, for example, is a target for therapy. Its 
involvement may be beneficial for bacterial and parasitic defence in one 
person, yet its role in heart disease may be paramount in another. Obviously, 
to develop and use a chymase inhibitor may not be beneficial in both cir-
cumstances, therefore, as indicated by our work, useful information may be 
gained from relevant primate models, in this case with the macaque (paper 
II). 

Chymase inhibitors 
In vivo 
Serpins are a large family of inhibitors, with well over 1500 sequences cov-
ering all kingdoms of life including 36 in humans (Law et al., 2006).   Ser-
pins are involved in processes that require strict regulation and seems fitting 
that the first discovered serpin, anti-thrombin, is involved in blood coagula-
tion (Borsodi et al., 1975).  

Chymase forms complexes with the intracellular serpins B1 and B4 in vi-
tro (Cooley et al., 2001; Schick et al., 1997), although under conditions 
where chymase is released, typically via MC degranulation, extracellular 
inhibition would be needed. Two such plasma serpins, alpha1-antitrypsin 
and alpha 1-antichymotrypsin  have relatively low associations with chy-
mase and could pose better substrates than inhibitors (Schechter et al., 1989). 

One interesting phenomenon is seen with the general protease inhibitor, 
alpha 2-macroglobulin, which allows chymase to still process small peptide 
targets including ang I to ang II, despite being bound and under inhibition 
(Raymond et al., 2009).  

Therapeutic use 
The concept of inhibiting chymase depends on the context and involvement 
of chymase in disease. A number of therapeutic benefits are seen when add-
ing chymase inhibitors in various inflammatory conditions such as pulmo-
nary fibrosis (Takato et al., 2011), liver disease (Imai et al., 2014; Masubu-
chi et al., 2013), atherosclerosis (Bot et al., 2011), abdominal aortic aneu-
rysm (Inoue et al., 2009), myocardial infarction (Hoshino et al., 2003; Jin et 
al., 2003), atopic dermatitis (Imada et al., 2002; Ogata et al., 2011; Watanabe 
et al., 2002), diabetes (Maeda et al., 2010; Takai et al., 2009), intestinal 
damage (Kakimoto et al., 2010) and in general inflammation (de Garavilla et 
al., 2005). 
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One relevant potential problem in rodent models is the redundancy of 
multiple chymases. Despite the positive effect seen in a number of inflam-
matory/disease states only one chymase inhibitor, SUN13834, used in a 
model of atopic dermatitis, has been taken to clinical studies (Ogata et al., 
2011). Even in this study, the IC50 values for mMCP-4 and the human chy-
mase were 78 nM and 140 nM, respectively, indicating a significant loss of 
efficacy of the same compound in different species. This may be an underly-
ing reason as to why there is currently no specific chymase inhibitor on the 
market. It is clear that the species and redundancy of other chymases must be 
taken into account (Kervinen et al., 2010). Therefore if chymase is consid-
ered a serious target for the development of an inhibitor, relevant models 
such as the macaque would need to be prioritised, given the similarities to 
various aspects of the human chymase (shown here in paper II).    

Fish (and their proteases) 
Of the approximate 60,000 vertebrate species, fish make up just over 30,000 
of these. Mammals as a group are actually the smallest of all vertebrates with 
around 5500 representatives. These numbers alone, clearly indicate the vast 
potential of information to be gained from the largest representative group of 
vertebrates. Very little is known about proteases in fish, which may highlight 
conserved or novel features relating to the work done in mammals.   

Fish mast cells 
Although becoming more accepted, the presence of a bona fide MC remains 
a talking point. The cell in question, termed MC/eosinophilic granule cell, 
contains MC-specific CPA (Dobson et al., 2008) and an IgE-like receptor 
(FcεRI) in zebrafish (Da'as et al., 2011). The question regarding what this 
receptor binds remains unanswered as (teleost) fish do not have IgE, instead 
have IgM, IgD and IgT (IgZ) (Danilova et al., 2005; Hansen et al., 2005). 
Staining for this apparent FcεRI in all cases has been done with human anti-
FcεRIɣ chain, which in mammals is shared amongst other FcR. Fish 
MC/eosinophilic granule cells also contain members of a broad-spectrum 
antimicrobial peptide (AMP) group called piscidins (Silphaduang and Noga, 
2001). It was originally thought that these AMP were MC/eosinophilic gran-
ule cell-specific, although depending on the member, are found in various 
cell types and fish species (Silphaduang et al., 2006). Out of the four mem-
bers of this family identified so far, piscidin 3 appears to be MC/eosinophilic 
granule cell-specific (Dezfuli et al., 2011). 

Although so far no specific chymase gene/enzyme in the MC/eosinophilic 
granule cell has been found in fish, other related serine proteases in other 
cell types exist. One group found in another innate-type cell related to NK 
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cells is the ‘granzyme-like’ proteases, expressed in the channel catfish 
(Wernersson et al., 2006). 

NK-related cells and granzyme-like proteases 
 
In fish, two types of NK cell homologues exist: NK-like cells and non-
specific cytotoxic cells (NCC) (Fischer et al., 2013). Whilst the relationship 
between these cells is currently not known, there are some characteristics 
that differ between the cell types. One major difference is the source of the 
cells: NCC are organ-derived whereas NK-like cells are derived from pe-
ripheral blood lymphocytes (Evans et al., 1988; Shen et al., 2004). NCC are 
agranular cells, which have a vimentin-like surface molecule and a novel 
receptor termed NCC receptor protein 1 (Evans et al., 1988; Harris et al., 
1992). 

 To rule out possible confusion with other cytotoxic cells, NK-like cells 
have no T-cell receptor components (α-, β-, ɣ-chains) or markers specific to 
neutrophils or monocytes/macrophages, indicating a distinct cell type (Shen 
et al., 2004). These NK-like cells can kill virus-infected cells as well as al-
logeneic cells (Hogan et al., 1999; Yoshida et al., 1995) and are of interest 
here, as in the channel catfish they express a number of serine proteases. 

Three such proteases related to T-cell granzymes, MC chymases, the M8 
family of basophil proteases and neutrophil cathepsin G, are termed catfish 
granzyme-like I, II and III (Wernersson et al, 2006). The focus in this thesis 
is on catfish granzyme-like I (paper IV). 

In humans, there are 5 classic granzymes: A, B, H, K and M and in mice, 
10 are found: A-G, K, M and N (Grossman et al., 2003).   In terms of pri-
mary specificities, granzyme A and K are tryptases, cleaving after basic resi-
dues Arg/Lys; granzyme B is an aspase, cleaving after Asp residues; gran-
zyme M, a metase, preferring Met and granzyme H, resembling a chymase, 
cleaving after bulky aromatic amino acids, Tyr/Phe. This information has 
been used to facilitate what is known about in vivo targets and the ultimate 
functions of these proteases.  Of all granzymes, granzyme B is the most 
widely characterised and is the archetypal granzyme inducing apoptosis 
through caspase activation (Martin et al., 1996) as well as through cleavage 
of Bid in the mitochondrial apoptotic pathway (in humans) (Sutton et al., 
2000).  

Whilst there is lots of variation regarding true targets of the granzymes 
and despite some obscurities surrounding all of their involvement in apop-
tosis induction, it is clear other functions are present. One such function is to 
modulate inflammatory cytokine production, which is an apparent feature of 
granzyme A (Sower et al., 1996). 

A fourth granzyme in the channel catfish, termed granzyme-1 (CFGR-1) 
was identified earlier (Praveen et al., 2004). Phylogenetically, this protease 
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clusters with human and mouse granzyme A and K, as well as having Asp-
Gly-Gly as the specificity conferring triplet (based on chymotrypsinogen 
numbering 189-216-226), suggesting tryptase activity (Praveen et al., 2004).   
Indeed, recombinant granzyme-1 cleaves a tryptase-specific synthetic pep-
tide and likely contributes to cell cytotoxicity induction based on a chro-
mium release assay (Praveen et al., 2006). Alignment of the catfish gran-
zyme-like proteases reveals some fairly varied specificity conferring triplets: 
Gly-Gln-Gln (granzyme-like I), Gly-Thr-Tyr (granzyme-like II) and Ala-
Thr-Gly (granzyme-like III), although none of these match any mammalian 
serine proteases (Wernersson et al., 2006), which leaves big question marks 
over their true specificities and ultimately their functions.  
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Present investigation 

Aim 
The general aim of the studies in this thesis was to investigate the extended 
cleavage specificity of two major chymases in mammals; the human and 
macaque chymases, as well as characterise a serine protease from a lower 
vertebrate species. By determining the cleavage specificities of proteases 
from similar cell types but from different species, functional similarities can 
potentially be found. This data is vital for finding important targets and roles 
of the chymases as well as novel or conserved mechanisms, which may 
come to light by studying distantly related animal species such as fish. 

Results and discussion 
Paper I 
Arg143 and Lys192 of the human mast cell chymase mediate the prefer-
ence for acidic amino acids in position P2’ of substrates 

The work carried out by (Andersson et al., 2009) highlighted the impor-
tance of the P2’ position, containing a conserved pattern of acidic amino 
acids in the targeted substrate. The question arises as to why these negatively 
charged amino acids are preferred.  

Molecular modelling of the human chymase indicates three likely candi-
dates that have the possibility of interacting with the P2’ residue in target 
substrates. These amino acids are Lys40, Arg143 and Lys192 in the human 
chymase. Interestingly, three additional chymases: mMCP-4 (mouse β-
chymase), rMCP-5 (rat α-chymase) and the opossum chymase all have 
Arg143 and Lys192 but contain varying amino acids in position 40. Addi-
tionally, four chymases that do not prefer acidic amino acids in the P2’ posi-
tion (rMCP-1, mMCP-1, rMCP-4 (all β-chymases) and the dog chymase (α-
chymase)) do not have both Arg143 and Lys192. However, three of these 
chymases do have Lys192. Therefore, we hypothesized that the preference 
for P2’ acidic amino acids could be mediated by Arg143 alone or in combi-
nation with Lys192. To test this hypothesis we used site-directed mutagene-
sis on the human chymase and subsequently analysed these ‘mutant’s’ ex-
tended cleavage specificity using substrate phage display (figure 8). Arg143 
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was substituted for Gln, and Lys192 with Met, individually termed single 
mutants. A double mutant including both mutations was also made. Gln and 
Met were chosen as these are found in the chymases that don’t show a pref-
erence for acidic amino acids in the P2’ position. All three mutants (R143Q, 
K192M and R143Q+K192M) maintained the same P1 cleavage position as 
the human chymase (un-modified). Both single mutants showed a clear re-
duction in the P2’ preference for acidic amino acids, where as the double 
mutant lost all preference in the P2’ position. This data highlights the impor-
tance of Arg143 and K192 in determining the P2’ specificity and shows an 
additive effect of both positions required for the strong acidic amino acid 
preference. 

Extending these results, it is probable that the macaque (we know now!) 
and baboon chymase along with hamster chymase-2, mMCP-5 and the sheep 
MC protease (all α-chymases) together with rMCP-3, hamster chymase-1 
and the gerbil chymase-1 (all β-chymases) have a common P2’ acidic amino 
acid preference. 

    
Figure 8. The principle behind substrate phage display. Phages expressing a nine amino 
acid random sequence followed by a histidine (his6) tag (1) are immobilized on Ni-NTA 
beads (2). The protease of interest is added and preferred random region sequences are 
cleaved, separating the phages from the Ni-NTA beads (3). These susceptible phages are 
separated and amplified in E.coli (4) and subsequent selection rounds takes place. After a 
number (usually between 5-7) of selection rounds, the random regions of individual 
phage clones are sequenced. Figure derived from Karlson, 2003. 
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Paper II 
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 

The need for appropriate models is key when relating function and effi-
cacy in humans. Despite the vast information rodent models give us about 
the chymases, there are some major differences between these species, not 
only including the physiology of the species but many key features regarding 
the chymase.  

Here, the crab-eating macaque chymase was characterized using substrate 
phage display to look at similarities and differences to the human (and dog) 
chymase. The macaque, like in humans, has a single α-chymase in a locus 
very similar to each other. The corresponding chymase locus in mice has 15 
functional genes (in comparison to 4 in humans and the macaque), which 
contains related α- and more distantly related β-chymases. The direct homo-
logue to the human chymase in mice is mMCP-5 (and rMCP-5 in rats), 
which instead of cleaving after aromatic amino acids (Tyr, Phe and Trp), has 
changed specificity and cleaves after small aliphatic residues such as Val and 
Ala (i.e., elastase-like).  Substrate phage display showed an almost identical 
extended cleavage specificity between the human and macaque chymase. 
This was verified using the obtained cleavage sequence from the phage dis-
play and inserting it between two recombinant thioredoxin (trx) proteins 
(figure 9). In this setting, the preferred sequences could easily be visualized 
on a sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel and stained with coomassie. Once again, the results between the 
human and macaque chymase were very similar, cleaving identical se-
quences with similar efficiency.  

To further confirm the similarities in function between the two enzymes, 
a number of patented chymase inhibitors (from a number of companies) 
were used to see the inhibitory effect on the chymases. In all cases, the ex-
tent of inhibition was similar in both the human and macaque.  

The behaviour of the chymases towards potential in vivo substrates was 
also explored. Ang I and its conversion to ang II is one of the best studied 
potential targets. Interestingly, the clearest mouse homologue in terms of 
cleavage specificity to the human chymase is mMCP-4. However, mMCP-4 
converts ang I to ang II but also degrades it; a feature which the human chy-
mase does not share. Ang I conversion by the macaque chymase was identi-
cal to that of the human chymase (measured by mass spectrometry), showing 
only conversion and not degradation of the peptide. Similar cleavage pat-
terns of human fibronectin and human SLPI by both the human and macaque 
chymases were very similar, providing some more insight into potential in 
vivo substrates. 
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Based on these results; the key similarities in the chymase locus, the ex-
tended cleavage specificity, the effect of human chymase inhibitors and a 
number of potential in vivo targets, the macaque makes an ideal model for 
studying the human chymase. These positive attributes facilitate the devel-
opment of chymase inhibitors in a number of clinical uses, from vascular 
disease to general anti-inflammatories, in a relevant model that could pro-
vide insight into the true function of the human chymase. 

 
Figure 9. Confirmation of susceptible phage sequences using a two-thioredoxin 
system. Any selected amino acid sequence deduced from phage display is ligated (as 
double oligonucleotides) into restriction sites in a vector containing two thioredoxin 
molecules (1). The insertion of a his6-tag facilitates purification (2) after expression 
in a bacterial host. The protease of interest is added (3) and the resulting cleavage 
(or lack of) can be visualized using SDS-PAGE (4). 

Paper III 
Mutations in Arg143 and Lys192 of the human mast cell chymase mark-
edly affect the activity of five potent human chymase inhibitors. 

Evidence of the involvement of Arg143 and Lys192 for the acidic amino 
acid preference in the P2’ position (paper I) also sparked interest in whether 
these positions could contribute to the selectivity of chymase inhibitors cur-
rently in development. To address this, five different inhibitors from five 
different pharmaceutical companies were used against the human chymase, 
two single human chymase mutants (Arg143 to Gln and Lys192 to Met) and 
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a double mutant (containing both mutations) towards the chromogenic sub-
strate L-2130 (Suc-Leu-Leu-Val-Tyr-pNA).  

The results showed all five inhibitors were dependent on both the Arg143 
and Lys192, seen as reduced activity towards L-2130. Of more importance, 
the Lys192 mutant showed less inhibition than the Arg143 mutant. Impor-
tantly, this was not simply because of a loss of activity of the mutant en-
zymes, as all variants hydrolysed the chromogenic substrate without inhibi-
tors equally well.  

Ang I is a well studied potential in vivo target of the human chymase and 
this was subject to cleavage by the different mutants. Previous data indicates 
that Lys40 (and not Arg143) has a role in ang I conversion (Muilenburg et 
al., 2002). The effect of Lys192 had not been addressed, given its apparent 
effect during chymase inhibition. Indeed, conversion of ang I to ang II by the 
Lys192 mutant was reduced in comparison to the WT enzyme. The level of 
reduction was similar to that of the double mutant, indicating an important 
role in not only the selectivity of this substrate but also the inhibitor. Further 
structural support indicated the dependence of these residues with potential 
inhibitors.  

A more detailed knowledge regarding the specificity of interactions may 
be valuable when developing highly specific inhibitors of the human chy-
mase. The dependence of both Arg143 and Lys192 highlighted here points 
in this direction, where key residues need to be found in order to maintain 
the selectivity of the inhibitor, leaving other enzymes unaffected. 

 

Paper IV 
Channel catfish granzyme-like I is a highly specific serine protease with 
metase activity. 

Despite the interest in lower vertebrates as models, very little information 
characterising serine proteases in these animals has been done. Here, the aim 
was to address the extended cleavage specificity of one such protease in the 
channel catfish (Icatalurus punctatus), termed granzyme-like I.  

The initial screening for serine proteases in the channel catfish resulted in 
three proteases, termed granzyme-like I, II and III. These proteases are dis-
tantly related to the T-cell granzymes (B to H), MC chymases, the M8 fam-
ily of basophil proteases and neutrophil cathepsin G (Wernersson et al., 
2006). 

Also in this species, a fourth granzyme, granzyme-1 (CFGR-1) was pre-
viously identified (Praveen et al., 2004). This enzyme groups with gran-
zymes A and K in a phylogenetic tree and also has Asp-Gly-Gly as the 
specificity conferring triplet, suggesting tryptase activity (Praveen et al., 
2004). Addressing this, recombinant granzyme-1 cleaves a tryptase-specific 
synthetic peptide and contributes to the cell cytotoxicity (Praveen et al., 
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2006). After alignment of the three catfish granzyme-like I sequences and 
identification of their specificity conferring triplets revealed three novel 
variants: Gly-Gln-Gln (I), Gly-Thr-Tyr (II) and Ala-Thr-Gly (III), none of 
which matched any mammalian serine proteases (Wernersson et al., 2006).  
This leaved big questions about their true specificities. 

Here, characterisation of the extended specificity was addressed using 
substrate phage display. The protease was produced as a recombinant protein 
in a mammalian expression system, using HEK293 cells. The subsequent 
phage display analysis resulted in a strict preference for Met in the apparent 
P1 position, indicating metase activity. In order to confirm this, a number of 
sequenced based on the phage display data were produced in the two-trx 
system (figure 9). A preferred sequence (P5-P3’) of Arg-Val-Thr-Gly-Met-
Ser-Leu-Val was determined and this sequence was synthesised as a peptide, 
cleaved and analysed using mass spectrometry. The results confirmed cleav-
age after Met. This information was used to search for potential in vivo sub-
strates. Caspase 6 was found as an EST with a near identical consensus se-
quence. Interestingly, this sequence was found in a site adjacent to the linker 
region in the protein which is cleaved during caspase 6 activation (Srini-
vasula et al., 1996). Catfish granzyme-like I cleaved this site in the two-trx 
system, which may represent a novel mechanism for activation of caspase 6 
and apoptosis in this species. 
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Concluding remarks and future prospects 

 
The first three papers included in this thesis provide further insight into the 
cleavage specificity and behaviour of the human chymase. Despite the pre-
cise roles of the human chymase being unknown, there are clear associations 
with a number of important inflammatory conditions, including cardiac dis-
ease. The chymase in such conditions may be beneficial targets but in order 
to address the potency and selectivity of inhibitors, information regarding the 
important interactions in a relevant model is needed. Here, both aspects have 
been addressed.   

The macaque’s advantages over the rodent models may influence the de-
velopment of human chymase inhibitors, with the potential use in a number 
of cardiovascular settings. There is data supporting therapeutic benefit for 
treatment after myocardial infarction, where chymase inhibitors reduce the 
fibrotic tissue by decreasing ang II formation and/or MMP-9 and TGF-β 
activation, and also reducing cardiac dysfunction and mortality (Jin et al., 
2003; Jin et al., 2002; Kanemitsu et al., 2006; Oyamada et al., 2011). This 
could be one important use of such inhibitors, given the CDC’s approxi-
mated 600,000 heart attacks every year in the US alone. The use of chymase 
inhibitors in blood pressure control maybe relevant in patients not respond-
ing to common ACE inhibitors, possibly due to ‘ACE inhibitor escape’ 
(Givertz, 2001). The macaque model is needed as the species barrier effect 
highlights the loss of efficacy of human chymase inhibitors across various 
rodent species (Kervinen et al., 2010). The interactions mediating strong 
inhibition are relevant when developing inhibitors targeting chymase, which 
has been addressed to some extent here. It’s clear some inhibitors and com-
pounds may be overlooked if only using rodent models to assess their po-
tency and effects. This is not to ignore the ethical aspect of using non-human 
primates, but it is clear this model has advantages over the more traditional 
rodent ones. Perhaps the idea of using transgenic mice expressing the human 
chymase is a more realistic setting to develop human chymase inhibitors, 
although the redundancy of other chymases is still apparent, plus the poten-
tial for other effects by genetically modifying the animals. 

The combination with other inhibitors/drugs may be a more realistic out-
come in the long term, than a dependency on chymase inhibitors. This is in 
reality, the beauty of the immune system, that we have a redundancy of 
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mechanisms from various cell types capable of enhancing inflammation for 
example. However, targeting single molecules may provide an easier means 
to limit unwanted side effects compared to more general therapeutics. 

The use of substrate phage display and subsequent trx-system is a useful 
tool in understanding the specificity of the chymase and other proteases, 
hence potential targets. Using a visual means to verify the phage sequences 
in our two-trx system, it has the ability to confirm whether certain sequences 
are preferably cleaved. Of course, the in vivo relevance is key to understand-
ing the enzymes true functions but in vitro data can simplify interpretations 
and highlight where to look in vivo. One example which remains controver-
sial is the relevance of ang as a real chymase target and the discrepancies in 
activation or cleavage of a number of rodent chymases. The opossum chy-
mases’ extended cleavage specificity is known, which shows some similarity 
to the human chymase, with the acidic amino acids P2’ position in a number 
of selected phages (Reimer et al., 2008). What would be interesting is to use 
ang from the opossum, in order to verify if the conversion of ang I to II has 
been conserved through almost 200 million years of mammalian evolution. 
This may add more evidence that ang is a true in vivo target.  

The final aspect in this thesis focused on characterising a fish protease 
with a potential role in apoptosis, based on a cleavable site in caspase 6. 
Establishing whether the targets remain ex vivo may be the next step. In or-
der to do this, initially the target would have to be characterised, as caspase 6 
remains as an EST. If indeed the hypothesis regarding the involvement of 
catfish granzyme like-I in apoptosis comes to fruition, relevant confirmatory 
methods must be used.  

Despite the abundance of data and more recent interest using fish as mod-
els, notably for embryonic development, little work has been done on char-
acterising proteases, and in this context, serine proteases. Here the surface 
has been scratched to characterise one of the four ‘granzymes’ in the channel 
catfish. Indications from catfish granzyme-like II are also interesting in the 
sense that the extended cleavage specificity is quite strict but completely 
different to the granzyme-like I shown here. Using lower vertebrates in this 
setting may highlight novel or conserved processes related to the myriad of 
involvements of mammalian serine proteases. 
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Populärvetenskaplig sammanfattning på 
svenska 

Vi lever i en miljö som ständigt utmanar kroppen genom närvaron av olika 
infektiösa organismer som till exempel bakterier, virus och parasiter. Vi har 
ett immunförsvar som har till uppgift att skydda oss mot dessa potentiella 
faror. Vårt immunförsvar kan delas in i två huvudgrenar: det medfödda och 
det adaptiva immunförsvaret. En av de celltyper som reagerar först är en del 
av det medfödda immunförsvaret och kallas mastcell.  

Mastceller finns utspridda i kroppens olika organ men finns främst i om-
råden som gränsar mot omvärlden, som t.ex. i huden, luftvägarna och tar-
mens slemhinnor. De har många olika receptorer som gör att de kan reagera 
på omvärldsignaler och har en viktig roll vid allergi där de vid aktivering 
frisätter sekretoriska vesiklar som innehåller bland annat histamin, proteaser 
och proteoglykaner.  

Proteaser är en typ av proteiner som har till uppgift att klyva andra protei-
ner. Ett proteas som är särskilt intressant för denna avhandling kallas kymas. 
Detta proteas som ligger lagrat i mastcellens granula tillhör en stor grupp 
proteaser som kallas serinproteaser. Serinproteaser är beroende av aminosy-
ran serin för att kunna genomföra klyvningen. Den här avhandlingen syftar 
till att öka kunskapen kring dessa proteaser eftersom vi vet ganska lite om 
deras funktion. Kymaserna klyver proteiner efter stora vattenavvisande ami-
nosyror och den position där de klyver kallas P1. I människan finns det bara 
ett kymas vilket kallas för det humana kymaset. I gnagare däremot finns det 
flera olika kymaser, till exempel möss har 4 och råttor 5 kymaser. Detta gör 
extrapolering av data från studier med gnagare till människa väldigt svårt. 
Krabbmakaken (Macaca fascicularis) skulle kunna vara en bättre djurmodell 
då de precis som människan endast har ett kymas. 

För att säkerställa att makak-kymaset är likt det humana kymaset använ-
des en metod som kallas ”phage-display”. På svenska skulle det kunna över-
sättas till fag-presentation. Fager, som är grunden till denna metod, är virus 
som infekterar bakterier. Dessa fager har modifierats på ett sätt så att de på 
sin yta visar upp en proteinbit som är sammansatt av slumpmässigt valda 
aminosyror (peptider). Fagbiblioteket, som använts, innehåller ungefär 50 
miljoner fager med olika slumpvisa aminosyrasekvenser. Till detta fagbiblio-
tek tillsätts det proteas som ska analyseras för att på så sätt se vilka peptider 
proteaset helst klyver. Dessa samlas sedan upp och förökas i bakterier för att 
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sedan på nytt tillsättas till fagbiblioteket. Denna process upprepas ett antal 
gånger och därigenom får man fram vilka peptider som kymaset föredrar 
mest.  

Resultatet efter analysen visade att makak-kymaset hade en nästan iden-
tisk klyvning till det humana kymaset. Klyvningen skedde efter stora vatten-
avvisande aminosyror i P1 position och de föredrog negativt laddade amino-
syror i P2’(en position två aminosyror bort från stället där peptidkedjan 
klyvs). Denna preferens upptäcktes även i det humana kymaset. Till en bör-
jan, analyserades andra kymaser som saknar denna P2’ preferens för att se 
skillnaden i deras aktiva ficka. Två aminosyror identifierades: Arg 143 och 
Lys 192. Dessa två är positivt laddade aminosyror och de deltar i bindandet 
av den negativa laddningen i substratet. Dessa aminosyror ersattes med de 
som hittats i de kymaser som saknade den negativa P2’ preferensen och re-
sultatet visade att preferensen nästan försvann genom att mutera en av dessa 
aminosyror. Om båda muterades så försvann preferensen praktiskt taget helt. 
Det finns andra kännetecken hos makak-kymaset som även de liknande hu-
mana kymaset, till exempel hur det svarar på inhibitorer framtagna mot det 
humana kymaset. .  

Kymas-inhibitorer har visat sig vara fördelaktiga i ett antal inflammato-
riska tillstånd. Krabbmakaken kan därför vara en bra representant för att 
fortsatt studera effekterna av inhibitorer riktade mot det humana kymaset.  
För att kunna skapa en kraftfull kymas-inhibitor är förståelsen för interaktio-
nen med proteaset viktig. Mutanterna från P2' analysen testades även mot 
fem inhibitorer som är framtagna mot det humana kymaset. Båda mutanterna 
reducerade effektiviteten av inhibition men vi såg störst effekt med Lys 192. 
Dubbelmutanten reducerade inhibitoreffekten mest, vilket visar betydelsen 
av båda aminosyrorna. Denna upptäckt kan påskynda utvecklingen av speci-
fika human kymasinhibitorer.  

Den sista aspekten i den här avhandlingen var att karakterisera ett serin-
proteas från en dvärgmal (Icatalurus punctatus) genom att använda ”phage-
display”. Detta proteas uttrycks inte i mastceller utan i en annan celltyp i det 
medfödda immunförsvaret, en NK-liknande cell hos fisk. Denna är besläktad 
med NK-celler i däggdjur, vilka deltar i försvaret mot virus och tumörer. Det 
finns väldigt lite information om serinproteaser i fisk och det här är en av de 
första studierna som berör deras klyvningsspecificitet. Proteaset är känt som 
granzym-liknade I för att det är besläktat med ett antal andra serinproteaser 
såsom mastcell kymas och T-cell granzymer (typiskt för dessa är att de är 
involverade i apoptos av målceller). Detta proteas uppvisade en väldigt strikt 
preferens för metionin i P1 position och en potentiell målmolekyl hittades 
vid analys av fiskgenomet, kaspas 6. Detta protein är involverat i induktio-
nen av apoptos. Därför kan granzym-liknande I visa på en tidigare okänd 
mekanism för induktion av apoptos som har varit bevarad i mer än 400 mil-
joner år. Genom att studera avlägset relaterade djurgrupper kan viktiga evo-
lutionärt konserverade funktioner identifieras.   
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