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Abstract

Proteases drive the life cycle of all proteins, ensuring the transportation and activation of newly
minted, would-be proteins into their functional form while recycling spent or unneeded proteins.
Far from their image as engines of protein digestion, proteases play fundamental roles in basic
physiology and regulation at multiple levels of systems biology. Proteases are intimately
associated with disease and modulation of proteolytic activity is the presumed target for successful
therapeutics. “Proteases: Pivot Points in Functional Proteomics” examines the crucial roles of
proteolysis across a wide range of physiological processes and diseases. The existing and potential
impacts of proteolysis-related activity on drug and biomarker development are presented in detail.
All told the decisive roles of proteases in four major categories comprising 23 separate sub-
categories are addressed. Within this construct, 15 sets of subject-specific, tabulated data are
presented that include identification of proteases, protease inhibitors, substrates and their actions.
Said data are derived from and confirmed by over 300 references. Cross comparison of datasets
indicates that proteases, their inhibitors/promoters and substrates intersect over a range of
physiological processes and diseases, both chronic and pathogenic. Indeed, “Proteases: Pivot
Points ...” closes by dramatizing this very point through association of (pro)Thrombin and
Fibrin(ogen) with: hemostasis, innate immunity, cardiovascular and metabolic disease, cancer,
neurodegeneration and bacterial self-defense.
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INTRODUCTION

Proteases: More than Just Protein Digestion

One or more proteolytic events initiate the active life for many proteins and proteolytic
events terminate the relatively short life of all proteins. Roughly a third of proteins, as
translated, include peptides that influence proteins’ lifespan (initiator methionine), govern
their transport (signal peptide), direct them to the appropriate organelle (transit peptide) and
produce their active form (propeptide). These processes are merely those proteolytic events
that begin the active life of proteins. Over the course of lifetimes that may be as brief as 11
minutes or as long as four months, additional proteolytic events remake individual proteins —
one example being the much studied A4-Human amyloid precursor transmembrane protein
whose 13 proteolytic products include a family of pathology-related, p amyloid peptides.
Having served their temporary purposes, all proteins are once again substrates for proteases
with digestion proceeding to amino acids recycled as raw materials for ongoing expression
of new proteins. In the light of these varied and continuous processes, proteolytic activity
literally reshapes the proteome. Of course, this brief discourse is but the tip of the iceberg.
Proteolytic enzymes — and their promoters and inhibitors — are essential actors in nearly all
biological processes. This chapter addresses many of those processes especially in relation
to disease and development of new therapeutics. Truly, proteases give definition to the
Functional Proteome - one protein at a time.

In the 1830s, parallel studies in Europe and the US demonstrated that digestion of proteins
in food required a compound in the gastric mucosa, in addition to gastric juice hydrochloric
acid [1]. The discovery of pepsin triggered the formulation of popular therapeutic
preparations for dyspepsia, and intensified pepsin purification efforts. However, it would
take nearly a century before crystallization of pure pepsin was achieved. Northrop, Kunitz
and Herriott published the earliest characterization of classical digestive proteases such as
pepsin, chymotrypsin, trypsin, pancreatic carboxypeptidases, and their zymogens as pure
compounds [2]. The protease field has come a long way since the discovery of pepsin.
Rapidly developing methods for protein purification, sequencing, structure-function
analysis, X-ray crystallography and synthetic substrate development have since then
accelerated the identification of countless mammalian, plant, fungal and bacterial proteolytic
enzymes [3], and the number of identified sequences is growing exponentially. As of
September 2017, the MEROPS database of proteolytic enzymes (https://www.ebi.ac.uk/
merops/) listed more than one million sequences [4].

The complete ensemble of human proteases, known as the protease degradome, currently
consists of 588 proteases, organized into five classes: aspartic, cysteine, metallo-, serine and
threonine proteases [5]. They represent >2% of the human genome, and a database is
maintained by the lab of Lopez-Otin (http://degradome.uniovi.es) [6]. Protease systems have
gained considerable recognition since the realization that they are important regulators of
countless biological mechanisms, and not simply part of a machinery for non-specific
protein digestion. Blood coagulation, fibrinolysis, complement activation, peptide hormone
processing, protein secretion and degradation, DNA replication and repair, cell signaling and
proliferation, and programmed cell death are just a few of these processes in which
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physiological proteases target specific substrates. The peptidase field is rapidly evolving, and
extensive volumes have already been dedicated to cataloguing and documenting its recently
discovered and previously known members [7]. Here we focus on novel aspects of the
intimate connection between disease and proteolysis, and the potential of mechanism-based
drug targeting.

Physiological and Regulatory Roles

Physiological protease activity is strictly controlled to avoid indiscriminate and unwanted
protein degradation [8]. Proteases may be present as inactive zymogens requiring a
proteolytic activation step followed by a conformational rearrangement to form the active
site (hemostatic protease zymogens); complexed with an inhibitory propeptide or N-terminal
domain that blocks the active site (matrix metalloproteinases or MMPS); or in a low-reactive
state requiring allosteric activation (factor VII and tissue factor), proteolysis (single chain
tPA), or di/multimerization (caspase-8 and —9, proteasome proteases. Active proteases may
be pH-controlled, and examples of this are lysosomal cathepsins and gastric pepsin. Many
proteases are transcriptionally regulated and only expressed in specific cells and tissues,
sometimes temporally restricted, whereas housekeeping proteases are expressed
constitutively. Physiological triggers such as inflammation may temporarily upregulate
zymogen expression, as seen for the precursors of cathepsins and MMPs.

Because many proteases are associated with other proteins and act within networks of
effectors, ligands and receptors, studying their biological functions has become increasingly
complex. /n vitro delineation of structural and kinetic properties of a protease is required for
defining its mechanisms of substrate and inhibitor specificity, but its catalytic efficiency is
often profoundly affected /n vivo by complex macromolecular interactions. Protease activity
may be up- or downregulated by physiological feedback mechanisms, processes at the
genomic level, and stressors in the molecular environment. Depending on the molecular
environment and the binding partners, proteases may catalyze reactions that result in
opposite physiological processes. Thrombin, the central protease in hemostasis, is a good
example of this. Uncomplexed thrombin is procoagulant, and cleaves fibrinogen to fibrin to
form a thrombus. However, when bound to thrombomodulin, thrombin activates the
anticoagulant protein C. The proteases of the contact activation system in the intrinsic
coagulation pathway aid in sustaining clotting once the extrinsic pathway is activated, but
they also activate plasminogen in the fibrinolytic pathway.

Protease networks are regulated by intrinsic inhibitors of a protein or polypeptide nature.
Serine proteases feature predominantly in coagulation, fibrinolysis, and the complement
system, and also play roles in digestion, late stage apoptosis, development, fertilization and
membrane-associated signaling. They are typically inhibited by serpins (serine proteinase
inhibitors) in irreversible covalent complexes, or by polypeptide inhibitors of the Kunitz,
Kazal or elafin types, with a protease binding loop in a conserved canonical backbone
conformation, complementary to the protease active site. Inhibitory serpins belong to a
superfamily of ubiquitous proteins with a typical fold that includes a metastable reactive
center loop (RCL) for baiting their target proteases, and a core consisting of 3 B-sheets and 8
or more a-helices [9]. Upon cleavage of the RCL, the protease stays attached, and the
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resulting acyl-enzyme undergoes a dramatic conformational rearrangement during which the
cleaved RCL inserts as an additional strand in p-sheet A, and the attached protease
translocates to the distal end of the serpin. Deformation of the active site prohibits
completion of hydrolysis, with a stable covalent complex as the end product. Kunitz, Kazal
and elafin-like inhibitors act by a different mechanism of tight binding in a substrate-like
mode, followed by slow and reversible cleavage of the reactive bond [10]. The cleaved
inhibitor stays bound to the protease but typically loses inhibitory potency by several orders
of magnitude.

Analysis of known cleavage events has shown that regulation of the proteome /n vivo occurs
through an interconnected protease-inhibitor web [11], with protein protease inhibitors being
protease substrates themselves. Many inhibitors target groups of related proteases rather than
single enzymes, and proteolytic inactivation of one inhibitor may represent a key on/off
switch for an entire protease subnetwork. Multiple regulatory mechanisms of proteolysis
have been identified, such as the presence of PEST (proline, glutamic acid, serine, threonine)
sequences in intracellular proteins targeted for rapid degradation; KFERQ motifs (lysine,
phenylalanine, glutamic acid, arginine, glutamine) guiding cytosolic proteins to the
endosome or lysosome for degradation; and RxxLxxIxN destruction box motifs that tag
proteins for degradation by the ubiquitin-proteasome system [12]. Whereas the protease/
substrate/inhibitor interconnectedness adds many levels of complexity, it also provides more
opportunities for design of new therapeutic approaches.

Proteases and Disease

Protease functionality often depends on the concerted action of a catalytic domain and
specific non-enzymatic domains and modules, either incorporated in the protein or as
separate entities associated with the catalytic domain. Anion-binding sites, kringle and apple
domains, epidermal growth factor (EGF) and fibronectin domains, thrombospondin repeats
and transmembrane domains have diverse functions such as localization; recognition of
substrates, inhibitors and effectors; and interactions with various ligands, cofactors and other
proteins. Many of these domains are evolutionary conserved, and are present in diverse
proteases either as single units (e.g. EGF domains), or as repeats (kringle and apple
domains, thrombospondin domains). Not surprisingly, defects in the catalytic domain or any
of the regulatory domains results in a physiologically dysfunctional protease. Intrinsic
protease dysregulation is a hallmark of many pathologies such as inflammation, cancer,
hemostatic and autoimmune diseases, and neurodegeneration [13,14]. A selection of recent
findings with regard to abnormal protease activity in these pathologies is discussed below.
The Lopez-Otin degradome database currently lists 132 hereditary diseases due to protease
mutations, and many other pathologies are associated with post-translational and epigenetic
changes in protease activity. Although much progress has recently been made in
inflammation-related protease research, many processes are still unclear with respect to
upregulation of protease activity as a cause or consequence. However there is ample
consensus about the importance of proteases as attractive drug targets in many disease states.
Effector ligands and substrates may provide additional targets. Protease up- or
downregulation may be used as a diagnostic, and proteolytic generation of signal peptides
may provide a previously underappreciated arsenal of biomarkers in various disease states.
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REGULATION OF PHYSIOLOGICAL PROCESSES

Hemostasis

If you are familiar with only one proteolytically regulated process in the human body, it is
likely hemostasis. Featured prominently in documentaries about European royalty and in
nightly medication commercials, the formation and degradation of blood clots has been
intensely studied. It is a model system for illustrating the complexity of proteolysis: multiple
pathways acting both in concert and in opposition to each other, dozens of actors, extensive
regulation at each step, and even individual actors performing opposing roles under different
conditions. Each step is an opportunity for both dysfunction and intervention, and both
affects and is affected by processes in cells throughout the body.

In primary hemostasis, vascular injury exposes the highly thrombogenic subendothelium,
and platelets are recruited to the site of injury, where they are activated and form a platelet
plug. In the “secondary hemostasis” cascade model of coagulation, proposed more than 50
years ago, vascular injury triggers a stepwise amplification of clotting factor activity. This
culminates in the formation of thrombin, the central coagulation protease, that cleaves
fibrinogen to fibrin [15]. In the extrinsic pathway, plasma factor Vlla forms a highly reactive
complex with tissue factor exposed during injury, and sequential activation of factor X and
prothrombin leads to clot formation. The intrinsic or contact activation pathway consists of
prekallikrein, and factors XII and IX. Stepwise activation of factors XII and XI generates
factor 1Xa that sustains formation of factor Xa. Except for factor Xllla, a transaminase that
crosslinks fibrin, all the hemostatic enzymes are serine proteases. Intrinsic serine protease
inhibitors (antithrombin, heparin cofactor Il) and the Kunitz inhibitor TFPI provide
regulatory control. Phospholipid surfaces and the non-enzymatic cofactors VIl and V are
required for activation of factor X and prothrombin, respectively. This “waterfall”
mechanism did not explain why factor XlI-deficient patients do not have a bleeding
tendency, and a new “hemostatic network” mechanism was discovered in which thrombin
activates factor X1 to sustain hemostasis [16,17]. Whereas the contact activation proteases
are not critical in normal hemostasis, animal studies have shown that they are important
contributors to formation of pathologic intravascular thrombi [18], and may be suitable
targets for therapeutic inhibitors.

When the blood clot has served its purpose, endothelial cells release tPA that converts
plasminogen to plasmin on the fibrin surface. Both tPA and plasminogen bind to fibrin
through their kringle structures (binding domains specific to blood clotting factors), resulting
in significant enhancement of the rate of plasmin formation. Plasmin degrades fibrin which
exposes additional carboxy-terminal lysines for interaction with the kringles on tPA,
plasminogen and plasmin, ultimately resulting in accelerated fibrin degradation. In a
regulatory process, carboxypeptidase U, also known as thrombin-activatable fibrinolysis
inhibitor (TAFIa), removes carboxy-terminal lysine residues and stabilizes fibrin thrombi.
TAFI proved to be a poor substrate for thrombin in the absence of thrombomodulin, and a
riveting chronicle of the lengthy process of its discovery, purification and characterization
again demonstrates the gratifying aspect of understanding the molecular basis of a
biochemical process [19]. The serpins plasminogen activator inhibitor-1 (PAI-1) and a.2-
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antiplasmin (a2-AP), respectively targeting tPA and plasmin, provide additional regulation
of fibrin degradation. Plasmin bound to fibrin is protected from a2-AP, whereas TAFI
decreases this protection by eliminating plasmin binding lysine residues on fibrin.

Platelets can both promote and counteract fibrinolysis. Activated platelets localize
plasminogen and its physiological activators tPA and urokinase via the GPIIb/l11a (integrin
allbp3) complex. Thrombospondin, released from platelet granules and exposed on the
platelet surface, also binds plasminogen and enhances its activation. Hence activated
platelets provide an alternative surface for promoting fibrinolysis. As part of a regulatory
mechanism, platelets secrete two anti-fibrinolytic serpins, PAI-1 and a.2-AP, and as a result
platelet-rich thrombi resist fibrinolysis.

Thrombin may act both as a procoagulant and as an anticoagulant enzyme, and has been
called a “Janus-headed” protease [20]. Crystal structures of a-thrombin bound to numerous
effectors have aided in identifying extended recognition sites on its surface. By combining
these discrete functional surface regions thrombin interacts with various substrates and
ligands in a selective and specific manner. Binding of Na* causes thrombin to adopt a “fast’
conformation which rapidly cleaves procoagulant substrates. In the Na*-free state, thrombin
bound to thrombomodulin preferentially initiates the protein C anticoagulant pathway in
which factors V and V111 are proteolytically inactivated [21,22].

The Complement System and Immune Regulation

The plasma complement system regulates the innate immune defense by opsonization and
elimination of pathogens, cell debris and host cells that have undergone alterations [23-25].
Activation of the complement system occurs via three pathways: in the classical pathway,
the recognition protein C1q binds to antigen-antibody complexes, the C1 complex is
activated, and a series of serine protease activation reactions leads to formation of C3- and
ultimately C5-convertase; in the lectin pathway, mannose-binding lectin binds to mannose
on the surface of pathogens as a trigger to formation of C3/C5-convertase; in the alternative
pathway, continuous low level activation of C3 and binding to the pathogen leads to C3/C5-
convertase. C3-convertases cleave C3 into the anaphylatoxin C3a and the opsonin C3b
which is deposited on the pathogen surface and facilitates targeting by macrophages. C5-
convertases generate the pro-inflammatory anaphylatoxins C5a and C5b, and a membrane
attack complex (MAC) is formed by C5b—C9 assembly. This complex forms a pore in the
membrane that kills the pathogen or the targeted cell. Anaphylatoxins C3a and C5a promote
chemotaxis of immune cells. The complement serine proteases involved in these
complicated interrelated processes include C1r, C1s, MASPs 1-3 [26], C2 and Factors B, D
and I, all with restricted specificity. The plasma serpin, C1-inhibitor, covalently inactivates
C1r, C1s, and MASPs 1 and 2. C2 and Factor B activity is controlled by the Regulation of
Complement Activation (or RCA) proteins, and no endogenous inhibitors are known for
Factors | and D. Complement deficiency causes increased susceptibility to infection, and
clearance impairment of immune complexes and apoptotic cells results in the development
of systemic lupus erythematosus (SLE). However, excessive complement activation is also
associated with autoimmune diseases such as SLE, rheumatoid arthritis and certain cancers.
The monoclonal antibody Eculizumab inhibits C5, and was recently approved for the

Methods Mol Biol. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Verhamme et al.

Page 7

treatment of complement hyperactivation in paroxysmal nocturnal hemoglobinuria and
atypical hemolytic uremic syndrome. It may ultimately prove useful in the treatment of SLE
as well [27].

Human cytotoxic T lymphocytes and natural killer cells secrete five types of granzymes (A,
B, H, K, M), serine proteases that aid in the neutralization of virus-infected and tumor cells.
Only granzyme B and M have known intracellular inhibitors, serpinB9 (P1-9) and serpinB4
(SCCAZ2), respectively [28]. Increased PI1-9 expression may be an immune evasion
mechanism used by lung cancer cells for protection from granzyme B-mediated cytotoxicity
[29].

Immune regulation is tightly associated with proteolytic processes in the gut. In immune
diseases of the gut, cytokines upregulate protease activity, resulting in inflammation and
exacerbated immune response [30]. In inflammatory bowel disease, MMPs, neutrophil
elastase and cathepsins are typically overexpressed in the gut epithelium and basement
membrane. The nature of the gut microbiome is equally important for maintaining immune
homeostasis, and commensal and pathogenic bacteria produce a wide range of proteases that
differentially affect the integrity of the intestinal mucosa.

The serpin a.l-antitrypsin (now renamed a.1l-proteinase inhibitor or a1-Pl), produced in the
liver, protects the lungs from inflammatory neutrophil elastase damage, and it is also an
acute-phase protein that reduces pro-inflammatory cytokine production, inhibits apoptosis,
blocks leukocyte degranulation and migration, and modulates local and systemic
inflammatory responses [31]. In monocytes, a1l-antitrypsin increases intracellular cAMP,
regulates CD14 expression, and suppresses NF-xB nuclear translocation. These functions
may be related to the inhibitory activity of antitrypsin, protein-protein interactions, or both.
Preclinical use of antitrypsin in autoimmunity and transplantation models showed that it is
capable of preventing or reversing autoimmune disease and graft loss.

Proteolytic Processing

The lysosome and the ubiquitin-proteasome are the two major intracellular proteolytic
systems keeping the protein pool in balance. Originally considered strictly degradative, these
systems have revealed regulatory functions beyond catabolism, and their molecular defects
are associated with various disease states. Lysosomes contain cathepsins B, D and L in
addition to lipases, nucleases, glycosidases, phospholipases, phosphatases, and sulfatases
that are active in an acidic milieu [32]. Lysosomes regulate autophagy during nutrient
starvation, and participate in development and differentiation, induction of cathepsin-
dependent cell death and degradation of apoptotic cells. Cancer cell lysosomes have a higher
membrane permeability (“leaky”) and express more cathepsin than those of normal cells,
and this property may be exploited in cancer treatment. Agents such as terahydrocannabinol
and chloroquine may disrupt the lysosome and trigger killing of the cancer cells.

The ubiquitin-proteasome, an intracellular high molecular weight protease complex located
in the nucleus and cytosol, selectively degrades proteins tagged with ubiquitin at lysine
residues [33]. Its “central pore” contains several inward facing protease active sites, with
caspase-, trypsin- and chymotrypsin-like specificity. This multi-protein construct is capped
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by one or two activator complexes that conformationally regulate access of protein
substrates to the pore. Whereas the physiological function of the proteasome was originally
thought to be restricted to intracellular protein catabolism, new functions have been
discovered with respect to regulation of the cell cycle progression, gene expression and
responses to cellular stress [34]. Protein ubiquitination is reversible, and more than 100
potentially regulatory deubiquitinase (DUB) genes have been identified, mainly cysteine and
metalloproteinases (MMPSs). DUBSs rescue proteins from degradation and reverse
ubiquitination-induced signaling. The immunoproteasome, containing specific subunits with
increased chymotrypsin- and trypsin-like activities, and decreased caspase-like activity,
participates in production of peptide epitopes for cytotoxic T lymphocytes. In the
thymoproteasome, chymotryptic activity is attenuated but the caspase- and trypsin-like
activities are conserved. Its peptide products are MHC class | ligands with moderate avidity,
which supports positive selection of CD8+ T cells [35]. Foreign peptides, generated during
the breakdown of virus and cancer cell proteins, bind MHC class | molecules on the cell
surface, and the cells are recognized by cytotoxic T cells as potentially dangerous and are
destroyed. The proteasome discards misfolded proteins, and proteasome defects may
contribute to the pathogenesis of neurodegenerative diseases such as Parkinson’s,
Huntington’s, Alzheimer’s, and ALS. A decline in proteasome activity is also a hallmark of
aging cells.

The gastrointestinal tract contains the highest concentrations of endogenous and exogenous
proteases. The intestinal mucosa is constantly exposed to low level protease activity, from
bacteria in the lumen, immune and mesenchymal cells in the basement membrane, and
epithelial cells at the brush border membrane. Protease activity is tightly controlled, as the
mucosal barrier is thin and susceptible to proteolysis. The intestinal epithelium is at the
interface of digestive, absorptive and secretory functions, and signaling processes to the
mucosal immune, vascular and nervous systems. Endogenous growth factors, cytokines and
extracellular matrix (ECM) proteins that modulate these functions, are digestive protease
substrates [36]. The biochemistry of digestive protein processing has been studied for more
than 80 years since the first crystallographic studies were published, and the functions of
pancreatic trypsin, chymotrypsin and elastase and their inhibitors are well known. Pancreatic
trypsinogen is activated to trypsin by membrane-bound enterokinase in the small intestine.
Trypsin activates pancreatic chymotrypsinogen, procarboxypeptidases, proelastases, and
prolipases. Turnover of intestinal epithelium is rapid, requiring tight control of gut protease
activity under normal physiological conditions. Pancreatic PRSS3/mesotrypsin, discovered
in the late 1970s, is an atypical trypsin with an evolutionary mutation that renders the
protease resistant to inactivation by the physiological Kazal inhibitor, pancreatic secretory
trypsin inhibitor (SPINK1), and endows it with specific digestive trypsin inhibitor-degrading
properties [37]. In pancreatitis, trypsin is activated in the pancreas, causing tissue destruction
and inflammation. Mesotrypsin is upregulated in certain cancers, and SPINK1 deficiency is
associated with hereditary pancreatitis.

Tissue Remodeling, Signaling, Cell Migration and Proliferation

Zinc proteases feature prominently in these biological processes. They can be subdivided
according to the structure of their catalytic sites and their domain organization [38]. The
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human ADAM family (a disintegrin and metalloprotease) currently counts 13 proteolytically
active transmembrane and secreted members. ADAMs are largely tissue-specific and play
roles in fertilization, proliferation, migration and cell adhesion. Transmembrane ADAMSs act
as sheddases, /.e. proteases that cause extracellular shedding of adjacent transmembrane
proteins by proteolytic cleavage at the membrane. Examples of such activated proteins are
TNF-a and the ErbB family of receptor tyrosine kinases; and EGF receptor ligands such as
TGF-a, heparin-binding EGF-like growth factor, betacellulin, epiregulin and amphiregulin.
ADAM-mediated shedding is often followed by RIPping, or Regulated | ntramembrane
Proteolysis, in which the intracellular portion of these transmembrane proteins is cleaved off
by aspartyl proteases, S2P-metalloproteases and rhomboid serine proteases. The released
intracellular domain participates in signaling to the nucleus to modify gene expression.
Processing of amyloid precursor protein (APP) and Notch signaling are typical examples of
RIPping. The 19 known human ADAM-TS proteases have a similar architecture to the
ADAMs, except for the presence of thrombospondin repeats instead of a transmembrane
domain, which makes them extracellular. They process procollagen and von Willebrand
factor, and cleave extracellular matrix aggrecan, versican, brevican and neurocan. Matrix
metalloproteinases (MMPs) typically have three common domains: the N-terminal
propeptide that keeps the protease in an inactive form, the catalytic domain containing the
Zn2* ion, and a C-terminal hemopexin-like B-propeller domain for protein-protein
interactions. MMPs are not only instrumental in matrix remodeling and tissue maintenance,
but also as regulators of signaling pathways [39].

MMPs, originally thought to degrade extracellular matrix proteins in a rather indiscriminate
fashion, were later shown to have specific physiological roles in shedding, activation and
inactivation of proteins such as growth factors and cytokines. They cleave their substrates
using a HExxHxxGxxH motif which contains three zinc-binding histidines and a glutamate
that acts as a general base/acid during catalysis. To date, there are 23 known human MMPs,
organized in four classes according to their substrate specificity: collagenases (MMP-1, -8,
and —13), gelatinases (MMP-2 and -9), stromelysins (MMP-3, 10, and —11) and a group
containing matrilysin (MMP-7), metallo-elastase (MMP-12), enamelysin (MMP-20),
matrilysin-2 (MMP-26), and epilysin (MMP-28). Pro-MMPs are activated by proteolytic
removal of the N-terminal pro-domain that keeps the zymogen inactive by using a cysteine
switch to bind the catalytic zinc ion. MMPs participate in multiple processes that involve
tissue remodeling, e.g. embryo implantation, wound healing, cell proliferation, bone
ossification and blood vessel remodeling; signaling by all 54 human chemokines; and innate
immune defense [39]. MMP activity is regulated by endogenous, tight-binding tissue
inhibitors of metalloproteinases (TIMPs). Abnormal MMP expression and activity have been
observed in cancer, cardiac remodeling and aneurysm formation, impaired wound healing,
neurodegeneration, and after UV radiation exposure of the aging skin and the cornea [40].
The family of endogenous tissue-inhibitors of metalloproteinases (TIMPs) consists of 4
proteins that target protease activity of MMPs, ADAMs and ADAM-TSs. They also affect
cell growth and differentiation, cell migration, anti-angiogenesis, anti- and pro-apoptosis,
and synaptic plasticity in biological processes different from protease inhibition [41].
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Protease signaling is a relatively new concept, and in contrast with other types like receptor
or kinase signaling the process is irreversible [8]. The major immediate results of protease
signaling are target protein activation or inactivation, exposure of cryptic sites, shedding of
transmembrane proteins, and receptor agonist/antagonist interconversion. These processes
may initiate downstream signaling, resulting in a wide variety of physiological or
pathological responses. Selection of a physiological substrate is facilitated by protease —
substrate colocalization; substrate specificity, as determined by the complementarity of the
protease active site to the reaction transition state; interactions immediately distal from the
substrate-binding pocket; and interactions with protease exosites remote from the active site.

Protease-activated receptors (PARSs) are prototypical examples of protease signaling. These
four G protein—coupled receptors are activated irreversibly by extracellular proteases, by
cleavage of the N-terminal ectodomain and exposure of a tethered peptide ligand.
Transmembrane signaling is initiated by binding of this tethered peptide to the body of the
receptor [42]. PAR1, PAR3 and PARA4 are activated by thrombin, and signaling occurs
during tissue injury, hemostasis and inflammation. Signaling is regulated by rapid
internalization of spent receptors. PAR1 and PAR4 cleavage on platelets causes robust
platelet activation. Thrombin has a higher affinity for PARL, and the PAR1 antagonist
vorapaxar was approved in 2014 as antiplatelet drug. However, major bleeding side effects
prompted the development of PAR4 antagonists which are currently in clinical testing. PAR4
signaling promotes vascular disease and cardiac post-infarction remodeling, and these
antagonists are promising candidates for safer antithrombotic and anti-inflammatory therapy
[43]. PAR1 on endothelial cells is productively cleaved by activated protein C (APC) in the
presence of the endothelial protein C receptor. This triggers expression of monocyte chemo-
attractant protein-1, acting as a protective component during sepsis. PAR2 is activated by
trypsin, tryptase, the coagulation factors Vlla and Xa, and matriptase. PAR2 signaling is
thought to regulate epithelial growth and function. Thrombin-mediated PAR activation has
been implicated in vascular smooth muscle cell migration and proliferation as causative
processes in restenosis after stent placement [44], and in tumor metastasis, where a
simultaneous requirement for PARs and fibrinogen was found [45]. Thrombosis and cancer
have since long been recognized as interconnected pathologies, and in this light argatroban,
the tight-binding competitive inhibitor of active thrombin, has been re-evaluated as a
clinically useful antiproliferative and antimetastatic agent [46].

Programmed cell death

For obvious reasons, the process of apoptosis must be both highly regulated and a model of
organized efficiency once initiated. It is governed by a cascade of caspases which, though
they sometimes have other functions, thoroughly dismantle the innards of a cell so that it
may be phagocytosed by immune cells without releasing cytosolic components into the
extracellular space. Caspases are cysteine aspartate proteases involved in cell death, cellular
remodeling, stem cell fate determination, spermatogenesis, and red blood cell differentiation.
Their sets of substrates with regard to apoptosis are well-defined, and cooperative cleavage
of these substrate sets triggers apoptosis. With regard to apoptosis, their functions fall into
one of two categories: Initiator (caspases 2, 8, 9, and 10) or Executioner (caspases 3, 6, and
7). Caspases 1, 4, 5 and 12L are considered inflammatory [47]. Activation of the Initiator
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caspases can be induced intrinsically, by release of cyctochrome c into the cytosol by
mitochondria, or extrinsically by ligand binding to Death Receptors. When cyctochrome c is
released, it binds to adaptor protein APAF-1, inducing it to form the apoptosome oligomer,
which then binds to the caspase activation domain (CARD) of pro-caspase 9, inducing
oligomerization of the procaspase. This induces autoproteolysis of caspase 9 to activate it
[48,49]. This process can be suppressed by the presence of the B transcription variant of
caspase 9 which lacks a catalytic domain [50,51]. Caspase 9 then activates procaspases 3
and 7 by cleaving them at a L-G-H-D-(cut)-X sequence [52,53]. Caspase 9 can be down-
regulated by phosphorylation, or inhibited by proteins in the Inhibitor of Apoptosis (I1AP)
family [54]. Activated Caspase 3 is known to inhibit the function of IAPs [55], ensuring that
once the cascade is initiated it progresses rapidly, and to activate caspases 6, 7, and 9, which
further accelerates the process. Extrinsic activation is initiated by binding of Death Factors,
such as FasL, to Death Receptors, such as FasR. The conformation change in the receptor’s
cytoplasmic Death Domain (DD) induces a change in the bound adaptor protein FADD
which recruits pro-caspase 8 to bind at its Death Effector Domain (DED, proving gallows
humor is irresistible even at the cellular level), activating caspase 8 [56]. Caspase 8 activates
caspases 3, 4, 6, 7, 9, and 10. Caspase 10 then activates Caspases 3, 4, 6, 7, 8, and 9.
Caspase 6 has a limited capacity to autoproteolyze and activate itself [57], and is known to
target both Huntington and Amyloid Precursor Protein (APP), linking it to
neurodegenerative diseases [58]. In apoptosis it is responsible for dis-inhibition of the
immune system by cleaving interleukin-10 and interleukin-1 receptor-associated kinase 3
(IRAK3) [59]. The Executioner Caspases, as a group, are responsible for cleavage of over
600 other proteins [60]. Caspase 3 can also be activated by Granzyme B, allowing T
lymphocytes and natural killer cells to initiate apoptosis in target cells. The substrate
landscape in non-apoptotic events may be much broader [61], as suggested by recent global
proteomics studies. The “forward” approach involves triggering endogenous caspases to
identify native substrates in intact cells, whereas in the “reverse” approach exogenous
caspases are added to cell lysates. Isolated cleavage products are digested and identified by
tandem mass spectrometry. The forward method allows identification of substrates in intact
cells, rather than which caspase performs the cleavage. In the reverse method, specific
caspases are tested for their ability of cleaving substrates, but in a cell lysate with destroyed
organelles, endogenous proteases may contribute to substrate cleavage, requiring the need
for strict controls. Moreover, proteolysis in organelle membranes may be missed due to
removal of insoluble material before analysis. A combination of current methods has yielded
several hundred potential native substrates for caspases, and measuring rates and extent of
substrate cleavage allows distinguishing functional from bystander targets [62]. Eight human
endogenous inhibitors of apoptosis (IAPs) have been identified, and their inhibitory activity
is neutralized by the mitochondrial protein Smac/DIABLO. Development of Smac/
DIABLO-like peptidomimetics has been proposed as a potential therapeutic approach in
cancer treatment. Because of the roles of caspases in inflammation, caspase inhibitors may
also prove beneficial in treating sepsis [63]. In addition to caspases, other proteases are also
associated with apoptosis, e.g. calpains, cathepsins, granzymes and the proteasome. These
are regulated by their respective endogenous inhibitors: calpastatins, cystatins, the serpin
P1-9, and various macromolecular proteins.
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Protein Secretion

Many current cardiovascular biomarkers are secreted proteins, generated by cleavage of their
pro-proteins at the endoplasmatic reticulum (ER). Upon release of the mature protein, the
signal peptide is proteolytically separated from the ER by signal peptidase, an
intramembrane aspartic protease. The long-held belief that signal peptides are invariably
recycled or degraded by ubiquitin-proteasome related factors has been challenged during
recent years, and several were shown to remain intact after cleavage in the ER [64]. These
signal peptides have biological functions of their own, and play roles in regulation of
immunity, trafficking and other processes. In type | diabetes, a signal peptide fragment from
pre-proinsulin, presented at the surface of the pancreatic p-cells, acts as antigen and flags the
cell for destruction by cytotoxic T cells. Identifying agents to control p-cell destruction may
be a new therapeutic strategy. Similarly, a signal peptide fragment from pre-procalcitonin,
highly abundant in several lung cancers and medullary thyroid cancers, is an epitope for T-
killer cells. This knowledge may aid in the development of treatments of these cancers.
Rapidly increasing plasma levels of N-terminal adducted signal peptide fragments from A-,
B- and C-type natriuretic peptides are characteristic of ST-elevated myocardial infarction.
The nature of the N-terminal adducts may be useful in assay design and disease assessment,
and development of fast biomarker assays for these signal peptide fragments may ultimately
be beneficial in clinical decision making.

DNA replication, repair and processing

DNA damage hinders replication, and may lead to strand breaks, genomic instability, aging
and cancer [65]. DNA-topoisomerase 1 crosslinks (DPC) are bulky lesions that trap
otherwise transient covalent DNA-protein intermediates, and inhibit movement of
polymerases and helicase, causing stalling of the replication fork. In yeast models, the
protease Wss1 was identified as effector of DPC repair. BLAST searches revealed a
conserved family of DPC proteases, with Spartan being the human member of this class
[66]. Spartan was recently characterized as a DNA replication-coupled metalloprotease for
DPC repair and restoration of genomic stability [67,68]. Mutations have been associated
with premature aging and early onset hepatocellular carcinoma, suggesting Spartan as a
tumor suppressor, and DPC repair as a protective anti-tumor mechanism. Double strand
DNA breaks are repaired by the DNA damage response, in pathways that are tightly
controlled by ubiquitinylation and deubiquitinylation events. The latter are catalyzed by
deubiquitinases (DUBSs) that can positively or negatively affect the damage response. The
proteasomal de-ubiquitinating enzyme POH1 promotes double-strand DNA break repair
[69]. Various DUBs are also associated with transcriptional and epigenetic control of gene
expression, DNA damage repair pathways and cell cycle checkpoint control, often
deregulated in tumor cells [70]. These DUBs may be potential targets for therapeutic
inhibition, and they are currently the subject of small molecule screening. DNA processing
is also under indirect control of proteases. DNA fragmentation and chromatin condensation
are final processes in apoptosis. The DNase CAD, catalyzing these reactions, is normally
under tight control of its ligand ICAD, that acts as a chaperone and inhibitor when bound to
CAD. This prevents spontaneous activation of CAD in non-apoptotic cells. ICAD cleavage
by caspase-3 during the apoptotic execution phase liberates active CAD that enters the
nucleus to fragment DNA and catalyze chromatin condensation [71]. Human Lon protease
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binds to mitochondrial single-stranded DNA sequences with a propensity for forming G-
quadruplexes [72]. The precise role of human Lon protease is not yet clear, but it has been
suggested that DNA-bound Lon may process proteins involved in mitochondrial DNA and
RNA metabolism.

Intranuclear, Cytosolic, Transmembrane and Intramembrane Proteolysis

In addition to Spartan and the proteasome involved in DNA processing, other proteases are
known to have intranuclear functions. Interleukin-1p-converting enzyme (ICE), also known
as caspase-1, plays a role in the inflammatory immune response. The N-terminal prodomain
of its precursor, pro-caspase-1, possesses a nuclear localization signal. Tumor necrosis factor
induces translocation of pro-caspase-1 from the cytosol to the nucleus where it is activated
by proteolytic removal of the intact prodomain [73]. Cell transfection studies showed that
the prodomain alone is capable of triggering apoptosis, which suggests separate nuclear
roles for the prodomain and active caspase-1. Caspase-3 also effects nuclear changes in
apoptotic cells. Its inactive precursor is cleaved in the cytoplasm by initiator caspases in
response to death signals, and also by cytosolic MMP-2 and —9. The active caspase-3
dimerizes and translocates to the nucleus by an active transport system. Caspase-7 is only
found in the cytoplasm, suggesting that translocation is caspase-3 specific and not the result
of simple diffusion after the nuclear-cytoplasmic barrier is disrupted [74]. The extracellular
properties of MMPs as tissue remodeling proteases are well documented but less is known
about their intracellular functions. Various MMPs have been detected in the intranuclear
space, and they are mostly associated with pathological processes [75,76]. Oxygen-glucose
deprivation in ischemic stroke induces an intrinsic, caspase-independent apoptotic pathway
in neurons, characterized by elevated intranuclear MMP-2 and -9 activity that targets
nuclear DNA repair proteins. Similarly, MMP-2 in the nuclei of stressed cardiac myocytes
can induce apoptosis. Intranuclear MMP-3 in osteoarthritis and certain cancers upregulates
connective tissue growth factor, a mediator of cell migration, proliferation, and pathological
fibrosis. During viral infections, macrophage-secreted MMP-12 translocates to the nucleus
of infected cells, and enhances transcription of 1xBa, a protein that promotes antiviral
interferon-a. (IFN-a) secretion. Extracellular MMP-12 degrades excess secreted IFN-a,
thus limiting its systemic toxicity. It is becoming increasingly clear that the same protease
may exert significantly divergent functions, depending on its micro-environment, substrates
and effectors. Understanding these different mechanisms of interaction on a molecular level
is ultimately the key to successful design of therapeutics.

Promaotion of angiogenesis is regulated by binding of single chain urokinase-type
plasminogen activator (scuPA) to its receptor on the endothelial cell surface, and subsequent
transport of the protease to the nucleus [77]. scuPA de-represses transcription of the VEGF
receptor 1 (VEGFR1) and 2 (VEGFR2) genes by interfering with the proline-rich
homeodomain protein that represses the activity of vegfrl and vegfr2 gene promoters. The
VEGF growth factors are known targets for control of pathologic angiogenesis in macular
degeneration, and the discovery of the scuPA-mediated pathway may offer additional
avenues for therapeutic intervention.
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Transmembrane proteases may be anchored to the membrane by a C-terminal domain (Type
1), an N-terminal domain with cytoplasmic extension (Type II), or by
glycosylphosphatidylinositol (GPI) [78]. Their catalytic domains are extracellular. Among
the zinc-dependent proteases are MMP-14, 15, -16, —24, ADAM-10 and —17, meprins a
and B (Type I), MMP-23 (Type Il) and MMP-17 and —25 (GPI). The Type | zinc proteases
act as sheddases upon proteolytic removal of their N-terminal propeptide. The majority of
transmembrane serine proteases are classified as Type Il subfamilies: hepsin/TMPRSS
(transmembrane protease/serine), matriptase, corin, and HAT/DESC (human airway trypsin-
like protease/differentially expressed in squamous cell carcinoma). Corin in cardiomyocytes
activates the atrial natriuretic factor (ANF), a cardiac hormone that regulates blood pressure
and cardiac function by promoting natriuresis, diuresis, and vasodilation. Tryptase y1 is the
only known Type | serine protease, and prostasin and testisin are GPl-anchored. Prostasin
plays a role in epithelial sodium channel regulation, and testisin regulates germ cell
maturation. All these proteases are involved in physiological development, but also in
pathological processes of inflammation and cancer. They activate peptide hormones, growth
and differentiation factors, receptors, enzymes, adhesion molecules, and viral coat proteins.
Matriptases 1 and 2, and prostasin are expressed in human epithelium, and inhibited by their
cognate Kunitz-type inhibitors, membrane-anchored hepatocyte growth factor activator
inhibitors (HAI) 1 and 2 [79]. Matriptase overexpression elicits signaling via the PAR-2, and
promotes fibroblast activation, proliferation, and migration in idiopathic pulmonary fibrosis
[80]. Matriptase proteolytically activates hepatocyte growth factor (HGF) that binds to its
receptor c-Met, a receptor tyrosine kinase. This activates critical signaling pathways in organ
development. Abnormal c-Met signaling is associated with cell proliferation, migration and
invasion, and progression of lung, breast, ovary, kidney, colon, thyroid, liver, and gastric
carcinomas. There is also some matriptase crosstalk with the hemostatic system with regard
to epithelial defense and repair after injury and infection. Exposure of membrane-anchored
tissue factor (TF) in damaged vascular endothelium to factor Vlla triggers the extrinsic
coagulation pathway and formation of factor Xa. The TF:fVIla complex and factor Xa
activate epithelial pro-matriptase to matriptase which cleaves the PAR2 receptor. This
induces enhancement of the epithelial barrier function [81].

Intramembrane proteases (IMPs), a fairly recently discovered class, are embedded in lipid
bilayers and their catalytic site is formed by residues in different transmembrane helices
[82]. The four IMP families are metallo-, serine, aspartate and glutamate proteases, and they
are found in the Golgi apparatus, endosomes and lysosomes, the plasma membrane,
endoplasmatic reticulum, and the inner mitochondrial membrane. IMPs cleave their
substrates with a fairly high specificity, given the fact that of the ~2,500 identified single-
pass transmembrane proteins only a limited number are identified as IMP substrates. The
function of IMPs is diverse, ranging from transcription factor signaling, mitochondrial
remodeling and protein maturation to regulation of immunity, and quorum sensing and
parasite-host interactions in pathogens. Many IMP defects are associated with pathogenesis.

Site-2 protease (S2P) is the only member of the metalloproteinase IMP group, and mutations
cause ichthyosis follicularis and osteogenesis imperfecta. The HIV inhibitor Nelfinavir was
found to inhibit S2P in castration-resistant prostate cancer cell lines, however due to the
multitude of other Nelfinavir targets and the less than impressive effects on PC-3 cancer
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cells this drug may not be specific enough for specific use in prostate cancer. Five human
rhomboid serine IMPs are known, but no function or substrates have been identified for
rhomboid 1 and 3. Epidermal growth factor and thrombomodulin are rhomboid 2 substrates,
and the protease is thought to control cell migration and proliferation [83]. Lowered
expression impairs wound healing, and overexpression may be linked to tumor metastasis.
Rhomboid 4 upregulation is associated with poor outcome in colorectal cancer, but there is
no clear consensus on the molecular mechanism of this process. Rhomboid 4 cleaves
amyloid precursor protein (APP) within its ectodomain and reduces formation of AB38, 40
and 42 peptides. This pathway may be an alternative to the pathological processing of APP
by y-secretase in Alzheimer’s disease. The role of the mitochondrial rhomboid protease
PARL in Parkinson’s disease is controversial: some studies attribute a protective function to
PARL in inducing removal of defective mitochondria through autophagy, whereas others
suggest that PARL knockdown is responsible for this process. A potential link of low level
PARL activity with type 2 diabetes was first seen in obese sand rats with diet-induced
diabetes. Normal PARL levels and insulin sensitivity were restored when the rats were put
on an exercise regimen. Similarly, in humans with type 2 diabetes, PARL mRNA and
mitochondrial DNA are reduced in skeletal muscle. PARL was recently identified as a pro-
apoptotic protease because it cleaves mitochondrial Smac/DIABLO [84]. The processed
protein is released into the cytosol and binds an apoptosis inhibitor, thereby triggering the
caspase cascade. The most studied member of the aspartate IMPs is the y-secretase
complex, with presenilin as the intramembrane catalytic subunit. Presenilin and APP
mutations are linked to familial Alzheimer’s disease (AD), and -y-secretase was considered
as an anti-AD drug target. However, severe side effects limit the use of -y-secretase
inhibitors. Processing of Notch by y-secretase releases the intracellular Notch domain for
intranuclear modulation of gene expression. Alterations of this pathway are linked to several
types of cancer [85], and y-secretase inhibitors are now in clinical trials as potential anti-
cancer drugs. The multifunctionality of these proteases illustrates the caveats in developing
drugs that indiscriminately target protease activity without taking specific molecular
mechanisms and the protease micro-environment into account.

PROTEASES AND DISEASE

Epigenetics and Disease

Many inheritable diseases are directly related to DNA modification, however epigenetic
processes are equally prominent in the disease state, and they are essential contributors to
normal physiological development. Environmental factors, diet, aging and diseases such as
cancer may contribute to positive or negative changes in gene expression that are passed
onto daughter cells: DNA (hydroxyl)methylation, covalent histone modification and
chromatin remodeling, arrangement of the chromatin-histone nucleosomes along the DNA
sequence, gene-activating transcription factor activity of new gene products, and
downregulation of messenger RNA by non-coding microRNA. Formation of prion structures
in transmissible spongiform encephalopathies is also considered an epigenetic phenomenon.

Proteases play regulatory roles in epigenetic mechanisms of altered gene expression. Various
non-specific and N-tail specific histone proteases are thought to assist in fertilization,
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histone turnover, gene de-repression, histone removal during spermatogenesis, and reversal
of N-tail methylation [86]. In N-tail clipped histone H3, lysines for acetylation have been
removed, which may result in transcriptionally inactive chromatin. This process may be in
part responsible for age-related declining gene expression. Cathepsin L, susceptible to stefin
B inhibition, was identified as the histone H3-cleaving protease during stem cell
differentiation in mice, however the corresponding H3-clipping protease in human
embryonic stem cells is refractory to specific cathepsin L inhibitors and remains to be
identified [87].

Inflammation as an Over-Arching Symptom of Disease

A comprehensive, recent overview of protease activity in inflammation is given by Deraison
et al. [88]. The host inflammatory response is accompanied by release of proteases from
neutrophil granulocytes, macrophages and mast cells. These proteases form a first line of
defense in bacterial infections but, if left uncontrolled, are also damaging to host tissues.
Human neutrophil elastase, present in six isoforms, and the related cathepsin G and
proteinase-3 are serine proteases localizing to neutrophil extracellular traps (NETS) in a
defense mechanism against bacterial invasion. They cleave collagen-1V and elastin, and
excessive secretion may cause idiopathic pulmonary fibrosis, rheumatoid arthritis and adult
respiratory distress syndrome. Alphal-proteinase inhibitor (a1-PI) and leukocyte elastase
inhibitor are their major endogenous irreversible serine proteinase inhibitors (serpins).
Historically a1-Pl was identified as a trypsin inhibitor and later found to be more specific
for elastase inactivation. Smoking-induced oxidative inactivation or mutation-induced
misfolding of a.1-PI causes emphysema and cystic fibrosis, and may be treated with a.1-PI
augmentation therapy [89], as gene therapy for a1-PI deficiency is still in the Clinical Phase
Il stage. Increased risk for lung cancer has also been observed in a1-Pl-deficient patients
who never smoked [90]. Proteinase-3 generates antimicrobial peptides by cleaving
cathelicidin in neutrophils, but it is also predominant in anti-neutrophil cytoplasmic antibody
(ANCA)-associated vasculitis, a severe multisystem autoimmune disease with poor
prognosis [91].

Tryptase (6 isoforms), chymase, granzyme B and carboxypeptidase A, released by mast
cells, degrade extracellular matrix components. An imbalance between tryptase and its
endogenous inhibitors is characteristic in rheumatoid arthritis [92]. Experimental tryptase
inhibition in an /n vivo model alleviated some, but not all symptoms, suggesting the
necessity for a multi-drug approach. Cell surface proteoglycan-bound chymase is partially
protected from endogenous inactivation by a1-Pl and a.1l-antichymotrypsin, and inhibitory
caging by a2-macroglobulin. Mast cell infiltration of atherosclerotic plaque aggravates the
local inflammatory status by causing smooth muscle cell (SMC) apoptosis in a chymase-
dependent process: fibronectin cleavage by chymase unmasks pro-apoptotic epitopes and
disrupts the p-FAK-dependent cell-survival signaling cascade, leading to SMC cell death
[93]. Mast cell tryptase and chymase activity is also associated with several other
pathological processes in atherosclerosis, abdominal aortic aneurysm (AAA) formation and
metabolic disease, as discussed below [94].
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Macrophages release matrix metalloproteinases (MMPs), cysteine proteinases (caspases and
cathepsin L), and cathepsin D, an aspartyl protease also present in lysosomes. Their
proteolytic power is a part of the diverse arsenal of mechanisms macrophages utilize in
vessel wall-localized pro-inflammatory processes associated with the development of
vasculitis, a fast-developing pathology, and atherosclerosis, a disease developing over
decades [95].

Cathepsin B, a lysosomal cysteine proteinase, preferentially activates mesotrypsinogen in
pancreatic acinar cells. Increased mesotrypsin (trypsin-3) activity as a result from
overexpressed cathepsin B lowers protective SPINK1 levels and initiates apoptosis by
activating caspase-3 [96]. Both processes contribute to the development of human
pancreatitis. Crystallization studies identified diminazene analogues as small molecule
inhibitors of mesotrypsin, and these structures may form the basis for developing selective,
tight-binding drugs [97]. In irritable bowel syndrome (IBS) the intestinal epithelium
overproduces mesotrypsin, which increases intestinal epithelium permeability, signals to
human submucosal enteric neurons and induces visceral hypersensitivity by a protease-
activated receptor-2-dependent mechanism [98]. Mesotrypsin may be a suitable biomarker
for IBS as well as a target for novel, specific drugs.

Inflammation and complement activation are interconnected, and the inflammatory
environment in degenerative diseases, cancer, transplant rejection and exposure to chronic
external stimuli is characterized by excessive activation or insufficient control of
complement activation [99]. The physiological response of complement involves self-
recognition of normal cells; immune recognition and clearance of diseased cells, apoptotic
cell debris and immune complexes; elimination and danger signaling of pathogens; and
tolerance to transplants and biomaterials. Excessive complement activation triggers
inflammatory reactions seen in danger signaling and attack of “self” cells resulting in
autoimmune disease, pathogen infection, and tissue/biomaterial rejection. The proteases and
other components of the complement system may be attractive candidates for novel anti-
inflammatory drug intervention, however the complexity and extensive cross-talk of this
network poses significant challenges in the development of specific inhibitors devoid of off-
target side effects.

Cardiovascular and Metabolic Diseases, and Stroke

Due to the interconnectedness of cardiovascular and metabolic disease, a new term,
cardiometabolic disease has been coined, and recent studies underscore the critical roles of
MMPs, calpains, cathepsins and caspases in disease progression [100]. Physiological
hemostasis is a delicate balance between cascading serine protease zymogen activation,
positive and negative feedback mechanisms, protease inhibition and thrombus dissolution.
Many clotting and bleeding disorders are the result of gene defects affecting the expression
or function of protease zymogens, or the substrates, cofactors and inhibitors of the active
proteases. In the extrinsic pathway, deficiency of factors VII, IX (hemophilia B) and X
causes bleeding. The G20210A mutation in the 3’ untranslated region of the prothrombin
gene stabilizes the precursor mMRNA which results in increased prothrombin levels and
venous thrombosis risk. Up to 8% of the Caucasian population is heterozygous for this
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mutation. In the contact activation pathway, deficiency of factor XI causes mild to moderate
bleeding, whereas factor XII and prekallikrein deficiencies are generally asymptomatic. This
is consistent with a fairly recently discovered role for thrombin, generated through the
extrinsic pathway, as a factor XI activator in the absence of factor XII [16]. Pathogen
infections may also trigger hypercoagulability, as seen in coagulase-positive Staphylococcus
aureus infections. Staphylocoagulase is not a protease but activates host prothrombin
conformationally, resulting in deposition of fibrin/bacterial vegetations that can embolize to
the lungs, brain and other parts of the body [101].

The proteases of the contact pathway play a role in inflammatory and immune processes as
well as in maintaining hemostasis [102]. Kallikrein cleaves high molecular weight kininogen
to the pro-inflammatory bradykinin. This nonapeptide is a vasodilator, increases vascular
permeability and contributes to inflammatory pain by binding to bradykinin receptors.
Elevated bradykinin levels are seen in rheumatoid arthritis and IBS. The serpin, C1-inhibitor
is the main physiological inhibitor of factor Xlla and kallikrein. An overactive contact
pathway can be the result of decreased or dysfunctional C1-inhibitor, or a factor XII
mutation leading to a more active fXlla form. The pathological manifestation is hereditary
angioedema, with sometimes life-threatening swelling in the upper respiratory tract or the
intestinal mucosa. Abnormal activation of factor XII by B-amyloid triggers inflammation in
Alzheimer’s patients [103]. These findings suggest that drug targeting of the contact
pathway proteases and regulators may prove beneficial in a variety of pathologies.

In anticoagulant protein C deficiency, insufficient proteolytic inactivation of factors V and
V111 weakens this negative regulatory feedback, causing thrombophilia. Protein S is an
obligatory cofactor in this reaction, and its deficiency also results in thrombophilia even at
normal levels of functional protein C [104]. Patients with the Arg506GIn factor V Leiden
mutation at one of the cleavage sites for activated protein C have a higher risk for developing
venous thromboembolism due to decreased proteolytic factor V processing [105]. About 40—
50% of inherited thrombophilia cases are due to factor V Leiden, and 4 — 10% of the
Caucasian population is heterozygous. The heterozygosity has been suggested as a
potentially protective, evolutionarily conserved factor against excessive blood loss during
child birth, and was shown to protect from post-cardiac surgery hemorrhage [106].

Venous thrombosis can also originate from functional or expression defects of antithrombin,
the endogenous serpin that irreversibly inactivates thrombin, and factors Xa, I1Xa and Xla in
reactions that are dramatically accelerated by heparin. The antithrombin mutation database
currently lists 127 different mutations [107], and major functional impairments are due to
missense mutations in the reactive site, the heparin-binding site and serpin-protease contact
regions important for serpin folding and stable covalent complex formation. Heparin
cofactor Il (HCII) is an equally potent, but highly specific thrombin inhibitor, in the presence
of cell surface dermatan and heparan sulfate, and small oversulfated molecules that do not
affect the antithrombin — thrombin interaction [108-111]. HCII deficiency is associated with
arterial thrombosis, development of atherosclerosis and in-stent restenosis [44,112]. As 60%
of HCII is extravascular, it may control thrombin’s signaling properties, and other
extravascular serine proteases may be yet unidentified HCII targets. A few serpin-related
bleeding disorders are known: a1-Pl Pittsburgh has a Met358Arg mutation in its reactive
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site, which shifts its specificity from elastase to thrombin, thereby impairing normal blood
clotting; and congenital a.2-antiplasmin deficiency results in premature lysis of hemostatic
plugs by excess plasmin. Selective inhibition of the anticoagulant activated protein C by
mutating the reactive site-flanking residues of a.1-PI Pittsburgh to lysines has been shown
successful in normalizing bleeding in a hemophilia B mouse model, and may show promise
as a novel hemophilia drug [113].

Hyperfibrinolysis by uncontrolled plasminogen activation is characterized by excessive
bleeding mimicking hemophilia. In the congenital disease a2-AP or PAI-1 are deficient, and
acquired hyperfibrinolysis may occur in liver disease, trauma, or during surgery. Treatment
with tranexamic acid, e-aminocaproic acid or other lysine analogs inhibits plasminogen
activation by tPA on the surface of the fibrin clot by occupying the lysine binding sites on
plasminogen. This displaces plasminogen from the fibrin surface and inhibits plasmin
formation. Tranexamic acid may be anti-inflammatory by inhibiting plasmin-dependent
activation of complement, monocytes and neutrophils. The lysine analogs also block
conformational plasminogen activation by the bacterial non-enzymatic cofactor
streptokinase (SK), a fibrinolytic that has been displaced by tPA in the US but is still used in
many European and non-Western countries. SK has a C-terminal lysine residue that binds to
plasmin(ogen) kringles, thereby increasing the affinity of the plasmin(ogen) complexes with
SK and the rate of plasminogen activation [114-116].

Many cardiovascular and metabolic pathologies have an inflammatory component
throughout the development of the disease, and extravascular infiltration of circulatory
hemostatic proteases upon tissue damage contributes to inflammation. Cellular proteases
produced by white blood cells also feature prominently in inflammation. Macrophages
transform into cholesterol- and lipid-laden foam cells in the atherosclerotic vascular wall.
Monocytes, neutrophils, lymphocytes, and mast cells in particular play a role in foam cell
formation in the arterial intima [94]. Mast cell chymase converts angiotensin-1 in vascular
cells to the potent pro-inflammatory angiotensin Il that upregulates expression of redox-
sensitive cytokines, chemokines, and growth factors implicated in the formation of
atherosclerotic lesions [117]. Elevated angiotensin Il causes arterial hypertension, and has
been implicated in vascular proliferation, aortic valve disease, myocardial infarction, heart
failure, and abdominal aortic aneurysm (AAA). Mice with angiotensin Il-induced
hypertension develop arterial vascular inflammation, dependent on thrombin-triggered
activation of factor XI bound to platelets via its receptor glycoprotein Iba [118]. Patients
with uncontrolled arterial hypertension also exhibit factor XI-dependent, amplified platelet-
localized thrombin generation which may serve as an inflammatory marker of high blood
pressure. Blocking factor Xla activity in combination with inhibition of the renin-
angiotensin system may show promise in treating hypertension and associated vascular
inflammation. Inhibition of the renin-angiotensin system in animal models and humans also
diminishes plaque formation, and may provide an avenue for treatment and prevention of
atherosclerosis.

Chymase and tryptase degrade ApoE and HDL3, thereby decreasing cholesterol efflux from
foam cells and impairing cholesterol reverse transport. Chymase induces SMC apoptosis,
inhibits SMC growth and collagen synthesis, and degrades endothelin-1, leading to impaired
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vasodilation. Chymase activates pro-MMP-9 whereas tryptase activates pro-MMP-1, -2 and
-3, all involved in the development of atherosclerosis and abdominal aortic aneurysm.
Extracellular matrix degradation by elevated MMPs facilitates chemokine- and angiogenic
factor-triggered migration of leukocytes and endothelial cells, which accompanies
neovascularization and growth of the atherosclerotic lesion, and eventually facilitates plaque
rupture [119]. Chymase-activated TGF-B1 disrupts endothelial function and also contributes
to intima thickening. Elevated plasma chymase and tryptase levels were detected in patients
with acute myocardial infarction (MI) or unstable angina pectoris but not in stable angina,
indicating a correlation with plaque instability. The mast cell inflammatory cytokines 1L-6,
TNF-a, and IFN-y induce smooth muscle cell and endothelial cell expression of chymase
and tryptase, and their plasma levels correlate directly with the AAA expansion rate.
Elevated levels of matrix MMPs are associated with the development of AAA, and high
plasma MMP-1 and -9 concentrations are indicative of poor outcomes after aneurysm
rupture [120]. Anti-angiogenic drugs showed adverse effects in clinical trials with cancer
patients suffering from atherosclerosis, and drugs targeting proteases may be an alternative
to help combat atherosclerosis. Caspase-mediated apoptosis occurs in atherosclerosis, and
both beneficial and harmful caspase effects have been reported. In a population study,
apoptotic markers of 4284 subjects were measured, and at the mean 19-year follow-up, 381
patients presented with adverse cardiovascular events. Elevated caspase-8 at baseline was
strongly correlated with their incidence [121]. Macrophage apoptosis in atherosclerosis may
have both pro- and antiatherogenic effects, and more studies are needed to elucidate these
complex mechanisms.

Plasma chymase is elevated in type 2 diabetes and pre-diabetes, and clinical trials currently
evaluate chymase and tryptase as drug targets for small molecule inhibitors. Chymase-
generated angiotensin 11 contributes to islet disorganization and high risk for cardiovascular
events in diabetic patients. Urinary extracellular vesicles of patients with diabetic
nephropathy contain elevated levels of MMP-9, proteinase-3, kallikrein 13, and cathepsins
A, C, D, L and X/Z/P compared to controls [122], and these proteases derive from
neutrophils and monocytes, recruited to the glomerular endothelial cells. The profiles may
have prognostic and diagnostic value in the assessment of kidney damage in type 1 and 2
diabetes. Proteinase-3 cleaves insulin-like growth factor 1 and promotes glomerular
inflammation. These combined findings illustrate how endothelial dysfunction and
inflammation may be predictors of diabetic nephropathy.

A strong association exists between calpain-10 and type 2 diabetes, and blocking calpain
activation prevents diabetes-associated cardiac injury. Mast cells and macrophages produce
cathepsins, among which L and K are associated with obesity. In mouse models of obesity, L
and K knock-out mice or wild-type mice given L- and K-selective small molecule inhibitors
were significantly leaner than control mice and had improved glucose sensitivity [94].
Cathepsin K is a marker of adiposity, and recent findings report cathepsin S and D
association with human obesity. Maternal diabetes may cause embryonic neural tube defects,
characterized by elevated levels of caspase-3, —6 and —8. The mechanism involves
proteolytic activation of the effector caspases-3 and —6 by initiator caspase-8 [123].
Caspase-3 is also a major effector of insulin-producing pancreatic B-cell apoptosis in type 1
diabetes [124].
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In ischemic stroke, arterial blockage can be caused by a thrombus formed within the brain,
or an embolus formed elsewhere in the body. Hemorrhagic stroke, less frequent but
frequently more severe, is the result of a ruptured blood vessel. In patients on anticoagulants
or fibrinolytics, ischemic stroke may develop a hemorrhagic component, known as
hemorrhagic transformation. Factor VII activating protease (FSAP) is a plasma serine
protease that activates pro-urokinase (pro-uPA) rather than factor V1. The FSAP-Marburg |
polymorphism (1704G > A), which reduces FSAP activity, increases stroke risk and
mortality but seems to lower the risk of developing carotid restenosis in atherosclerotic
patients [125]. Ischemic stroke triggers uncontrolled MMP-2 and MMP-9 activity,
associated with disruption of the blood-brain barrier and onset of edema, and MMP-9 is also
elevated in hemorrhagic transformation [126]. Expression of the endogenous tissue inhibitor
of metalloproteinase-1 (TIMP-1) is observed in conjunction with elevated MMP-9, as a
protective response to tissue injury. Neutrophils, rather than resident brain cells are the main
source of pro-MMP-9 following stroke, and upon degranulation, the proenzyme is
proteolytically activated in the extracellular space. MMP-2 and TIMPs are ubiquitously
expressed in tissues of the central nervous system [127]. These findings suggest that
focusing on endothelial cells, pericytes, astrocytes, and infiltrating leukocytes, rather than
neurons, may prove to be more successful in identifying new therapeutic targets.
Understanding the relationship between MMP-9 and neutrophils may help elucidate
mechanisms involved in disruption of the blood-brain barrier, and lead to more successful
therapeutic approaches.

The long-held concept that somatic mutations are the causal event in the majority of cancers
has recently come under scrutiny [128,129]. Priming the cellular micro-environment for
development of cancer is characterized by a sequence of events that precede the
transformation of a normal cell into a cancer cell, and somatic mutations are actually later
events in the development of many cancers. Chronic inflammation and fibrosis have been
identified as two of these events. Hemostatic proteases have recently been recognized to
contribute to inflammatory processes in cancer. Disruption of the endothelial barrier during
tissue damage allows hemostatic zymogens to be activated. Not only do these proteases
contribute to extravascular coagulation and fibrinolysis, they also trigger signaling through
cell-surface activation of PAR receptors, binding to uPAR and LRP-1, and activation of
MMPs [130]. Inflammation also triggers the release of TGF-p that potently induces MMP-2
and MMP-9 expression. In turn, MMP-2, =9 and —14 proteolytically activate latent TGF-p
in the ECM. Transmembrane MMP-14 and several members of the ADAM family are
localized on invadopodia of migrating cells. The involvement of MMPs in extracellular
matrix remodeling facilitates tumor invasion, and MMPs also figure prominently in cancer-
related signaling. Whereas many MMPs are recognized as pro-tumorigenic, some may
negatively affect cancer progression, depending on the micro-environment of the cell [131].
The MMP and ADAM inhibitor Marimastat showed no broad therapeutic anti-cancer
potential due to lack of specificity, however it inhibited ADAM-17, highly expressed in renal
cell carcinoma [132]. This inhibition downregulated Notch pathway-mediated cell
proliferation and invasion more effectively than -y-secretase inhibition. Hence, Marimastat
may have therapeutic potential in renal cell cancer. Tissue inhibitors of metalloproteinases
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(TIMPs) are differentially expressed in cancer: high TIMP1 expression is associated with
fibrotic processes and poor outcome, and TIMP3 silencing indicates advanced disease [133].
TIMPs figure prominently in other pathologies such as cardiovascular disease and sepsis,
and fibrosis as measured by TIMP1 levels was recently shown to predict all-cause mortality
in the AGES-Reykjavik Study [134].

Epigenetic processes are increasingly recognized as essential in carcinogenesis. During
epithelial-mesenchymal transition (EMT) in cancer initiation, progression and metastasis,
epigenetic mechanisms such as DNA methylation and histone modifications regulate EMT-
related genes [135]. The transformation of epithelial cells into migratory fibroblasts and
mesenchymal cells is a hallmark of metastasis, and various protease activities are associated
with this process. In human gastric cancer cells, thrombin-catalyzed activation of PAR-1 is
thought to trigger EMT [136], and in breast cancer, induction of the SUMO-specific protease
7 long variant promotes gene expression favoring cell proliferation and EMT [137].
Mammalian intracellular high-temperature requirement A (HtrA) serine proteases contain a
chymotrypsin-like domain and play a role in protein quality control. Epigenetic silencing of
the HTRAZ gene in cancer cells may be caused by histone deacetylase targeting of the
promoter, or transcription repression of the methylated promoter by binding of methyl-CpG-
binding domain protein 2 (MBD2) [138]. Silencing of tumor suppressor microRNASs via
protease-activated PAR and Nf-xB signaling, and of caspase-8 expression by DNA
methylation are yet a few other epigenetic mechanisms associated with the development of
certain cancers [139,131].

Altered expression of secreted lysosomal cysteine cathepsins has been associated with a
variety of cancers, and several studies correlate either overexpression or gene knock-out with
progression of malignancy, depending on the type of cathepsin, and the nature and
localization of the cancer. Overexpression of tumor tissue cathepsins B and L is detected in
ovarian cancer but not in benign tumors and control tissue, and plasma cathepsin L is
elevated in patients with malignant tumors. These proteases may be useful biomarkers [140].
Native and mutated forms of the aspartic protease cathepsin D precursor feature prominently
in metastatic breast cancer. This tumor marker is present at higher levels in invasive ductal
carcinomas, lymph node metastases and hormone-receptor negative cancers than in lobular
cancers and nodal positive carcinomas [141].

About 90% of the cancers originate in the epithelium. Epithelial cells express mesotrypsin
and matriptase, and upregulation of these proteases is observed in epithelial cancers.
Increased mesotrypsin activity is an indicator of poor prognosis in breast, prostate,
pancreatic and many other cancers [142]. Mesotrypsin is unusual in that it is not inhibited by
Kunitz and Kazal-like trypsin inhibitors, but rather recognizes these proteins as substrates. It
exhibits specificity for Arg/Lys-Ser/Met bonds, targets thrombin substrates such as the
PAR1, 3 and 4 receptors, and is not inhibited by a1-antitrypsin (Met-Ser reactive bond) but
by al-antitrypsin Pittsburgh (Arg-Ser). Engineering a triple mutant M17G/I18F/F34V of the
human amyloid precursor protein Kunitz protease inhibitor domain (APPI) created a
selective, tight-binding inhibitor with an inhibition constant (Kj) of 89 pM, active in cell-
based models of mesotrypsin-dependent prostate cancer cell invasiveness [143]. The crystal
structure of the APPI M17G/118F/F34V/mesotrypsin complex shows unique active site
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features that may be critical in driving metastasis, given the observation that other trypsins
do not contribute to the invasive prostate cancer phenotype. This structural information may
facilitate development of therapeutic peptide inhibitors, complementary to the mesotrypsin
active site. Matriptase is the best known member of the serine proteases with a type Il N-
terminal transmembrane domain, and its endogenous inhibitors are the Kunitz-type
hepatocyte growth factor activator inhibitor types 1 and 2 (HAI-1 and 2). In normal tissue,
matriptase proteolytic activity is tightly regulated by excess HAI-1 and 2, whereas in cancer
tissue this balance is tilted heavily toward excess matriptase. Transgenic expression of
epidermis matriptase in a squamous cell carcinoma mouse model causes tumor formation
that is inhibited by HAI-1 or HAI-1 co-expression [144], strongly suggesting matriptase
proteolytic activity as an essential trigger for malignancy. In highly aggressive inflammatory
breast cancer (IBC), matriptase proteolytically activates pro-hepatocyte growth factor (pro-
HGF). Binding of HGF to the receptor tyrosine kinase, c-Met, activates signaling pathways
leading to cell proliferation, migration, morphogenesis, and invasion [145]. Both matriptase
and c-Met are membrane-bound in IBC cells, and upregulated in cancer cells of IBC
patients. Proliferation and invasion of IBC cells is halted by silencing with RNAi or
treatment with synthetic matriptase inhibitors, illustrating their potential merit in IBC
therapy.

Excessive proteasome activity occurs in certain blood cancers. Degradation of pro-apoptotic
factors such as p53 impairs programmed cell death in cancer cells, and proteasome
inhibition was proposed as a potential cancer treatment. The proteasome inhibitors
bortezomib, carfilzomib and ixazomib were approved by the FDA for the treatment of
multiple myeloma, and are currently in clinical trials of blood, lung and breast cancers.
These potent inhibitors of the B5 peptidase activity of the 26S proteasome have only modest
activity against B1 and p2 peptidases, which appears to limit their usefulness to multiple
myeloma [146]. The B5 peptidase inhibitors have not been successful in treatment of solid
tumors, and in recent studies triple negative breast cancer cell lines only responded to
bortezomib or carfilzomib after CRISPR gene editing to inactivate $2 [147]. Development of
dual B2/p5 inhibitors, while conceptually attractive, may prove daunting, and combination
therapy with the B5 and known B2 inhibitors is a more realistic approach.

Balanced complement-associated inflammation can be of advantage in potentiation of
immunotherapy, whereas an imbalance may sustain tumor cell proliferation, migration,
invasiveness and metastasis [148]. Genetic and epigenetic changes mark tumor cells as non-
self, and the innate immune cells assist in clearing opsonized tumor cells through concerted
actions of anti-tumor monoclonal antibodies (mAb) and complement cytotoxicity. Rituximab
and ofatumumab, FDA-approved chimeric anti-CD20 mAbs were developed for the
treatment of B cell lymphomas and chronic lymphocytic leukemia. Their targeting of tumor
antigens elicits complement-dependent phagocytosis. Binding of C1q to the Fc portion of
the mADbs results in formation of the proteolytically active C1 complex that initiates the
cascade. Other tumor-specific mAbs recognize CD38 and CD52 as epitopes highly
expressed on B cell- or T cell-derived tumors, and they are well-studied in terms of their
ability to elicit complement-dependent cytotoxicity. However, some solid tumors
downregulate complement cytotoxicity and opsonization by overexpressing or sequestering
surface proteins, thus limiting the efficacy of therapeutic antibodies.

Methods Mol Biol. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Verhamme et al.

Page 24

The connection between complement activation, chronic inflammation and cancer is
becoming increasingly evident [149]. Complement factors and their active cleavage products
themselves contribute to mitogenic signaling cascades and growth factor production (C3a,
C5a and the membrane attack complex MAC), angiogenesis (C3, C3a, C5a, MAC),
protection from antigrowth signals and apoptosis (C3a, C4, C5a, MAC), cellular invasion
and migration through the extracellular matrix (C1q, C1s, factor B, C3, C3a, C3d, C5, C5a,
C9), proliferation (C3, C3a, C4, C5a, MAC), and suppression of antitumor immunity (C5a).
From these observations it is clear that complement itself can promote cancer, under the
“right” circumstances. The physiological role of the MAC complex is to disrupt the cell
membrane and cause lysis, however sub-threshold MAC activity does not kill the cell but
activates the cell cycle and triggers proliferation. Hence inhibition of complement may
become an emerging strategy for the fight against cancer.

Excessive complement activation in colorectal, breast, pancreatic, lung, prostate, esophageal
cancer, lymphoma and leukemia has suggested the use of C3 activation fragments as
diagnostic or prognostic biomarkers. However, C3 is abundant in plasma, and mass
spectrometry quantitation may not be straightforward. Intra-tumoral C3 expression in
ovarian cancer has been linked with disease prognosis, and a C3 fragment is found in
prostatic fluid from cancer patients. Prostate-specific antigen (PSA) cleaves C3 and C5, and
may act pro-tumorigenic by proteolysis of complement proteins.

Human tissue kallikreins (hK) are secreted serine proteases that are differentially expressed
in many endocrine cancers. The KLK3, 8, 10, 13and 14 genes are thought to encode tumor
suppressor proteins, illustrating the recently recognized concept that protease upregulation
does not always reflect tumor progression [131]. With this in mind, defining target protease
specificity is crucial when developing protease inhibitors as potential anti-cancer drugs. hK3
or prostate-specific antigen (PSA) is the best known biomarker for screening, diagnosis, and
monitoring of prostate cancer. PSA is also elevated in benign prostatic hyperplasia, and its
extent of complex formation with the serpin, al-antichymotrypsin, differentiates between
both pathologies. Tissues and plasma of prostate cancer patients contain higher levels of the
complex than those of patients without cancer, and a level of 25% or more of free PSA
activity is generally a good indicator of benign hyperplasia [150]. Many other kallikreins
may also be suitable cancer biomarkers. hK5 proteolytically activates PAR-2, leading to Nf-
xB activation and downregulation of tumor suppressor microRNASs in oral squamous cell
carcinoma [139]. Plasma kallikrein is capable of activating the complement system, linking
inflammatory responses to many cancer-related processes [151].

A very strong correlation has also been observed between cancer and hemostasis, and cancer
patients invariably exhibit hypercoagulability, contributing to mortality and morbidity [152].
This prothrombotic state is attributed to the ability of tumor cells to activate coagulation, by
producing procoagulant factors and inflammatory cytokines; interacting with monocytes,
platelets, neutrophils and vascular cells; and triggering acute phase reactants and necrosis.
Various anticoagulant therapies with heparins, vitamin K antagonists, or direct oral
anticoagulants have proven to be beneficial in the treatment of cancer patients [153].
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Neurodegenerative Diseases

Patients with Alzheimer’s disease (AD), representing up to 70% of the dementia cases, have
brain tissue containing amyloid plague composed of toxic A peptides, and neurofibrillary
tangles composed of tau protein. Tau is localized in neuronal axons, promotes tubulin
polymerization and stabilizes microtubules. Amyloid B A4 precursor protein (APP) is a
highly conserved synaptic integral membrane protein, thought to regulate synapse formation,
neural plasticity and maintenance of homeostasis in the central nervous system. Normal
proteolytic processing of APP occurs via cleavage by a-secretase to release extracellular
APPsa, followed by cleavage by intramembrane y-secretase, with release of an extracellular
p3 fragment, and an intracellular AICD fragment [154]. APP processing is different in AD:
sequential cleavage by pB- and y-secretase releases the extracellular APPsp, AB1_49 and
AB1-_42 peptides, and intracellular AICD. Heterogeneous proteolytic degradation yields
several other extracellular species, ranging from 37 to 49 residues. Ap1_49 and APB1_4 are
considered neurotoxic, and form plaques in the brain. The APPsp fragment oligomerizes and
mediates death receptor signaling. The Ap1_4» fragment in cerebrospinal fluid is routinely
used as a biomarker, combined with the measurement of total and hyperphosphorylated tau
protein. This combination assay can diagnose AD in an early stage, and provide a prognosis
of disease progression [155]. N-truncated Ap peptides with cyclized terminal glutamate
residues figure prominently in amyloid deposits, and are particularly useful additional
biomarkers. However, no clear correlation could be made between plasma Ap fragment
concentrations and AD, dementia and various stages of cognitive decline, perhaps in part
due to the limited sensitivity of the current analytical methods [156]. Due to observed
discrepancies between AD dementia and amyloid deposition, some groups have suggested
that either soluble oligomeric AP peptides may be more toxic, or that tau neurofibrillary
tangles may be the pathogenic species [157].

APP is also produced in platelets, and cleaved by platelet a-secretase to release soluble
APPsa in the circulation upon platelet activation [158]. APP isoforms of 130 kDa (intact)
and 106-110 kDa (cleaved) can be detected by immunoblotting of platelet lysates. Patients
with AD and mild cognitive impairment (MCI) have a significantly lower ratio of intact vs.
cleaved APP than healthy controls. The decrease in ratio parallels cognitive decline and may
predict conversion from MCI to AD. The metalloprotease ADAM10 in the brain processes
APP through an alternative, non-amyloidogenic pathway [159], and platelets have the same
proteolytic machinery as neurons for processing APP. The increase in the amyloidogenic
pathway in AD patients is reflected by a decrease of platelet a-secretase and ADAM10
activity, and an increase of platelet B-secretase activity. These observations suggest that
platelet biomarker assays for AD may be feasible, and raised the question if Ap peptides
generated by platelets can enter the brain and contribute to neuronal deficit. A recent elegant
in vivo study showed indeed that AP peptides, originating from transgenic AD mice in
prolonged parabiosis with healthy wild-type mice, accumulated in the brain of the healthy
mice [160]. This finding strongly suggests a biological connection between altered platelet
and neuronal protease expression in AD patients.

Clinical trials have focused on the development of p- and y-secretase inhibitors, and
antibodies targeting AP peptides with the goal of peptide removal as a means of reducing
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plaque formation. To date the results have been disappointing, except for clinical trials of the
monoclonal Aducanumab, directed against aggregated and soluble AP peptides [161]. In
contrast, the monoclonal Solanezumab, targeting soluble monomeric AB, failed in 3
consecutive trials, the latest one Expedition3, which was halted in January 2018 [162]. Small
molecule inhibitors of B-secretase were also put to the test: negative results halted the
Verubecestat Epoch trial in February 2017, but two trials studying the compound
JNJ-54861911 are set to run until 2023. The 2010 phase 111 failure of Semagacestat, a -y-
secretase inhibitor, was due to side effects of blocking Notch signaling, however some
questions remain about the design of the clinical trial, and potential optimization of the drug
dosage [163]. Although chronic but partial lowering of -y-secretase activity in heterozygous
knock-out mice does not cause a diseased phenotype and might have been tolerated in
humans, the trial design opted for short peaks of complete y-secretase inhibition in the brain
alternated with periods of normal activity. This proved to wreak havoc on the the ultradian
oscillation of Notch signaling, as corroborated by severe Notch phenotypes in complete -y-
secretase KO mice. Plasma concentrations of the drug were ~360-fold higher than the I1Cxg
for -y-secretase inhibition in cell culture, and the side effects on the skin, gastrointestinal
system and weight loss due to very high intermittent drug dosage might also have
contributed to poor performance in cognitive tests. With these caveats, there are still
unexplored options for the development of y-secretase inhibitors as drugs for cognitive
decline.

Other proteases have been implicated in neurogenerative diseases. Several MMPs cleave
APP in vitro, raising the question whether they also do so /n vivo, and if there is a
correlation with circulating MMPs and their inhibitors in AD. Expression of MMP-9 and the
tissue inhibitors (TIMPs) was found to be elevated in postmortem AD brain tissue [164].
Significantly higher levels of MMP-9, but not of MMP-2 or the TIMPs were found in the
plasma of AD patients, suggesting that MMP-9 may contribute to AD. Caspase-6 is found in
non-apoptotic brain tissue of Huntington’s disease and AD patients, indicating a function
other than its executioner role [58]. Caspase-6 is implicated in axonal degeneration and
neuronal loss in both diseases, and it cleaves tau, CREB-binding protein (CBP) which
regulates transcription in cortical neurons, and NF-xB. Hence selective caspase-6 inhibitors
may have therapeutic potential. CREB is indispensable for synaptic plasticity, and its
impaired activation contributes to AD [165]. CREB is a substrate of the neutral, cytosolic
cysteine protease calpain, and inhibition of this protease restores synaptic plasticity in a
mouse model of familial AD. Calpain also cleaves tau protein, and upregulation or decreased
degradation of the endogenous calpain inhibitor calpastatin has been a therapeutic goal in
AD. Defective mitochondrial proteases can cause neuronal cell death and axonal dysfunction
[166], and the human proteases m-AAA, the serine protease HTRAZ2 (high temperature
requirement) and the rhomboid protease PARL have been identified in with
neurodegenerative processes. Two human m-AAA isoenzymes are differentially involved in
neurodevelopment and protection against neurodegeneration, by preventing accumulation of
misfolded polypeptides, and regulating mitochondrial protein synthesis, transport and
proteolytic control of gatekeeping functions to prevent Ca2* overload in the neuron [167].
Mutations in m-AAA cause hereditary spastic paraplegia and spinocerebellar ataxia. HTRA2
and PARL increase the susceptibility of neurons to apoptotic cell death. HTRAZ is involved

Methods Mol Biol. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Verhamme et al.

Page 27

in caspase-dependent apoptosis and in Parkinson’s disease [168], but the role of PARL is
still controversial. Post-translational modification of proteins by small ubiquitin-related
modifier (SUMO) can be reversed by SUMO-specific protease 2 (SENP2), and
accumulation of SUMO-conjugated proteins is observed in patients with neurodegeneration.
A knock-out mouse model confirmed that disruption of this mitochondrial protease causes
neuronal cell death [169]. Finally, the link between neurodegeneration and dysregulated
complement activity has been firmly established. Acute brain injury triggers uncontrolled
complement activation, flooding of the injury site with inflammatory anaphylatoxins and
phagocytes, and blood brain barrier (BBB) damage [170]. However, normal complement
function plays a role in brain development (wiring), and brain homeostasis and repair during
adulthood. Therapeutic approaches of complement modulation will therefore depend on its
acute, subacute and chronic nature of activation, and will require selective targeting of
complement components.

Autoimmune Diseases

Upregulation and activation of pro-inflammatory cytokines and chemokines, uncontrolled
endogenous protease activity, inflammation and antibodies/T lymphocytes against “self”
antigens are hallmarks of autoimmune diseases [171]. Chemokines recruit leukocytes to
release MMP-9 that generates peptides with immunodominant epitopes. These epitopes are
presented to autoreactive T lymphocytes and stimulate B cells to produce autoantibodies.
The “Remnant Epitopes Generate Autoimmunity” (REGA) model, based on cytokine,
chemokine and protease action, has been validated for multiple sclerosis, rheumatoid
arthritis and diabetes. According to this model, potential strategies for disease treatment may
involve the use of anti-inflammatory cytokines, and the inhibition of pro-inflammatory and
protease-inducing cytokines and chemokines. MMP-9 cleavage of collagen in rheumatoid
arthritis, and of insulin in autoimmune pancreatitis was found to generate remnant epitopes.
Inflammasomes are large macromolecular complexes involved in activation of pro-
caspase-1. Caspase-1 proteolytically activates the precursors of the pro-inflammatory
cytokines IL-1, IL-18 and IL33, and has been implicated in various autoimmune diseases.
IL-1B blockade in autoimmune diseases can be accomplished with IL-1 receptor antagonists,
neutralizing monoclonal antibodies, and the injectable IL-1p inhibitor Rilonacept [172].
Clinical trials of Pralnacasan, an oral caspase-1 inhibitor for treatment of rheumatoid
arthritis were halted in 2003 after liver toxicity was observed in animal studies.

B cells contribute to autoimmune diseases by secretion of autoantibodies, presentation of
autoantigen, and inflammatory cytokine secretion. Antibody therapy with Rituximab targets
CD20 on the B cell surface, triggering cell death, and is used for B cell depletion to treat
rheumatoid arthritis, idiopathic thrombocytopenic purpura, pemphigus vulgaris and
myasthenia gravis. The recent discovery that the intramembrane signal peptide peptidase-
like protease SPPL2A promotes B cell differentiation by cleavage of CD74 suggested that
SPPL2A may be a suitable target for inhibition in the treatment of autoimmune diseases
[82]. Major histocompatibility complex (MHC) class II-mediated priming of T and B
lymphocytes occurs in systemic lupus erythematosus (SLE) and lupus nephritis. The
cysteine protease cathepsin S degrades CD74 during MHC 11 assembly with antigenic
peptide in antigen-presenting cells, and cathepsin S inhibition might be therapeutic in SLE
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[173]. In some cases, deficiency of protease activity is associated with autoimmune disease.
The plasma of thrombotic thrombocytopenic purpura (TTP) patients contains unusually
large forms of von Willebrand factor multimers. Most TTP cases arise from autoantibody-
mediated inhibition or accelerated clearance of ADAMTS13 [174]. Highly similar anti-
ADAMTS13 autoantibodies were found in unrelated TTP patients, suggesting that this
autoimmune response is antigen-driven.

Proteases, Inhibitors and Cofactors in Infectious Organisms

Infectious organisms employ their own arsenal of proteases for propagation and virulence,
such as HIV protease [175], Trypanosoma cruzi cruzipain [176], Porphyromonas gingivalis
gingipains [177], and Bacillus anthracis lethal factor [178]. Several bacterial, viral,
protozoan and fungal proteases trigger inflammation by activating the intrinsic coagulation
pathway [102], or act as procoagulants by non-canonical, direct activation of prothrombin
[179]. Large panels of small-molecule inhibitors of the proteasome in pathogenic organisms
are currently being screened for potential therapeutic benefit and minimal toxicity toward
the cellular machinery of the host [180]. Bacterial infections are associated with increased
thrombotic risk, however this correlation is not restricted to pathogenic bacteria. Subtilisin,
produced by the non-virulent bacterium Bacillus subtilis, can cleave prothrombin to an
active thrombin-like species that converts fibrinogen to fibrin [181]. Deregulation of the
intestinal microbiota is typical in IBS, and excess protease production by commensal enteric
bacteria has been proposed to promote adherence to and invasion of intestinal epithelial
cells, activate protease-activated receptors (PARSs), disrupt the intestinal barrier, and facilitate
bacterial interaction with immune cells, leading to inflammation [182].

Pathogens may use mechanisms other than direct proteolytic activity to enhance their
virulence or facilitate dissemination and propagation. The streptococcal and staphylococcal
cofactors streptokinase (SK) and staphylocoagulase (SC) are not enzymes themselves, and
respectively bind and activate host plasminogen and prothrombin in a non-proteolytic
fashion by inserting their N-termini into the zymogen activation pocket. This triggers a
conformational change that forms the active site in the zymogen [183,101]. The cofactor
complexes with the zymogens as well as the active proteases are very tight, and refractive to
endogenous serpins that inactivate plasmin and thrombin, thus adding to the bacterial
virulence. The prothrombineSC and thrombineSC complexes cleave host fibrinogen to form
fibrin barriers, protecting the pathogen from the host immune system. Upon activation of
free host plasminogen to plasmin by the plasminogensSK complex [183], the tighter binding
plasmineSK complex is formed, and degrades the host extracellular matrix to facilitate
pathogen invasion and dissemination. Numerous streptococcal strains also increase their
invasiveness by recruiting host plasminogen and plasmin to bacterial cell wall M-proteins
[184]. Von Willebrand factor-binding protein (VWhbp) is another conformational
prothrombin activator secreted by S. aureus, and belongs to the family of staphylococcal and
streptococcal homologs hamed zymogen activator and adhesion proteins (ZAAPs), based on
the SC structure [185]. Staphylokinase (SAK) bears no sequence similarity to SK, but shares
a similar domain fold. It does not activate plasminogen conformationally, but forms a tight
plasmineSAK complex that cleaves plasminogen as a substrate [186]. The skizzle (SkzL)
protein, secreted by Streptococcus agalactiae, has moderate sequence identity to SK and
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SAK [187]. SkzL binds host plasminogen, and enhances its activation by the plasminogen
activators uPA and single chain tPA, and plasma clot lysis by these plasminogen activators.
S. agalactiae pathogenesis likely includes SkzL to enhance bacterial spreading through
fibrinolytic enhancement. These are prime examples of pathogens exerting virulence by
hijacking the host coagulation and fibrinolytic systems [188].

The human host proteases ADAM-TS7, carboxypeptidase E, dipeptidyl peptidase 3,
macrophage stimulating 1 protease and neurotrypsin are required for influenza A virus
replication, and are under control of eight host miRNAs regulating gene expression during
virus replication [189]. These host genes and microRNAs may provide new therapeutic
targets. The ubiquitin-specific protease 14 (USP14), a deubiquitinating enzyme, prevents
degradation of prion protein by rescuing it from the proteasome, and may be a suitable target
in the development of therapeutic strategies for prion diseases [190].

Porphyromonas gingivalis is prevalent in periodontitis, a risk factor for oral and gastric tract
tumors, and also lung cancer, as recently identified in a follow-up of the Atherosclerosis
Risk in Communities (ARIC) study [191]. P gingivalis gingipains are cysteine proteases
associated with this type of chronic inflammation, and they are the only bacterial proteases
that degrade SPINK®, a Kazal-type inhibitor of various human kallikreins in skin and oral
epithelium. Loss of this proteolytic control has been suggested as a link between periodontal
disease and tumor development [177].

PROTEOLYSIS-RELATED PROCESSES AS DRUG TARGETS

Overexpressed or Impaired Endogenous Proteolytic Activity

As of 2010, an estimated 5-10% of all drugs under development were targeted toward
proteases [192], many of them small molecules designed to block the protease active site.
Among past and present commercially successful protease inhibitors are blood pressure
regulators (e.g. captopril and aliskiren) which respectively inhibit the metalloprotease
angiotensin-converting enzyme (ACE), and the aspartic protease renin, by competitive
binding to the protease active site; dipeptidyl peptidase-4 inhibitors (e.g. sitagliptin) to
combat type 2 diabetes; the threonine protease inhibitor bortezomib as a cancer drug
directed against the proteasome; the direct oral anticoagulants (DOACs), thrombin and
factor Xa inhibitors (argatroban, dabigatran, apixaban, rivaroxaban, edoxaban) that bind
tightly and reversibly to the protease active site; tight-binding hirudin-based thrombin
inhibitors (lepirudin, desirudin, bivalirudin) for patients with heparin sensitivity.

Several endogenous protease, cofactor and inhibitor deficiencies are treated by augmentation
therapy. Hemophilia A is the deficiency of factor VIII, the essential cofactor of factor 1Xa to
activate factor X; and hemophilia B patients lack functional factor IX. Both deficiencies
prevent the formation of the intrinsic Xase complex that is responsible for generation of the
majority of active factor Xa, with as end-result the impairment of clot formation.
Intravenous replacement with plasma-derived or recombinant fVI11 and factor IX requires
frequent injections, although preparations with longer half-life are being developed. Gene
therapy for hemophilia B, based on /in7 vivo gene transfer with adeno-associated viral (AAV)
vectors to the liver has been in clinical trials for 16 years, with partial success due to cellular

Methods Mol Biol. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Verhamme et al.

Page 30

immune responses [193]. However, as of December 2017 the results of two small cohort
studies are promising: 52 weeks after infusion of a single intravenous dose of an AAV5
vector encoding factor V111, no cellular immune response, liver toxicity or inhibitory
antibodies were observed in a clinical trial for treatment of severe hemophilia A [194]; and
in a small-scale hemophilia B patient study, a high level of expression of functional factor 1X
was seen after a single injection of an AAV vector containing the hyperfunctional factor 1X
Padua gene, targeting the liver [195]. Deficiency of factor XI, also known as hemophilia C,
is a rare bleeding disorder, often seen in Ashkenazi Jewish populations, and does not cause
bleeding in the joints. Tranexamic acid is administered to control traumatic bleeding
incidents and during dental procedures, whereas fresh frozen plasma or recombinant factor
X1 may be used during surgery.

In sepsis, the systemic response by the host to pathogenic invasion triggers activation of
inflammatory and coagulation pathways and inhibition of fibrinolysis. In this regard,
administration of recombinant human activated protein C (drotrecogin alpha activated,
DAA) as an anticoagulant was deemed a useful strategy, and in 2001 it became the first
biologic approved for treatment of severe sepsis [196]. Although a first trial indicated
reduction in mortality, later trials failed to confirm these findings, and DAA was withdrawn
in 2011. Observational trials consistently showed a benefit while randomized trials did not.
The difficulties associated with obtaining reproducibility in these trials may be attributed to
a variety of reasons: differences in acute illness of patient subgroups, perhaps as a result of
conscious or subconscious patient selection; midway amendment through the first trial,
changing inclusion/exclusion criteria, the type of placebo and the drug formulation, the
combination of which favored the use of DAA and led to early termination; and differences
in the timing and appropriateness of antibiotic administration and fluid resuscitation. New
drug development for targeting severe sepsis will undoubtedly benefit from targeting
pathophysiologic pathways characterized by specific biomarkers rather than heterogeneous
patient populations grouped by clinical phenotypes, and DAA may yet be found beneficial
for well-defined target groups.

Dysfunctional or poorly expressed serpins, inhibitors of serine proteases, cause a variety of
severe diseases. COPD, emphysema, cystic fibrosis, liver disease and panniculitis due to
functional a.1-PI deficiency and accumulation of inhibitor polymers are alleviated by
intravenous administration of plasma-derived a.1-Pl. Experimental approaches include
aerosolized formulations of plasma or recombinant inhibitor, and direct delivery to the lung
is expected to circumvent short half-life issues plaguing the intravenous formulation.
However, no clinical trial reports are available to date. Intravenous recombinant a1-Pl
formulations are in the experimental stage, and conjugation with polyethylene glycol may
delay rapid renal clearance [89]. It has been recognized that a1-PI inhibits proteases other
than elastase and trypsin, namely proteinase-3, kallikreins 7 and 14, matriptase, caspase-3
and the metallopeptidase ADAM17 [197]. This opens up new avenues for modulating the
activities of these proteases in disease states. Recombinant human antithrombin (Atryn) is
purified from the milk of transgenic goats, and used to avoid peri-operative and peri-partum
clotting complications in patients with hereditary antithrombin deficiency. It is not indicated
for treatment of thromboembolic events in these patients. Its glycosylation profile differs
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from that of plasma-derived antithrombin, with increased heparin affinity as a result. The
modification ensures efficient inhibition of elevated thrombin and factor Xa.

Cl-inhibitor is a serpin targeting C1 esterase of the complement system, and it is also the
physiological inhibitor of kallikrein, and factors Xlla and Xla of the contact activation
pathway of coagulation. Both inherited and acquired C1-inhibitor deficiency can lead to life-
threatening angioedema [198]. Inherited, heterozygous deficiency results in lack of
transcription, translation or secretion, or in expression of mutated, dysfunctional inhibitor.
Acquired deficiency is the result of inhibitor depletion due to autoantibody formation or
accelerated consumption in lymphoproliferative diseases. Elevated kallikrein activity causes
unregulated cleavage of high molecular weight kininogen and release of bradykinin, the
mediator of angioedema. Acute attacks of angioedema are treated with C1-inhibitor
concentrate from plasma, recombinant inhibitor, and the kallikrein inhibitor ecallantide.
Prophylactic treatment with the antifibrinolytic agents e-aminocaproic acid and tranexamic
acid regulate the fibrinolytic system which is continuously activated in autoimmune
angioedema. Aprotinin (Trasylol), or bovine pancreatic trypsin inhibitor, is a Kunitz-type
inhibitor of kallikrein and plasmin. It was used to treat laryngeal edema until its temporary
withdrawal from the market in 2007 due to reports of increased death risk as a bleeding
preventative during cardiac surgery. As aprotinin was derived from bovine lung tissue,
concerns for allergic reactions and bovine spongiform encephalopathy prompted its
discontinuation in Italy. In 2012 the European Medicines Agency proposed to lift the ban,
and aprotinin is currently marketed by Nordic.

The proteases of the complement system have increasingly been recognized as potentially
attractive points of interference for mitigation of inflammatory diseases. Recent
developments in complement therapeutics focus on the proteases of the initiation pathways,
with Cl-inhibitor targeting C1r/s and mannan-binding lectin serine protease (MASP) (e.g.
Cinryze, Berinert, Cetor, Ruconest), and antibodies targeting C1q, C1s, C2, MASP-2 and -3
(ANX-005, TNT009, OMS721, CLG561, NM9401) [199].

Protease Inhibitors as Drugs: Some Caveats

Undesired properties or side effects of many of these therapies underscore the need for
continued mechanism-based drug design. In 2014 the renin inhibitor aliskiren was placed on
the list of drugs to avoid, due to severe side effects in patients with diabetes and kidney
impairment [200]. Hirudin derivatives are an attractive alternative for treatment of patients
with heparin hypersensitivity or thrombocytopenia, however they have a short half-life.
Hirudins are cleared through the kidneys, and dose adjustment is required in patients with
renal impairment. Some small molecule drugs have limited bioavailability and solubility,
and their efficiency may be mitigated by resistance mutations in the target proteases. Fast
acting DOAC:s are at least as effective as warfarin, with reduced risk for intracranial
bleeding, and are prescribed for stroke prevention in atrial fibrillation, thromboprophylaxis
in hip or knee replacement surgery, and for treatment and secondary prevention of venous
thromboembolic disease [201]. Unlike with vitamin K antagonists, no routine monitoring of
coagulation is needed. A major disadvantage is the lack of antidotes for direct factor Xa
inhibitors in case of traumatic bleeding. Activated prothrombin complex concentrates and
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recombinant activated factor VIla have been proposed to reverse DOAC action, and the
monoclonal antibody idarucizumab was approved by the FDA in October 2015 as a specific
antidote against dabigatran.

MMP-dependent degradation of extracellular matrix proteins is associated with angiogenesis
and metastasis in cancer, and MMP inhibitors were proposed as suitable anticancer drugs.
The zinc ion in MMPs was the first target, but small molecule peptidomimetic inhibitors
based on zinc-targeting warheads (e.g. batimastat) had limited selectivity, failed to
distinguish between different MMP classes also involved in the Notch-, Wnt- and NFxB-
signaling pathway, and were fraught with off-target side effects [202,203]. A novel class of
small molecules blocking the hydrophobic S1” specificity pocket, exosites and other MMP
domains yielded reasonably specific inhibitors for several MMPs, however their efficacy as
second generation drugs has not yet been demonstrated. None of the 50some clinical trials
with MMP inhibitors were successful, due to off-target toxicity or absence of efficacy. A
recent study reports effective allosteric prevention of pro-MMP-9 activation in a mouse
neuroinflammatory model by a small, highly selective heterocyclic chemical inhibitor [204].
This orally administered compound does not prevent activation of the structurally related
pro-MMP-2, and does not inhibit catalytically active MMP-1, -2, -3, -9 or —14. Although
these findings are encouraging for future drug development, the efficacy of this compound
needs to be tested in other models, relevant to cancer, fibrosis and neurodegeneration.

Indiscriminate targeting of overexpressed MMPs in certain cancers may not always yield
desired results [205,206]. Pancreatic ductal adenocarcinoma cells (PDAC) overexpress
MMP-9, thought to play a role in invasion and metastasis. However, systemic knock-out of
MMP-9 in a PDAC mouse model caused increased interleukin-6 (I1L-6) expression, and
induced invasive growth and STAT3 activation in PDAC cells via IL-6 receptor signaling.
The model system, animal genetic background and other experimental conditions may
influence the effect of MMP activity, resulting in tumor-promoting, -inhibitory or null effect,
as seen in various mouse models of breast cancer. In the light of many controversial
experimental results, systemic MMP inhibitors should be used with caution, and information
obtained from clinical studies associating specific MMPs with diseases profiles will be
critical for identifying the proper MMPs as therapeutic targets. The metalloprotease
ADAML10 has been associated with various disease states [159]. In the brain, it cleaves APP
via a non-amyloidogenic pathway, with formation of the neuroprotective soluble
ectodomain, and decrease of the toxic Ap fragment. It may also slow down progression of
fibrosis in chronic liver inflammation. However, it acts as a sheddase for the cellular prion
protein, potentially promoting spreading, and increased activity is seen in synaptic
dysfunction linked to Huntington’s disease. Respectively, ADAM10 inhibition would be
therapeutic or detrimental in these pathologies. ADAM10 is upregulated in various cancers,
atherosclerosis and various autoimmune diseases, suggesting a potential benefit of
inhibition. The broad substrate specificity of ADAM10 and its similarity with ADAM17, its
systemic presence, and its divergent effects in various diseases pose significant problems in
targeting ADAML0, either for upregulation or inhibition. Ideally, drugs would be needed
that regulate ADAM10 activity in a tissue and substrate specific manner. Focusing on the
interaction of ADAM10 with specific substrates or regulatory partner proteins may provide
some promise.
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Efforts to develop y-secretase inhibitors for treating Alzheimer’s disease turned out to miss
the mark, mainly due to the fact that the mechanism of APP processing by y-secretase was
not fully understood. Mutations in its presenilin domain were originally interpreted to
enhance y-secretase activity, however the -y-secretase inhibitor Semagacestat showed
worsening of familial Alzheimer’s patients in a phase 111 clinical trial that was halted in
2010. In addition to issues with the design and dosage, this result was in part also explained
by a recent /n vivo study showing that the presenilin-1 mutations inactivate rather than
enhance y-secretase activity, impair hippocampal memory and synaptic function, and cause
neurodegeneration [207]. -y-Secretase inhibitors have since then been repurposed as
potential cancer therapeutics due to their inhibition of the Notch signaling pathway,
upregulated in many cancers. However the panel of known inhibitors shows a wide range of
activities toward cleavage of various other y-secretase substrates, and off-target interference
is likely to cause major side effects, thus limiting the long-term clinical usefulness of these
inhibitors [208].

Osteoclasts express the cysteine protease cathepsin K, which degrades type | collagen in
bone. Selective inhibition of cathepsin K increases bone mass, improves bone strength,
decreases bone resorption and contributes to bone formation [209]. The small molecule
inhibitors relacatib, balicatib and odanacatib were initially tested clinically as potential drugs
for treatment of postmenopausal osteoporosis, with odanacatib ultimately making it through
Phase Il and I1I trials. The phase 11 trial was halted early after reports of positive efficacy
and safety, however a more thorough analysis discovered an increased risk of atrial
fibrillation and stroke [210]. Odanacib development was discontinued in 2016, after more
than 12 years of research.

In the treatment of ischemic stroke, an active protease, rather than an inhibitor, is used as a
therapeutic. Tissue-type plasminogen activator (tPA) was approved in 1996 for clot
dissolution in ischemic stroke, however its use is restricted to the first 3 hours post-stroke,
and carries an established risk for bleeding. One study attributed the increased blood-brain
barrier permeability to tPA-catalyzed activation of platelet-derived growth factor-CC, with
Mac-1 integrin and LRP1 acting as co-factors in this reaction [211]. Another study
suggested increased MMP-9 activity as a potential cause for increased bleeding risk [212],
while yet another report pointed toward a connection of tPA-induced bleeding with
hyperglycemia [213].

These are but a few examples of disappointing outcomes, or interference of significant off-
target and other side effects in protease-related drug development. A recurring theme is that
of insufficient knowledge of the underlying biochemical mechanisms and of the
interconnectedness of protease and inhibitor activity in the proteome network. With the
increasing availability of large online platforms and databases such as the National Center
for Biotechnology Information, RCSB Protein Databank, UniProt and MEROPS, discovery
of such interconnectedness should prove increasingly less challenging.

Targeting Exogenous Proteolytic Activity

As antibiotic-resistant infections are on the rise, targeting proteases and protease-related
processes in pathogenic bacteria may offer novel avenues for drug development. Proteases
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and protease cofactors that function as virulence factors are obviously first choice targets.
Progress has been made in developing small molecule compounds that inhibit the expression
of SK in Group A streptococci [214]. In addition, the proteolytic complexes Lon, ClpXP,
HtrA, the proteasome, and signal peptidases are good candidates for disruption of bacterial
mechanisms necessary for survival and pathogenicity [178]. Caseinolytic proteases (ClpPs)
are conserved multimeric complexes that are conformationally activated by binding of
Hspl100 ATPases. This binding aligns the catalytic triad of the proteases, and energy
provided by ATP is used to unfold protein substrates for entry into the pore and subsequent
degradation in an energy-dependent manner. Several mechanisms for ClpP deregulation have
been proposed: (a) inhibitors such as phenyl esters and p-lactones can directly interact with
the catalytic residues and halt protein degradation; (b) blocking of ATPase binding and
uncoupling of ClpP and Hsp100 ATPase activity by acyldepsipeptides (ADEPs) and
macrocyclic peptides may result in continuous ClpP activation and promiscuous protein
degradation. However, many of these compounds are not 100% efficient due to limitations of
stability, solubility, resorption and half-life. Small molecule inhibitors have limited
specificity and may not distinguish between bacterial protease complexes and their human
orthologs. Recently developed ADEP derivatives are active against methicillin-,
vancomycin- and penicillin-resistant pathogens, and work well in combination therapy. The
natural oligopeptide compounds cyclomarin A, ecumicin and lassomycin target
Mycobacterium tuberculosis but do not kill commensal members of the human microbiota.
Encouraging /in vitroand in vivo results have also been reported for small molecule
inhibitors of B. anthracis lethal factor, and the cysteine protease domains of Clostridium
difficile toxins. Specific interference with proteases required for bacterial viability offers an
attractive possibility for developing a novel class of therapeutics, less prone to trigger
resistance.

Parasitic cysteine proteases may be attractive targets for treatment of Chagas disease,
African sleeping sickness and leishmaniasis. Recent progress was made in the design of
more efficient peptide inhibitors of cruzipain, by modifying the electrophilic warhead group
that forms a covalent bond with the catalytic cysteine [215]. Classical nitrile group warheads
are metabolically stable, polar and small, but proved to be less potent than oxime and
aldehyde warheads. Substitutions at the Pq and P3 residues alter the inhibitory potency and
provide a means of modulating specificity. Ideally, a successful drug specifically recognizes
the parasitic proteases over the host caspases, calpains, and cathepsins by forming specific
non-covalent interactions adjacent to the active site, but obtaining this level of selectivity is
challenging. Covalent binding is often irreversible, and one drawback of permanent
attachment to peptide fragments after protein degradation is the immunogenicity of these
fragments.

Currently ten FDA-approved HIV protease inhibitors are approved, and nine available, with
structures that were thought to mimic the substrate transition state [216]. HIV protease
inhibitors show off-target interference with proteases required for maturation of SREBP-1, a
transcription factor that regulates gene expression in lipogenesis, with as result
lipodystrophy syndrome; and blocking of glucose transporter-4 with as result insulin
resistance; inhibition of the proteasome, resulting in metabolic complications, increased ER
stress and autophagy; and caspase-dependent apoptosis, the discovery of which triggered
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interest in HIV protease inhibitors as potential anticancer drugs. The emergence of HIV-1
strains that are resistant to the current protease inhibitor drugs prompted the design of novel
compounds with broad-spectrum activity against these variants [217,218]. Small non-peptide
molecules with substituted pyrrolidines, piperidines and thiazolidines as P2-P3 ligands for
binding to the S2-S3 specificity site, and flexible macrocyclic P1’-P2’ tethers were good
candidates, with inhibition constants (Kj) and 1Cgq values in the nanomolar range.
Incorporation of heteroatoms in the macrocyclic skeleton yielded inhibitors with picomolar
K; and nanomolar IC50 antiviral activity. Biological evaluation, structure-activity
relationships, and X-ray studies of the protease-inhibitor complexes validated the design
approach, illustrating the power of structure-based molecular design. Peptide ketoamide-
based NS3/4A serine protease inhibitors (boceprevir and telaprevir) are used for treating
genotype 1 hepatitis C (HCV) [219]. In August 2017 Abbvie released Mavyret, a
combination drug of glecaprevir/pibrentasvir targeting NS3/4A serine protease activity and
the NS5A replication complex, and suitable for treatment of all HCV genotypes. However,
complications may arise in HCV/hepatitis B (HBV) co-infected patients who completed
treatment with HCV direct-acting antivirals and were not receiving HBV antiviral therapy.
Fulminant hepatitis, hepatic failure, hepatitis flare, HBV reactivation and death have been
reported.

THE FUTURE OF PROTEOLYSIS-RELATED DRUG AND DIAGNOSTIC
DEVELOPMENT

Active Site Targeting, Exosite and Effector Binding Sites

Active site targeting is a main component in many established approaches of drug
development for controlling protease activity. However, small molecule inhibitors that are
limited to interference with the conserved catalytic machinery of an entire class of proteases
may have severe limitations due to their broad spectrum activity, resulting in off-target
protease inhibition. This was illustrated by the failure of many small molecule and zinc-
targeting MMP inhibitors in clinical trials. Early irreversible inhibitors used active site
targeting of nucleophilic proteases with electrophilic alkylating agents such as diazo- or
halo-ketone warheads, however the necessity of attaching a sizeable peptide to the warhead
for specific protease binding proved impractical as large libraries of peptide warheads were
required to identify effective inhibitors. The development of sitagliptin, an inhibitor of
dipeptidyl peptidase 4 (DPP4) in type 2 diabetes is a success story after a few consecutive
setbacks [220]. DPP-4 inhibitors threo- and allo-isoleucyl thiazolidide initially showed
significant animal toxicity due to off-target reaction with DPP8 and DPP9. Alpha amino
compounds related to isoleucyl thiazolidide proved non-selective, but structure-activity
screening identified a highly selective but rapidly metabolized beta-amino acid piperazine
series. Bicyclic derivatization resulted in triazolopiperazine compounds that had suitable
preclinical pharmacokinetic properties. Optimization led to the discovery of the highly
selective sitagliptin.

Pitfalls in inhibitor design based on substrate interaction with the active site are illustrated
by the development of transition state analogs against HIV protease. Enzyme transition
states are very short-lived, on the femto- to picosecond timescale, but binding of transition
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state analogs converts these to a stable thermodynamic state. Kinetic isotope effects and
computational chemistry identify which chemical steps are involved in transition state
binding. Typically, these analogs can bind up to millions of times tighter than substrates,
making them attractive compounds in drug development [221]. The HIV-1 protease —
substrate complex has three transition states with partial bonds in the reaction coordinate,
and two intermediates with equilibrated bonds. The high-energy intermediates bind tightly to
the protease, as do inhibitors designed as mimics of these intermediates. Ten FDA-approved
competitive HIV-1 protease inhibitors, with Saquinavir as first and prototypical drug, were
originally considered transition state analogs because they have an sp3 center to mimic the
geometry of the transition state, but they were later actually found to be intermediate
mimics. lle84Val and Leu90Met and several other mutations in HIV protease were
symptoms of emerging drug resistance toward these inhibitors [222], prompting
investigators to take a closer look at the protease transition states. The crystal structures of
the transition states of both native and protease-inhibitor-resistant HIV-1 proteases showed
that they are chemically and structurally identical, which means that resistance is due to
changes outside the true transition state [223]. Mimicking specific chemical features of the
true transition state may solve this resistance problem.

The active site of proteases forms a groove that accommaodates several substrate residues
adjacent to the scissile P1-P1- bond. Substrates exhibit complementarity with the protease
residues Sz-S3-Sp-S1-S1--S9-S3:-Sy- in the binding site, causing a favorable binding
interaction. The architecture of the S or specificity pocket often defines the nature of
substrate cleavage, e.g. hydrophobic and aromatic P substrate residues for chymotrypsin-
like proteases, basic P1 residues for trypsin-like proteases, small aliphatic Pq residues for
elastase-like proteases, and hydrophobic bonds for aspartate proteases. Cysteine proteases
prefer bulky nonpolar residues at the P, position. The MMP substrate specificity is more
involved, with the S;- pocket selectively accommodating the substrate residue immediately
after the scissile bond [224]. MMP-1 and -7 have small S;- pockets preferring small
hydrophaobic residues, whereas MMP-2, -3, -8, =9 and —13 have large pockets and bind a
diverse array of amino acids. Additional allosteric, exosite and effector-binding site
interactions are expected to contribute significantly to exclusive selection of the target
protease. Structural conservation of the specificity site throughout a protease family with
diverse catalytic properties and biological targets may pose a problem in designing specific
drugs, and a promising alternative was developed by targeting zymogen activation rather
than the active protease [204]. A highly selective compound that allosterically inhibits
MMP-9 activation by binding to a pocket near the zymogen cleavage site may be a first
viable drug candidate.

Identification of protease subsite preferences can be achieved by positional scanning to
identify the best fit. Peptides spanning the active site cleft carry a fluorophore and an
internal quencher, and preferential cleavage of peptide libraries is determined from
fluorescence yields upon proteolytic removal of the quencher [192]. High-throughput
screening (HTS) and fragment-based screening do not require previous knowledge of
substrate specificity and may yield rapid results, but need appropriate filtering by functional
activity to eliminate nonselective reactions. Fragment-based screening using NMR, mass
spectrometry or differential scanning fluorimetry identifies moderate to weak binders that
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can be optimized into more potent inhibitors. The use of X-ray crystallographic structural
information coupled with /n silico drug design is getting a boost from rapidly developing
high-throughput X-ray crystallization and structure determination, using TRAP screens with
the most successful crystallization conditions [225]. High-throughput crystallographic
screening of brominated fragment libraries, based on anomalous scattering to localize
bromine, successfully identified targets for HIV protease, and detected novel binding sites in
the surface-exposed active site glycine-rich p-hairpin flap region and the exosite region
[226].

The importance of exosite interactions in protease inhibition is illustrated by the thrombin
inhibitor, hirudin, a polypeptide produced by the salivary glands of medicinal leeches such
as Hirudo medicinalis. Hematophagous animals have a need for a natural anticoagulant to
prevent their food from clotting. The crystal structure of the hirudin — thrombin complex
shows a globular N-terminal domain making contact with the active site, and a 17-residue
extended C-terminal chain wrapping around thrombin exosite |, the anion-binding site (ABE
1) that binds the thrombin substrate, fibrinogen [227]. For this reason hirudins are sometimes
referred to as bivalent direct thrombin inhibitors [228]. This dual interaction confers tight
binding, and the classification as a slow tight-binding inhibitor indicates that the off-rate for
inhibitor dissociation is extremely slow. Several recombinant hirudins are on the market.
They have a short half-life, but may be preferred to heparin as an anticoagulant in patients
with heparin-induced thrombocytopenia. Thrombin exosites also figure prominently in its
irreversible inactivation by the serpins antithrombin and heparin cofactor Il (HCII).
Thrombin ABE | binds fibrinogen, and exosite 11 (ABE Il) binds heparin. Because heparin
accelerates the irreversible inactivation of thrombin by endogenous serpins, it is sometimes
called an indirect anticoagulant. A long heparin template binds both thrombin via ABE 1l
and antithrombin or HCII via their heparin-binding site. This approximation causes a
dramatic increase in the thrombin inactivation rate. HCII provides an extra interaction by
binding of its N-terminus to thrombin ABE |. Fragment screening against caspase-7
identified two small molecule non-competitive inhibitors with potential for drug
development [229]. X-ray crystallography showed allosteric binding at the caspase dimer
interface, more than 17 A removed from the active site. This recent finding illustrates that
allosteric control is yet another approach toward drug development.

Lysosomal cysteine cathepsins are required for normal lipid metabolism and cholesterol
homeostasis, proper function of mitochondria and clearance of apoptotic cells [230]. A
deregulated lipid metabolism, vascular inflammation, arterial remodeling,
neovascularization, autophagy and necrosis are all hallmarks of atherosclerosis, and these
processes are linked to upregulated cysteine cathepsin activity. Because vascular lesions in
atherosclerotic patients may remain silent until the disease is well advanced, suitable
biomarkers for these dysregulated pathways would be useful. Detection of cysteine
cathepsins in macrophages allows distinguishing between stable and unstable lesions in
excised carotid plaques, and this information from the plaque micro-environment may be
harnessed in the development of molecular imaging. With this non-invasive technique,
localized cleavage or covalent retention of specific protease substrates and inhibitors
carrying fluorophores, reporter groups or contrast agents can be detected. Substrate-based
probes change their spectral properties upon cleavage, and the commercial self-quenched
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poly-lysine cathepsin probe Prosense has shown usefulness in preclinical cardiovascular
imaging studies for detection of vascular inflammation, macrophage concentration and
cathepsin activity. Newer, lipidated cathepsin substrates show promise due to their improved
homing properties. Quenched activity-based probes (QABPS) for cysteine cathepsin activity
have the quencher QSY21 attached to a near-infrared fluorophore Cy5-labeled
acyloxymethyl-ketone analog. The cell-permeable probe covalently modifies the target
cathepsin, resulting in loss of the quenching group, and formation of a fluorescently labeled
target protease [231]. This type of probe has a low nonspecific fluorescent background and
has been successfully applied for detecting cysteine cathepsin activity in tumor cells, and in
preclinical models of atherosclerosis. Reduced light penetrance is a major issue,
necessitating further development of multi-modal ABPs for PET-CT application [232]. This
imaging approach has already been used successfully to localize idiopathic pulmonary
fibrosis in patients, and may be adapted to detect rupture-prone atherosclerotic lesions.

Indirect, Mechanism-Based Targeting

Cytokines and chemokines are activated by uncontrolled protease action in many immune
pathologies, and these proteins and their receptors may be potential therapeutic targets
themselves. Cytokine storms typically occur as a reaction of a healthy immune system
against new, highly pathogenic invaders, and are thought to be responsible for many deaths
in influenza pandemics. Cleavage of the influenza hemagglutinin by host trypsin-like
proteases is required for infectivity, and IL-1p was identified as the major cytokine that
upregulates host trypsin expression and triggers formation of more IL-1p [233]. An anti-
IL-1B antibody successfully suppressed upregulation of pro-inflammatory cytokines and
trypsin in a mouse model, and antibodies against IL-1p and its receptor have been proposed
as potential therapeutics. Drug targeting of non-protease components of the complement
network involve the activation and amplification pathways, with peptides (AMY-101, APL-1
and -2), proteases (CB2782) and protein inhibitors (AMY-201, Mirococept) targeting C3
and C3b; and inhibitors of the terminal pathways, with antibodies (eculizumab), a tick saliva
protein (Coversin) and aptamers (Zimura), binding to C5 and preventing C5 convertase
activity [199]. The complement component C5a, generated in the terminal pathway of
complement activation, is a chemokine, and attracts leukocytes to the inflammatory focus.
Patients with paroxysmal nocturnal hemoglobinuria and atypical hemolytic uremic
syndrome exhibit uncontrolled complement activation, and the recombinant tick protein
prevents release of C5a and formation of C5b-9, the membrane attack complex (MAC). The
natural function of the saliva protein in Ornithodoros moubata is suppression of the host
immune response when the tick is feeding. The therapeutic protein is also effective in
patients with C5 polymorphisms who are resistant to eculizumab.

Protease-activated receptors have long been considered potential drug targets, and the
therapeutic applications of PAR-1 and PAR-4 antagonists are discussed in a previous
section. In preclinical models, a PAR-2 antagonist inhibited tumor growth and the formation
of new blood vessels in cancer, and inflammation in rheumatoid arthritis and acute
inflammation models, perhaps indicating a potential link between inflammation and cancer
[234,235]. Strategies for developing suitable PAR antagonists include modified
peptidomimetics such as trans-cinnamoyl-YPGKF-NH> that bind but not activate the
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receptor; low molecular weight heterocyclic structures e.g. 1-benzyl-3-
(ethoxycarbonylphenyl)-indazole; N-terminal palmitate-modified oligopeptides (pepducins)
that anchor the peptide to the cell membrane; and specific function-blocking monoclonal
antibodies [236]. The majority of these efforts is ongoing, and focused on PAR-4 antagonists
as novel anti-platelet agents.

Drugging the Undruggable — a Familiar Theme, with some Fancy Targeting

Designing substrates, inhibitors and activity-based probes with specificity toward a single
protease is a major challenge when the protease shares a similar catalytic mechanism and
substrate specificity with other proteases in the same family, but is functionally completely
different [237]. The main approaches utilized to date for optimizing complementarity with
the protease specificity sites include positional scanning synthetic combinatorial libraries
with coumarin-derived reporters (PS-SCL) [238], phage display, hybrid combinatorial
substrate libraries using unnatural amino acids that allow more thorough scanning of the
active site (HyCoSuL), counter selection substrate libraries (CoSeSuL), internally quenched
fluorescent substrate or fluorescence resonance energy transfer libraries (IQF or FRET),
proteomics and exopeptidase fingerprinting. HyCoSuL screening of the P3 and P4 positions
respectively with methionine sulfone and 2-amino-6-benzyloxyhexanoic acid allowed
distinguishing between neutrophil elastase and proteinase-3 for the first time, and tracking
neutrophil elastase activity in neutrophil traps [239]. Whereas PS-SCL, HyCoSuL and
CoSeSuL allow determination of protease preferences only in prime active site pockets, IQF
can be used to refine complementarity to both prime and non-prime pockets. The advantage
of phage display is its ability to generate large and diverse substrate arrays, up to 1010
peptides, and enrich for specificity after each cycle, which is not feasible with chemical
synthesis. The label-free nature of this method requires individual kinetic analysis and
reporter group labeling of positive hits. Multiplex substrate profiling with liquid
chromatography — tandem mass spectrometry sequencing proved successful for
distinguishing neutral serine protease activity in human neutrophil extracellular traps toward
a large and diverse tetradecapeptide panel, and ranking granzyme B substrate efficiency,
using label-free quantitation of precursor-ion abundance [240]. The above techniques have
also allowed differentiation between various diverse members of the granzyme, kallikrein,
caspase, metalloproteinase, exopeptidase, deubiquitinating and desumoylating protease
families. A novel approach of profiling protease specificity is currently being developed,
combining yeast endoplasmatic reticulum (ER) sequestration with next-generation
sequencing (YESS-NGS) [241]. A substrate library, targeted to the ER, is exposed to ER
proteases as it transports through the secretory pathway, and cleaved/uncleaved substrates
localize to the cell surface. FACS analysis of cells labeled with fluorophore-conjugated
antibodies specifically detects substrate cleavage. Characterization of proteolytic processing
in secretory pathways may be useful to detect changes in the secretome in various disease
states.

Recent, targeted “intractable” protein degradation methodology uses heterobifunctional
chemistry for simultaneous binding of proteins inside cells, which tags them for degradation
by the cell’s own ubiquitin-proteasome system. The small molecule drug candidate uses a
protein-binding domain linked to a ubiquitin ligase-binding domain, with the goal of
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eliminating pathological or defective intracellular proteins. This approach is currently
developed by Kymera. A variant of this method is targeted proteolysis of endogenous
proteins via the affinity-directed protein missile (AdPROM) system [242], that harbors the
von Hippel-Lindau (VHL) protein, the substrate receptor of the Cullin2 (CUL2) E3 ligase
complex, tethered to polypeptide binders that selectively bind and recruit endogenous target
proteins to the CUL2-E3 ligase complex for ubiquitination and proteasomal degradation.
Synthetic monobodies and a camelid-derived VHH nanobody were used in a feasibility
model to target the tyrosine phosphatase SHP2 and the inflammasome protein ASC for
degradation. This method has advantages over CRISPR/Cas9-mediated gene knockouts that
are irreversible and may not always be feasible, and over RNA interference that requires
prolonged treatment and may be incomplete. Both methods may have off-target effects. A
possible breakthrough in nanomedicine may be the construction of a “DNA vault”, a DNA
origami nanodevice that locks up a single enzyme molecule, and that can be opened and
closed by DNA locks to regulate access to substrate [243]. In a proof-of-principle model,
chymotrypsin was covalently anchored to an open DNA vault, and after closure a FITC-
casein substrate was added, together with the opening key or a control key. Enzymatic
activity was detected predominantly in the reaction containing the opening key. This
technology can be refined to program natural enzymes to operate as signal amplifiers for
diagnostics applications and as delivery vehicles for therapeutic applications.

Discovery of Protease and Inhibitor Biomarkers for Disease

Conventional shotgun proteomics for biomarker discovery lack sensitivity and selectivity
because they focus mainly on quantitative rather than qualitative differences between the
normal and the diseased state. These approaches are also ill-suited for detecting pathologic
post-translational modifications. Novel MS-based proteomics techniques have the potential
of identifying newly generated N- and C-termini that are characteristic in disease-related
proteolysis. The TAILS and C-TAILS techniques enrich for protein N- and C-terminal
peptides by polymer-based removal of internal peptides generated by tryptic digestion, and
improve detection limits by several orders of magnitude [154]. The differential processing of
APP protein in Alzheimer’s disease, and of the chemokines CCL7 and SDFL1 in arthritis and
HIV-associated dementia, respectively, are prime examples of neo-terminus formation. N-
and C-terminal peptide removal may activate or inactivate chemokines, turn them into
receptor antagonists or change their receptor specificity. As a result, simple quantitation of
chemokine expression is not sufficient to define the extent of the pathological inflammatory
response, but quantitation of neo-terminus formation. A fraction of Ap peptides in
Alzheimer’s patients is N-truncated, with a cyclized terminal glutamate post-translational
modification (AB3(pe)), and this species may be a promising biomarker for early detection of
Alzheimer’s disease. A search of the TopFIND public database [244] shows that many FDA-
approved biomarker proteins have multiple different N- and C-termini, potentially affecting
their biological activity and “visibility” in current assays. Specific disease-related protease
assays may be confounded by endogenous and exogenous inhibitors, and varying
concentrations of cofactors and competing proteases in biological samples. A combination
of targeted MS and neo-terminal-directed antibody assays may vastly improve the
development of reliable biomarkers.
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Novel functional proteomics techniques such as bead-based proteome enrichment combined
with the 2D-electrophoresis-based Protein Elution Plate (PEP) also prove extremely useful
for rapid, convenient profiling of functional protease activity in physiological and
pathological patient samples [245]. This versatile plate reader technology uses specific
protease substrates with various degrees of sensitivity and allows functional analysis of the
protease landscape beyond the information available from protein abundance measurements.

The pursuit of biomarker development within a Functional Proteomics context is addressed
elsewhere in this book (“Making the Case for Functional Proteomics” and “Methods to
Monitor the Functional Subproteomes of SERPIN Protease Inhibitors”). Some of the
observations of those sections are re-viewed here through the lens of proteolytic activity.
Historically, biomarkers that drive drug and/or diagnostic discovery comprise a single entity,
be it a metabolite, waste product or protein. In no small part that pattern reflects technology
limitations of the time, not a preferred indicator of biological functionality. Further, of the
approximately 2,000 in vitro protein assays approved by the US Food and Drug
Administration, only seven assays reference protease activity (and some of those are
redundant for a given assay). This apparent lack of emphasis also points to limitations in
proteolytic assay procedures, especially in media such as body fluids. Finally, as is
abundantly apparent from the information presented in this chapter, the activity of a single
protease is an unreliable indicator of physiological activity. A wider net must be cast.

For any functionally defined biological process, e.g. apoptosis or pathogen response,
multiple proteolytic events occur in (relatively) linear sequences or in (parallel) cascades.
Thus, any proposed therapeutic, regardless of selectivity at the level of a single entity,
modulates multiple outcomes. And, any diagnostic must reflect that multi-entity process.
The odds that a single proteolytic event or single intermediate or end product will define that
process are slim indeed. The logic seems inescapable that biomarker development of the
future must focus on biological networks, not single entities. Pioneering efforts are occurring
as this is written.

An example: one diagnostic in development [246] for cancer “Stroma Liquid Biopsy™”
demonstrates a network (or pattern [247])-based analysis of LC/MS data, connecting
multiple networks or pathways that rely profoundly on proteolytic activity (coagulation,
complement and inflammation). The discovery and development sequence for such
biomarker development is addressed elsewhere in this book (“Making the Case ...”).
Application of the diagnostic in the clinic relies on selection of a test “subproteome” as
described in “Methods to Monitor the Functional Subproteomes of SERPIN Protease
Inhibitors.” 1t’s noted that not only does the “Stroma Liquid Biopsy™” apparently
differentiate serum from cancer patients, the pattern on which it is based informs cancer
biology. Further, the identified subproteome(s) become a relevant test bed for screening new
therapeutics.

The future is integrated discovery of network-based biomarkers that support therapeutic and
diagnostic discovery while informing both biology and disease. Detection of protease
activity per se in complex media will likely require development of new methods.
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A Two-Protein Wrap-Up

This chapter presents, in text and tabulated formats, the diversity of proteases and protease-
related activity. Perhaps the most compelling overall observation is the degree of overlap
among physiological processes and disease states at the level of individual proteases. This is
most readily seen in the tabulated summary of proteases, inhibitors and activity. A thumbnail
analysis shows that half of all listed proteases are active in multiple physiological processes
and/or associated with multiple disease states. Chief among the multi-process activities are
the cathepsins, followed by the caspases and MMPs. The chapter closes with an examination
of the multiple associations with physiological processes and disease states of two related
proteins: the protease thrombin and the proteolysis product fibrin (gene expression products,
prothrombin and fibrinogen).

Textbooks cite the cleavage of fibrinogen by thrombin to form fibrin as a central event in
formation of blood clots formed in response to injury. This common response is certainly
beneficial. However, other actions and associations of thrombin and fibrin are of a darker or
unexpected nature (Figure 2).

In addition to its participation in blood clot formation, thrombin also triggers proteases that
dissolve clots [20]. Thus thrombin (and prothrombin) is associated with both thrombosis and
uncontrolled bleeding. Elevated fibrin(ogen) levels track CV disease severity [248], and
elevated levels of fibrin are found in diabetic patients [249]. In cancer, thrombin activates
key pathways and fibrin is found in tumors. Thrombin is often cited as a neurotoxin [250]
and is implicated in both Alzheimer’s Disease and peripheral neuropathy. Fibrin is found in
AD plaques and may be oligomerized by amyloid beta [251]. Fibrinogen is hijacked by
bacteria and through non-enzymatic pathways forms fibrin barriers to evade cellular
defenses [101,185]. Finally, thrombin cleaves complement C3 [252], thus igniting the innate
immune system independent of any triggers associated with infection. This latter event may
explain, in part, thrombin’s apparent and destructive ability to trigger inflammatory and
immune responses. Proteolytic events govern the life cycle of all proteins, as was noted in
the Introduction to this chapter.

The clear lesson of the contents of this chapter is that proteolysis is central to the functioning
of the organism, indeed can reshape the organism. Proteolytic activity is essential to multiple
physiological processes and, specific proteases are central to multiple processes. It is not
surprising, therefore, that disease is also strongly connected to proteolysis. Indeed, even at
the resolution of a single protease, activity is not always to the benefit of the organism. As
was demonstrated in the paragraph immediately above, what might be called the side effects
of proteolysis can prove quite harmful. Of particular interest is the tantalizing correlation of
proteolytic activity and chronic disease.

Within the context of Functional Proteomics, whether the scale is that of reshaping
individual proteins or determining the state of the organism, proteolytic events are
foundational.
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Figure 1:
Tracking the common steps in the “life” of a secreted protein, most are initiated or regulated

by proteases as indicated by the arrow labels.
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One Protease, One Substrate:
Impact on Physiology and Disease
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Figure 2:
The dual forms of Thrombin and Fibrin play critical roles in all of the systems and diseases

shown in bold, with the specific effects italicized and color-coded to indicate which protein
initiates the effect. This suggests a means by which an event, such as an immune response,
may affect multiple systems or disease states through Thrombin or Fibrin activation, such as
cardiovascular disease or cancer.
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Table la:
Hemostasis Clot Formation
Protease/I nhibitor Uniprot | Action
Thrombin (Prothrombin) P00734 | Converts fibrinogen to fibrin
Activates factors V, VII, VIII, X1, XIlI
Complexes with thrombomodulin
Thrombin/thrombomodulin activates protein C
Plasma factor Vlla (Coagulation factor VII) | P08709 | Complexes with Tissue Factor
VI11a/TF converts/activates X to XA
VI1la/TF converts/activates IX to IXa
Tissue factor P13726 Propagates coagulation protease cascade
Complexes with phospholipids
Complexes with circulating factor VII or Vlla
VI1la/TF converts/activates X to XA
VI11a/TF converts/activates IX to IXa
Coagulation factor X P00742 | Converts/activates prothrombin to thrombin
Complexes with phospholipids & calcium
Activates factor VII to form factor Vlla
Prekallikrein (Plasma kallikrein) P03952 Reciprocal activation of factor XII
Coagulation factor XI1 P00748 | Reciprocal activation of Prekallikrein
Coagulation factor I1X P00740 | Converts/activates factor X
Activates factor VII to form factor Vlla
Activates factor X to form factor Xa
Antithrombin (Antithrombin-I11) P01008 | Inhibits thrombin & factors IXa, Xa and Xla
Activity enhanced by heparin
Heparin cofactor Il P05546 Inhibits thrombin & factors IXa, Xa and Xla
Inhibits chymotrypsin
TFPI (Tissue factor pathway inhibitor) P10646 Inhibits factor X (X(a))

TFPI + Xa inhibits V1la/tissue factor

Page 60

Hemostasis Clot Formation: Activities and uniprot 1D codes (where applicable) of proteases, protease inhibitors, and cofactors associated with

hemostasis, specific to clot formation.
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Table 1b:
Hemostasis Clot Degradation
Protease/I nhibitor Uniprot | Action
tPA (Tissue-type plasminogen activator) P00750 | Converts plasminogen to plasmin on the fibrin surface

Displaces plasmin from fibrin, promoting inhibition by alpha-2-
antiplasmin

Plasmin (Plasminogen) P00747 Dissolves the fibrin of blood clots
carboxypeptidase U (carboxypeptidase B2, Q961Y4 | Removes C-terminal lysine residues from fibrin
thrombin-activatable fibrinolysis inhibitor )
Down-regulates fibrinolysis
Cleaves complement proteins C3a & C5a
Activated by thrombin/thrombomodulin complex
Plasminogen activator inhibitor 1 P05121 Bait' for tissue plasminogen activator, urokinase, protein C and
matriptase3/TMPRSS7
a2-antiplasmin (Alpha-2-antiplasmin) P08697 Inhibits plasmin and trypsin
Inactivates matriptase-3/TMPRSS7 and chymotrypsin
Protein C (Vitamin K-dependent protein C) P04070 | Inactivates factors Va and Vllla in the presence of calcium ions and

phospholipids

Activated by Thrombin/thrombomodulin complex

Hemostasis Clot Degradation: Activities and uniprot ID codes (where applicable) of proteases, protease inhibitors, and cofactors associated with

hemostasis, specific to clot degradation.
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Table 2:
The Complement System and Immune Regulation
Protease/I nhibitor Uniprot | Action
C1R (Complement C1r subcomponent, Classical) P00736 Cleaves/Activates C1s

C1S (Complement C1s subcomponent, Classical) P09871 Cleaves/Activates C2 and C4

C2a (Complement C2, C1s cleavage product) P06681 Combines with C4b to form C3 convertase (classical, lectin)

Factor D (Complement factor D, Bb fragment) P00746 Cleaves/Activates Complement Factor B

Factor B (Complement factor B, Bb fragment) P00751 Cleavage Product Bb combines with C3b to form C3 Convertase
(Alternative)

C3-convertase (Classical, Lectin: C4bC2a) Cleaves C3 into the anaphylatoxin C3a and the opsonin C3b

C3-convertase (Alternative: C3bBb) Cleaves C3 into the anaphylatoxin C3a and the opsonin C3b

C3-convertase (Aqueous: C3:H20) Cleaves C3 into the anaphylatoxin C3a and the opsonin C3b

C5-convertase (Classical: Cell Membrane, C4b2b3b) Cleaves C5 into the anaphylatoxin C5a and the MAC component C5b

C5-convertase (Alternative: Cell Membrane, C3bBbC3b) Cleaves C5 into the anaphylatoxin C5a and the MAC component C5b

C5-convertase (Classical: Fluid, C4b2boxy3b) Cleaves C5 into the anaphylatoxin C5a and the MAC component C5b

MASP 1 (Mannan-binding lectin serine protease 1) P48740 Activates MASP2 or C2 or C3

MASP 2 (Mannan-binding lectin serine protease 2) 000187 Cleaves/Activates C2 and C4

MASP 3 (Mannan-binding lectin serine protease 3) P48740* | Cleaves/Activates complement pro-factor D *Alternative Splicing
Product

C1-inhibitor (Plasma protease C1 inhibitor)* P05155 Complexes with/Inactivates C1r, C1s, MASP 1, MASP 2,
chymotrypsin, kallikrein, fXla, FXlIla
* complement activation, blood coagulation, fibrinolysis and the
generation of kinins

Factor | (Complement factor I) P05156 Cleaves/Inactivates C3b, iC3b and C4b

Complement System and Immune Regulation: Activities and uniprot ID codes (where applicable) of proteases, protease inhibitors, and cofactors
associated with the complement system and immune regulation.

Methods Mol Biol. Author manuscript; available in PMC 2020 January 01.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Verhamme et al.

Proteolytic Processing

Table 3:

Page 63

Protease/I nhibitor Uniprot | Action
Cathepsin B P07858 | Intracellular degradation and protein turnover
Upregulation of Cathepsin D, matrix metalloproteinase, and urokinase
Implicated in metastasis and immune resistance
Cathepsin D P07339 Intracellular degradation and protein turnover
Used by macrophages to degrade bacterial proteins
Activates ADAM30, implicated in Alzheimer’s progression
Implicated in metastasis in breast cancer
Cathepsin L1 P07711 Intracellular degradation and protein turnover
Degrades collagen ad elastin
Degrades alpha-1 protease inhibitor
Deubiquitinase Cleaves ubiquitin from proteins and other molecules
Group of approx. 102 cysteine proteases and metalloproteases
Immunoproteasome Degrades proteins into peptide ligands for Major Histocompatibility Complex (MHC)
Proteasome with B1i, p2i, and B5i subunits
Thymoproteasome Degrades proteins into peptide ligands for MHC 1, selective for CD8+ T cells
Unique to thymic cortex
Trypsin-1 P07477 | Degradation of food proteins in small intestine
Trypsin-2 P07478 Degradation of food proteins in small intestine
Mesotrypsin P35030 | Degradation of antitrypsin inhibitors
Chymotrypsinogen B1 P17538 Degradation of food proteins in small intestine
Chymotrypsinogen B2 Q6GPI1 | Degradation of food proteins in small intestine
Serine Protease Inhibitor Kazal-type 1 P00995 | Trypsin inhibitor, in pancreas protects against selfactivated trypsin
(SPINK1)
Inhibits calcium binding and NO production in sperm

Proteolytic Processing: Activities and uniprot ID codes (where applicable) of proteases, protease inhibitors, and cofactors associated with

proteolytic processing.
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Table 4:

Tissue remodeling, Signaling, Cell Migration and Proliferation

Protease/I nhibitor

Uniprot

Action

ADAM family (a disintegrin
and metalloprotease)

Play roles in fertilization, proliferation, migration and cell adhesion

Not all are proteases, those which are act as sheddases

with thrombospondin motifs

ADAM-TS (a disintegrin and metalloproteinase

Process procollagen and von Willebrand factor, and cleave extracellular matrix aggrecan,
versican, brevican and neurocan

MMPs (Matrix
metalloproteinases )

All implicated in metastasis except 12, 20, and 28

TIMPs (tissue-inhibitors of
metalloproteinases )

Endogenous inhibitors of MMPs

MMP-1 P03956 Cleaves collagens I, 11, 11, VII, and X
Mediates neurotoxicity of HIV viral Tat protein
MMP-8 P22894 Degrades fibrillar collagens I, 11, and 111
MMP-13 P45452 Cleaves collagens I, 11, 111, 1V, X1V, and X
Degrades fibrillar collagen, fibronectin, tenascin C, and aggrecan
MMP-2 P08253 Degrades extracellular matrix proteins, including collagen | and 1V
MMP-9 P14780 Cleaves collagen IV and V and fibronectin
Implicated in neovascularization in malignant gliomas
MMP-3 P08254 Degrades fibronectin, laminin, gelatins of type I, I11, 1V, and V; collagens 111, 1V, X, and
IX, and cartilage proteoglycans
Activates MMPs 1, 7, and 9
MMP-10 P09238 Degrades fibronectin, gelatins of type I, 111, 1V, and V, collagens IlI, IV, and V
Activates procollagenase
MMP-11 P24347 Cleaves alpha 1-proteinase inhibitor, activated intracellularly by furin
MMP-7 P09237 Degrades casein, gelatins of types I, I11, 1V, and V, and fibronectin
Activates procollagenase
Activates MMP2 and MMP9
MMP-12 P39900 Cleaves elastin, implicated in aneurysm formation
MMP-20 060882 Degrades amelogenin, aggrecan, and cartilage oligomeric matrix protein (COMP)
MMP-26 QINRE1L Degrades collagen type IV, fibronectin, fibrinogen, beta-casein, type | gelatin and
alpha-1 proteinase inhibitor
Activates progelatinase B
MMP-28 Q9H239 Degrades casein

Tissue Remodeling, Signaling, Cell Migration, and Proliferation: Activities and uniprot ID codes (where applicable) of proteases, protease
inhibitors, and cofactors associated with tissue remodeling, signaling, cell migration, and proliferation.
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Programmed cell death
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Table 5:

Protease/I nhibitor Uniprot | Action
Caspase-2 P42575 Function uncertain, sequence homology with initiator caspases
Caspase-8 Q14790 | Activates caspases 3, 4, 6, 7, 9, and 10
Activated by death receptors via FADD
Apoptotic protease activating 014727 | Forms apoptosome complex
factor 1 (APAF1)
Activated by binding of cytochrome ¢ and ATP
Caspase-9 P55211 | Activates caspase 3
Activated by the apoptosome complex
Cleaves poly(ADP-ribose) polymerase (PARP)
Implicated in activation of Abelson murine leukemia viral oncogene homolog 1 (ABL1)
Caspase-10 Q92851 | Activates caspases 3,4, 6, 7,8, and 9
Activated by caspase 8
Caspase-3 P42574 | Activates caspases 6, 7, and 9
Activated by caspases 8 and 9
Cleaves poly(ADP-ribose) polymerase (PARP)
Cleaves and activates sterol regulatory element binding proteins (SREBPSs)
Implicated in Huntington's disease
Caspase-6 P55212 Dis-inhibits immune system, cleaves interleukin-10 and interleukin-1 receptor-associated kinase 3
Cleaves poly(ADP-ribose) polymerase (PARP) and lamins
Implicated in Huntington's and Alzheimer's
Caspase-7 P55210 | Degradation of cellular proteins in apoptosis
Cleaves poly(ADP-ribose) polymerase (PARP)
Cleaves and activates sterol regulatory element binding proteins (SREBPSs)
Apoptosome Heptomeric complex of APAF-1, activates caspase 9
FasL P48023 | Tumor necrosis factor ligand, activates death receptors to initiate apoptosis
FasR P25445 Death receptor, tumor necrosis factor receptor, activates caspase 8

Programmed Cell Death: Activities and uniprot ID codes (where applicable) of proteases, protease inhibitors, and cofactors associated with

programmed cell death.
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Table 6:

(NPPC)

Protease/I nhibitor Uniprot | Action
Signal Peptidase Removes amino terminal signal sequences from secretory pro-proteins
Group of aspartic proteases
Insulin P01308 increases cell permeability to monosaccharides, amino acids and fatty acids
accelerates glycolysis, the pentose phosphate cycle, and glycogen synthesis in liver
Calcitonin P01258 Promotes rapid incorporation of calcium and phosphate into bone
Atrial natriuretic peptide (ANP) P01160 Peptide hormone
regulates of natriuresis, diuresis, and vasodilation
promotes trophoblast invasion and spiral artery remodeling in uterus during pregnancy
Binds and stimulates the cGMP production of the NPR1 receptor
Binds the clearance receptor NPR3
Brain natriuretic peptide (BNP) P16860 | Peptide hormone
Regulates natriuresis, diuresis, vasorelaxation, and inhibition of renin and aldosterone secretion
Binds and stimulates the cGMP production of the NPR1 receptor
Binds the clearance receptor NPR3
Natriuretic peptide precursor C P23582 | Peptide hormone

Regulates of cartilaginous growth plate chondrocytes proliferation and differentiation

Binds and stimulates the cGMP production of the NPR2 receptor

Protein Secretion: Activities and uniprot ID codes (where applicable) of proteases, protease inhibitors, and cofactors associated with protein

secretion.
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Table 7:

Intranuclear, Transmembrane, Intramembrane and Cytosolic Proteolysis

Protease/I nhibitor Uniprot | Action
Matriptase (Suppressor of Q9Y5Y6 | Degrades extracellular matrix, trypsin-like activity
tumorigenicity 14 protein)
Promotes epithelial differentiation and possibly growth
Implicated in metastasis
Matriptase 2 Q8I1UB0 | Cleaves collagen I, fibronectin and fibrinogen
Involved in matrix remodeling processes in liver
Regulates the expression of the iron absorptionregulating hormone hepicidin/HAMP
Prostasin Q16651 Stimulates epithelial sodium channel (ENaC) activity through activating cleavage of
the gamma subunits (SCNN1G)
Also found in seminal fluid
hepatocyte growth factor (HGF) 043291 Inhibits HGF, possibly inhibits serine proteases generally
activator inhibitor type2 (SPINT2)
Implicated in suppression of liver cancer
hepatocyte growth factor activator 043278 Inhibits HGF and matriptase
inhibitor typel (SPINT1)

Intranuclear, Transmembrane, Intramembrane and Cytosolic Proteolysis: Activities and uniprot ID codes (where applicable) of proteases, protease

inhibitors, and cofactors associated with intranuclear, transmembrane, intramembrane and cytosolic proteolysis.
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Table 8:

Inflammation as an Over-Arching Symptom of Disease

Protease/I nhibitor

Uniprot

Action

Neutrophil Elastase

P08246

Broad substrate specificity, chymotrypsin family

Inflammatory response triggers bacterial and host tissue destruction

Inhibits C5a-dependent neutrophil enzyme release and chemotaxis

Proteolysis of collagen-1V and elastin of the extracellular matrix

Degrades pathogenic outer membrane proteins and virulence factors

Cathepsin G

P08311

Degrades ingested host pathogens

Breaks down ECM components at inflammatory sites

Cleaves complement component C3

Inhibited by Rv3364c (M.tuberculosis protein)

Indirect suppression of macrophage apoptosis

Converts angiotensin | to angiotensin 11

Proteinase-3 (Myeloblastin) P24158

Degrades elastin, fibronectin, and collagen (in vitro)

Target antigen for anti-neutrophil cytoplasmic antibodies (ANCA)

antitrypsin)

Alphal-proteinase inhibitor (al-Pl, Alpha-1- | P01009

Inhibits elastase, plasmin and thrombin

Irreversibly inhibits trypsin, chymotrypsin and plasminogen activator

Possible non-protease inhibitor activities:

Anti- and pro-inflammation

Anti-apoptosis

Leukocyte Elastase Inhibitor P30740

Inhibits neutrophil elastase, cathepsin G, proteinase-3, chymase, chymotrypsin, and
kallikrein-3

Potent intracellular inhibitor of granzyme H

Tryptase:

Major neutral protease present in mast cells

Resistant to endogenous proteinase inhibitors

Active only as heparin-stabilized tetramers

Six Isoforms: Tryptase alpha/beta-1(Q15661)

Tryptase beta-2(P20231), Tryptase delta(Q9BZJ3)

Tryptase gamma(Q9INRR2), Brain-specific serine protease 4(Q9GZN4)

Chymase (CMA1)

P23946

Major secreted protease of mast cells

Release may promote inflammatory response

Converts angiotensin | to angiotensin 11

Granzyme B (GZMB)

P10144

Unique to cytolytic T-lymphocytes and natural killer cells

Activates caspases 3, 7, 9, and 10

Cleaves/activates BH3 interacting-domain death agonist (BID)

Cleaves/activates Inhibitor of caspase-activated DNase (ICAD)

Generate a cytotoxic level of mitochondrial reactive oxygen species

Carboxypeptidase A3 (CPA3) P15088

Cleaves C-terminal aromatic or aliphatic residue

Unique to mast cells
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Protease/I nhibitor Uniprot | Action
Upregulated in sepsis and anaphylaxsis
Implicated in autoimmune diseases
Alpha 1-antichymotrypsin (SERPINA3) P01011 Inhibits neutrophil cathepsin G and mast cell chymase
Cathepsin L1 PO7711 | Intracellular degradation and protein turnover
Degrades collagen ad elastin
Degrades alpha-1 protease inhibitor
Cathepsin B P07858 Intracellular degradation and protein turnover
Upregulation of Cathepsin D, matrix
metalloproteinase, and urokinase
Implicated in metastasis and immune resistance
Cathepsin D P07339 Intracellular degradation and protein turnover
Used by macrophages to degrade bacterial proteins
Activates ADAM30, implicated in Alzheimer’s progression
Implicated in metastasis in breast cancer
Trypsin-3 (PRSS3) (mesotrypsinogen) P35030 Degrades trypsin inhibitors
Serine Protease Inhibitor Kazal-type 1 P00995 | Trypsin inhibitor, specifically inhibits autoactivated trypsin in the pancreas
(SPINK1)
Inhibits calcium binding and NO production in sperm
Caspase-3 P42574 | Activates caspases 6, 7, and 9

Activated by caspases 8 and 9

Cleaves poly(ADP-ribose) polymerase (PARP)

Cleaves and activates sterol regulatory element binding proteins (SREBPS)

Implicated in Huntington's disease

Inflammation as an Over-Arching Symptom of Disease: Activities and uniprot ID codes (where applicable) of proteases, protease inhibitors, and
cofactors associated with inflammation, specifically as related to symptoms of disease.
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Table 9:

Cardiovascular and Metabolic Diseases, and Stroke

Protease/I nhibitor Uniprot Action
Factor VII (F7) P08709 Complexes with Tissue Factor
VI11a/TF converts/activates X to XA
VI1a/TF converts/activates IX to IXa
Factor IX (or Christmas factor) (F9) P00740 Converts/activates factor X
Activates factor VII to form factor Vila
Activates factor X to form factor Xa
Factor X (Stuart—Prower factor) (F10) P00742 Converts/activates prothrombin to thrombin
Complexes with phospholipids & calcium
Activates factor VII to form factor Vila
Thrombin (Prothrombin) P00734 Converts fibrinogen to fibrin
Activates factors V, VII, VIII, XI, X1l
Complexes with thrombomodulin
Thrombin/thrombomodulin activates protein C
Factor X1 (Plasma thromboplastin P03951 Activates factor IX
antecedent)
Inhibited by protein Z-dependent protease inhibitor (ZPI)
Coagulation factor XII (Hageman factor) | P00748 Reciprocal activation of Prekallikrein
Prekallikrein (Plasma kallikrein) P03952 Reciprocal activation of factor XII
Cl-inhibitor (Plasma protease C1 P05155 Complexes with/Inactivates C1r, C1s, MASP 1, MASP 2, chymotrypsin, kallikrein,
inhibitor)* fXla, FXlla
* complement activation, blood coagulation, fibrinolysis and the generation of kinins
Er)otein C (Vitamin Kdependent protein P04070 Inactivates factors Va and VIlla in the presence of calcium ions and phospholipids
Activated by Thrombin/thrombomodulin complex
Factor V P12259 Cofactor required by factor Xa
Activated by Thrombin
Degraded by protein C
Factor VIII (FVIII) P00451 Cofactor required by factor IXa
Deficiency results in hemophillia A
High levels implicated in deep vein thrombosis and pulmonary embolism
Antithrombin (Antithrombin-111) P01008 Inhibits thrombin & factors IXa, Xa and Xla
Activity enhanced by heparin
Heparin cofactor Il P05546 Inhibits thrombin & factors 1Xa, Xa and Xla
Inhibits chymotrypsin
Alpha 2-antiplasmin (or a2-antiplasmin P08697 Inhibits plasmin and trypsin
or plasmin inhibitor)
Inactivates matriptase-3/TMPRSS7 and chymotrypsin
Plasmin P00747 Dissolves the fibrin of blood clots
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Protease/I nhibitor Uniprot Action
tPA (Tissue plasminogen activator) P00750 Converts plasminogen to plasmin on the fibrin surface
Displaces plasmin from fibrin, promoting inhibition by alpha-2-antiplasmin
Mast cell chymase P23946 Major secreted protease of mast cells
Release may promote inflammatory response
Converts angiotensin | to angiotensin 11
Tryptase {6 isoforms, see previous list Major neutral protease present in mast cells
table}
Resistant to endogenous proteinase inhibitors
Active only as heparin-stabilized tetramers
Six Isoforms: Tryptase alpha/beta-1(Q15661)
Tryptase beta-2(P20231), Tryptase delta(Q9BZJ3)
Tryptase gamma(Q9INRR?2), Brain-specific serine protease 4(Q9GZN4)
pro-MMP-9 (MMP-9) P14780 Cleaves collagen IV and V and fibronectin
Implicated in neovascularization in malignant gliomas
pro-MMP-1 (MMP-1) P03956 Cleaves collagens I, II, 111, VII, and X
Mediates neurotoxicity of HIV viral Tat protein
pro-MMP-2 (MMP-2) P08253 Degrades extracellular matrix proteins, including collagen I and IV
pro-MMP-3 (MMP-3) P08254 Degrades fibronectin, laminin, gelatins of type I, I11, 1V, and V; collagens II1, 1V, X,
and 1X, and cartilage proteoglycans
Activates MMPs 1, 7, and 9
Proteinase-3 (PRTN3) P24158 Degrades elastin, fibronectin, and collagen (in vitro)
Target antigen for anti-neutrophil cytoplasmic antibodies (ANCA)
Kallikrein 13 Q9UKRS3 | cleaves kininogen to the pro-inflammatory bradykinin
Cathepsin A P10619 Protects beta-galactosidase and neuraminidase
Cathepsin C (CTSC) P53634 Activates elastase, cathepsin G, granzymes A and B, neuraminidase, factor XIlII,
chymase, and tryptase
Cathepsin D P07339 Intracellular degradation and protein turnover
Used by macrophages to degrade bacterial proteins
Activates ADAM30, implicated in Alzheimer’s progression
Implicated in metastasis in breast cancer
Cathepsin L1 PO7711 Intracellular degradation and protein turnover
Degrades collagen ad elastin
Degrades alpha-1 protease inhibitor
Cathepsin X/Z/P Q9UBR2 | Lysosomal protease, cleaves C-terminal residue
Calpain-10 Q9HC96 | Limited proteolysis of substrates involved in cytoskeletal remodeling and signal
transduction
Cathepsin K P43235 Cleaves elastin, collagen, and gelatin

Involved in breakdown of bone for remodeling

Implicated in emphysema

Activated by inflammatory cytokines

Degraded by cathepsin S
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Protease/I nhibitor Uniprot

Action

Caspase-3 (CASP3) P42574

Activates caspases 6, 7, and 9

Activated by caspases 8 and 9

Cleaves poly(ADP-ribose) polymerase (PARP)

Cleaves and activates sterol regulatory element binding proteins (SREBPs)

Implicated in Huntington's disease

Caspase-6 P55212

Dis-inhibits immune system, cleaves interleukin-10 and interleukin-1 receptor-
associated kinase 3

Cleaves poly(ADP-ribose) polymerase (PARP) and lamins

Implicated in Huntington's and Alzheimer's

Caspase-8 Q14790

Activates caspases 3, 4, 6, 7,9, and 10

Activated by death receptors via FADD

Factor VI activating protease (FSAP) Q14520

Activates factor VII and pro-urokinase

May act as tumor suppressor

Tissue inhibitor of metalloproteinase-1 P01033
(TIMP-1)

Irreversibly inhibits MMP 1, 2, 3,7, 8, 9, 10, 11, 12, 13, and 16

Activates integrin signaling via CD63 and ITGB1

Cardiovascular and Metabolic Diseases, and Stroke: Activities and uniprot ID codes (where applicable) of proteases, protease inhibitors, and
cofactors associated with cardiovascular disease, metabolic diseases, and stroke.
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Table 10:

Protease/I nhibitor

Uniprot

Action

MMP-2

P08253

Degrades extracellular matrix proteins, including collagen | and IV

MMP-9

P14780

Cleaves collagen 1V and V and fibronectin

Implicated in neovascularization in malignant gliomas

MMP-14 (Matrix metalloproteinase-14)

P50281

Degrades extracellular matrix proteins

Activates progelatinase A and MMP15

Inhibits angiogenesis via cleavage of
ADGRB1

ADAM-17 (ADAM metallopeptidase domain 17)

P78536

Activates tumor necrosis factor alpha

Activates Notch Pathway

Sheddase, activates multiple growth factors

Implicated in tumor resistance to radiotherapy

Tissue inhibitor of metalloproteinase-1 (TIMP-1)

P01033

Irreversibly inhibits MMP 1, 2, 3,7, 8, 9, 10, 11, 12, 13, and 16

Activates integrin signaling via CD63 and ITGB1

TIMP-3 (Metalloproteinase inhibitor 3)

P35625

Irreversibly inhibits MMP 1, 2, 3,7, 9, 13, 14, and 15

Thrombin (Prothrombin)

P00734

Converts fibrinogen to fibrin

Activates factors V, VII, VI, X1, XIlI

Complexes with thrombomodulin

Thrombin/thrombomodulin activates protein C

PAR-1 (Proteinase-activated receptor 1 or
coagulation factor Il (thrombin) receptor)

P25116

Stimulates phosphoinositide hydrolysis

Activated by thrombin

May play a role in vascular development

SUMO (Sentrin-specific protease 7)

QIBQF6

Removes SUMO (Small Ubiquitin-like Modifier protein) 2 and 3

Serine Protease HTRA1

Q92743

Degrades extracellular matrix

Degrades insulin-like growth factor receptors and tuberin

Cathepsin L1

PO7711

Intracellular degradation and protein turnover

Degrades collagen ad elastin

Degrades alpha-1 protease inhibitor

Cathepsin B

P07858

Intracellular degradation and protein turnover

Upregulation of Cathepsin D, matrix metalloproteinase, and urokinase

Implicated in metastasis and immune resistance

Cathepsin D

P07339

Intracellular degradation and protein turnover

Used by macrophages to degrade
bacterial proteins

Activates ADAM30, implicated in Alzheimer’s progression

Implicated in metastasis in breast cancer

Mesotrypsin (Trypsin-3)

P35030

Degradation of antitrypsin inhibitors
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Protease/I nhibitor Uniprot Action
Matriptase (Suppressor of tumorigenicity 14 Q9Y5Y6 Degrades extracellular matrix, trypsinlike activity
protein)
Promotes epithelial differentiation and possibly growth
Implicated in metastasis
HAI-1 (hepatocyte growth factor activator inhibitor | 043278 Inhibits HGF and matriptase
typel (SPINT1))
HAI-2 (hepatocyte growth factor activator inhibitor | 043291 Inhibits HGF, possibly inhibits serine proteases generally
type2 (SPINT2))
Implicated in suppression of liver cancer
Proteasome Group of massive protease complexes, stacked ring structure
Degrade proteins “tagged” with multiple ubiquitins
Critical in protein turn-over, apoptosis, and adaptive immune response
Kallikrein-3 (hK3) P07288 Liquifies seminal fluid, degrades cervical mucus
Elevated levels associated with prostate cancer
Kallikrein-5 (hK5) Q9Y337 Degrades extracellular matrix proteins in epithelium, leads to cell shedding
Gingipains (RgpA, RgpB and Kgp)
rgpA (Gingipain R1) <human> p28784 Bacterial thiol proteases
Degrade host tissue proteins and cytokines
SPINKG® (Serine protease inhibitor Kazal-type 6) QB6UWNS | Inhibits KLK4, KLK5, KLK6, KLK7, KLK12, KLK13 and KLK14

Cancer: Activities and uniprot ID codes (where applicable) of proteases, protease inhibitors, and cofactors associated with cancer.
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Table 11:

Protease/I nhibitor Uniprot | Action
,(O\Arr;)(jl)oid B A4 precursor protein P05067 Cell surface receptor involved in neuronal growth, adhesion, and motility
Upregulated in neuronal repair
Proteolysis generates amyloid B peptides (Abeta) from 37 to 49 residues in length, Abeta
40 and Abeta 42 implicated in Alzheimer's disease
a-secretase Group of ADAM family sheddases which cleave the amyloid precursor protein (APP)
gamma secretase Cleaves single-pass transmembrane proteins, including APP
Transmembrane complex of presenilin-1 (PSEN1) (P49768), nicastrin (Q92542), anterior
pharynxdefective 1 (APH-1) (Q5TB21), and presenilin enhancer 2 (PNE-2) (QINZ42)
Beta-secretase 1 (BACE1) P56817 Transmembrane aspartic-acid protease important for myelin sheath formation
Cleaves APP to form Abeta 40 and Abeta 42
Several BACEL1 inhibitors currently being tested as Alzheimer's treatments
ADAM10 014672 Primary alpha secretase
MMP-9 P14780 Cleaves collagen 1V and V and fibronectin

Implicated in neovascularization in malignant gliomas

TIMPs (tissue-inhibitors of metalloproteinases )

Endogenous inhibitors of MMPs

Caspase-6 P55212 Dis-inhibits immune system, cleaves interleukin-10 and interleukin-1 receptor-associated
kinase 3
Cleaves poly(ADP-ribose) polymerase (PARP) and lamins
Implicated in Huntington's and Alzheimer's
Calpain (family) Family of calcium-dependent, non-lysosomal cysteine proteases
Excessive activity implicated in cytoskeletal degradation and altered calcium homeostasis
in Alzheimer's disease
Calpastatin P20810 Endogenous calpain inhibitor
m-AAA (Mitochondrial AAA Group of ATP-dependent mitochondrial proteases
proteases)
HTRAZ2 (high temperature 043464 Mitochondrial serine protease, initiates cell death by binding I1APs
requirement)
Implicated in Parkinson's disease
Presenilins-associated rhomboid-like | Q9H300 | Antiapoptotic, activates optic atrophy 1 (OPAL) which prevents release of cyctochrome C
protein (PARL) into cytosol
Mutation controversially implicated in Parkinson's disease
SUMO-specific protease 2 (SENP2) Q9HC62 | Processes SUMO1, SUMO2, and SUMO3 into mature proteins

Deconjugates SUMO1, SUMO2, and SUMO3 from target proteins

Neurodegenerative Diseases: Activities and uniprot 1D codes (where applicable) of proteases, protease inhibitors, a critical disease-related protease
target, and cofactors associated with neurodegenerative diseases.
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Table 12:

metalloproteinase with a
thrombospondin type 1 motif,
member 13)

Protease/I nhibitor Uniprot | Action
MMP-9 P14780 Cleaves collagen 1V and V and fibronectin
Implicated in neovascularization in malignant gliomas
Caspase-1 (Interleukin-1 converting | P29466 Activates interleukin 1B and interleukin 18, initiating inflammation
enzyme) CASP1
Activates gasdermin D, initiating lytic cell death
Activated by incorporation into inflammasone complex, initiated by NOD-like receptors or
AIM-1 like receptors
Inhibited by CARD only proteins (COPs), COPs prevent formation of inflammasome
SPPL2A (Signal peptide peptidase- Q8TCT8 | Cleaves type Il membrane signal peptides, such as tumor necrosis factor alpha (TNF), the
like 2A) Fas antigen ligand (FASLG), and Cluster of Differentiation 74 (CD74)
Initiation of innate immune response through CD74 activation implicated in autoimmune
diseases
Cathepsin S P25774 Cleaves proteins into peptides for presentation as antigens in macrophages, B-
lymphocytes, microglia, and dendritic cells
ADAMTS13 (a disintegrin and Q76LX8 | Degrades von Willebrand factor, adversely affects clot formation

Autoimmune Diseases: Activities and uniprot ID codes (where applicable) of proteases, protease inhibitors, and cofactors associated with

autoimmune diseases.
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Table 13:

Proteases, Inhibitors and Cofactors in Infectious Organisms

Protease/I nhibitor Uniprot Action

HIV protease (HIV-1) P04585 Cleaves viral polyprotein into individual proteins, including itself
Critical for viral replication, prominent drug target

Trypanosoma cruzi cruzipain P25779 cysteine protease expressed by 7rypanosoma cruzi, vital to the parasitic
protozoa's life cycle

Porphyromonas gingivalis gingipains P28784 Bacterial thiol proteases
Degrade host tissue proteins and cytokines

Bacillus anthracis lethal factor Anthrax protein which degrades mitogen-activated protein kinase
kinase, disrupting function of mitogen-activated protein kinases
(MAPKSs)

Subtilisin Nonspecific bacterial protease known to activate thrombin

staphylocoagulase (1 & 2) P07767 & P17855 | Activates thrombin through binding, not a protease

streptokinase Activates plasmin

Von Willebrand factorbinding protein A0A1DAZ3F9 Staphylococcus protein promotes clot formation

Staphylokinase P68802 Staphylococcus protein which activates plasmin

skizzle (SkzL) Q8DZH4 Streptococcus protein, enhances activation of plasminogen

ADAMTS7 Q9UKP4 Degrades cartilage oligomeric matrix protein (COMP)
Implicated in cancer, arthritis, and coronary artery disease
Required for influenza A virus replication

carboxypeptidase E P16870 Cleaves C-terminal arginine of lysine residue
Processes most neuropeptides and peptide hormones
Required for influenza A virus replication

dipeptidyl peptidase 3 QINY33 Degrades angiotensin, Leu-enkephalin, and Metenkephalin
Implicated in ovarian cancer
Required for influenza A virus replication

macrophage stimulating 1 protease P26927 Unknown, sequence homology with hepatocyte growth factor

(macrophage stimulating protein)
Required for influenza A virus replication

neurotrypsin PRSS12 Cleaves agrin
Multidomain serine protease expressed in the nervous system
Required for influenza A virus replication

ubiquitin-specific protease 14 P54578 Proteasome-associated deubiquitinase, prevents ubiquitin digestion

Prevents degradation of prion protein

Proteases, Inhibitors and Cofactors in Infectious Organisms: Activities and uniprot ID codes (where applicable) of proteases, protease inhibitors,

and cofactors associated with infectious organisms.
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