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Abstract
Serine proteases and their inhibitors are being extensively studied in the past few
decades, accentuating their pivotal role in diverse biological processes. In this
chapter, we have discussed about their role as drug targets, associated
pathologies and therapeutic interventions. Fine tune equilibrium between
proteolytic enzymes and their respective inhibitors enables normal functions
of the body. The upregulation or downregulation of this class of molecules is
deleterious and results in various diseased conditions like inflammation, cancer,
skin diseases, atherosclerosis, immunological disorders, coagulation abnormal-
ities, pulmonary and neuronal disorders, and other pathologies. Several
approaches to illustrate this relationship are comprehended with consequent
stress on how these findings apply to pathologies that are the outcome of
malfunction of serine proteases or their inhibitors. We have outlined the history
and classification of proteases and their inhibitors as therapeutics and drug
targets. Also an overview of their current clinical applications and approaches to
improve and expand their use is discussed.
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1 Introduction

Cellular life is orchestrated by equilibrium between proteolytic activity and their
respective inhibitors as well as the concentration and state of the enzymes. Pro-
teases, the enzymes that hydrolyse proteins, are therefore critical elements of the
genome. Proteolytic enzymes are encoded by 2–4% of genes in a typical genome
[1]. In some of the physiological processes like complement activation, phagocy-
tosis, immune responses, tissue reorganization, blood clotting, fibrinolysis, blood
pressure regulation, food digestion, defence mechanisms, etc. proteases serve a
promising role. The human degradome consists of at least 1449 proteases and
homologues, of which 399 are serine proteases (MEROPS release 10.0) [2]. The
cascade of activation and deactivation mechanisms of proteases needs to be con-
trolled at every point of regulation, for example at mRNA translation, transcription
of protease gene, activation of zymogen, etc. Undesired proteolysis leading to
various disease states is prevented by plethora of protease inhibitors with diverse
specificities. Increase in proteolytic activity in certain instances mediates damage of
cartilage in diarthrodial joints [3]. In certain diseases like tumor invasion, gingivitis,
emphysema and other inflammatory ailments it is thought that proteases are the
cause for tissue injury [3]. Fibrous proteins such as elastin and collagen can be
solubilized by some serine proteases like cathepsin G, collagenase and elastase that
are the culprits in extracellular matrix damage [4].

If the specificity of proteases is known with respect to their amino acid residues,
there is every probability to inhibit those enzymes that are involved in various
pathologies. Inhibitors with prospective inhibitory potential can be developed as
new therapeutic agents. It is known that there are specific protease inhibitors against
serine proteases of mammals, which are isolated from various plants and animals.
This provides an excellent opportunity for developing novel medicines. Hence, the
extracts of PIs from various sources are key in developing non-toxic drugs [3]. The
future studies will mostly be concentrated on testing the specificity of protease
inhibitors at clinical level against inflammation, cancer, dermatitis and emphysema.
A good number of proteases are potential drug targets or are versatile molecules of
consideration as diagnostic and prognostic biomarkers [5].

2 Serine Proteases

2.1 Introduction and Classification

Nature has provided abundant sources of serine proteases which are distributed
among all living cells. The presences of nucleophilic Serine residue in the active
site that attacks the carbonyl moiety of substrate, derives its name as serine pro-
tease. Ser proteases are endoproteases and catalyse polypeptide bond hydrolysis in
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the middle of the chain. A similar feature can be observed in several other exo-
protease families.

Barrett and Rawlings classified all known proteolytic enzymes based on
sequence similarity and structure into clans and families and termed this database as
MEROPS [6].

Three useful methods of grouping peptidases are currently in use as shown in
Table 1.

1. Based on catalytic mechanism
2. Based on reaction catalysed and
3. Based on molecular structure and homology.

2.1.1 Based on Catalytic Mechanism
Enzymes exhibiting proteolytic activity are classified as cysteine, glutamic, serine,
threonine, aspartic, asparagine or metalloproteases. Depending upon the catalytic
type, the clans and families of proteolytic enzymes are named as C, G, S, T, A, M,
N and U in the MEROPS database. Plus, P is given to proteases which are of mixed
type [7].

2.1.2 Based on Reaction Catalysed
Though peptidases are known to catalyse peptide bond, no single type of enzyme
catalyses all peptide bonds. They are specific to certain polypeptide chains of the
substrate. Based on the polypeptide chain specificity they are classified into exopepti-
dases, endopeptidases, aminopeptidases, carboxypeptidases, omega-peptidases,
dipeptidases, dipeptidyl-peptidases, peptidyl-dipeptidases and tripeptidyl-peptidases
[8].

2.1.3 Based on Homology and Molecular Structure
With the advent of high throughput technologies, classification based on homology
and molecular structure is the latest. Classification by Rawlings and Barrett assigns
individual peptidases into families and further into clans. In order to develop the
MEROPS database, such scheme was designed which was further extended to store
the information about proteins that inhibit peptidases [8].

2.2 Serine Proteases as Therapeutics

Despite many studies on proteases, their physiologically specific substrates are
unknown. Their activity in a particular tissue in the human body also differs. The
characteristics manifested by most proteases also differ in disease. Dysregulation of
hydrolysis of proteins is a common trait identified in different diseases and in
inflammatory responses. Tumor metastasis, invasion and growth in different types
of cancer are commonly associated with upregulation of proteolysis [7]. In using
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Table 1 Serine proteases classification and catalytic mechanism

Clan Family Families
in
humans

Prevalent Catalytic
residues

Counts of
peptidase
homologues

Activation mechanism

PA 14 S1 E Asp, His,
Ser

199 Cleavage of an N-terminal
propeptide that permits
folding to the active
configuration
Regulation of peptidase
activity

SB 2 S8 B, Ar,
Pr, F, Pl,
An, V

Asp, His,
Ser

20 Process the proteins along
secretion pathway
Catalyses the proteolytic
activation of sterol regulatory
element-binding protein
Have an ability to function at
acidic pH

S53 B, Ar,
Pr, F, Pl,
An

Glu, Asp,
Asp, Ser

5

SC 6 S9 B, Ar,
Pr, F, Pl,
An, V

Ser, Asp,
His

58 Associated with pro-specific
N-terminal, process peptides
and proteins
Degrades biologically active
peptides
Have an ability to function at
acidic pH
Serine carboxypeptidases are
synthesized as
preproenzymes
Degrades caseins and
removes N-terminal pro and
hydroxyproline residues
from peptides
Catalyse hydrolysis of
epoxide bonds into diols and
play a role in detoxification
or cell signalling

S10 B, Ar,
Pr, F, Pl,
An

7

S15 B, Ar,
Pr, F, Pl,
An

3

S28 B, Ar,
Pr, F, Pl,
An, V

9

S33 B, Ar,
Pr, F, Pl,
An, V

24

S37 B Not been
determined

– Processes the
transglutaminase precursor
from Streptomyces
mobaraensis

SE 3 S12 B, Ar,
Pr, F, Pl,
An, V

Ser, Lys 2 Carboxypeptidase B is
involved in the synthesis and
remodelling of bacterial cell
walls

SF 2 S26 B, Ar,
Pr, F, Pl,
An, V

Ser, Lys or
His

10 Removes the signal peptides
and facilitate secretion

SH 5 S21,
S73,
S77,
S78, S80

B, Ar,
Pr, F, Pl,
An, V

His, Ser,
His

– –

SJ 3 S16 B, Ar,
Pr, F, Pl,
An, V

Ser, Lys 5 It is ATP-dependent
proteolysis and ability to act
as protein-activated ATPases

(continued)
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proteases as therapeutics, one needs to understand the regulatory mode of their
activity in both intra and extra cellular regions [8].

2.2.1 Thrombolytic Therapeutic u-PA (Urokinase-Type
Plasminogen Activator)

Thrombolytic therapy based on enzymes is one of the best alternatives for surgical
treatment and the first protease drug approved by FDA is u-PA (urokinase). u-PA is
in vogue since 1978 for its efficacy in reviving patency of clogged blood vessels
and catheters clearing. u-PA is obtained from cultures of primary neonatal kidney
cells and known to possess three domains. u-PA exhibits lower affinity for fibrin

Table 1 (continued)

Clan Family Families
in
humans

Prevalent Catalytic
residues

Counts of
peptidase
homologues

Activation mechanism

SK 3 S14 B, Ar,
Pr, F, Pl,
An, V

Ser, His,
Asp

2 Play important role in both
protein quality control and
the regulatory degradation of
specific proteins
Responsible for the
degradation of nascent
polypeptides
Degradation of incorrectly
synthesized proteins

S41 B, Ar, F,
Pl, An

3

SO 1 S74 B, An, V Ser, Lys – –

SP 1 S59 B, Ar,
Pr, F, Pl,
An

His, Ser 2 Autolytic processing to
generate nucleoporins

SR 1 S60 Ar, Pl,
An

Lys, Ser 9 Proteolytic activity towards a
number of proteins

SS 1 S66 B, Ar,
Pr, F, Pl,
An

Ser, His,
Glu

– –

ST 1 S54 B, Ar,
Pr, F, Pl,
An, V

Ser, His 14 Hydrolyze peptide bonds
within a phospholipid bilayer
Cleaves the single span
transmembrane proteins near
the periplasmic edge of the
membrane

Unassigned 7 S68 An His, Ser 2 C-terminal fragments
translocate from the
cytoplasm to the nucleus
where they lead to activation
of cell survival or apoptotic
pathways

S71 An Ser 15 –

S72 B, An Ser 1 –

S79 An Ser 3 –

E Eukaryotes, B bacteria, Ar archaea, Pr protozoa, F fungi, Pl plants, An animal, V viruses
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relative to other molecules known for fibrinolytic activity. Localized administration
of u-PA to the site of thrombosis minimizes the adverse side effects and enhances
focused activity. u-PA is a potential drug for both cancer treatment and diagnosis
due to its association with the degeneration of matrix proteins in cancer cell pro-
liferation [9]. Though newer agents with similar properties are coming up u-PA
continues to be the choice for catheters cleaning due to its low cost [10].

t-PA is the second protease to be marketed as drug for treatment of thrombotic
disease [11]. t-PA also hydrolyses plasminogen to form active enzyme plasmin.
Plasmin exhibits property of digestion of blood clots by degrading fibrin mesh. The
difference between u-PA and t-PA is their specificity towards fibrin [12]. Of the five
domains of t-PA, the EGF2 and fibronectin finger domains, binds explicitly to
fibrin. Characteristically t-PA acts locally, i.e. at the site of fibrin mesh formation
contrary to streptokinase and u-PA. Systemic fibrinolysis is prevented by prefer-
ential activation of plasminogen by t-PA. First generation product of t-PA is alte-
plase marketed by Genentech as Activase®. In addition to alteplase, reteplase
(Retavase®; Boehringer Mannheim) and tenecteplase (TNKase®, TNK-tPA;
Genentech) are the bi-variants of t-PA which are in current usage.

The t-PA’s truncated form reteplase is also an approved drug for treatment of
thrombolytic AMI (Acute Myocardial Infarction). Protease affinity is reduced on
fibrin due to deletion of EGF, Kringle and N-terminal fibronectin, which increases
the clearance rate. Thus, half-life of reteplase is increased in plasma. Rather than
infusing reteplase, it can be directed by double bolus, which is cost-effective and
lowers time of administration. Genetic engineering methods like manipulation of
carbohydrate content and site-directed mutagenesis are employed to improve
tenecteplase half-life [13].

Thrombolytic therapy is the frontline method for treatment of stroke and AMI.
There is still a significant need in development for improved pharmacodynamics
and pharmacokinetics. Continuous efforts are made for developing next generation
t-PAs and simultaneously for developing formulation of plasmin, the serine pro-
tease formed in vivo by t-PA activity. Genetic engineering techniques are in vogue
for increasing the life span of therapeutic proteases [14].

2.2.2 Coagulation Factors
Many of the bleeding disorders are nowadays treated by employing proteases and
proteins of coagulation cascade, as well as in combination also. FVII, FVIII and
FIX are employed in treating haemophilia A, B and C, respectively. FVII and FIX
are serine protease zymogens whereas FVIII is a bulky protein which on activation
figures in as the cofactor for FIXa. Replacement of missing coagulation factors
extracted from plasma is the mode of treatment for haemophilia in earlier days [15].
But in the recent past numerous plasma-derived biologicals having proteases are
accepted. Safe recombinant versions of coagulation factors are the need of the day
especially in AIDS and hepatitis C cases. Risk of contamination by prions and
human viruses is a major challenge in plasma-derived biologicals. However, viral
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inactivation and screening can be done to remove contaminants. Genetic engi-
neering is the favoured method for the production of proteases [16].

Thrombin
Thrombin is the heart of coagulation cascade converting fibrinogen to fibrin [17]. It
also activates factor V, VIII, PAR-1 and even PAR-4 in severe injury [18]. It also
exhibits anticoagulant activity by complexing with thrombomodulin there by
activating protein-C. This dual nature facilitated the production of anticoagulant
molecules that lack procoagulant functionality [19].

Prothrombin an inactive thrombin consists of a serine protease domain,
N-terminal Gla domain and two kringle domains [20]. Removal of calcium- and
membrane-binding Gla domain by FXa bound to FVa allows thrombin to diffuse
locally to the site of its action. This leads to the development of Recothrom®

(Zymogenetics) a topical recombinant human thrombin which helps in stopping
small blood vessels bleeding after surgery. It was approved by FDA in 2008 and it
is less immunogenic compared to bovine thrombin [21].

Activated Protein C (APC)
APC a serine protease is associated with both inflammation and blood clotting; this
property augments its use as a therapeutic molecule [22]. APC removes cofactors
function from FVa and FVIIIa in the presence of the cofactor Protein-S and down
regulates the coagulation response [23]. The pleiotropic effects exhibited by APC
limits its use clinically through its interaction with endothelial Protein-C receptor.
APC functions as anti-apoptotic and anti-inflammatory agent [24]. Riewald and his
co-workers elucidated the cytoprotective effect of APC [25]. The gene expression
profile towards the anti-inflammatory and anti-apoptotic pathways is due to
downstream signalling through PAR-1 [26]. Activation by thrombin is in paradox
to that of PAR-1 [27]. Downstream signalling via APC is independent of PAR-1
but is through apolipoprotein-E receptor [28] and integrins b3 and b1 [29]. Severe
sepsis is treated by recombinant human APC and it is marketed as Xigris® [dro-
trecogin alfa, (EliLilly) and was approved in 2001].

2.2.3 In Dermatology—Penzyme
Proteinases from lysosomes are under active consideration for the treatment of scar
tissue and for restoration of healthy tissue. A combination of chymotrypsin and
trypsin, the Penzyme digests the outer layer of skin for the treatment of psoriasis, in
addition to treatment of dermatological conditions. Penzyme is isolated from the
alimentary canal of North Atlantic Cod and shows promise [8].

Owing to the multifaceted physiological roles and undesired emanations, ther-
apeutic usage of proteases should be meticulously executed. For example, Lane-
toplase an isoform of t-PA was developed for reduced dosage regime and extended
half-life, but was found to exhibit adverse effects like intracranial haemorrhage [30].
The pharmacological and physiological role at biological level is needed to be
understood for use of proteases as therapeutics. Development of proteins via
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engineering with site specific protease activity is inevitable for future course of
research and development.

2.3 Serine Proteases as Drug Targets

Proteases play a vital role in development of drugs which are articulated to act upon
the proteases and proteasome involved in dysregulation and tumor suppression.
Irregular protease signalling pathways lead to cancer, cardiovascular, neurode-
generative and pulmonary diseases. Substrates that are specific to upregulated
proteases are used as prodrugs and the prodrug is activated into therapeutic by
substrate catalysation. At present, a number of proteases are recognized as diag-
nostic and prognostic biomarkers. Activation of pro-MMPs is initiated by urokinase
plasminogen activator (u-PA), membrane-type matrix metalloproteinase
(MMP) and cathepsin B. Extracellular serine proteases u-PA, urokinase plas-
minogen activator receptor (u-PAR), plasminogen and MMPs activate extracellular
matrix (ECM) degradation and also initiate, invasiveness, cellular motility and
tumor growth factors cascade [31, 32].

2.3.1 Kallikreins in Relation to Cancer
Kallikreins are serine protease secretions of epithelial cells from skin, brain, breast,
pancreas and prostate. They are also found in saliva, cerebrospinal fluid, sweat and
seminal plasma milk. These are conventionally linked to clinical prognosis of
human carcinoma. Human kallikrein 3 (hK3) is the most often used diagnostic
biomarker for prostate cancer and hk3 thereby is also known as prostate specific
antigen. Amino acids serine, histidine and aspartic acid present in serine proteases
in proximity to hKs and also to one another bring about substrate cleavage.
Sex-steroid hormones regulate the expression of tissue kallikrein gene (KLK) [31],
like androgen regulation of KLK2 and KLK3 [33]. In some diseased conditions like
cancer, dysregulation of hKs occur. Upregulation of 12 KLK genes take place in
ovarian cancer [31]. Based on the type of tissue and hormone balance, tumor
progression is either inhibited or promoted by hKs [34]. hK3, hK8, hK9, hK10,
hK13 and hK14 play role in tumor suppression [35]. hKs are overexpressed in
various cancers and are the choice for drug delivery.

Various hKs are involved in cancer progression, with its interaction through
other serine proteases like u-PA and u-PAR. hK3 endorses prostate tumor growth
by instigating growth factors and proteolytic surge to vitiate the extracellular
matrix. Binding protein proteases hK3 and hK2 are recognized as insulin-like
growth factors (IGF) [36]. Bioavailability of IGF is increased, when binding pro-
teases degrade the binding protein in the tumor fuelling proliferation of prostate
cancer. Moreover, the inactive plasminogen activator inhibitor-1 form active u-PA
proteolytic cascade by hK2 and hK4 [37]. In the absence of inhibitor, activation of
plasminogen to plasmin takes place via u-PA and its receptor. Plasmin further
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activates pro-MMPs and causes the discharge of growth factors like EGF, augment
angiogenesis and ECM degradation [38]. hK3 influences the activity of TFGb
(tumor growth factor b) and can also block FGF-2 (fibroblast growth factor-2) [39].
In addition, ECM degrades MMPs like type IV collagenases through activation of
hKs [40]. u-PA–u-PAR pathway offer potential drug targets such as PSA, hK2,
u-PA, plasmin and MMPs (proteases) for therapeutic applications in cancer [41].
Upregulation of u-PA and other serine proteases was reported in different cancers
like gastric [42], prostate [43], cervical [9] and colorectal [44]. PAR
(Protease-activated receptor) G-protein coupled receptor is expressed both in cancer
and tumor cells. PAR signalling is another pathway that has been implicated in
different cancers. Trypsin and thrombin activate PAR by cleaving its extracellular
domain and mediate signals in the cell that trigger cancer cell proliferation [45].

2.3.2 Epidermal Serine Proteases

Matriptase and Prostasin
Profilaggrin plays a significant role in epidermal barrier function of skin. It is
converted into filaggrin monomers at stratum granulosum/stratum corneum
(SG/SC) interphase. Filaggrins form macro fibrils by crosslinking and maintain
hydration of SC and act as natural moisturizing factors (NMFs) [46]. Human
genetic studies have underscored profilaggrin proteolysis in maintaining epidermal
architecture and hydration. It was also reported that ichthyosis vulgaris, asthma and
atopic dermatitis are caused due to loss-of-functional mutations in profilaggrin,
which disturb epidermal barrier and allow the free entry of infection causing agents
and allergens [47].

Serine proteases prostasin, a membrane anchored glycosyl-phosphatidyl-inositol,
and type II transmembrane matriptase are essential for initiation of profilaggrin
processing. Arnett et al., has reported that in cascade of zymogen activation, the
auto-activated protease matriptase acts upstream to that of prostasin. Autoactivating
protease matriptase regulates terminal epidermal differentiation and is required for
prostasin zymogen activation [48]. Epidermal appendages, incomplete terminal
differentiation of epidermis and oral epithelium are associated with reduced
expression of matriptase [49]. Recent reports also suggest that mutations in
matriptase gene cause icthyosis [50]. Matriptase is present in the skin and when
exposed to acidic pH it gets activated immediately, which suggests that its activation
is a response of direct exposure to proton [51]. The proteolytic cascade of
matriptase-prostasin, is regulated either by the hepatocyte growth factor activator
inhibitor-1 (HAI-1) or by prostasin activation. These mechanisms rapidly inhibit
both prostasin and matriptase, which provides the opportunity for matriptase and
prostasins to act on their respective substrates [52]. The role of these
membrane-bound proteins was thought to be limited only for skin homeostasis.
However, recent studies suggest that matriptase has ability to activate
kallikrein-related proteases which play a significant role in conditions causing skin
inflammation [53].
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Kallikreins
One of the major family in tryptic–chymotryptic serine protease cluster is
kallikrein-related proteases (KLKs) encoded by 15 different genes located on
chromosome 19q13.4. Keratinocytes of the stratum granulosum (SG) present in
skin produces KLKs and are liberated into upper SG and lower SC. The present
knowledge on serine protease activity in SC is ascribed to KLKs of human tissues
[54]. In healthy skin tissues around eight different KLKs are known to be expressed,
among those KLK14, KLK8, KLK7 and KLK5 are observed to be most important
[55]. These KLKs are extensively studied and their putative functions were
determined [55, 56]. There are a number of reports which suggest that KLK5 and
KLK7 have proteolytic function in SC. Previously KLK5 and KLK7 proteases were
termed as ‘stratum corneum tryptic enzyme (SCTE)’ and ‘stratum corneum chy-
motryptic enzyme (SCCE)’ respectively. In ex vivo conditions it is known that
serine protease inhibitors are capable of inhibiting shedding of corneocytes, hence
KLK5 and KLK7 are very important in desquamation process [57]. They are most
commonly found to be expressed in SG, and located in SC interstices. Both KLK5
and KLK7 are thought to have self-activation capabilities to form a proteolytic
cascade [46]. It is believed that these two enzymes are capable of hydrolysing
DSG-1, corneodesmosin and desmocollin-1 when they are active as suggested in
in vitro studies. Recent studies have also shown certain evidences that other KLKs
also have role in desquamation, as about half of the total proteolytic activity in SC
is carried out by KLK14. The reason behind this may be that KLK14 can catalyse
and also can be triggered by KLK5.

KLK8 is also known for its role in the cascade of proteolytic activity controlling
desquamation. KLK8 is synthesized abundantly and is co-localized with other
KLKs of sweat glands and human epidermis. KLKs play an important role in
barrier function of SC and are transported and exocytosed into the SG/SC interface
by lamellar bodies. The recombinant KLK8 plays an important part in the upper SG
where in the pH is normal and the optimum activity is at pH 8.5 [56]. KLK8 activity
was also identified in extracts of SC and sweat where, kininase II and KLK1 were
known to be active. Invariably, this suggests its prospective role in desquamation of
skin, although there is lot to know about its physiological substrates.

Neutrophil Serine Proteases
The primary cell infiltrates are neutrophils, during skin infection causing ‘neu-
trophilic dermatoses’. Pustule formation can be observed in the epidermis when
there is massive infiltrate. At the time of infection, microbes are phagocytosed by
neutrophils within the phagolysosome. This is done by the a-defensins, ROS
generating systems, as well as by proteases and is liberated from 1° to 2° granules
[58]. High levels of cathepsin-G, protease-3 and human leukocyte elastase are
found only in primary granules. Phagocytosis alone is not responsible for the
release of these enzyme, also ‘frustrating phagocytosis’ and development of NETs
(neutrophil extracellular traps) comprising neutrophil-derived DNA [59]. In patients
with psoriasis (neutrophilic dermatosis) the HLE activity is observed on the surface
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of skin lesion [60]. Hence, neutrophil serine proteases are said to be important in
innate immune regulation [61].

2.3.3 Serine Protease in Synaptic Function and Behaviour
A large number of studies suggest that the activity of proteases, the corresponding
receptors and inhibitors are co-opted by brain to regulate various synaptic activities.

Thrombin
The normal functioning of brain is associated with synthesis of thrombin from
prothrombin in brain [62, 63]. Thrombin has a profound impact on both glial cells
and neurons. The neurite outgrowth inhibition with growth cone collapse [64] was
observed in cultured neurons and neuroblastoma cells when thrombin was applied
[65]. A number of responses in Astrocytes like reversal of stellate morphology and
stimulating proliferation are induced by thrombin [66]. Administration of high
amounts of thrombin for therapy exhibits programmed cell death in astrocytes and
neurons [67]. These observations emphasise a significant role of thrombin in
neuronal development and maintenance. The deleterious effects on cognitive
function of brain are most likely associated with high levels of thrombin. It was
observed that when rats were treated with thrombin via intra cerebroventricular
infusion, it resulted in higher memory errors and task completion potency in 8 arm
radial maze [68]. Numerous neuropathological changes can be observed with such
behavioural deficits which include increased astrogliosis, cell death and expanded
cerebral ventricles. Even increase in levels of apolipoprotein-E (ApoE) and phos-
phorylated neurofilament proteins were also observed. These findings also predict
the role of thrombin in cognitive decline and neuropathology related to Alzheimer’s
disease [62, 63, 66, 68].

Tissue Plasminogen Activator (t-PA)
Tissue plasminogen activator (t-PA) is one of the most widely studied serine pro-
tease associated with CNS. Endothelial cell, Neurons and Glial cells synthesize and
release t-PA in brain, and are expressed highly in hippocampus, amygdala cere-
bellum and cortex [69]. Literature available on t-PA suggests it to be a synaptic
activity modulator, but this mechanism is under debate [70]. It is also reported that
NMDAR (N-Methyl-D-Aspartate receptor) signalling is enhanced by cleavage of
the GluN1 subunit and is associated with proteolytic activity of t-PA [71].

2.3.4 Serine Proteases in Human Immune System
The human immune system consists of cells known as endosomal vesicles which
are responsible for expression of chymase and tryptase in mast cells, proteases in
granulocytes and granzymes in lymphocytes. Serine proteases from endosomal
vesicles are associated with inflammation, tissue remodelling, apoptosis and
phagocytosis. Increase in serine protease activity contributes to pathology in
allergy, auto-immune disorders and in cancer proliferation.
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Granzymes
Apoptosis via granule associated enzymes (granzymes) and by death receptor
pathway are the two mechanisms employed by CTLs (cytotoxic T lymphocytes)
and NK cells (natural killer cells) to efficiently combat virus-infected cells and
tumor cells [67]. Apoptosis induced by granzyme relies on a pore-forming protein
called perforin. Perforins are localized in the same granules and helps in delivering
granzymes to target [72]. Granzymes are efficient in activating the apoptotic
pathways in cytoplasm in two ways, by targeting proteins responsible for integrity
of mitochondria and DNA, secondly by cleavage of caspases.

In humans, five variants of granzymes are known which include Gzm A, B, H, K
and M. All the variants have exclusive pattern of expression and possess substrate
specificity, despite structural similarities among them. The best-studied and most
abundant members among human granzyme family are GzmA and GzmB. Both
GzmA and GzmB granzymes are expressed in effector CD8+ T cells and
CD56dim NK cells. Additionally, with GzmA expression GzmK is also expressed
simultaneously within the granules of memory T cells [73]. Expression of GzmA
and GzmB is higher with activation of T and NK cells but GzmK levels are unaltered
[74]. After activation Regulatory T cells expresses only granzymes. GzmA are most
prominently expressed by activated natural Treg cells whereas GzmB levels are
highly expressed by adaptive Treg cells. Perforin-dependent apoptosis can be
induced by both the Treg subtypes in autologous target cells. This property suggests
that granzymes are utilized by Treg cells to exert their anti-proliferative effects [75].
Non-cytolytic cell types like basophils, mast cells and chondrocytes lack perforin but
expresses GzmB supporting alternative function of granzymes i.e. inducing cell
death [76]. Several studies suggest that granzymes are important in
immuno-pathological processes. Increased numbers of positive granzyme lympho-
cytes was observed during various immune-mediated disorders which include
transplant rejection, systemic lupus erythematosus and rheumatoid arthritis [77].

Proteases from Neutrophils
Neutrophils are the first cells from bodies defence mechanism that turn up in the
vicinity of inflammation. Neutrophils through acquiescent action of proteases, free
radicals and antimicrobial peptides successfully mortify microorganisms. Three
serine proteases are identified in neutrophil granules: (1) Neutrophil elastase (NE),
(2) Proteinase-3 (PR3) and (3) Cat-G. They exhibit intra and extracellular activities.
Cat-C cleaves them into active forms as they are synthesized as zymogens [78].
G-CSF, C5a and TNF trigger neutrophil degranulation and remarkably augment
inflammation by interacting with cellular surfaces and extracellular matrix [79].
Neutrophil proteases inside the phagolysosome are implicated in phagocytosis and
tissue injury. Neutrophils are meant for first line of defence and are essential during
infections. However, in some cases imbalance in its activity contribute to certain
diseases. The reason for imbalance of neutrophils may be due to lack of control on
neutrophil proteases or may be because of over-exposure to proteolytic activity in
the vicinity of inflamed region. Inflammatory bowel disease (IBD), chronic
obstructive pulmonary disease (COPD) and inflammation of genital tract exhibit
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increased levels of neutrophil elastase [80]. This strong parallel correspondence
between neutrophil elastase and activation has attracted scientists to study the usage
of neutrophil elastase as a biomarker. This will be a breakthrough in diagnosing and
monitoring inflammation in episodes like COPD [81]. However, lack of specificity
dissuades elastases from neutrophils and like serine proteases as biomarkers for
diagnosis in the clinic. More or less, same NE levels are observed in sputum of
healthy smokers and COPD patients. But serine protease can be of use in moni-
toring disease progression and reflects the standing of immune cells. Neutrophil
proteases in blood can be utilized for diagnosis of the origin of the disease. Neu-
tropenia is caused by massive neutrophil activation. Low levels of neutrophil
elastase combined with neutropenia indicate defective production and survival of
neutrophils.

Another example of imbalance of neutrophil proteases leading to disease is
cystic fibrosis (CF), which is characterized by gentle and persistent breakdown of
airway architecture. Viscosity of the mucus increases paving way for bacteria to
invade small airways and colonize. The colonized bacteria trapped in the mucus
layer draw good number of neutrophils that eventually undergoes necrosis. The
release of pro-inflammatory compounds and toxic substances initiates epithelial
damage; reduce mucus clearance and inflammatory cell infiltration [82]. This is a
vicious cycle of events and the activity of protease from neutrophils in CF makes
serine proteases as potential drug targets (Fig. 1).

Fig. 1 The importance of the balance between proteases and anti-proteases in CF airways
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NE induces Chemokine IL-8 production in epithelial cells of lungs and can
inactivate the innate defence system by inhibiting surfactant D molecule which
thereby enhances the colonization of bacteria and hence NE are said to be funda-
mental mediators of inflammatory responses [83]. The expression of CD40, CD80
and CD86 is downregulated when neutrophil elastase from sputum of COPD
patients or purified neutrophil elastase is incubated with dendritic cells (DC). DC
antigen-presenting function and maturation also is impaired by NE. Collectively,
this outcome advocates that NE disables DC and restricts ample immune responses
towards microbial infections. There is reduced expression of CD8 and CD4 on
CD3+ T cells when incubated with purified NE or Cat-G which renders these cells
less cytotoxic [84]. Hence it is clear that, sputum from patients suffering from CF
exhibit lower CD4+ and CD8+ T cells and increased Cat-G and NE levels. Neu-
trophil proteases induce T-cell dysfunction need to be targeted to combat CF.

Wegener’s granulomatosis is another example of imbalance of neutrophil pro-
teases. The disease characterized by granulomatous inflammation affects several
organs like kidneys and lungs. PR3 combating antibodies known as anti-neutrophils
are present in most of the patients. As observed in the literature such antibodies can
activate neutrophils [85].

Proteases from Mastocytes
Mastocytes (Mast cells) is synonymous with reactions to allergens. Mast cells are
loaded with granules containing cytokines, histamine, proteases and proteoglycans,
chymase and tryptase as zymogens. Stimulation of mastocytes leads to degranu-
lation [86]. Degranulation releases granular contents initiating inflammation,
vasoconstriction, blood coagulation and extracellular matrix degradation [87].
Expression of GzmB and Cat-G depends on the activation status and/or localization
of mastocytes [88]. Pathogen clearance is efficiently enabled by the action of
mastocyte proteases.

Mastocytes are associated with a host of IMID (Immune-Mediated Inflammatory
Diseases); e.g. allergic diseases, IBD (Inflammatory Bowel disease) and
atherothrombosis allied with the activity of proteases from mastocytes [89]. Mast
cell degranulation is evidenced by increased levels of tryptase in vivo and suggests
IgE-mediated response [90]. Mastocytes present in the joints of patients suffering
from rheumatoid arthritis and tumor invasion sites account for degradation of
neighbouring connective tissue [91]. This phenomenon points to role of serine
proteases and are yet to be elucidated for their role in induction and perpetuation of
disease. IgA nephropathy and lupus nephritis are inflammatory kidney diseases due
to protease activity of mast cells [92]. Tryptase plays a vital role through activated
receptors and formation of type I collagen in the genesis of connective tissue
fibrosis [93]. Increase of tryptase levels in blood represents mastocyte incitement
and is associated with itching in patients undergoing hemodialysis. Mastocytes
release various pruritogens and influence of tryptase on subsequent itch develop-
ment in vivo is difficult to separate [94]. In a nut shell Table 2 depicts serine
proteases as potential drug targets.
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3 Serine Protease Inhibitors

3.1 Introduction

Fermi and Pernossi in 1894, for the first time, reported the presence and availability
of protease inhibitors in nature [95]. They are very important as they regulate the
activity of proteolytic enzymes thereby maintaining homeostasis [96]. Proteins
proficient in impeding the catalytic activity of proteolytic enzymes, stoichiometri-
cally, competitively and reversibly are categorized as protease inhibitors. Uncon-
trolled proteolysis by endogenous and exogenous proteases is prevented by these
inhibitors. Protease inhibitors specificity is very helpful in targeting some of the
proteases which are known for pathogenesis in humans, viz. hepatitis, pancreatitis,
cancer, arthritis, AIDS, emphysema, high blood pressure, thrombosis, muscular
dystrophy, etc. Having such potential, the new era of drugs and diagnostics asso-
ciated to protease inhibitors are being emerged [97]. The most abundant and
extensively distributed protease inhibitors are from serine protease family [98].
Around 17,451 serine protease inhibitors account from genomes of all five king-
doms [99, 100]. In order to inhibit the targets, serine proteases use specific changes
in the conformation [96]. The molecular weight of serine proteases is about 40–
60 kDa, having 330–500 amino acid residue and are monomeric protein molecules

Table 2 Serine proteases as potential therapeutic targets

Serine
proteases

Function Association with disease

Tryptase Promotes extracellular pathogen clearance
ECM compounds degradation
Regulates inflammatory responses
Induces release of TGFb from ECM
Promotes IL-8 production
Promotes cell signalling
Restricts blood coagulation

Promotes atherosclerosis
Contributes to allergic reactions
Aggravates psoriasis
Attributes to inflammatory kidney
diseases
Correlates with poor prognosis in
liver cancer
Inflammatory role in asthma and
allergic rhinitis

Cathepsin
G

ECM degradation, migration, regulation of
inflammatory disorders

Inflammation, metastasis

Matriptase Matrix degradation, regulation of intestinal
barrier, ironmetabolism

Pathogenesis of epithelialtissues,
tumor growth and progression

Human
elastase

Pathogen killing, ECM degradation,
inflammatory disorders

Pulmonary disease, inflammation

Chymase Promotes extracellular pathogen clearance
ECM compounds degradation
Might promote vasoconstriction
Regulates inflammatory responses
Activates pro-inflammatory cytokines

Inflammation, asthma, Promotes
atherosclerosis
Involved in gastric cancer

Proteasome Protein degradation, cell proliferation,
differentiation, angiogenesis and apoptosis

Carcinogenesis, inflammation,
neurodegeneration
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[101]. These are homologous proteins exhibiting sundry functions that carry out
many physiological and biological activities like fibrinolysis, clot formation,
apoptosis, cell growth, inflammation, angiogenesis and tumor suppression [96,
102]. Table 3 shows function and dysfunction of serpins.

Table 3 Serpins function and dysfunction diversity

Clade name Gene name Serpin known as Target Involvement in
disease

a1 proteinase
inhibitor
anti-trypsin

SERPINA1 a1-anti-trypsin Neutrophil elastase Emphysema,
cirrhosis

SERPINA2 Anti-trypsin-related
protein

Not characterized

SERPINA3 a1-antichymotrypsin Cathepsin G Emphysema

SERPINA4 Kallistatin Kallikrein

SERPINA5 Protein C inhibitor Active protein C Angioedema

SERPINA6 Corticosteroid-binding
globulin

Cortisol binding Chronic fatigue

SERPINA7 Thyroxine-binding
globulin

Thyroxine binding Hypothyroidism

SERPINA8 Angiotensinogen Release of the
decapeptide
angiotensin I

Hypertension

SERPINA9 Centerin Maintenance of
naive B cells

SERPINA10 Protein Z-dependent
proteinase inhibitor

Inhibition of
activated factor Z
and XI

Venous
thromboembolic

SERPINA11 XP_170754.3 Not characterized

SERPINA12 Vaspin Insulin-sensitizing
adipocytokine

SERPINA13 XM_370772 Not characterized

Ov serpins SERPINB1 Monocyte neutrophil
elastase inhibitor

Inhibition of
neutrophil elastase

SERPINB2 Plasminogen activator
inhibitor-2

Inhibition of uPA

SERPINB3 Squamous cell
carcinoma antigen-1

Inhibition of
cathepsins L and V

SERPINB4 Squamous cell
carcinoma antigen-2

Inhibition of
cathepsins G and
chymase

SERPINB5 Maspin Inhibition of
metastasis

Tumor
progression

SERPINB6 Proteinase inhibitor-6 Inhibition of
cathepsin G

SERPINB7 Megsin Megakaryocyte
maturation

IgA
nephropathy

SERPINB8 Cytoplasmic
antiproteinase 8

Inhibition of furin

SERPINB9 Cytoplasmic
antiproteinase 9

Inhibition of
granzyme B

SERPINB10 Bomapin Inhibition of
thrombin and trypsin

(continued)
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3.2 Classification

SERPINs represent a superfamily of proteins deriving its terminology from serine
protease inhibitors [103]. MEROPS database currently holds 71 different families
accounting for about 17,451 inhibitors based on sequence homology of proteins.
Serpins are segregated into 38 clans depending on tertiary structure and this clas-
sification is regularly updated [99]. The term proteinase was replaced with pepti-
dase in human gene in 2005. Serpins are classified based on

1. Clade
2. Group

3.2.1 Based on Clade
Serpins are divided into clades, known as clade based classification system. Serpins
are categorized into 16 clades as A-P, among them A to I include first nine clades

Table 3 (continued)

Clade name Gene name Serpin known as Target Involvement in
disease

Epipin Not characterized

SERPINB12 Yukopin Inhibition of trypsin

SERPINB13 Headpin Inhibition of
cathepsins L and K

Anti-thrombin SERPINC1 Anti-thrombin thrombin and factor
Xa inhibitor

Thrombosis

Heparin cofactor SERPIND1 Heparin cofactor II Thrombin inhibitor Thrombotic risk

Plasminogen
activator inhibitor
1

SERPINE1 Plasminogen activator
inhibitor 1

Inhibitor of
thrombin, u-PA,
t-PA and plasmin

Abnormal
bleeding

SERPINE2 Protease nexin I Inhibition of u-PA
and tPA

SERPINE3 Hs.512272 Not characterized

Alpha-2 pigment
epithelium derived
factor

SERPINF1 Pigment epithelium
derived factor

Potent
anti-angiogenic
molecule

SERPINF2 Alpha-2-antiplasmin Plasmin inhibitor Bleeding

C1 inhibitor SERPING1 C1 inhibitor C1 esterase inhibitor Angioedema

Heat-shock protein SERPINH1 Heat-shock protein Chaperone for
collagens

Neuroserpin SERPINI1 Neuroserpin (PI12) Inhibitor of t-PA,
u-PA and plasmin

Dementia

SERPINI2 Myoepithelium-derived
serine proteinase
inhibitor

Inhibition of cancer
metastasis
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which are human serpins [104]. The sequence similarity and specific phylogenetic
relationships are grouped and determined as clade where as those which cannot be
grouped are known as orphans, around 10 orphan sequences are found. Based on
the function and inhibitory activity they are classified into inhibitory and
non-inhibitory groups [98]. Based on the amino acid sites and gene structure clades
further consist of six sub-groups [105]. To understand the nomenclature, for
example in SERPINA1, letter A denotes the clade and number 1 denotes the gene
number within clade. In eukaryotes, serpins are omnipresent. About 36 functional
protein coding human genes are identified, clade A representing extracellular ser-
pins whereas clade B with intracellular serpins. In humans, SERPIN-A the a1
proteinase inhibitor anti-trypsin accounts as the largest group followed by
SERPIN-B the ov-like serpins. SERPIN-C and SERPIN-D involve orphan heparin
cofactor II (HCF-II) and anti-thrombin (ATIII) [106].

3.2.2 Based on Group
In vertebrates, serpin genes are categorized based on “group-based classification”.
The criteria of classification is based on gene structure and comprises of 6 groups
namely V1–V6 [107]. Serpins are very specific and target mostly serine proteases,
in some cases even target caspases known as cathepsins [108], papain-like cysteine
proteases [109] and some proteases involved in hormone transport and blood
pressure regulation [106]. Serpins play a significant role in corticosteroid binding,
blood pressure regulation, coagulation and hormone transport. And in seldom, a
non-inhibitory function is also significant, for example, they function as molecular
chaperones [110], as hormone transporters [111] and some as tumor suppressors
[112]. Inhibitors play a vital role in protease characterization and are used in the
pharmaceutical industry [99].

3.3 Serpins Mechanism

Serpins structurally comprise 3-b-sheets viz., A, B and C, 8-9 a-helices and a
Reactive Centre Loop (RCL) (Fig. 2). RCL plays an important role in targeting
proteases [113]. Based on RCL these protein inhibitors exist in different variants
viz., active, latent, cleaved, delta and polymeric. The amino acid terminus of the
RCL inserts into the b-A sheet forming a fourth strand, this progression is called
stressed (S) to relaxed (R) shift and results eventually into a cleaved form. Increase
of potential in inhibition is observed for serpins which bind to cofactors. Serpins are
capable of interchanging from active form to latent form and vice versa. However,
such shift is not observed in all serpins. The inhibitory activity is not seen in latent
form, but through refolding and denaturation it can translate into active form. The
secondary structures of serpins have noticeable RCL, which target the protease
active site and inhibit its activity. The inhibitory activities of protease indispensably
rely on the conformational change of tertiary structure [103]. Ser195, His57 and
Asp102 are catalytic triad residues in serpins liable for hydrolysis of amide bond
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(Fig. 3). Serpins are grouped into three major classes which are trypsin-like,
elastase-like and chymotrypsin-like [114].

With all these potential functions this class of protease inhibitors are the
emerging therapeutics, which are used in treating infections pertaining to fungal—
Candida albicans, viral—HIV, Hepatitis, Herpes and parasitic—schistosomiasis,
malaria and diseases of respiratory, cardiovascular, inflammatory, immunological
and neurodegenerative disorders [115].

Sometimes the change in conformation and deficiency of serpins leads to different
diseases like emphysema, thrombosis and angioedema. Increase in the levels of ser-
pins in endoplasmic reticulum is defined in diseases like chronic fatigue, hypothy-
roidism, hypertension, cirrhosis, tumor progression and familial dementia [116].

3.4 Serpins as Therapeutics

In human plasma, next to albumin and immunoglobulins, the third largest func-
tional groups of proteins are plasma protease inhibitors based on the weight of
molecule. These inhibitors account for about 10% of plasma proteins which are
capable of controlling many critical processes like complement activation, coagu-
lation, connective tissue turnover, inflammatory reactions and fibrinolysis.

a1PI-neutrophil elastase; a2-AP-plasmin; a1Achy-cathepsin G and AT
III-thrombin are present in human proteome which are specific of pairing with
inhibitor-target. Clr and Cls are the complement proteases which are controlled by

Fig. 2 The five-stranded A-sheet is in red, the six-stranded B-sheet in green, and the
four-stranded B-sheet in yellow. a-helices are shown in cyan. The RCL is at the top of the
molecule in magenta. Two functionally important regions of the serpin, the breach and the shutter,
are labelled. a Structure of human native anti-trypsin. b Mechanism of protease inhibition by
serpins
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CI-Inh, yet this mechanism needs to be completely understood and that in regu-
lation of mast cell chymase a1Achy are involved. Human a2M, functions as fast and
effective clearing agent due to its ability to inactivate proteases, whenever they are
freely found in circulation. Till date there are no specific reports about the func-
tional role of IaI, b1AC and aCPI [117].

3.4.1 In Diabetes
Protease inhibitors inhibit the enzymatic degradation of insulin and hence are
widely used along with insulin to increase absorption. There are several reports that
suggest that in clinical trials, when protease inhibitors and insulin are administered
together it had showed better hypoglycemic effect when compared to patients who
were administered only with insulin. Contradictory to this even there are some
reports, which suggest that concomitant administration of protease inhibitors and
insulin has shown no improvement in absorption of insulin. This may be due to
short period of exposure time of aprotinin, i.e. 24 h only and even, dose of aprotinin
may be low. Nevertheless, their role in insulin therapy still remains uncertain. To
understand their positive effect in insulin therapy more clinical studies in larger
settings is required [118].

In diabetic nephropathy, mesangial matrix accumulation is associated with
reduction in activity of plasmin, MMP-2 (matrix metalloproteinase) and MMP-9.
Megsin is the recently identified protein belonging to serpin family and is over-
expressed in mesangial cells that progressively induce mesangial proliferation in
mice. Hyperglycemia upregulates megsin at translational level in both in vivo
model of type II diabetic nephropathy and in vitro model of cultured mesangial
cells. The decreased degradation of mesangial matrix was observed when MMP-2

Fig. 3 Role of proteases in ECM degradation, invasion and metastasis
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and MMP-9 were inhibited by megsin. Anti-megsin neutralizing antibodies specific
to MMPs reinstated MMP activity. Hyperglycemia in diabetes upregulates megsin
which in turn inhibits plasmin and MMP activities suggesting the accumulation of
mesangial matrix [119].

3.4.2 In Obesity
Vaspin a serine protease inhibitor is recognized in visceral adipose tissue. Vaspin
exerts an insulin-sensitizing effect targeted toward visceral white adipose tissues
(WATs) in states of obesity. These findings drive the search for identification of
potential protease substrate that helps in developing anti-protease inhibitor therapy.
This would enhance insulin sensitivity and reverse altered expression of insulin
resistance in subjects suffering from diabetes [120].

3.4.3 In Cancer
Human Serpins associated with cancers and role of proteases in ECM degradation,
invasion and metastasis are depicted in Table 4 and Fig. 4.

3.4.4 In Central Nervous System
The role of serine proteases in glial and neuronal function is suggestive for their
involvement in health and disease of nervous system. Deranged proteolytic balance
is identified in many pathological conditions of nervous system. It is known that in
cognitive function, the synaptic proteolysis plays a very important role. Further
understanding of the association of neurotrypsin in mental retardation is of prime
importance. Extrication of molecular basis of other neurological disorders which are
not associated with the mutation of neuroserpin or neurotrypsin may involve dif-
ferent components which are associated with the extracellular proteolytic signalling
pathway. Understanding such phenotypes associated neurological disorders will
help in elucidating novel targets. Identification of novel targets will optimistically
contribute to proper management of these disorders [121].

3.4.5 In Skin Diseases
In desquamation and terminal differentiation process, serine proteases play a very
crucial role. Stratified epithelium is formed by a complex differentiation mechanism
without disturbing the barrier function. Corneocytes are separated from one another
by the timely and specially orchestrated proteolytic system. In recent times, it is also
known that the proteolytic homeostasis is crucial not only for physical barrier but also
for immunological responses. Most of the recent research was focused on epidermal
proteases their inhibitors and their role in pathogenesis (Fig. 4). Augmented
desquamation, atopy, dry skin and abnormalities of hair, e.g. bamboo hair are the
characteristic feature of ichthyosiform skin disease. The symptoms are decreased
levels of functional LEKTI (Lympho Epithelial Kazal-Type Related Inhibitor) or the
synthesis of abnormal LEKTI forms that are devoid of enzyme inhibiting domains. It
is also demonstrated that decreased levels of LEKTIs are inversely correlated to
activity of serine protease in Statum Corneum (SC). Specific expression of another
Kazal-type inhibitor in hand and foot is an interesting speculation attributed to be a
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Table 4 Human serpins associated with cancers

Serpins Molecular target Associated
cancers

Effects on cancers Experimental
therapy

a1-Anti-trypsin
(SERPINA1)

Neutrophil elastate,
trypsin,
chymotrypsin

Liver
Thyroid
Cervical
Lung

Tumor formation
Tumor formation
Poor prognosis
Invasion

Kallistatin
(SERPINA4)

Kallikrein Liver Lung
Liver
Colon

PAI-2
(SERPINB2)

u-PA, t-PA Colon Poor prognosis Colon

SERPINB3/B4 Granzyme M Lung
Head/neck
squamous

Anti-apoptosis

Maspin
(SERPINB5)

GST,
HDAC1-integrin,
collagen I, III -
catenin, EGR1,
Rac1, PI3 K/ERK

Gastric
Colon
Bladder
Lung
Ovarian
Breast
Oral
Laryngeal
Gallbladder
Melanoma

Growth retardation
Anti-apoptosis,
poor prognosis
Favourable
prognosis
Migration
inhibition,
migration
inhibition
Less invasive
Favourable
prognosis
Anti-angiogenesis

Protease
inhibitor-9
(SERPINB9)

Granzyme B Melanoma
Breast
Cervical
Colon

Poor prognosis,
immune escape

SERPINB13 Skin Anti-angiogenesis Head/neck
squamous

PAI-1
(SERPINE1)

u-PA, t-PA,
thrombin, protein C,
vitronectin

Lung
Colon
Breast
Fibrosarcoma
Thyroid
Endometrial
Pancreatic

Anti-apoptosis
Anti-apoptosis,
dissemination,
poor prognosis
Anti-apoptosis,
poor prognosis
Anti-apoptosis
Poor prognosis
Poor prognosis
Dissemination

Gastric

Protease
nexin-1
(SERPINE2)

Prostasin, t-PA,
u-PA, plasmin,
trypsin

Prostate
Breast
Colon
Oral
Breast
Testicular

Inhibition of
growth and
angiogenesis
Enhanced
metastasis
Tumor formation
Enhanced
metastasis

(continued)
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Table 4 (continued)

Serpins Molecular target Associated
cancers

Effects on cancers Experimental
therapy

PEDF
(SERPINF1)

Prostate
Osteosarcoma
Pancreatic
Colon
Breast
Lung
Melanoma
Ovarian
Glioma

Anti-angiogenesis,
pro-apoptosis
Anti-angiogenesis
Anti-angiogenesis
Anti-angiogenesis

Prostate
Endometrial
Colon
Lung
Brain metastasis
Chondrosarcoma
Cervical
Liver
Retinoblastoma
Melanoma

Neuroserpin
(SERPINI1,
protease
inhibitor-12)

u-PA, t-PA Gastric
prostate

Growth retardation
Poor prognosis

Courtesy by Zheng et al. [127]

Fig. 4 Proteases the common culprits in human skin disorders
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significant factor in eczema of hand and foot. This Kazal-type inhibitor named as
LEKTI2/SPINK9 specifically inhibits KLK5. Meyer-Hoffert and Wiedow in 2011
identified SPINK6 in skin which is a selective inhibitor of KLKs [61]. SPINK6 was
identified in skin appendages like sweat glands and sebaceous glands in SG of healthy
individuals. On the contrary, downregulated expression of SPINK6 is identified in
lesions of patients suffering from atopic dermatitis.

Other than LEKTIs a large number of other protease inhibitors are produced by
keratinocytes. Of which, one group is termed as ‘trappins’ (transglutaminase sub-
strate, WAP-domain-containing proteins) [122]. Elafin and secretory leukocyte pro-
tease inhibitor (SLPI) are two human epidermal protease inhibitors. Inhibition of
elastase and protease-3 by elafin, cathepsinG and elastase by SLPI is suggestive of the
efficacy of these two inhibitors against neutrophil serine proteases. All these findings
demonstrate the protective role of neutrophil serine proteases during inflammation. In
psoriasis, a highly inflammatory disease elafin is upregulated, whereas SLPI gene is a
housekeeping gene expressed continuously in the epidermis [123]. Elafin is stored as a
proenzyme in lamellar bodies and is secreted at the junction of SG and SC and via
transglutamination is crosslinked to the proteinaceous molecules of cornified envel-
opes. It is reported that in human skin few members of SERPIN family are expressed
which include SERPINB13 (headpin/hurpin), SERPINB4 (squamous cell carcinoma
antigen-2) and SERPINB3 (squamous cell carcinoma antigen-1). Subtilisin A is
inhibited by SERPINB8 andSERPINB9which suggest that SERPINs has a protective
role from tissue proteolysis caused by bacterial proteases.

Dandruff or Seborrheic Dermatitis (SD) is most common affliction of human
scalp. Generally, dandruff or SD is caused by dermatophytic fungi, most commonly
Malassezia furfur and other species of Malassezia, which are opportunistic patho-
gens on human scalp and skin. SD is often characterized by scaling on the scalp and
causes inflammation [124].Malassezia degrade sebum and release multiple free fatty
acids from available triglycerides. Fungal colonies consume specific saturated fatty
acids to proliferate leaving unsaturated fatty acids (USFAs) behind. These USFAs
alters the combination of sebaceous secretions and penetrates into stratum corneum,
the outermost layer of epidermis, disrupting the skin barrier function, resulting in
inflammation, irritation and leads to scalp flaking. Studies found that SNTI, a Soap
Nut Trypsin Inhibitor, was effective against dandruff causing fungi compared to the
antifungal chemical drugs—fluconazole and ketoconazole [125].

3.4.6 In Human Airway Inflammation
Bronchial asthma, fever and COPD are the symptoms in response to viral repli-
cation and release of inflammatory cytokines in influenza. Viral entry and repli-
cation is facilitated by serine proteases secreted by epithelial cells of the airway.
Surface epithelial cells of the human nasal mucosa, trachea, distal airways, lung and
human alveolar epithelial cell line A549 expressed TMPRSS-1 (Transmembrane
protease serine S-1), TMPRSS-2, TMPRSS-4 and TMPRSS-11D which belong to
serine protease family. Protease inhibitors like aprotinin and camostat are found to
reduce replication of influenza virus and release TNF-a (Tumor Necrosis Factor)
and IL-6 (InterLeukin) into cell supernatants. Conversion of HA0 the precursor
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protein into subunit HA1 in influenza virus is retarded by camostat. These findings
authenticate the role of serine proteases in the proteolytic activation of influenza
virus in human tracheal epithelial cells. Thus, serpins are coveted therapeutics
candidates in treating viral influenza [126].

3.4.7 In Blood Clotting Abnormalities
To curb excessive thrombin activity a few anticoagulant strategies are in vogue which
in turn control hyper-coagulation. Warfarin, agonist of vitamin K is being used since
1950, but its administration requires careful monitoring because of its interactions
with different drugs and food and also because of its narrow therapeutic range.
Heparin and LMWH (Low Molecular Weight Heparin) are used to enhance
anti-thrombin activity and are incapable to inhibit clot-bound thrombin. Based on
these elements, over the last twenty years’ enormous efforts are put forward to design
low molecular weight, orally bioavailable and selective thrombin inhibitors [115].
Table 5 portrays the clinical status of serine protease inhibitors as therapeutics.

Table 5 Serine protease inhibitor drugs in clinic

Target Drug name Indication Clinical status

Thrombin Ximelagatran Venous thrombosis Launched

Melagatran Thrombosis, general Pre-registration

Argatroban Arterial thrombosis Launched

BIBR-1048 Venous thrombosis Phase III

MCC-977 Thrombosis Phase II

TGN-167, TGN-255 Thrombosis Phase I

SSR-182289 Thrombosis Phase I

AZD-0837 Thrombosis Phase I

E-5555 Thrombosis Phase I

LB-30870 Venous thrombosis Preclinical

Factor Xa DX-9065a Thrombosis, angina Phase II

DPC-906 Venous thrombosis Phase II

CI-1031 Thrombosis Phase II

JTV-803 Venous thrombosis Phase II

NS3-protease BILN-2061 Hepatitis C virus infection Phase II

VX-950 Hepatitis C virus infection Phase I

Elastase Sivelestat, Elaspol SIRS, inflammation Launched

Midesteine COPD Pre-registration

AE-3763 COPD Preclinical

R-448 COPD Phase I

Broad-spectrum Nafamostat, FUT-175 Pancreatitis, inflammation Launched

Camostat mesilate Pancreatits Launched

Urokinase WX-UK1 Cancer, Gastrointestinal Phase II

Chymase NK-3201 Restenosis Preclinical

DPP IV LAF-237 Diabetes type II Phase III

MK-0431 Diabetes Phase II

P32/98 (P3/01) Diabetes Phase I

T-6666 Diabetes Phase I

NN-7201 Diabetes Phase I
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4 Conclusion

Serine proteases account to about one-third of all the known proteases. Large and
diversified clusters of serine proteases and their inhibitors are encoded by human
genome. Search for low molecular weight inhibitors to regulate proteases and their
activity is attracting pharmaceutical industry. However, it is an uphill task in view
of the expression of closely related proteins in the genome. Active site recognition
enables the regulation of multiple protease targets and focuses on active
site-directed therapies. But now other regions are also being targeted. Macro-
molecular recognition is envisaged by exosites and allosteric communication
between these regions and the active site resulting in conformational changes. This
interplay is crucial in biological system as exemplified by proteases in coagulation
and immune system. Disturbance in the delicate balance between serine protease
and serpins is the reason for a wide range of pathologies. Early reports of such
imbalance are identified in blood coagulation in which there was deficiency of
factor IX. On the contrary, overexpression of immune system serine proteases
culminates in inflammatory states. So also, imbalance in serine protease inhibition
affects multiple biological systems. Emphysema, cirrhosis and thrombosis result
from aberrant conformations and belong to proteinopathies. Unravelling the
molecular interactions in the regulatory pathways of proteolysis in vivo continues to
be a puzzling and intuitive venture to alleviate human well-being. Pharmaceutical,
biotechnological industries, academic researchers and their financial backers con-
sider serine proteases and serpins as future medicine worthy for clinical trials in
human applications.

This is a humble endeavour to elucidate the progress of protease and protease
inhibitors, predict their future and some of the hurdles overcome till date. They
remain to be the challenging molecules that are to be expounded as a promising
class of new drug targets and therapeutic agents.
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