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Proteases, also known as proteolytic enzymes, are 
enzymes that catalyse the breakdown of proteins by 
hydrolysis of peptide bonds. Using bioinformatic analy-
sis of the mouse and human genomes, at least 500–600 
proteases (~2% of the genomes) have been identified, 
many of which are orthologous1,2.

Through evolution, proteases have adapted to the 
wide range of conditions found in complex organisms 
(variations in pH, reductive environment and so on) and 
use different catalytic mechanisms for substrate hydro-
lysis; their mechanism of action classifies them as either 
serine, cysteine or threonine proteases (amino-terminal 
nucleophile hydrolases), or as aspartic, metallo and 
glutamic proteases (with glutamic proteases being the 
only subtype not found in mammals so far). Proteases 
specifically cleave protein substrates either from the 
N or C termini (aminopeptidases and carboxypepti-
dases, respectively) and/or in the middle of the molecule 
(endopeptidases) (FIG. 1) and their primary role was long 
considered to be protein degradation relevant to food 
digestion and intracellular protein turnover3. However, 
the pioneering work of Davie and Neurath on trypsino-
gen activation4, followed by that of Davie and Ratnoff5 
and MacFarland6 on the mechanism of blood clotting, 
led to the concept of protein activation by limited proteo-
lysis. It was discovered that precise cleavage of proteins 
by proteases leads to a very subtle means of regulation. 
The blood coagulation cascade has since remained a 
prototype for a proteolytic cascade in which a signal is 
passed through a pathway by the sequential activation of 
protease zymogens. Protease signalling differs from most 
other signalling pathways by being irreversible, although 

exceptions are known (for example, cathepsin C (DPPI) 
converts to a transferase at higher pH, thereby catalys-
ing the opposite reaction3). By cleaving proteins (BOX 1), 
proteases are involved in the control of a large number 
of key physiological processes such as cell-cycle progres-
sion, cell proliferation and cell death, DNA replication, 
tissue remodelling, haemostasis (coagulation), wound 
healing and the immune response.

To understand why proteases are such important drug 
targets, and to be able to validate them as targets and 
identify or design efficient drugs against them, one has to 
understand the complexity of the biological processes they 
participate in, the mechanisms of protease activity and 
regulation and the biochemistry that relates their struc-
ture to function. Having obtained this information about 
a protease in its normal physiological setting, it is then 
important to understand how these protease properties 
are modified in a disease state.

Complexity of protease signalling

To identify the role of a given protease in a given bio-
logical process and to understand protease signalling in 
health and disease one needs to know the identity of a 
protease’s physiological substrates — that is, the protease 
degradome7. However, this is not always sufficient for 
seeing the whole picture of the action of a specific pro-
tease, because in addition to the immediate effect on the 
direct substrate there is usually a downstream effect at the 
end of the signalling pathway. Understanding the down-
stream effects and complexity of protease cascades is 
therefore a challenging but crucial part of protease target 
selection and validation, because unexpected drug 
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Abstract | Until fairly recently, proteases were considered primarily to be protein-degrading 

enzymes. However, this view has dramatically changed and proteases are now seen as 

extremely important signalling molecules that are involved in numerous vital processes. 

Protease signalling pathways are strictly regulated, and the dysregulation of protease activity 

can lead to pathologies such as cardiovascular and inflammatory diseases, cancer, 

osteoporosis and neurological disorders. Several small-molecule drugs targeting proteases 

are already on the market and many more are in development. The status of human protease 

research and prospects for future protease-targeted drugs are reviewed here, with reference 

to some key examples where protease drugs have succeeded or failed.
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interactions with other proteases in the cascade can have 
devastating effects on the safety profile of a drug later in 
development (see section on matrix metalloproteinase 
(MMP) inhibitors as an example). 

Most proteases signal by catalytic activity alone, with 
the simplest mechanism being direct protease cleavage 
of the substrate, such as cytokine processing by pro-
inflammatory caspases8, ectodomain shedding (that is, 
release of extracellular domains of integral membrane 
proteins from the cell surface by members of the ADAM 
(a disintegrin and metalloproteinase) family 9) or pro-
protein maturation in the secretory pathway by furin10. 
Proteolysis can also proceed in several consecutive pro-
teolytic steps, in which the substrate is not a protease 
(a linear pathway). Alternatively, a protease might be 
involved in a limited number of steps within a cascade-
like process that are either not sequential or involve 
sequential modification/processing of non-protease 
proteins. Examples of these are regulated intramembrane 
proteolysis (RIP), which has a fundamental role in cell 
regulation and signalling, and is promoted by intram-
embrane cleaving proteases (ICLiPs)11, and the ubiq-
uitin–proteasome system, which is responsible for the 
proteolytic degradation of all intracellular proteins12.

The most complex process in protease signalling is 
a cascade organization, with the most simple cascade 
involving at least two consecutive proteolytic steps with 
one protease zymogen being the substrate for an active 
protease. In principle, all zymogen activations that are not 
autocatalytic fall into this category. The most studied pro-
teolytic cascade is the blood coagulation cascade, which 
involves the sequential activation of a series of serine 
proteases with thrombin activation as its final step, lead-
ing to fibrinogen activation and blood clot formation13. 
Sometimes, however, it is difficult to decide whether 
a pathway is a cascade or not. In several processes, it 
is simpler to talk about protease networks involving 
multiple classes of proteases that form a system, such as 
in extracellular matrix degradation in cancer14.

Proteases and drug discovery

During cell and tissue development and organism homeos-
tasis, the protease signalling pathways work normally and 
are tightly controlled. But what happens when the regula-
tion of protease signalling fails? At the substrate-cleavage 
level, there is either too little or too much proteolysis. 
Diminished proteolysis as a result of insufficient protease 
activity mostly originates from genetic irregularities 
(endogenous proteases1), excessive inhibitory activity or 
insufficient activation (both often used by pathogens15–17) 
and will not be extensively discussed here. By contrast, 
excessive or inappropriate proteolysis is seldom a result 
of genetic aberrations but most often results from numer-
ous endogenous and/or exogenous factors, which result 
in unwanted activation of protease signalling pathways, 
such as the effect of atherosclerotic plaque formation or 
blood vessel injury on the blood coagulation cascade, 
which leads to the appearance of intravascular thrombi18. 
So far, inappropriate proteolysis has been found to have 
a major role in cancer as well as cardiovascular, inflam-
matory, neurodegenerative, bacterial, viral and parasitic 

Figure 1 | Protease basics. a | Catalytic mechanisms of mammalian proteases. 

The five major catalytic classes of proteases use two fundamentally different catalytic 

mechanisms to stabilize the tetrahedral intermediate. In the serine, cysteine and 

threonine proteases the nucleophile of the catalytic site is part of an amino acid 

(covalent catalysis), whereas in the metalloproteinases and aspartic proteases the 

nucleophile is an activated water molecule (non-covalent catalysis). In covalent 

catalysis, histidines normally function as a base, whereas in non-covalent catalysis Asp 

or Glu residues and zinc (metalloproteinases) serve as acids and bases. A further 

difference between the two groups is apparent in the formation of the reaction 

products from the tetrahedral intermediate, which for cysteine and serine proteases 

requires an additional intermediate step (acyl-enzyme intermediate). b | Modes of 

substrate cleavage by peptidases (cysteine cathepsins were used as examples): 

endopeptidase (cathepsin L) and exopeptidases (left, cathepsin H, an 

aminopeptidase; and right, cathepsin X, a carboxypeptidase). Peptide substrate 

(schematically represented by cyan balls) runs through the entire length of the active 

site of an endopeptidase framework (blue) and is cleaved in the middle of the 

molecule (scissile bond marked yellow). In exopeptidases, substrate binding is 

structurally constrained (mini-chain in cathepsin H, orange; mini-loop in cathepsin X, 

green). In cathepsin exopeptidases these additional structural elements also provide 

negative charge (cathepsin H) to bind the positively charged amino terminus (blue) of 

the substrate, or positive charge (cathepsin X) to bind the negatively charged  

carboxyl terminus (red) of the substrate. c | Schematic representation of a protein 

substrate binding to a protease. The surface of the protease that is able to 

accommodate a single side chain of a substrate residue is called the subsite. Subsites 

are numbered S1–Sn upwards towards the N terminus of the substrate (non-primed 

sites), and S1′–Sn′ towards the C terminus (primed sites), beginning from the sites on 

each side of the scissile bond. The substrate residues they accommodate are 

numbered P1–Pn, and P1′–Pn′, respectively. The structure of the active site of the 

protease therefore determines which substrate residues can bind to specific substrate 

binding sites of the protease (known as the intrinsic subsite occupancy), thereby 

determining substrate specificity of a protease. Part a reproduced, with permission, 

from REF. 129 © (2004) Macmillan Magazines Ltd.
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Autocatalytic
The proteolytic conversion of a 

zymogen protease molecule 

into its mature form by 

molecules of the same kind.

Extracellular matrix 
degradation
The extracellular matrix are 

non-celullar components of 

tissues, and are primarily 

composed of various 

glycoproteins, proteoglycans 

and hyaluronic acid. In various 

disease states such as cancer 

and osteoarthritis, ECM is 

degraded by various 

proteases, including matrix 

metalloproteases and the 

cathepsins.

diseases. Because excessive proteolysis can be prevented 
by blocking the appropriate proteases, this area is widely 
explored by pharmaceutical companies19.

The history of drugs designed to suppress protease 
activity dates back to the 1950s. It has been more than 50 
years since the first two drugs that affect protease signal-
ling — heparin and the vitamin K analogue warfarin, 
which target the blood coagulation cascade — were 
brought into clinical practice to treat thrombosis. 
However, neither is a direct protease inhibitor: warfarin 
prevents vitamin K recycling and thereby inhibits post-
translational γ-carboxylation of the N-terminal regions 
of vitamin K-dependent proteases (Factor II, VII, IX and 
Xa) that are required for their biological activity, whereas 
heparin is an allosteric regulator of antithrombin activity, 
which indirectly influences the activities of Factor Xa 
and thrombin. However, the development of antithrom-
botic drugs has been the subject of several excellent 
reviews18,20,21 and will therefore not be covered in detail 
here. Nevertheless, coagulopathies, thrombolysis and 
cardiovascular diseases (see below) remain one of the 
key disease areas in which proteases are considered to 
be major targets.

A story of success: ACE inhibitors

With current annual sales exceeding US$6 billion, the 
angiotensin-converting enzyme (ACE) inhibitors are 
definitely the major protease inhibitor success story. 

ACE inhibitors have been on the market for more 
than 20 years, with 13 of them currently approved for 
clinical use (TABLE 1) and several others in clinical trials. 
They are widely used to treat cardiovascular condi-
tions including hypertension, heart failure and heart 
attack. ACE (peptidyl dipeptidase A) is a zinc metal-
loproteinase that acts as a carboxy dipeptidase, and 
one of the central proteases in the renin–angiotensin 
system. It catalyses the conversion of angiotensin I into 
angiotensin II (FIG. 2a), a step required for angiotensin 
receptor activation22.

Development of the current generation of ACE 
inhibitors (FIG. 2b) is a special story, because 30 years ago 
neither the sequence nor three-dimensional structure 
of the enzyme was available. Instead, the structure of 
carboxypeptidase A, now known to be considerably dif-
ferent from that of ACE, was used for drug design. The 
ACE inhibitors share a number of common features: low 
molecular mass; a metal-chelating group (phosphinate, 
thiol ligand or carboxylate) that binds to the zinc moiety 
in the enzyme’s active site; and they target only the S1, 
S1′ and S2′ subsites of ACE with high affinity (IC50 = 
0.4–23 nM for the active metabolite). To achieve good 
oral bioavailability, most of the inhibitors (except cap-
topril, lisinopril and enalapril) are synthesized as ester 
prodrugs. Most, except captopril, require only a single 
dose per day, although they are only efficacious in a 
limited number of people and have some side effects, 
including coughing and angioedema19,23.

When the crystal structure of ACE was eventually 
solved, it revealed that the enzyme is composed of two 
highly homologous but not identical domains with some-
what different functions and specificities24 (FIG. 2c). This 
subsequent finding could explain some of the side effects 
seen with early ACE inhibitors, which were relatively 
non-selective and inhibited both domains with similar 
affinities (one- to tenfold difference in Ki; reviewed in 
REF. 23). However, the C-terminal domain seems to be 
primarily responsible for the conversion of angiotensin 
I to angiotensin II with a major effect on blood pressure 
regulation, whereas the N-terminal domain seems to be 
involved in haemoregulation, a hypothesis recently con-
firmed in a preconstricted porcine coronary microarter-
ies model using a new generation of specific inhibitors 
of the C-terminal (RXPA380) and N-terminal (RXP407) 
domains25. This new set of inhibitors, designed on the 
basis of structural differences between the two domains, 
is much more selective (Ki (C-term)/Ki (N-term) = 25,000 
for RXPA380 (REF. 26)) and should offer improved control 
of different physiological processes while improving  the 
safety profile.

Another approach to ACE inhibition is the genera-
tion of dual inhibitors of ACE and neutral endopeptidase 
(NEP). NEP is a zinc metalloproteinase similar to ACE 
that is responsible for the degradation of various natriu-
retic peptides (atrial natriuretic peptide, brain-derived 
natriuretic peptide and C-type natriuretic peptide), and 
also cleaves angiotensin I and bradykinin. Therefore 
simultaneous potentiation of atrial natriuretic peptide 
via NEP inhibition and attenuation of angiotensin II 
via ACE inhibition leads to complementary effects in 

Box 1 | Protease substrates and their processing in health and disease

Although every single protein is destined to be processed by proteases during its 
recycling or degradation, a genuine protease substrate is not simply defined as a protein 
that contains a recognition sequence for a protease that is cleaved in an in vitro assay; 
the protein has to be found simultaneously with the active protease in the same cellular 
compartment or extracellular location. Proteases involved in protein recycling and 
degradation are therefore physically separated from the majority of other proteins by 
being kept in lysosomes or in a proteasome to prevent unwanted proteolysis. Apart from 
degradation, which is essential for some functions (such as protease signalling in antigen 
processing and presentation to major histocompatibility class I and II molecules as part 
of the immune response), processing (cleavage) of a protein by proteases can have the 
following different consequences for the function of a specific protein:

• Gain of function (for example, activation by limited proteolysis).

• Loss of function (for example, cleavage of inhibitor of caspase-activated DNAse 
(ICAD) by caspase 3 during apoptosis, thereby releasing caspase-activated DNAse 
(CAD) and enabling DNA fragmentation118).

• Switch of function (for example, chemokine processing by matrix metalloproteinases 
and other proteases93).

Alternatively, processing (cleavage) of a protein by proteases can have no direct 
consequence for the function or activity of protein:

• Original function of the protein is already lost (for example, during degradation and 
recycling of inactivated proteins).

• Potential gain or loss of function (for example, stepwise processing of a protein 
precursor by different proteases, in which the first cleavage is necessary for 
subsequent cleavage(s) to occur119).

• Ligand removal (for example, deubiquitination120).

• Trimming of the amino or carboxyl terminus of the protein (for example, cathepsin C 
(DPPI); trimming of the amino termini of cysteine cathepsins121).

Functions 1–3 (function 3 being a combination of functions 1 and 2) are of crucial importance 
in disease.
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the management of hypertension and congestive heart 
failure. Omapatrilat (Bristol-Myers Squibb), a bicyclic 
thiazepinone peptidomimetic27, is the most advanced 
of the dual ACE/NEP inhibitors in development19. 
However, although it was shown to be superior over 
existing agents in reducing hypertension, its registration 
was halted by the FDA because of increased side effects, 
such as severe angioedema, in Phase III trials23,28 and 
additional testing has been requested.

A story of failure: MMP inhibitors

The MMPs were the first protease targets seriously 
considered for combating cancer because of their role 
in extracellular matrix degradation. Several MMP 
inhibitors, which can be generally divided into two 
major groups, hydroxamates and non-hydroxamates, 
were therefore developed19. After encouraging pre-
clinical results in various cancer models, several of the 
MMP inhibitors, such as the hydroxamates batimastat 

Table 1 | Protease inhibitors approved for clinical use

Indication Compound Company Target Protease 
class

Hypertension, 
myocardial infarction

Captopril Bristol-Myers Squibb ACE Metallo

Enalapril Merck 

Lisinopril AstraZeneca

Trandolapril Abbott 

Zofenopril Menarini group

Ramipril Aventis

Moexipril Boehringer Mannheim

Imidapril Trinity Pharmaceuticals

Perindopril Daiichi Pharmaceutical, Servier/Solvay

Qinapril Pfizer 

Fosinopril Bristol-Myers Squibb

Benazepril Novartis

Cilazapril Roche

Periodontitis Periostat CollaGenex MMP1, 
MMP2

AIDS Ritonavir Abbott HIV 
protease

Aspartic

Amprenavir Vertex Pharmaceuticals, GlaxoSmithKline

Fosamprenavir GlaxoSmithKline

Atazanavir Bristol-Myers Squibb

Lopinavir Abbott

Indinavir Merck

Saquinavir Hoffmann-La Roche

Nelfinavir mesylate Pfizer

Thrombosis Ximelagatran* AstraZeneca Thrombin Serine

Argatroban Mitsubishi Pharma

Lepirudin Aventis (Hoechst Marion Roussell)

Desirudin Novartis

Fondaparinux 
sodium (indirect)

Sanofi Synthelabo Factor X

Thrombosis, unstable 
angina

Bivalirudin The Medicines Company

Respiratory disease Sivelestat Ono Human 
neutrophil 
elastase

Pancreatitis Camostat mesilate Ono Trypsin-like

Pancreatitis, 
inflammation

Nafamostat 
mesilate

Japan Tobacco Broad-
spectrum

Cancer Bortezomib Millennium Proteasome Threonine

*Withdrawn from production because of liver toxicity.  ACE, angiotensin-converting enzyme; MMP, matrix metalloproteinase.
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(BB94; British Biotech), marimastat (BB2516; British 
Biotech) and prinomastat (AG-3340; Aguron), and 
the non-hydroxamates neovastat (AE-941; Aeterna), 
which is extracted from shark cartilage, rebimastat 
(BMS-275291; Bristol-Myers Squibb) and tanomastat 
(Bay-12-9566; Bayer), were tested in advanced clinical 

trials but all failed because of severe side effects and/or 
no major clinical benefit.

There were several reasons for this failure. First, 
these compounds are mostly broad-spectrum MMP 
inhibitors that were developed at a time when only a few 
metalloproteinases were known and almost nothing was 

Figure 2 | The renin–angiotensin system and drug discovery. a | Schematic representation of proteolysis in the renin–

angiotensin system (RAS). Renin is the first and the rate-limiting protease in the RAS, responsible for angiotensinogen 

cleavage to generate angiotensin I (AngI). AngI is further cleaved by angiotensin-converting enzyme (ACE), resulting in 

angiotensin II (AngII), which binds to the AngII receptor 1 (AT
1
), resulting in AT

1
-mediated increase in blood pressure. 

Neutral endopeptidase (NEP) is another protease in addition to various natriuretic peptides that can cleave AngI to form 

Ang 1–7 peptide (blue). Another substrate of ACE is bradykinin, which is a vasoactive peptide, generated from kininogen 

by kallikrein and related kininogenases. ACE cleavage, however, leads to inactivation of bradykinin (orange). b | Chemical 

structures of ACE inhibitors currently used in the clinic. c | Structure of ACE–lisinopril complex. Coordinates were taken 

from the Protein Data Bank (entry code 1O86).
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Positional scanning library
A combinatorial chemistry 

approach in which individual 
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kept defined with the other 

positions being degenerate to 

yield ‘positional libraries’. 

These compound mixtures are 

then tested. The most active 

moieties of the defined (and 

therefore known) positions are 

subsequently combined to 

yield the screening result, the 

active molecule.

known about their substrates and biology. Since then, 
metalloproteinases, including ADAMs and ADAM-TS, 
both discovered after clinical trials had begun, have 
been shown to have other important cellular functions 
and are generally pro-survival. Musculoskeletal side 
effects observed could be at least partially attributed to 
the crossreactivity of the inhibitors, as well as to poor 
understanding of their complex biology, which is still 
an issue29. Second, MMP inhibitors were ineffective 
against advanced or late-stage tumours, which were 
present in most of the patients. This finding was later 
confirmed in mouse models (for example, a mouse 
model of pancreatic islet cell carcinogenesis30), but in 
the initial animal studies inhibitors were given during 
the early stages of tumour progression. Third, the design 
of clinical trials was problematic and Phase I was often 
followed immediately by combined Phase II/III trials 
without sufficient time for good data analysis (reviewed 
in REF. 31). Essential, although expensive, lessons about 
protease inhibitors were learnt from these trials, and the 
further development of MMP inhibitors as therapeutic 
agents for cancer was largely abandoned.

Strategies for protease drug discovery

Identifying and validating protease targets. Generally, a 
protein target should have altered activity in the disease 
of interest and can often be connected to differential 
expression of the protein. But this is not always the case 
with proteases: deregulation of activity resulting from 
increased activation (which is seen, for example, with 
caspases) or loss of a key inhibitor would not change the 
expression profile of the candidate protease. Therefore, 
analysis of the activity of the proteases in vivo is cur-
rently one of the hottest areas of protease research32,33. 
In addition to offering real-time monitoring of protease 
activity, which was recently achieved for several cysteine 
cathepsins in a cancer model34, this technology is also 
highly amenable to testing the efficacy of potential thera-
peutic inhibitors in living cells, which has advantages 
over conventional methods of monitoring activity in cell 
or tissue extracts.

A key part of understanding protease signalling in 
both health and disease is to identify the endogenous 
substrates of proteases and many strategies have been 
applied to achieve this. The so-called ‘bottom-up’ 
approach — that is, searching for the processing pro-
tease for a known physiological substrate — has been 
used successfully to identify the substrates of several 
proteases including, for example, those involved in the 
renin–angiotensin system35, ACE36 and, more recently, 
the ICLiPs11.

The advent of in silico biology, genetics and proteom-
ics has also helped in the search for physiological protease 
substrates7. For example, once the extended substrate 
specificities of proteases have been determined by using 
phage display peptidic libraries, combinatorial fluo-
rescent substrate libraries or positional scanning libraries 
based on covalent inhibitors37–40, bioinformatics can be 
carried out on a genome-wide basis to find potential sub-
strates according to the protease substrate specificities 
determined. However, because the specificities of proteases 

on small synthetic substrates are often different from 
the specificities on protein or long peptidic substrates, 
this method requires additional confirmation by other 
techniques. Probably the best example of this approach 
is the successful identification of caspase substrates41, 
but it has also worked for granzyme B38 and for 
metalloproteinases42.

Genetic approaches to substrate searching gener-
ally consist of classical knockin/knockout animal 
models or, more recently, RNA interference (RNAi) 
gene knockdown. The use of knockout animals has 
been somewhat limited because of challenges such as 
embryonic lethality and upregulation of compensatory 
protease functions that provide misleading phenotypes. 
Nevertheless, the approach has been useful in several 
cases, such as the identification of various metallo-
proteinase substrates9 and, of particular interest to the 
pharmaceutical industry, the confirmation of an essen-
tial role for β-site APP-cleaving enzyme (BACE) in the 
production of β-amyloid in mouse, which validated 
BACE as a target for Alzheimer’s disease43. Another 
approach, which is often used in target validation, is 
to combine an animal disease model with a classical 
protease mouse knockout model, which enables one 
to address specifically the role of a protease of inter-
est. This approach has been used to study the role of 
cysteine cathepsins in different cancer cell models, 
such as the Rip1–Tag2 mouse pancreatic islet tumour 
model44. RNAi, although a powerful tool in target 
validation, has been less frequently used in substrate 
identification, although one example is the use of RNAi 
to explore the roles of different MMPs in cancer45.

It should be noted that genetic studies in model 
organisms such as yeast, Caenorhabditis elegans, 
Drosophila, Xenopus and zebrafish (Brachydanio rerio), 
although mostly devoted towards general identification 
of signalling pathways and not specifically towards pro-
tease identification, provided some major discoveries in 
the protease field. An example was the discovery that the 
proapoptotic CED-3 gene in C. elegans is highly homolo-
gous to the cysteine protease interleukin-1β converting 
enzyme (caspase 1), which revolutionized the entire 
apoptosis field46.

The yeast two-hybrid system, which is widely used 
in the identification of physiological ligands of pro-
teins, was shown to work also in the protease field and 
led to the identification of monocyte chemoattractant 
protein 3 (MCP3) as an MMP2 substrate using the hae-
mopexin domain of MMP2 as a bait47. However, this 
method has not been widely adopted by the protease 
research community.

Advances in proteomics tools (for example, the 
development of new fluorescence probes for two-dimen-
sional electrophoresis with enhanced sensitivity, and 
of new methods for identifying neo-amino termini of 
peptides by liquid chromatography and mass spectrom-
etry), which can be used in combination with genetic 
methods or in specific cellular or ex vivo models, are 
being applied in the hunt for protease substrates. Several 
protease substrates have been recently identified in this 
way, including MMP substrates such as chemokines and 
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cytokines (substrates of MT1-MMP and MMP2  (REF. 48)) 
and granzyme B substrates (procaspase 3 and HOP 
(Hsp70/Hsp90 organizing protein))49. The power of 
proteomics therefore lies in the possibility of resolving 
complex problems, such as the identification of 92 differ-
ent caspase substrates among >1,800 different proteins 
identified in Fas-mediated apoptosis in Jurkat cells50. 
Proteomics is therefore highly suitable for the identifica-
tion and validation of potential protease drug targets.

Some validated protease targets, such as renin, ACE, 
blood coagulation proteases, γ- and β-secretases and 
dipeptidyl peptidase IV (DPPIV), have been identi-
fied through searching for the processing protease for 
a known physiological substrate. However, often we 
can only see the final phenotype of the disease and we 
have to start searching for protease targets from that 
point. Because of the complexity of (protease) signal-
ling pathways, it is important to identify, if possible, 
the earliest event in disease progression, because the 
earlier in a cascade of events that an inhibitor acts, 
the more effective at blocking the ultimate effects the 
inhibitor will be. Blocking a step at the end of a cascade 
would require larger doses of an inhibitor to achieve 
comparable effectiveness, and this might lead to safety 
and toxicity issues. However, there might be some 
trade off here with selectivity: blocking an early step 
could potentially require much tighter regulation and 
as such the development of more specific compounds. 
The anticoagulant pathway provides a good example 
of this, because it is necessary to decide whether to 
target Factor Xa, which is a mediator, or thrombin, 

which is the final effector, considering that one mol-
ecule of Factor Xa within the prothrombinase complex 
can generate more than 130 thrombin molecules per 
minute20. Nevertheless, different companies develop 
direct inhibitors against both thrombin and Factor Xa. 
However, insufficient understanding of the biological 
role of a protease target can lead to the development 
of a drug with unexpected and severe side effects, as 
happened with the first-generation MMP inhibitors 
developed for cancer and rheumatoid arthritis31.

Regulation of protease activity

The action of proteases is tightly controlled to prevent 
improper cleavage of signalling molecules (FIG. 3). 
Protease activities are regulated at the transcriptional 
level by differential expression, and at the protein level 
by activation of inactive zymogens and by the binding of 
inhibitors and cofactors. Activation can be either auto-
catalytic or catalysed by other proteases, as described 
above. Alternatively, proteases are sometimes activated 
with the assistance of an activation complex, such as the 
death-inducing signalling complex (DISC), which is 
involved in the activation of various caspases51. As such, 
preventing protease activation could be an attractive 
area for potential new therapeutics, and is particularly 
amenable to RNAi approaches52.

Protease activity is also regulated by cofactors, pro-
teins that reversibly bind to proteases and/or inhibi-
tors and affect their final activity, often in an allosteric 
manner. The blood coagulation cascade provides the 
most well-known examples, with tissue factor protein 
regulation of Factor VIIa activity53 being the best-known 
cofactor to be explored by the pharmaceutical industry20. 
Although they are not proteins and therefore not cofac-
tors in the usual sense, glycosaminoglycans (GAGs) are 
extremely important allosteric regulators of proteases 
and their physiological inhibitors. Their best-character-
ized interaction is with antithrombin, the major inhibitor 
of several blood coagulation proteases and a subject of 
therapeutic intervention54 (TABLE 1). Heparin (one of the 
best-characterized GAGs) and its derivatives are there-
fore often referred to as indirect and allosteric inhibitors 
of blood coagulation proteases, primarily Factor X.

The other major regulators of protease activity are 
their endogenous or exogenous inhibitors. In this regard, 
nature has been economical because the number of 
endogenous human inhibitors identified is substantially 
smaller than the number of proteases identified (only 105 
in humans), with only a slightly higher number identi-
fied in mice124 (see MEROPS database, Further informa-
tion). This might be explained by the low specificity of 
the inhibitors for their target proteases, meaning that one 
inhibitor can inhibit several proteases. For example, the 
main inhibitors for all the metallo-endopeptidases, of 
which there are more than 180, consist of only four pro-
teins: tissue inhibitor of metalloproteinase 1 (TIMP1), 
TIMP2, TIMP3 and TIMP4. It is common to classify an 
endogenous protein inhibitor according to the structural 
mechanism by which it inhibits its target protease55,56. 
The second method is to examine the physiological 
relevance of inhibition57 (BOX 2).

Figure 3 | Regulation of protease activity. The funda -

mental mechanisms governing activity are conserved in 

most proteases. Latent protease zymogens await an 

activation signal, which can come from an allosteric 

activator or another protease. Once active, substrate and 

inhibitor compete for protease binding, and the outcome is 

defined by the local concentration of inhibitor. The double-

headed arrow depicts reversible inhibition. Adapted from 

from REF. 129 © (2004) Macmillan Magazines Ltd.
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Of the several approaches to targeting protease sig-
nalling, protease inhibition is the most widely explored 
so far. In addition to directly blocking the activity of the 
target protease, protease inhibitors also block activation 
of the downstream proteases, or affect protease activity 
in complexes with cofactors, thereby covering all three 
mechanisms of protease regulation reasonably well. The 
rest of this review is therefore devoted to alternative 
approaches to inhibit mature proteases.

Direct inhibition: large versus small

Large molecules. Once a protease target is validated, 
using an exogenous modulator to mimic its physiologi-
cal inhibition is an attractive therapeutic approach, but 
unfortunately it is only seldom possible to do this for 
protease targets. Nevertheless, there has been some suc-
cess in the blood coagulation area, in which novel large-
molecule inhibitors based on proteases used by various 
blood-sucking animals have been developed.

The first examples were derivatives of hirudin, a 
potent 65-amino-acid reversible thrombin inhibitor puri-
fied from the medicinal leech. Both recombinant hirudin 

(desirudin) and bivalirudin (a synthetic 20-amino-acid 
polypeptide based on the inhibitory sequence of hirudin 
with an improved safety profile compared with hirudin) 
were approved as anticoagulants for clinical use (TABLE 1). 
A second example is recombinant nematode anticoagu-
lant protein (rNAP) from the hookworm Ancylostoma 
caninum, initially developed by Corvas Pharmaceuticals, 
and later acquired by Nuvelo. Nuvelo recently reported 
that rNAP has an acceptable safety profile and is well 
tolerated in doses up to 10 μg per kg body weight in 
patients being treated for acute coronary syndromes 
(ACS) in a Phase IIa trial58. Other examples, such as 
the natural peptidic inhibitors of Factor X, tick antico-
agulant peptide (TAP)59 and antistasin60, have served as 
prototypes for inhibitor design.

The Bowman–Birk inhibitor concentrate isolated 
from soybean61 is a mixture of several serine protease 
inhibitors that primarily has chymotrypsin inhibitory 
activity but also some trypsin inhibitory activity, and was 
shown to have a positive effect in treating oral cancer in 
Phase II clinical trials several years ago. However, not 
much research has been done on this agent since. It is 
thought to mediate its effects by inhibiting the chymo-
tryptic activity of the proteasome62, and so works in a 
similar way to bortezomib (Velcade; Millennium), a pro-
teasome inhibitor that was recently approved for cancer 
treatment (TABLE 1).

Another large-molecule approach is to use human-
ized antibodies, a method initially developed for other 
protein target classes63. Although research into neutral-
izing antibodies against protease targets is at an early 
stage, there are already some examples of this drug class 
in preclinical and early clinical development. These 
include neutralizing antibodies against uPA (urokinase 
type plasminogen activator)64 and cathepsin B65 (Krka 
Pharmaceuticals) for potential cancer treatment, against 
tissue factor (hATR-5; Chugai Pharmaceuticals) for a 
wide range of thrombotic disorders and against Factor 
VIIIa (mAb-LE2E9; ThromboGenics) for venous 
thrombosis treatment20.

Small molecules. The majority of drug discovery efforts 
in the field of protease inhibition are still devoted to 
small molecules. Ideally, a small-molecule inhibitor 
would be completely selective for its target, have excel-
lent absorption, distribution, metabolism, excretion 
and toxicology (ADMET) parameters for acute and 
chronic use, be orally available and be amenable to daily 
(or less frequent) administration. Obviously, no such 
compound exists for any target, but for protease targets 
there are several specific challenges. First, research with 
protease-knockout mice has shown that even the most 
simple protein-processing events often have complex 
consequences, and that protease signalling in its broad-
est sense is often only a small part of disease biology 
in the whole organism and not even always the best 
aspect to target. Second, there is no inhibitor that is 
completely selective for a single protease target. Finally, 
many potent protease inhibitors have poor safety pro-
files. Indeed, many of the best protease inhibitors have 
been a compromise in which a degree of efficacy has had 

Box 2 | Classification of protease inhibitors

Protease inhibitors can be classified according to their mechanism of inhibition or by 
the physiological outcome or relevance of the inhibition. Four different mechanisms for 
protease inhibition have been described so far56:

• Canonical inhibitors (lock-and-key) bind to their targets in a substrate-like manner 
to form an almost Michaelis-type complex, a principle used by serine protease 
inhibitors (serpins)122.

• Exosite-binding inhibitors directly block the active site by binding adjacent to it and 
covering it partially in a substrate-like manner. This principle was observed initially 
with cystatins and cysteine cathepsins123.

• Inhibitors might also bind in a quasi-substrate-like manner that is a combination of 
the canonical and exosite-binding mechanisms (for example, as with tissue inhibitor 
of metalloproteinases124).

• Allosteric inhibitors — such as X-linked inhibitor of apoptosis protein, which inhibits 
caspase 9 — prevent dimerization by binding in the interdomain region away from 
the active site125.

With the exception of allosteric inhibitors all other endogenous protein inhibitors are 
mostly competitive.

The physiological inhibition of proteases depends on temporal and spatial 
co-localization of the protease and its inhibitor, their relative concentrations and 
binding kinetics; this leads to two major categories of physiological inhibitors57:

• Emergency type inhibitors (characterized by a large excess concentration of inhibitor, 
rapid binding and no co-localization with proteases) with the major function to block 
any protease activity in an inappropriate compartment (for example, cystatins57).

• Regulatory type inhibitors (often co-localized with proteases) which are responsible 
for the fine regulation of protease activity. 

Regulatory type inhibitors can be subdivided into the following categories:
• Threshold inhibitors: low concentration and rapid binding, their major function is to 

neutralize accidental protease activation (for example, inhibitors of apoptosis126).

• Buffer-type inhibitors: weak binders, these temporarily block proteases to prevent 
inappropriate activity and can be easily displaced from the complex (for example, 
propeptides of cathepsins127).

• Delay-type inhibitors: often irreversible, slow binders that enable protease activity 
for a limited amount of time (for example, antithrombin54).

• Pro-inhibitors: synthesized as inactive, and require proteolytic processing to become 
active (for example, invariant chain p41 fragment resulting from the proteolytic 
processing of major histocompatibility class II molecules128).
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amino-acid residues of the 

target enzyme.

to be sacrificed to develop a compound with improved 
bioavailability and tolerable side effects, depending on 
the disease to be treated.

Several general strategies for small-molecule screen-
ing are also applicable to the design of protease inhibi-
tors. High-throughput screening procedures using a 
company’s entire compound collection are seldomly used 
nowadays. More often, screening for protease inhibitors 
involves virtual screening, fragment-based screening 
and screening of small focused libraries of compounds 
(typically several thousand compounds). The methods 
can be also combined, as exemplified by Novartis in its 
screen for inhibitors of the Dengue virus NS3 protease66. 
However, caution is required with this approach because 
it can result in the generation of hits that are non-selective 
for the target protease67.

One limitation with screening for protease inhibitors is 
that some of these methods, such as virtual screening and 
fragment-based screening, require the three-dimensional 
structure of the target protease. However, knowledge 
of the three-dimensional structure of the protease is, 
although not essential, beneficial in all screening methods 
and for inhibitor design in general. For example, the 
development of drugs against the aspartic protease of 
the HIV-1 virus was only really enabled once the three-
dimensional protease structure was available; as a result 
the first drugs advanced to the market within 10 years 
of initial target identification19,68 (TABLE 1).

One of the major factors for pharmaceutical compa-
nies to consider in protease drug discovery is whether 
to develop reversible or irreversible inhibitors. Although 
designing an irreversible inhibitor is fairly simple for 
some protease classes, and can be achieved by attaching 
the substrate recognition sequence to a warhead, the ques-
tion is whether such an inhibitor would be sufficiently 
selective. Although both reversible and irreversible inhib-
itors would largely ablate the activity of the target, they 
would have differential activity against other off-target 
proteases. A reversible inhibitor, especially one with 
good selectivity, would only partially block the activi-
ties of other proteases; however, an irreversible inhibitor 
would, sooner or later (depending on the binding kinet-
ics), block all proteases that it binds. Indeed, several 
irreversible inhibitors that have been developed have had 
this selectivity problem, such as the chloro- and fluor-
omethylketones, which were originally developed against 
caspases but also non-selectively inhibited most of the 
cysteine cathepsins and legumain69. So, for this reason, 
irreversible inhibitors are most useful as tools for eluci-
dating the catalytic mechanisms of a protease, whereas 
they are not the most suitable strategy for a therapeutic 
that is intended to be used chronically to treat a disease. 
However, in acute situations, when only a single dose (or 
a small number of doses) would be needed, an irreversible 
inhibitor with reasonable selectivity could be acceptable 
if it shows benefit in treating a life-threatening disease 
and if it could be cleared rapidly enough to minimize 
unfavourable side effects.

The ideal inhibitor, therefore, would be a non-covalent 
reversible inhibitor, because such an inhibitor would 
generally provide better selectivity and should cause 

less side effects than covalent inhibitors. However, many 
of the protease inhibitors in development are of the 
covalent kind, and have been developed with the same 
rationale as used for the design of irreversible inhibi-
tors19. Non-covalent inhibitors are much more difficult 
to design. Possible methods for generating non-covalent 
inhibitors include designing transition-state analogues 
(mimicking the transition state during substrate hydrol-
ysis) or substrate variants, but not substrate analogues, 
which generally produce covalent inhibitors70, or using 
fragment-based screening. So far, a few non-covalent 
reversible inhibitors have been developed and some have 
reached the market, such as the serine protease inhibitor 
argatroban (GlaxoSmithKline)19 (TABLE 1), whereas non-
covalent inhibitors of, for example, cysteine proteases are 
still in the early experimental phase71,72.

Bioavailability remains one of the key issues in pro-
tease inhibitor optimization. Diminishing the peptidic 
character of the inhibitor often improves its bioavail-
ability and possibly prevents nonspecific degradation of 
the compound by endogenous proteases (which leads 
to rapid clearance of the compound and thereby lower 
efficacy). Nevertheless, there is no general solution to 
this problem. Good bioavailability can be observed in 
animal models, but then is not reproducible in humans 
(this problem is not unique to protease inhibitors). One 
strategy to solve this problem is to make a prodrug that is 
converted to the active metabolite in the body. Using this 
approach improves both bioavailability and the clearance 
time, making the drug more efficient. The ACE inhibi-
tors, which are largely manufactured as ester prodrugs 
(see above), embody this approach.

Another factor in protease drug design is whether the 
inhibitor is competitive or non-competitive. With the 
exception of the first antiprotease therapeutic — heparin, 
an allosteric indirect inhibitor of blood coagulation pro-
teases — all other protease inhibitors currently in use or 
in development are competitive inhibitors. Discovering 
competitive inhibitors is generally easier because of the 
simplicity of activity tests used, but there are also disad-
vantages with this approach. For example, competitive 
inhibitors can cause saturation of substrate competition, 
which necessitates the use of substantially higher doses 
of the compounds and narrows the safety window.

Although much more difficult to develop, allosteric 
small-molecule inhibitors could be useful against many 
proteases by, for example, binding to protease exosites 
and preventing protein substrate binding or recogni-
tion. A recent breakthrough in allosteric protease 
inhibitor design has been achieved with the develop-
ment of the first allosteric caspase inhibitors by Sunesis. 
Using a method called tethering, which is based on the 
formation of a reversible disulphide bond between a 
free cysteine on the protease and a thiol-containing 
fragment from the screening library73, two inhibitors 
were identified: 5-fluoro-1H-indole-2-carboxylic acid 
(2-mercapto-ethyl)-amide (FICA) and 2-(2,4-dichlo-
rophenoxy)-N-(2-mercapto-ethyl)-acetamide (DICA). 
These were shown to bind to a cysteine residue in the 
vicinity of the active site cleft of caspases 3 and 7, respec-
tively, locking the specificity loops of the protease into 
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a zymogen-like conformation, thereby abolishing enzy-
matic activity74. A similar approach could potentially 
also be used for other protease classes.

Upregulating proteases: inhibiting the inhibitors

In some cases, it might be necessary to upregulate the 
activity of a protease rather than inhibit it, and an attrac-
tive strategy for achieving this is to block the activity 
of endogenous protease inhibitors. A group from the 
Burnham Institute used compounds based on a polyphe-
nylurea scaffold to inhibit the inhibitor of apoptosis 
(IAP) family of proteins, which repress caspase activity. 
These compounds therefore de-repressed the caspases 
and stimulated apoptosis of cancer cells. Initial studies 
in cell culture showed a significant apoptotic effect and 
good selectivity for cancer cells, including their sensitiza-
tion towards other chemotherapeutic drugs. Moreover, 
the compounds were also effective in tumour xenograft 
models in mice and showed no toxicity, thereby validat-
ing protease inhibitors, as well as proteases themselves, 
as relevant targets75. These compounds are currently in 
preclinical development.

Another approach for blocking endogenous pro-
tease inhibitors is to use antisense molecules. Aegera 
Therapeutics recently announced the initiation of Phase 
I clinical trials for AEG35156, a second-generation 
antisense oligonucleotide inhibitor of X-linked IAP 
protein (XIAP), which potentiates cancer cell apoptosis. 
Monoclonal antibodies might also have potential; the 
now commercially available antiplasminogen activator 
inhibitor 1 (PAI1) monoclonal antibody 33H1F7 (REF. 76) 
was shown to transform active PAI1 to a tPA substrate, 
thereby accelerating thrombolysis in a rat mesenteric 
artery model77.

New drugs in development

Many new protease inhibitors are currently in devel-
opment, with at least 50 different proteases being con-
sidered as potential targets. Many of these targets were 
identified using animal models, particularly rodent 
knockouts, and were then used to screen for inhibitors, 
whereas others were rationally developed using struc-
ture-based drug design. Because different proteases use 
different reaction mechanisms (FIG. 1), completely dif-
ferent strategies for inhibitor design are often required. 
Below, the drug development efforts against four differ-
ent types of protease target, one from each mechanistic 
class, is discussed.

Fighting hypertension with renin inhibitors. Renin is 
an aspartic protease responsible for activating angio-
tensinogen to generate angiotensin I (FIG. 2a), and as 
such offers an alternative to ACE inhibitors in the treat-
ment of hypertension and in end-organ damage22. Renin 
inhibition might be advantageous over ACE inhibition 
because renin has specificity for a single substrate (angio-
tensinogen) and therefore could potentially cause fewer 
adverse effects78. However, early renin inhibitors were 
substrate analogues and tended to be degraded quickly 
and to have low bioavailability. Zankiren (A-72517; 
Abbott), although a peptidic transition-state analogue 

inhibitor, was the first to show improved proteolytic 
stability and bioavailability in several animal models 
(maximum of 53% in the dog) and also showed good 
efficacy in humans79.

However, the latest generation of renin inhibitors are 
non-peptidic. Currently, Speedel is most active in this 
field. Together with Novartis, Speedel has developed the 
alkanecarboxamide aliskiren (SPP100) (in-licensed from 
Novartis in 1999)80 (FIG. 4a). Aliskiren was found to be 
superior to other renin inhibitors and at least equivalent 
to ACE inhibitors and AT1-receptor blockers in animal 
models81. Phase III data for aliskiren either as mono-
therapy or as a combination therapy were disclosed in 
September 2005 and showed excellent results in out-
come measures of blood pressure reduction, safety and 
potential for improved end-organ protection resulting 
from efficient blockade of the renin–angiotensinogen 
system. On the basis of these results, Novartis filed 
a New Drug Application (NDA) with the FDA for 
aliskiren in April 2006.

Speedel also acquired the renin programme from 
Roche, which is thought to focus on 3-alkoxy-4-aryl-
piperidines and their further optimization. One such 
compound, the 3,4,5-trisubstituted piperidine Ro 66-1132 
(FIG. 4a), was effective in lowering blood pressure and 
reducing end-organ damage in double transgenic rats 
engineered to express human renin and angiotensinogen 
genes82. In October 2005, Speedel announced that two of 
these inhibitors (SPP630 and SPP635) had been success-
fully tested in a microdosing trial in human volunteers 
and in preclinical studies in the aforementioned double 
transgenic rat model had showed excellent bioavailability 
(>30% in humans; 70–90% in rats) and half-life (30 h in 
humans). SPP635 entered Phase I trials in October 2005.

The third group of renin inhibitors from Speedel was 
developed in collaboration with Locus Pharmaceuticals, 
and in June 2005 Speedel announced the discovery of a 
new series of promising lead compounds from this series 
(SPP800), although no structural data were disclosed.

DPPIV inhibitors for type 2 diabetes. Type 2 diabetes 
is a major debilitating disease that is caused by abnor-
mal glucose homeostasis and is commonly associated 
with obesity. In the late 1980s, the incretins, including 
glucagon-like peptide 1 (GLP1) and glucose-dependent 
insulinotropic peptide (GIP), were identified as hor-
mones capable of lowering blood glucose levels, which 
makes them potential targets for antidiabetic therapy. 
GLP1 and related peptides were also found to be rapidly 
degraded by the serine aminopeptidase DPPIV (CD26) 
in vitro83 and in vivo84, which suggested that there was 
therapeutic potential for DPPIV inhibitors. The GLP1-
stabilizing effect of DPPIV and validation of it as an 
antidiabetic target was confirmed by the observation 
that DPPIV-deficient animals experienced improved 
glucose tolerance85,86.

DPPIV is predominantly a membrane-bound protease 
and primarily cleaves dipeptides after proline residues, a 
feature exploited in the development of DPPIV inhibi-
tors87–90. Currently, there are several inhibitors in advanced 
clinical trials (FIG. 4b). The most advanced is vildagliptin 
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LAF 237 
Vildagliptin (Novartis)

AAE581
(Novartis)

SB-3CT
Thiirane-type inhibitor I

SB-357114
(GlaxoSmithKline)

CRA-013783
(Merck/Celera Genomics)

MK-0431 
Sitagliptin (Merck) 

BMS-47718
Saxagliptin

a  Renin inhibitors

b  DPPIV inhibitors

c  Cathepsin K inhibitors

d  MMP inhibitors

(LAF237; Novartis), which forms a reversible covalent 
bond between the nitrile of the inhibitor and the hydroxy-
late of the enzyme. In Phase III trials, vildagliptin was well 
tolerated without weight gain and significantly decreased 
blood glucose levels. In addition, vildagliptin was reported 
to improve and sustain pancreatic islet cell function and 
insulin sensitivity over a 1-year period. An NDA for 
vildagliptin was filed in March 2006 by Novartis.

Other DPPIV inhibitors currently in development 
include sitagliptin (MK-0431), a non-peptidic het-
erocyclic compound developed by Merck that entered 
Phase III trials in 2004 and for which relatively few data 
have been disclosed so far. Nevertheless, in February 
2006 Merck filed an NDA for sitagliptin (Januvia). 
This non-covalent reversible inhibitor was found to be 

selective against other related proteases and showed 
good efficacy in preclinical studies91. Sitagliptin was 
shown to be efficient in improving glycaemic control 
and was well tolerated in three Phase II studies involv-
ing more than 1,000 people. Another company working 
with reversible non-covalent inhibitors is Probiodrug, 
which has developed several compounds, one of which 
(P93/01, also known as PSN9301) is currently in Phase 
II trials conducted by Prosidion89. Finally, saxagliptin 
(BMS-477118; Bristol-Myers Squibb) is a covalent 
reversible DPPIV inhibitor currently in Phase III trials92 
that showed good selectivity and oral bioavailability in 
a Phase II study.

All the DPPIV inhibitors developed so far have been 
well tolerated in trials. However, DPPIV is also involved 

Figure 4 | New protease inhibitors in development. a | Renin inhibitors (aspartic proteases). b | Dipeptidyl peptidase IV 

(DPPIV) inhibitors (serine proteases). c | Cathepsin K inhibitors (cysteine proteases). d | Matrix metalloproteinase 

(MMP) inhibitors.
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in chemokine processing93 and therefore some precau-
tions regarding long-term treatment should be consid-
ered, especially as DPPIV-knockout animals experienced 
minor immune defects (including decreased cytokine 
levels and a decreased number of T cells and natural 
killer cells94).

Cathepsin K and osteoporosis. Cathepsin K is a lysosomal 
cysteine cathepsin predominantly located in osteoclasts 
and is the major enzyme involved in bone resorption. 
The first evidence for this role came from a genetic study 
on pycnodysostosis, a rare genetic disorder associated 
with severe defects in bone growth, which revealed that 
an inactivating mutation in the gene encoding cathep-
sin K is a causative factor95. Further evidence then came 
from the studies on cathepsin K-deficient mice, which 
developed osteopetrosis from lack of bone resorption96,97. 
This was later supported by a study on transgenic mice 
that overexpressed cathepsin K and which experienced 
reduced trabecular bone volume as a result of increased 
bone resorption98.

Recent clinical data suggest that cathepsin K inhibi-
tors are advantageous over existing osteoporosis thera-
pies, including bisphosphonates, because they not only 
prevent bone loss but also allow bone reformation. 
However, the development of cathepsin K inhibitors 
actually preceded the aforementioned clinical studies 
and started as soon as cathepsin K was discovered as the 
major cysteine protease in osteoclasts99. Development of 
cathepsin K inhibitors was particularly difficult because 
of species-specific variation in key residues involved 
in substrate and inhibitor recognition, which resulted 
in substantially different affinities of the compounds 
for the target in rodents and humans, thereby making 
rodent disease models redundant100. Various in vitro 
cathepsin K models were therefore developed and the 
high degree of similarity between human cathepsin K 
and that of non-human primates enabled researchers 
at GlaxoSmithKline to generate a cynomolgus monkey 
model for testing cathepsin K inhibitors101.

There are now four cathepsin K inhibitors in clini-
cal trials: AAE581 (balicatib (FIG. 4); passed Phase II) 
and AFG-495 (no structural data disclosed; Phase I) 
developed by Novartis; SB-462795 developed by 
GlaxoSmithKline (Phase II); and an undisclosed inhibi-
tor resulting from a joint Merck/Celera programme, 
possibly similar to the CRA-013783 compound102 
(Phase I). All these inhibitors are presumably reversible 
and form a covalent bond with the thiol group of the 
active-site cysteine. As the substrate binding sites S1, 
S2 and S1′ are almost identical among different cathe-
psins103, the inhibitor selectivity must be obtained from 
the cumulative contribution of multiple interactions 
with the enzyme, with at least some of them extending 
to the S3 subsite.

AAE581, a peptidic nitrile and the most advanced of 
the aforementioned drugs, is highly specific for human 
cathepsin K (Ki = 0.7–1.4 nM104,105), and has >1,000-fold 
selectivity for cathepsin K over other cathepsins in vitro. 
However, a recent study by researchers from Merck has 
shown that AAE581 and related basic inhibitors, such 

as the tri-ring aminonitrile CRA-013783, are 10–100-
fold more potent against other cathepsins in cellular 
assays because of their lysosomotropic character and 
subsequent lysosomal entrapment. This resulted in an 
increased off-target effect in a cellular assay of cathe-
psin S-mediated antigen presentation105. Nevertheless, 
AAE581 successfully reduced collagen breakdown and 
bone resorption in Phase II trials, which were conducted 
on 140 post-menopausal women receiving once-a-day 
treatment. No adverse side effects were reported and 
Novartis is currently recruiting for Phase III trials to 
begin in 2006.

During the past two years, researchers at Glaxo-
SmithKline have published a large amount of work on 
the development of cathepsin K inhibitors, in which 
they have explored all the substrate-binding subsites 
and different warheads. This work leads to the conclu-
sion that the most promising compounds are the nitriles 
(developed by Novartis and Merck) and ketones, such as 
the GlaxoSmithKline compound SB-462795, which is an 
α-heteroatom cyclic ketone106,107. Although several non-
covalent cathepsin K inhibitors, such as arylaminoethyl 
amides72, were developed, none of them has progressed 
beyond the experimental phase.

In addition to treating osteoporosis, cathepsin K 
inhibitors might also be useful in other bone-related 
pathologies, such as Paget’s disease, osteoarthritis and 
even bone metastasis100.

New strategies for MMP inhibitors. The failure of early 
MMP inhibitors in cancer and arthritis (discussed ear-
lier) means that interest in the development of new MMP 
inhibitors has been severely dampened. Most companies 
began to investigate the possibilities of targeting MMPs 
for other indications, and have generally abandoned the 
hydroxamates because of their lack of specificity.

CollaGenex Pharmaceuticals has focused on modi-
fied non-antibiotic doxycycline derivatives. Periostat 
(TABLE 1), a broad-spectrum inhibitor of MMPs, was 
approved by the FDA for the treatment of periodontal 
disease in 1998 and is currently in Phase III trials for 
chronic adult periodontitis. Following a positive result 
from two Phase III double-blinded, placebo-controlled 
clinical trials, CollaGenex has recently filed an NDA 
for another doxycycline derivative, Oracea, which is 
the first orally administered, systemically delivered 
drug to treat rosacea, a skin disease characterized by 
the appearance on the face of inflammatory lesions, 
redness and telangiectasia (spider veins). CollaGenex 
also announced positive results from a Phase II study of 
incyclinide (also known as Col-3, CMT-3 or metastat) 
for the treatment of acne. Although incyclinide previ-
ously failed in cancer studies, it showed positive effect 
in preclinical studies as an anti-inflammatory agent 
in rosacea. However, it should be noted that it is not 
completely clear whether MMPs are the only targets 
of doxycycline.

Other diseases for which MMPs are considered to 
be relevant targets are primarily associated with inflam-
mation and the cardiac system; for example, Procter & 
Gamble has a compound PG-116800 in Phase II trials 
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for treating patients after a heart attack, but results 
presented at the 2005 American College of Cardiology 
Annual Meeting showed that the treatment has so far 
shown no benefit over placebo. MMP inhibitors are 
also being investigated for vascular disease, myocar-
dial infarction, stroke, acute lung injury and chronic 
obstructive pulmonary disease (COPD); however, 
research is mostly in the preclinical phases45.

Meanwhile, cancer has not been completely for-
gotten. A group at the University of Notre Dame has 
developed novel thiirane-type mechanism-based MMP 
inhibitors specific for gelatinases (MMP2 and MMP9). 
The prototype compound SB-3CT108 (FIG. 4), although 
having relatively low aqueous solubility, increased 
survival in an aggressive mouse model of T-cell lym-
phoma109 and also rescued neurons in a transient focal 
cerebral ischaemia model110, thereby showing good 
therapeutic potential. The thiirane inhibitors are being 
further developed and new selective MMP inhibitors 
with improved solubility were recently reported111.

Proteases as biomarkers

One of the biggest areas of research at the moment is 
the identification and validation of biomarkers for drug 
development and diagnostics. Here, protease biology 
could also come into its own. Because of their differen-
tial expression in disease, proteases and their inhibitors 
could be used as biomarkers for early diagnostics and 
in certain cases as prognostic markers to enable selec-
tion of the appropriate therapy, regardless of the status 
of an individual protease as a drug target. This is espe-
cially true in cancer diagnostics: for example, the serine 
protease plasminogen activator and its inhibitor PAI1 
are among the most relevant diagnostic and prognostic 
markers for breast cancer, and are also now used in some 
other forms of cancer112.

Another example is the serine protease kallikrein 3, 
better known as PSA (prostate-specific antigen), which 
has been the major diagnostic marker for prostate cancer 
for years113. More recently, cysteine cathepsins have also 
been suggested as relevant biomarkers for cancer114 and 
one of them, cathepsin B, as a marker for arthritis as 
well115. Proteases have also been found to be useful as 
diagnostic markers for parasitic infections, such as the 
cysteine protease cruzipain (member of the CA family 
of proteins), which was found to be the major immuno-
genic protein of Trypanosoma cruzi in Chagas disease116. 
Improved knowledge of protease biology will therefore 
not only aid drug discovery efforts against protease tar-
gets, but can also be used to provide phenotypic read 
outs of the efficacy of other drug classes.

Conclusions and future perspectives

Looking back at the progress made with protease-
targeted therapies we cannot say that we have been 
tremendously successful. In the cardiovascular and 
anticoagulant areas, in which proteases have been 
validated targets for more than half a century, only 
recently has an orally available direct protease inhibi-
tor made it on to the market (Ximelagatran; TABLE 1), 
which has since been withdrawn because of hepatotox-

icity. However, the withdrawal of ximelagatran is not a 
reflection of a problem with protease inhibitors per se 
and therefore it is still encouraging that the drug was 
developed in the first place.

Past drug development failures provide not only inval-
uable lessons but are also a useful resource. Many of these 
failed compounds, especially specific inhibitors, could still 
be used as powerful tools in the target validation process 
and in the evaluation and discovery of protease signalling 
pathways by both academic and industrial researchers, 
if industry is willing to disclose them.

As the costs and time involved with drug discovery 
and development show no immediate sign of decreasing, 
despite the advent of many new technologies, most savings 
will be made by parallelizing processes. For example, 
instead of waiting for a protease to be validated as a 
disease-relevant target, a vast amount of information, 
including structure, substrate specificity, assay devel-
opment and initial screening for the interacting com-
pounds, can be gathered beforehand and potentially 
extrapolated to other, related disease-relevant proteases. 
The Protease Platform at Novartis is already an example 
of such thinking.

Judging by the new compounds currently being 
tested in advanced clinical trials and the number of 
NDAs for agents that are directed at protease targets 
submitted so far in 2006, a boom of new therapies 
based on protease inhibition can be expected in the 
coming years. Encouragingly, these include completely 
new therapeutic areas such as osteoporosis and type 2 
diabetes. In addition, second- and third-generation 
protease drugs are expected to significantly improve 
on existing protease-targeted therapies, certainly in 
the cardiovascular area (hypertension and thrombo-
sis) but probably in other disease areas as well. This is 
also predicted to almost double the size of the current 
market — ~US$11 billion — for protease-targeted 
drugs by 2009.

The major areas of interest for protease-targeted ther-
apies are likely to remain the cardiovascular, inflamma-
tory and infectious diseases areas, but discovery efforts 
will probably increase for cancer and neurodegenerative 
disorders. A more detailed look at the proteases currently 
considered as potential targets shows that endogenous 
proteases are often linked to chronic diseases, and are 
therefore attractive to pharmaceutical companies. 
However, there has recently been a revived interest in 
protease-targeted drugs for infectious diseases, although 
only a few (AIDS, hepatitis C) were considered seriously 
until recently.

Finally, we should remember the success stories. 
Although it was almost 30 years from when ACE 
was validated as a target until the first ACE inhibi-
tors appeared on the market, it was only 10 years after 
the discovery of HIV protease that the first inhibitors 
against that target were on the market. With the emer-
gence of new technologies, and as the structure and 
physiological function of more proteases are revealed 
and updated, it should hopefully become easier both to 
identify and validate proteases as relevant drug targets 
and to develop effective and safe drugs against them.
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