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Proteolytic activity is required for several key
pro-tumorigenic processes: angiogenesis, invasion and
metastasis. Consequently, increases in protease expres-
sion and activity are frequently reported in human can-
cers, and correlate with malignant progression and poor
patient prognosis. Cysteine cathepsin proteases have
recently emerged as an important class of proteolytic
enzymes in cancer development, and cysteine cathepsin
inhibitors have been proposed as anticancer agents. In
this review, we highlight recent studies that now allow
us to evaluate critically whether cysteine cathepsin inhi-
bition represents a viable therapeutic strategy for the
treatment of cancer.

Proteolysis in cancer progression
As tumors progress towards increased malignancy, they
pass through several important stages that require the
action of proteases (reviewed in Refs [1,2]). First, the
induction of angiogenesis (new blood vessel growth)
involves degradation of the vascular basement membrane
and the release and/or activation of matrix-bound pro-
angiogenic growth factors. Second, invasion of cancer
cells into the surrounding local tissue requires the dis-
solution of cell-cell junctions and degradation of the
epithelial basement membrane and extracellular matrix
(BM/ECM) to allow cancer cells to spread from the
primary tumor mass. Third, at least two key steps in
metastasis require proteolysis: intravasation of cancer
cells into the blood or lymphatic circulation at the
primary site; and extravasation at the secondary site,
where proteases can play a part in promoting the colo-
nization and growth of cancer cells as they do in the
primary tumor.

However, proteases are not only essential for the
degradation of BM/ECM proteins, they also have more
specialized processing roles that are important for
cell signaling – for example, they function in the
restricted cleavage of pro-domains and the subsequent
activation of growth factors and cytokines. The realiz-
ation that proteolysis is necessary for several stages
in the development of invasive and metastatic can-
cers emphasizes the therapeutic importance of unequi-
vocally identifying the key tumor-promoting proteases
and developing successful strategies to inhibit their
functions.

Early efforts to target proteases in cancer: MMP
inhibitors
Increases in protease expression and activity have been
reported in many human cancers and are generally associ-
ated with malignant progression and poor patient prog-
nosis [3–5]. There are approximately 560 human and 640
mouse proteases, which, on the basis of their catalytic
mechanism, can be subdivided into five distinct classes:
the aspartic, metallo, cysteine, serine and threonine pro-
teases [6].

Proteases have long been considered ideal therapeutic
targets in many disease indications involving excessive
proteolysis, including cancer, cardiovascular disease and
arthritis. Indeed, a significant effort in both the pharma-
ceutical industry and academia previously focused on inhi-
bition of a major class of proteases in cancer – the matrix
metalloproteases (MMPs). The clinical failure of MMP
inhibitors (MMPIs) in the late 1990s, however, led to the
termination of numerous drug programs and unfortu-
nately had a negative impact on the development of inhibi-
tors for the other protease classes. In the ensuing analysis
of why MMPIs reached phase III clinical trials only to fail
so disappointingly, several key points have been raised
that might have relevance in the consideration of targeting
other protease classes (reviewed in detail in Refs [5,7,8]).

First, most MMPIs tested in the clinic broadly inhibit
the large family of>20 MMPs, which contains not only pro-
tumorigenic proteases but also anti-tumorigenic proteases
(reviewed in Ref. [5]) – a fact that was not appreciated
when MMPIs first entered the clinical trial process in the
early 1990s. Moreover, approximately half of the related
ADAMproteases are catalytically active and several can be
inhibited by MMPIs. Second, most MMPIs were tested in
patients with advanced disease, even though the preclini-
cal models had invariably indicated that they were effec-
tive only against early stages of cancer. Third, in some
individuals the MMPIs showed considerable toxicity, in-
cluding severe musculoskeletal problems, necessitating a
reduced dose that was then suboptimal for MMP inhibition
in the target tissue. Fourth, very few (if any) of these trials
monitored the expression and/or activity of the target
MMPs beforehand in order to preselect individuals in
whom the target MMPs were upregulated or even
expressed. Similarly, techniques to monitor drug efficacy,
such as those that could image enzymatic activity ideally
before and after treatment, were missing. In the interval
since termination of the MMPI trials, some of these issues
have been addressed and, as a community, we have learned
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valuable lessons that should be applied in the therapeutic
consideration of other protease classes, as discussed later
in this review.

Cysteine cathepsin proteases
As mentioned above, for many years MMPs were the main
investigative focus in the field of proteases and cancer,
overshadowing the potential contributions of other pro-
tease families. The papain family of cysteine cathepsin
proteases has, however, been recently validated as an
important enzymatic class to target in cancer (reviewed
in Refs [1,9]); in addition, cysteine cathepsin inhibitors
show potentially broader mechanistic efficacy as compared
with the MMPIs, and very little toxicity [10,11].

The human family of cysteine cathepsins has 11
members (cysteine cathepsin B, C, F, H, K, L, O, S, V,
W and X), which share a conserved active site that is
formed by cysteine, histidine and asparagine residues
[9,12]. Cysteine cathepsins are synthesized as inactive
precursors, which are normally activated in the acidic
environment of lysosomes, where they function primarily
as intracellular proteases that mediate terminal bulk
proteolysis [12]. Recent studies have revealed, however,
that cysteine cathepsins have many functions other than
protein turnover in normal cells. For example, analysis of
mice carrying mutations in different cysteine cathepsin
genes has shown that individual cysteine cathepsins have
unique physiological roles in aspects of cardiac, brain and
skin development (reviewed in Ref. [13]), and in specialized
processes such as bone resorption [14] and antigen pres-
entation [15]. Moreover, an increase in the expression and/
or activity of cysteine cathepsin K and cysteine cathepsin S
has been convincingly implicated in osteoporosis and
rheumatoid arthritis, respectively (reviewed in Ref. [16]),
and there are significant drug development programs for
selective inhibitors of these cysteine cathepsins, as dis-
cussed later.

Thus, it is not surprising that normal cells use various
protective mechanisms to prevent unwanted proteolysis,
including compartmentalization of cysteine cathepsins
within the lysosome, regulation of their activity by endogen-
ous inhibitors, and the general requirement for an acidic
environment for optimal enzymatic function [12]. Conver-
sely, many of these fail-safe mechanisms are overridden in
cancer, resulting in thepotential for tremendousdestructive
capability, as discussed later.

Upregulation of cysteine cathepsin proteases in
cancer
Several members of the cysteine cathepsin family have
been implicated in cancer progression on the basis of their
increased expression, activity and mislocalization in var-
ious human and mouse tumors [3,10,17–20]. Furthermore,
in some of these cancers, the changes in cysteine cathepsin
expression or activity have diagnostic or prognostic value
[19,21,22]. In terms of which cysteine cathepsins are
specifically involved in cancer, cysteine cathepsins B and
L have been investigated most intensively, and invariably
their increased expression and/or activity correlates with
malignant progression (reviewed in Refs [3,19]). Much less
is known about the association of other members of the

cysteine cathepsin family with cancer; levels of cysteine
cathepsins H and S have been associated with both better
and worse prognoses, depending on the study and the
tumor type [3,19], and limited data have been published
on the remaining family members.

In addition to an increase in the expression and/or
activity of certain cysteine cathepsins, in several tumor
types there is also a change in cysteine cathepsin localiz-
ation. In normal cells, cysteine cathepsins are usually
located in lysosomes, whereas during cancer progression
they move to the cell surface, from where they can be
secreted into the extracellular milieu [9]. Furthermore,
because the extracellular microenvironment of tumors is
generally acidic [23], cysteine cathepsin proteases can still
function outside the lysosome. This change in cellular
localization has important implications for the therapeutic
efficacy of cysteine cathepsin inhibitors, because small-
molecule inhibitors that do not enter cells could have a
potent effect by targeting cell-surface or secreted cysteine
cathepsins, but would leave the intracellular cysteine
cathepsins in normal cells untouched, thereby minimizing
toxicity, as discussed later.

Pharmacological strategies to inhibit cysteine
cathepsins
Several approaches have been developed to block cysteine
cathepsin activity, including small-molecule inhibitors,
antibodies and increased production of endogenous inhibi-
tors (the cystatins and stefins). As most of the targeted
agents that have been developed are small-molecule inhibi-
tors, we focus our discussion on such compounds that have
been used successfully in preclinical and clinical studies to
date. Numerous distinct classes of chemical structures
have been developed for cysteine cathepsin inhibition and
are reviewed in detail elsewhere [8,16,24,25]; we highlight
here the different classes of small-molecule inhibitors
that have demonstrated efficacy in vivo and thus show
the most promise for therapeutic applications.

The development of cysteine cathepsin inhibitors has
followed the traditional process usually used for protease
inhibitors: that is, large libraries of natural products or
synthetic compounds are screened for inhibition of cysteine
cathepsin activity in vitro; these initial screens are then
followed by smaller, focused screens and/or subsequent
modification of the chemical structure to achieve optimal
inhibition of the target. The main classes of cysteine cath-
epsin inhibitors that have been tested in animal models
and/or clinical trials are nitriles, vinyl sulfones and epox-
ysuccinyl-based compounds, which can be either broad
spectrum or selective for individual family members. All
of these inhibitors are directed to the active site and,
depending on their mechanism of action, can be further
classified into covalent or noncovalent binders, and revers-
ible or irreversible inhibitors.

Oneof thefirst broad-spectrumcysteine cathepsin inhibi-
tors to be studied was E-64 – a covalent, irreversible,
epoxysuccinyl-based inhibitor originally isolated from
Aspergillus japonicus [26].Limitedexperimentshaveshown
that E-64 can effectively inhibit cysteine cathepsins in vivo
[27,28]. In fact, the ethyl ester of E-64 (E-64d) was tested
in clinical trials in Japanese individuals with muscular
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dystrophy, but the trials were stopped at phase III of de-
velopment owing to suboptimal performance (reviewed in
Ref. [24]). E-64 can covalently bind to proteases other than
cysteine cathepsins, such as the related calpains [29]; as a
result, more recent animal studies have used another epox-
ide-based inhibitor, JPM-OEt [10,11,30], that is structurally
related to E-64 but does not seem to have such broad
reactivity and does not inhibit calpain activity in vivo [10].

By using chemistry and structural data tomodify inhibi-
tor design based on the E-64 scaffold, selective inhibitors
for cysteine cathepsin B (CA074) [31] and for cysteine
cathepsins L and S (the CLIK series) [32] have also been
developed and tested in vivo [33–35]. A recent novel
approach to identify cysteine cathepsin-selective inhibitors
has moved away from this traditional strategy and used
inhibition of activity in tissue extracts as part of the
screening process [36]. The rationale is to mimic more
closely the physiological conditions under which these
enzymes function as compared to the typical screens that
are performed on purified enzymes, and thus to identify
selective inhibitors that will have greater potency in vivo.
Indeed, new cysteine cathepsin B-selective and X-selective
inhibitors were identified and tested in normal tissues and
tumors in this study [36].

In addition to epoxysuccinyl-based cysteine cathepsin
inhibitors, vinyl sulfone inhibitors have demonstrated
efficacy in vivo. One such irreversible inhibitor,
N-methyl-piperazine-phenylalanyl-homophenylalanyl-
vinylsulfone phenyl (K11777), has shown considerable
potency in animal models of the parasitic disease schis-
tosomiasis [37], and is currently in clinical trials for Cha-
gas disease [38]. The vinyl sulfone scaffold has also been
used to derive cysteine cathepsin-selective inhibitors,
such as the irreversible cysteine cathepsin S inhibitor

morpholinureas-leucine-homophenylalanine-vinyl phenyl
sulfone (LVHS), which has been shown to perturb antigen
presentation invivo [39]andto reverseneuropathicpain ina
rat model of nerve injury [40].

Peptidic nitrile scaffolds have been very useful in the
development of reversible cysteine cathepsin K-selective
inhibitors such as CRA-013783 (Table 1). Cysteine cath-
epsin K inhibitors were originally developed for the treat-
ment of diseases involving excessive bone loss, such as
osteoporosis, because cysteine cathepsin K is secreted by
bone osteoclasts and is a potent collagenase. Several com-
panies have cysteine cathepsin K inhibitors in various
stages of preclinical and clinical development (Table 1),
and initial results indicate that these potent inhibitors not
only prevent bone resorption but also allow bone reforma-
tion to continue (reviewed in Refs [16,41]), in contrast to
the approved and widely used bisphosphonates. In osteo-
lytic bonemetastasis, there is also an increase in resorptive
activity relative to osteoblastic bone deposition; thus,
cysteine cathepsin K inhibitors might prove to be very
effective in treating this disease. Indeed, initial preclinical
studies indicate that both the Novartis inhibitor AFG-495
and the GlaxoSmithKline (GSK) inhibitor SB-553484
reduce experimental bone metastasis in mice ([42–44]1),
and both GSK and Merck are testing their cysteine cath-
epsin K inhibitors in phase I and II trials for this indication
(Table 1). Cysteine cathepsin S-selective inhibitors have

Table 1. Cysteine cathepsin K inhibitors in clinical development

Drug Target Indication Phase Company Refs

MK0822 Cathepsin K Breast cancer;

metastatic

bone disease;

osteoporosis

Phase II Merck http://www.merckcancertrials.com/ctcpub/trialsSummary.

do?id=NCT00399802;

http://www.clinicaltrials.gov/ct/show/NCT00399802?order=1;

http://www.clinicaltrials.gov/ct/show/NCT00112437?order=1

Balicatib

(AAE-581)

Cathepsin K Osteoporosis Discontinued

(reached phase II)

Novartis http://www.clinicaltrials.gov/ct/show/NCT00371670?order=1;

http://www.clinicaltrials.gov/ct/show/NCT00170911?order=2;

http://cws.huginonline.com/N/134323/PR/200611/1090332_5_

2.html

CRA-013783 Cathepsin K Osteoporosis Phase I Merck/Celera [8]

MIV-701 Cathepsin K Bone

degradation

diseases

Phase I Medivir http://www.medivir.com/v3/en/ir_media/press_releases.

aspx?id=123;

http://www.medivir.se/v3/en/rnd/projects/cathepsin_K.aspx

Relacatib

(GSK462795)

Cathepsin K Bone

metastasis;

osteoporosis;

osteoarthritis

Phase I GlaxoSmithKline http://www.gsk.com/investors/pp_pipeline_standard.htm

AFG-495 Cathepsin K Osteoporosis Discontinued

(reached phase I)

Novartis [61]

OST-4077 Cathepsin K Bone

degradation

diseases

Preclinical Dong-A Research

Laboratories,

Korea

[62]

SB-553484 Cathepsin K Osteoporosis;

bone

metastasis

Preclinical GlaxoSmithKline http://www.gsk.com/investors/presentations/oncology2005/

early.pdf;

http://www.abstractsonline.com/viewer/viewAbstractPrint

Friendly.asp?CKey={7C56B47F-4D26-4D9B-82E3-16F537

DC6584}&SKey={4705829E-7C5E-4777-A045-46131AC1C55C}

&MKey={FC197A55-D8DD-4F3D-9994-290B64584CCB}

&AKey={D0C01D4F-E23B-45E2-ACD4-0AF8AC866B8B}

1 Stroup, G.B., et al. (2006) A potent inhibitor of Cathepsin K reduces osteolytic
lesions in a mouse model of metastatic bone disease [abstract]. Presented at
The American Society for Bone and Mineral Research Annual Meeting; Sept 15–19,
2006; Philadelphia, PA: Presentation # M088. URL: http://www.abstractsonline.
com/viewer/viewAbstractPrintFriendly.asp?CKey={7C56B47F-4D26-4D9B-82E3-
16F537DC6584}&SKey={4705829E-7C5E-4777-A045-46131AC1C55C}&MKey=
{FC197A55-D8DD-4F3D-9994-290B64584CCB}&AKey={D0C01D4F-E23B-45E2-
ACD4-0AF8AC866B8B}.
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also been developed and several have entered phase I trials
for rheumatoid arthritis and psoriasis (Table 2), and it
is possible that clinical trials in other autoimmune con-
ditions such as multiple sclerosis and lupus will follow.

Further insights into pharmacological inhibitor design
have come from the analysis of endogenous inhibitors of
cysteine cathepsins: namely, cystatins, stefins and kinino-
gens [12]. For example, a series of peptidyl-diazomethyl
ketones has been designed on the basis of the structure of
the segment of human cystatin C that interacts with the
cysteine cathepsin active site [45,46]. Indeed, one of these
compounds (Z-LVG-CHN2) has shown efficacy in inhibiting
bacterial cysteine protease activity across a wide range of
bacterial strains inoculated into mice [47]. Cystatins them-
selves have also been used to inhibit cysteine cathepsin
activity directly in several applications. For example, ade-
noviral overexpression of cystatin C has been found to
reduce lung metastasis by over 90%, but to have no effect
on liver metastasis [48], thereby indicating that the pro-
tumorigenic functions of cysteine cathepsins have tissue
specificity. Similar studies involving the overexpression of
cystatin C in glioblastoma cells [49] or stefin A in esopha-
geal carcinoma cells [50] have also shown significantly
decreased tumor growth in nude mice.

Pharmacological and genetic perturbation of cysteine
cathepsin function in animal models
Only a few of the small-molecule cysteine cathepsin inhibi-
tors discussed in the previous section have so far been
tested in animal models of cancer, and we briefly summar-
ize the results from those studies here. The importance of
preclinical evaluation is underscored by the finding that
some inhibitors that show significant potency in initial in
vitro validation assays have diminished efficacy and
increased off-target effects in vivo. This discrepancy might
arise because cell-based culture systems do not fully reca-
pitulate the complex tumor microenvironment in which
cysteine cathepsins function in vivo, and will not reveal
side-effects from inhibiting the target in normal tissues.
For example, the cysteine cathepsin K inhibitors AAE-581
and CRA-013783 have been found to accumulate in the
lysosome owing to their lysosomotropic nature, and con-
sequently to inhibit off-target enzymes found in that com-
partment such as cysteine cathepsin S [51].

Broad-spectrum cysteine cathepsin inhibitors have been
evaluated in severalmousemodels of cancer.We and our co-
workers [10,11] have recently shown that the epoxide-based
inhibitor JPM-OEt, both alone and in combination

with chemotherapy, significantly reduces tumor growth,
angiogenesis and invasion in a transgenic mouse model of
pancreatic islet cell carcinogenesis. Moreover, JPM-OEt is
effective at all steps of tumor development – even the late
stages – in contrast to MMPIs that have been tested in the
same model [52]. JPM-OEt has also been tested in a pre-
clinical transgenicmodel of cervical cancer,where it reduces
the growth of cervical lesions (J. Pahler and D. Hanahan,
pers. comm.), and is currently being evaluated in several
models ofmetastasis (J.A.J. et al., unpublished). Inaddition,
cysteine cathepsin inhibitors have also been examined in
xenograft systems, where human cancer cell lines are
injected into recipient mice, and shown to have significant
efficacy in reducing tumor growth and/or metastasis in the
few studies that have been published [27,28,53,54].

Significantly, in our published and unpublished studies
using the JPM-OEt inhibitor, we have observed little or no
toxicity from treatments lasting up to two months. Indeed,
we infer that JPM-OEt is preferentially targeting cell-
surface or secreted cysteine cathepsins in the tumor micro-
environment, effectively producing a ‘therapeutic window’
that maximizes inhibition of aberrant (tumor-promoting)
extracellular cysteine cathepsin activity, while minimizing
toxic side-effects by limiting inhibition of the normal lyso-
somal pool of cysteine cathepsin activity. In support of this
hypothesis, recent pharmacokinetic studies of JPM-OEt
have shown that this compound is converted to the acid
(cell-impermeable) form in vivo by esterases in the serum
[36], and consequently is not expected to accumulate in the
lysosome.

Thus, although limited in number, the preclinical stu-
dies published to date support the use of cysteine cathepsin
inhibitors. It will, however, be essential to address the
general importance of cysteine cathepsins in cancer pro-
gression and metastasis in a broad range of additional
transgenic and ‘knock-in’ preclinical models of cancer,
before advancing to the clinic with these inhibitors.
Furthermore, a valid concern when targeting a family of
enzymes such as the cysteine cathepsins is whether there
are tumor-suppressing cysteine cathepsins in addition to
the tumor-promoting family members (as for the MMPs
[5]). If so, it will be essential to determine whether cysteine
cathepsin-selective inhibitors should be used instead of
pan-cysteine cathepsin inhibitors. This point emphasizes
the importance of identifying the roles of individual
proteases, ideally before inhibitors are tested in clinical
trials in humans. There are several ways in which
their roles could be elucidated in the preclinical phase

Table 2. Cysteine cathepsin S inhibitors in clinical development

Drug Target Indication Phase Company Refs

RWJ-445380 Cathepsin S Rheumatoid arthritis Phase II ALZA

Corporation

http://www.clinicaltrials.gov/ct/show/NCT00425321?order=1

CRA-028129 Cathespin S Psoriasis Phase I Schering AG http://salesandmarketingnetwork.com/news_release.php?ID

=2012230&key=cra-028129;

http://www.celera.com/celera/pr_1127168705

Undisclosed Cathepsin S Autoimmune diseases Preclinical Medivir http://www.medivir.se/v3/en/rnd/projects/cathepsin_S.aspx;

http://www.peptimmune.com/mv5747l.asp

Undisclosed Cathepsin K

and S

Psoriasis, multiple

sclerosis,

rheumatoid/osteo-arthritis,

osteoporosis, bone

metastasis

Preclinical Amura http://www.drugdiscoverynews.com/index.php?newsarticle

=868; http://www.amura.co.uk/amcore.asp
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by using selective inhibitors (if available and demonstrably
specific or selective) or gene knockouts in animal models of
cancer.

Indeed, further insights into cysteine cathepsin func-
tions in cancer have come from the analysis of mice carry-
ing individual mutations of multiple members of the
cysteine cathepsin family. For example, in recent exper-
iments in which the gene encoding cysteine cathepsin B, L
or S was deleted in the RIP1-Tag2 transgenic model of
pancreatic islet cancer, significant reductions were
observed in tumor burden and invasion [1,55,56], thereby
validating these individual proteases as crucial targets of
the broad-spectrum inhibitor JPM-OEt. Similarly, deletion
of the gene encoding cysteine cathepsin B in the MMTV-
PyMTmodel ofmammary carcinogenesis delayed the onset
of tumor formation and reduced overall tumor growth [57].
Analysis of additional cathepsin mutants in these and
other models of cancer is in progress, and the publication
of the results is eagerly awaited.

Therapeutic considerations for cysteine cathepsin
inhibition in cancer
Inaddition to the evaluation of cysteine cathepsin inhibitors
such as JPM-OEt, changes in the dosing schedule of
‘traditional’ anticancer therapies, such as chemotherapy
or radiation, have been investigated as a means to improve
their therapeutic efficacy. For example, we recently found
that cysteine cathepsin inhibition, combined with a novel
‘chemo-switch’ regimen for dosing chemotherapy (in this
study, cyclophosphamide), resulted in a pronounced
reduction in tumor burden and an increase in overall survi-
val [11]. Moreover, cysteine cathepsin inhibition signifi-
cantly decreased tumor invasiveness, which was further
enhanced in combination with each of the chemotherapy
dosing schedules. Thus, the addition of JPM-OEt to cyto-
toxic chemotherapy regimens currently used in the clinic
has the potential to provide significant benefits in terms of
botha reduction in invasive tumorgrowthandan increase in
survival.

When developing cysteine cathepsin inhibitors for
therapeutic use in cancer, there are several factors to take
into consideration. We need reliable techniques to prese-
lect individuals that are known to express or upregulate
the pro-tumorigenic cysteine cathepsins. Microarray
expression analysis might seem to be the most straightfor-
ward means of preselection if surgical biopsies are avail-
able; however, because cysteine cathepsins are often
expressed at their highest levels in the stromal cells within
the tumor [9,10,55,57], this technique could miss these
cells unless they constitute a significant fraction of the
total number of cells in the tumor.

An attractive alternative would be noninvasive tech-
niques such as imaging of enzymatic activity or the use of
serum biomarkers. For example, quantification of collagen
fragments in the serum is used as a readout of collagenolytic
cysteine cathepsin K activity, and low levels of activity are
taken to indicate efficacy of the cysteine cathepsin K inhibi-
tors in clinical trials (reviewed in Ref. [58]). Because the
other cysteine cathepsins are likely to create characteristic
peptide fragments after cleavage of their substrates, the
identification of individual protein biomarkers, or perhaps a

peptide signature in the blood, will be an important area for
future development.

Another possibility is noninvasive imaging using
cysteine cathepsin activity-based probes. We have pre-
viously used activity imaging in animal models first to
identify the different tumor types and cell types in which
cysteine cathepsin activity is increased in vivo, and then to
demonstrate a decrease in activity after treatment with the
JPM-OEt inhibitor ([10]; and J.A.J. et al., unpublished).
Recent publications have used similar activity-based
probes or fluorogenic substrates to image cysteine cathep-
sin activity noninvasively [18,59], and one of these probes,
ProSenseTM (VM102), is scheduled to enter clinical trials
next year for the detection of ovarian and colorectal cancer.

The preclinical studies discussed here indicate that
cysteine cathepsin inhibition will slow tumor growth, in
part, by decreasing angiogenesis and invasion. To achieve
substantial tumor regression, particularly in late-stage
patients, it is likely that cysteine cathepsin inhibitors will
need to be combined with additional therapies directed
against the cancerous cells such as chemotherapy, radi-
ation or biological agents (e.g. inhibitors of growth factor
receptors). Furthermore, if cysteine cathepsin inhibitors
predominantly target stromal cells in the tumor microen-
vironment, then evaluation of the patient response might
bemore accurately measured in terms of long-term disease
stabilization, rather than short-term tumor shrinkage. The
production of cysteine cathepsins and other proteases by
infiltrating stromal cells, as opposed to cancer cells, could
provide an additional therapeutic benefit in that the co-
opted stromal cells should be genetically stable, and thus
should not acquire drug resistance – a common obstacle for
therapies targeted towards genetically unstable tumor
cells [60].

Concluding remarks
We have discussed the rationale behind using cysteine
cathepsin inhibitors in cancer and have highlighted recent
preclinical studies that have assessed the effects of
cysteine cathepsin inhibition in animal models of cancer.
Although these initial examples certainly indicate that
cysteine cathepsin inhibitors are effective therapeutic
agents in experimental models, it remains to be seen
whether this promise will translate to the clinic. As dis-
cussed, ongoing analysis of broad-spectrum and selective
cysteine cathepsin inhibitors in a range of preclinical
cancer models will be essential to determine how cysteine
cathepsin inhibition affects different tumor microenviron-
ments. We will need to establish whether the covalent and
irreversible inhibitors that have been widely used in
animal models can be tolerated for long-term use in
patients. Finally, methods of first identifying individuals
with increased cysteine cathepsin expression and/or
activity and then monitoring how they respond to cysteine
cathepsin inhibition (by either noninvasive imaging or
biomarker analysis) will need to be incorporated into the
clinical trials.

In conclusion, in considering how to target cysteine
cathepsin proteases in human cancer effectively, we can
look to the success stories of FDA-approved protease
inhibitors, such as the proteasome inhibitor bortezomib
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(VelcadeTM) in multiple myeloma and the protease
inhibitor cocktails used by HIV-positive individuals, as
examples to follow.
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