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a b s t r a c t

Proteolytic activity is required for several key processes in cancer development and progression,
including tumor growth, invasion and metastasis. Accordingly, high levels of protease expression and
activity have been found to correlate with malignant progression and poor patient prognosis in a wide
variety of human cancers. Members of the papain family of cysteine cathepsins are among the protease
classes that have been functionally implicated in cancer. Therefore, the discovery of effective cathepsin
inhibitors has considerable potential for anti-cancer therapy. In this study we describe the identification
of a novel, reversible cathepsin inhibitor, VBY-825, which has high potency against cathepsins B, L, S and
V. VBY-825 was tested in a pre-clinical model of pancreatic islet cancer and found to significantly
decrease tumor burden and tumor number. Thus, the identification of VBY-825 as a new and effective
anti-tumor drug encourages the therapeutic application of cathepsin inhibitors in cancer.

� 2010 Elsevier Masson SAS. All rights reserved.

1. Introduction

During the development and progression of malignant tumors
there are several key stages that require the concerted action of
proteases. Proteolytic activity is known to be important for angio-
genesis, invasion and metastasis; processes that require degrada-
tion of the basement membrane (BM) and extracellular matrix
(ECM) for blood vessel formation and the dissemination of cancer
cells from the primary tumor mass [1,2]. The recognition that
proteolysis is required for multiple stages in the development of
malignant cancers emphasizes the therapeutic importance of
identifying the key tumor-promoting proteases and developing
successful strategies to inhibit their functions [3e5].

One of the protease families that have been implicated in tumor
development is the papain family of cysteine cathepsins. There are
11 human cysteine cathepsin proteases (B, C, F, H, K, L, O, S, L2/V, W,
X/Z) that share a conserved active site formed by cysteine and
histidine residues [6]. Cysteine cathepsins are produced at high
levels in a wide variety of human cancers, including lung, breast,
ovarian, brain, pancreatic endocrine, head and neck cancer and
melanoma, and their elevated expression and/or activity typically
correlates with poor patient prognosis (reviewed in Ref. [7]).

Increased cathepsin expression and activity have also been repor-
ted in several transgenic mouse models of cancer [8e10], enabling
pharmacological and genetic studies that have identified important
tumor-promoting roles for certain cathepsins. For example, we
found that treatment of the RIP1-Tag2 (RT2) transgenic model of
pancreatic islet cancer with a pan-cathepsin irreversible, covalent
inhibitor, JPM-OEt, significantly reduced tumor growth, angiogen-
esis and invasion, alone or in combination with chemotherapy
[8,11]. Moreover, using gene knockouts for several cathepsin family
members, we and others have identified tumor-promoting func-
tions for cathepsins B, H, L [12,13] and S [12,14] in this model.
Cathepsins B and Z were also shown to promote mammary
tumorigenesis in the MMTV-PyMT model of breast cancer [10,15].
Thus, there is an emerging body of evidence supporting the
consideration of cathepsins as an anti-cancer drug target (reviewed
in Refs. [4,16,17]).

Several different approaches have been used to block cathepsin
activity in vivo including small molecule inhibitors, antibodies, and
increased production of endogenous inhibitors (the cystatins and
stefins) (reviewed in Ref. [4]). Distinct classes of chemical struc-
tures have been developed for cysteine cathepsin inhibition, and
are reviewed in detail elsewhere [6,18e20]. The major types of
small molecule cathepsin inhibitors that have been tested in animal
models and/or clinical trials are nitriles, vinyl sulfones and epoxy-
succinyl-based compounds, either broad-spectrum or selective for
individual family members [8,11,21e24]. All of these inhibitors are
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directed to the active site and, depending on their mechanism of
action, are further classified into covalent or non-covalent binders,
and reversible or irreversible inhibitors. The discovery of cathepsin
inhibitors has largely followed the traditional process used for
other protease families; large libraries of natural products or
synthetic compounds were screened for inhibition of cathepsin
activity in vitro, these initial screens were then followed by smaller,
focused screens and/or subsequent modification of the chemical
structure to achieve optimal inhibition of the target.

While we previously found that the epoxide-based inhibitor,
JPM-OEt, which binds covalently and irreversibly to cathepsins,
significantly impaired RT2 tumor progression [8], some concerns
have been raised in the pharmaceutical industry over the potential
for immune side effects in association with long-term use of irre-
versible inhibitors. We therefore investigated whether reversible
cathepsin inhibitors might have similar anti-tumor efficacy to JPM-
OEt in pre-clinical trials. The reversible covalent inhibitor VBY-825
was identified from an X-ray crystal structure-based drug design
program and found to have potent inhibitory effects on several
cathepsin family members, in addition to sustained bioavailability
in vivo. We thus tested VBY-825 on established tumors in an
intervention trial in the RT2 model and found that this inhibitor
significantly reduced tumor number and tumor growth.

2. Materials and methods

2.1. Identification of the cathepsin inhibitor VBY-825

VBY-825 was identified as part of an extensive structure-based
drug discovery program originally performed at Celera Genomics in
South San Francisco, CA, USA and now Virobay Inc, Menlo Park, CA.
The program was focused on the design of inhibitors highly selec-
tive for cysteine cathepsins and specifically for cathepsin S. This
program developed inhibitors with exquisite selectivity for
cathepsins over other cysteine and serine proteases. Many of these
inhibitors had specific selectivity for cathepsin S, with a high level
of potency while achieving good pharmacokinetic properties (for
review, see [25]). In addition, a series of compounds was developed
with broad activity against multiple cathepsins, including the
ketoamide VBY-825, capable of forming a reversible covalent
hemiothioketal linkage with the active site of a number of cysteine
cathepsins. The detailed chemical synthesis of this compound can
be found in the patent WO 2006/102 243 and the chemical struc-
ture is shown in Fig. 1A.

2.2. In vitro potency determination

The in vitro inhibition capacity of VBY-825 was assayed with
purified cathepsins B, F, K, L, S, and V. All enzymes used in the study,
with the exception of cathepsin B, were produced at Virobay Inc.
using in-house expression systems. Cathepsin B from human liver
was purchased from Athens Research and Technology (Athens, GA,
USA). Cathepsin proteins in reaction buffer, optimized for each
enzyme, were mixed with the VBY-825 inhibitor at various
concentrations and allowed to incubate for 30 min at ambient
temperature, after which peptide substrates specific for each
cathepsin were added to initiate the reaction. Assay conditions
were as follows: cathepsin B, 50 mM MES pH 6.0, 2.5 mM DTT,
2.5 mM EDTA, 0.001% Tween-20, and 10% DMSO; cathepsin F,
50mMMES pH 6.5, 2.5 mMDTT, 2.5 mM EDTA,100mMNaCl, 0.01%
BSA, and 10% DMSO; cathepsin K, 50 mMMES pH 6.5, 2.5 mM DTT,
2.5 mM EDTA, and 10% DMSO; cathepsin L, 50 mM MES pH 5.5,
2.5 mM DTT, 2.5 mM EDTA, 0.01% BSA, and 10% DMSO; cathepsin
L2/V, 50 mMMES pH 6.5, 2.5 mMDTT, 2.5 mM EDTA, 100 mMNaCl,
0.01% BSA, and 10% DMSO; cathepsin S, 50 mMMES pH 6.5, 2.5 mM

DTT, 2.5 mM EDTA, 100 mM NaCl, 0.001% BSA, and 10% DMSO.
Hydrolysis of specific substrates yields the fluorescent product
7-amino-4-methylcoumarin, which was detected using an FMAX
96-well plate reader. The increase in fluorescence was measured
during a 5 min assay duration that was run under conditions such
that substrate concentration was close to the KM value. Substrates
were purchased from Bachem, Torrance, CA and were as follows:
cathepsin B (Boc-Leu-Lys-Arg-AMC); cathepsin F (Z-Phe-Arg-AMC);
cathepsin K, L, V (Z-Phe-Arg-AMC); cathepsin S (Z-Val-Val-
Arg-AMC).

2.3. Cellular potency determination with cathepsin
activity-based probe

An iodinated activity-based probe Diazomethylketone-Tyr-Ala
125I (125I-DMK) was synthesized at PerkinElmer (Shelton, CT). This
is an irreversible probe that binds to cysteine cathepsins and its
level of binding in cells is proportional to the activity of these
proteases. The procedure was modified from that originally
described in Falgueyret et al. [26]. Human umbilical venous endo-
thelial cells (HUVEC) were treated with varying concentrations of
VBY-825 for 4 h and subsequently incubated for 1 h with the
radiolabeled activity-based probe. Media used throughout the
experiment was serum-free and supplemented with 2% Nutri-
doma-HU (Boehringer Mannheim, Indianapolis, IN). 2 mCi of

Fig. 1. Identification and characterization of the selective cathepsin inhibitor VBY-825.
(A) Chemical structure of VBY-825. (B) Analysis of VBY-825 inhibition on cathepsin
B and L activity in intact HUVECs using a radioiodinated diazomethylketone-Tyr-Ala
(125I-DMK) activity-based probe. Cells were incubated with varying concentrations of
VBY-825 followed by a short incubation with 125I-DMK, and IC50 values of inhibition
were determined. The IC50 values for inhibition of the two heavy chain isoforms of
cellular cathepsin L were 0.5 nM and 3.3 nM. The IC50 value for inhibition of cathepsin
B was 4.3 nM (C) Iip10 accumulation demonstrating cathepsin S inhibition in spleen,
and VBY-825 plasma concentrations in mice following 3 days of subcutaneous QD
administration of VBY-825 at 10 mg/kg. Times indicated are timepoints following the
third dose, and plasma levels indicate the average plasma concentration of VBY-825
(nM) in plasma from three mice at each time point. Veh ¼ D5W vehicle.

B.T. Elie et al. / Biochimie 92 (2010) 1618e1624 1619



Author's personal copy

iodinated probe with a specific activity of 2000 Ci/mmol was used.
After incubationwith the probe, cell monolayers werewashed with
PBS and solubilized with M-PER lysis buffer (Pierce/Thermo
Scientific, Rockford, IL). Clarified lysates were boiled for 5 min and
analyzed under reducing conditions with SDS-PAGE. Gels were
fixed for 45 min in 10% methanol/10% acetic acid prior to drying.
Binding of the probe to cathepsins B and L was assessed by SDS-
PAGE followed by autoradiography. Images were scanned, and IC50
values of inhibition were extrapolated from the dose-response
curves using GraphPad Prism.

2.4. Invariant chain processing analysis in spleen
and bio-analytic methods

Spleen tissue was snap frozen on dry ice at various times
following administration of VBY-825. Spleen tissue was homoge-
nized, lysates produced, and equal amounts of total protein
assessed with SDS-PAGE with 4e20% Bis Tris Criterion XT gels.
Invariant chain intermediates were visualized by western blot
using an antibody to mouse CD74/invariant chain (Becton Dick-
inson, NJ) and visualized with an HRP-conjugated donkey anti-rat
secondary antibody (Jackson Immunoresearch, West Grove, PA).
Bio-analytical determination of VBY-825 plasma concentrations
was performed using liquid chromatography with tandem mass
spectrometric detection. Samples were analyzed using a Thermo
Scientific AQUASIL C18 column followed by spectrometric detection
using a Sciex API 4000.

2.5. Experimental animals and trial design

The generation of RIP1-Tag2 (RT2) mice as a model of pancreatic
islet cell carcinogenesis has been reported previously [27]. RT2
mice were maintained in accordance with institutional guidelines
at MSKCC governing the care of laboratory animals. All RT2 mice on
trial received 50% sucrose-adjusted diet (Harlan Teklad, Madison,
WI) and 5% sugar water to relieve hypoglycemia induced by the
insulin-secreting tumors. The mice were weighed twice per week.
VBY-825 was administered in 5% dextrose solution (D5W) (Baxter
I.V. Solutions, West Chester, PA) once daily by subcutaneous
injection at a dose of 10 mg/kg/day. A separate cohort of mice were
treated with the D5W vehicle control, administered once daily by
subcutaneous injection. RT2 mice were treated in an intervention
trial from 10 to 13.5 weeks of age, and sacrificed at 13.5 weeks. Two
independent trials were performed on different cohorts of sex-
matched mice, with the following numbers per treatment group:
D5W n ¼ 18 mice total (n ¼ 12 and n ¼ 6 from two separate trials);
VBY-825 n ¼ 21 mice (n ¼ 12 and n ¼ 9 from two separate trials).

2.6. Tumor burden analysis

Mice were anesthetized and underwent heart perfusion using
10 ml PBS followed by 10 ml 10% zinc-buffered formalin (Medical
Chemical Corp., Torrance, CA). The pancreas and spleen of the mice
were dissected and macroscopic tumors (�1 �1 mm) were excised
and measured. Tumor volume was calculated using the formula
V ¼ a*b2*pi/6 where a and b equal the longer and shorter diameter
of the tumor, respectively. The volumes of all tumors from each
mouse were added to give the cumulative tumor burden per
animal.

2.7. Tissue preparation and immunohistochemistry

Tissues were prepared as previously described for frozen and
paraffin embedding [28]. For the angiogenesis analysis, the vascu-
lature was visualized with a rat anti-mouse CD31 antibody (BD

Pharmingen, San Diego, CA) and a donkey-anti-rat Alexa 568
secondary antibody for subsequent detection (Molecular Probes,
Eugene, OR). Vessel leakiness was assessed following intravenous
injection of 100 ml of lysine fixable, Texas Red conjugated dextran
(70 kDa, Molecular Probes, Eugene, OR). Vessel functionality was
assessed by FITC-lectin (Vector Labs, Burlingame, CA) perfusion and
visualization as previously described [29]. Apoptotic cells were
visualized using a rabbit anti-mouse cleaved caspase 3 antibody
(Cell Signaling Technology, Beverly, MA) and a goat anti-rabbit
Alexa 568 secondary antibody (Molecular Probes, Eugene, OR).
DAPI (Invitrogen, Eugene OR) was used to visualize the nuclei and
the slides were mounted in ProLong Gold Mounting Medium
(Invitrogen, Eugene, OR). Proliferating cells were identified using
a rabbit anti-mouse Ki67 antibody (Vector Labs, Burlingame, CA)
and SIGMAFAST 3,30-Diaminobenzidine (DAB) (Sigma Aldrich, St.
Louis, MO) detection; nuclei were counterstained with hematox-
ylin (Sigma Aldrich, St. Louis, MO). For the invasion analysis,
paraffin sections were stained with hematoxylin and eosin Y (H&E)
solutions (Sigma Aldrich, St. Louis, MO) and grading was performed
as previously described [28].

2.8. Analysis of cell proliferation, apoptosis, tumor
vasculature and tumor invasion

For all histological analyses, VBY-825 treated tumors were
compared to vehicle controls at the 13.5 week-old endpoint of the
intervention trial. Tumors were analyzed from at least 5 mice per
treatment group with the exception of the invasion analysis, which
was performed on 15 mice per group, and all tumors per mouse
were analyzed. Images were acquired on a Carl Zeiss AxioImager Z1
equipped with a high-precision scanning stage using TissueFAXS
image acquisition software and the TissueStitching function (Tis-
sueGnostics, Vienna, Austria). Cell proliferation was quantified
using HistoQuest analysis software (TissueGnostics, Vienna,
Austria) and was calculated as the percentage of Ki67 positive cells
over the total number of cells per tumor. Apoptosis was quantified
by counting the number of cleaved caspase 3-positive cells per
tumor using TissueQuest analysis software (TissueGnostics, Vienna,
Austria). Vessel area, as determined by CD31 staining and dextran-
covered area, was quantified using Metamorph imaging software
(Molecular Devices, Sunnyvale, CA). For all analyses, tumor images
were analyzed in a genotype-blinded manner and subsequently
decoded. For analysis of tumor invasion, tissue sections were
stained byH&E and graded as previously described [28] in a blinded
manner by two independent investigators (BTE and JAJ).

2.9. Statistical analysis

For analysis of tumor burden, cell proliferation, apoptosis and
vessel area, means and standard errors were calculated per mouse
from each treatment group using the unpaired Student’s t-test, and
were considered statistically significant if P < 0.05. Statistical
comparison of tumor grades in the invasion analysiswas performed
using a cumulative logit model [30] with generalized estimating
equations to correct for correlations within individual mice.

3. Results

3.1. Identification and chemical structure of the
cathepsin inhibitor VBY-825

An extensive X-ray crystal structure-based drug design program
was performed to identify cathepsin-selective inhibitors with
different inhibitory profiles for various cathepsins primarily
cathepsin S, which was targeted for autoimmunity therapy. In
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addition to cathepsin S-selective inhibitors, this program led to the
discovery of the inhibitor VBY-825, which binds to a spectrum of
cathepsins with a fully reversible covalent hemiothioketal linkage
to the active site cysteine and via structural elements binding at the
S1, S2 and S3 binding pockets of the enzymes, based on the
cathepsin S structure determination by McGrath et al [31]. The
chemical structure of VBY-825 is shown in Fig.1A. This inhibitor has
good metabolic stability (93% remaining at 60 min in human liver
microsomes; 82% remaining at 60 min in human plasma) and
acceptable kinetic solubility (223 mM in phosphate buffered saline
pH 7.4) (data not shown).

3.2. Analysis of the potency of enzyme inhibition by VBY-825

VBY-825 was screened against six purified human cathepsins to
determine the potency against these enzymes. Ki(app) values were
obtained and are as follows: cathepsin S ¼ 130 pM, cathepsin
L ¼ 250 pM, cathepsin V ¼ 250 pM, cathepsin B ¼ 330 pM,
humanized-rabbit cathepsin K ¼ 2.3 nM, cathepsin F ¼ 4.7 nM. The
potency (Ki(app)) values were also determined against four species
orthologues of cathepsin S and are as follows: mouse ¼ 40 pM,
monkey ¼ 60 pM, dog ¼ 250 pM, rat ¼ 770 pM. These data indicate
that VBY-825 is a potent inhibitor of the assayed cathepsins and its
potency against at least one cathepsin, cathepsin S, extends across
species relevant for pharmacology studies, specifically mouse.

In addition to these in vitro enzyme potency assays, the activity
of VBY-825 against cathepsins B and L was also determined in intact
cells using an activity-based probe. Studies were performed in
human umbilical vein endothelial cells (HUVEC) as this cell line
expresses both cathepsins B and L. Briefly, cells were incubated
with varying concentrations of VBY-825 followed by a short
incubation with the radioiodinated diazomethylketone-Tyr-Ala
(125I-DMK) activity-based probe. This probe binds irreversibly to
cysteine proteases including cathepsins B and L. It was used in
a whole-cell enzyme occupancy assay to determine cellular
potency of VBY-825 as a quantitative marker of protease activity
based on the protocol described previously [26]. Data are shown in
Fig. 1B, and IC50 values of inhibition were determined. The IC50
values for inhibition of the two heavy chain isoforms of cellular
cathepsin L were 0.5 nM and 3.3 nM. The IC50 value for inhibition of
cathepsin B was 4.3 nM. These studies were also performed in the
mouse macrophage-like cell line J774.A1 and similar potencies
were obtained (data not shown). These results are consistent with
the high potency for VBY-825 against purified cathepsin enzymes
and demonstrate that VBY-825 is highly effective in inhibiting these
enzymes in cells.

3.3. Pharmacokinetics and pharmacodynamics of VBY-825 in mice

C57BL/6 mice were treated daily for three days with either VBY-
825 (10 mg/kg/day) or a vehicle control (D5W). Plasma concen-
trations of VBY-825were obtained at 2, 6,12, and 24 h following the
final dose. Bio-analytical determination of plasma concentrations
was performed using liquid chromatography (LC) with tandem
mass spectrometric detection (MS/MS). Plasma levels exceeded
1.5 mM at 2 h after dosing and remained above 200 nM for the full
24 h after dosing (Fig. 1C). The invariant chain processing inter-
mediate Iip10, a substrate of cathepsin S in antigen presenting cells,
is a pharmacodynamic biomarker of cathepsin S inhibition. Its
accumulation indicates complete inhibition of cathepsin S in
antigen presenting cells, which require cathepsin S for Iip10
proteolysis [32e34]. Iip10 accumulation was assessed in the spleen
of three VBY-825 dosed animals at each time point in this analysis
compared to vehicle-treated mice. Iip10 was detected in all VBY-
825 treated mice at all time points, reflecting the complete

inhibition of cathepsin S in spleen tissue during the duration of
dosing (Fig. 1C). These pharmacokinetic studies demonstrate that
the 10 mg/kg/day dose of VBY-825 achieves a trough plasma
concentration >200 nM, which is well above that required for full
inhibition of the intracellular activity of cathepsins B, F, K, L, S and V
in both mouse and human cell lines (Fig. 1B and data not shown).

3.4. VBY-825 reduces tumor growth and number
in a RT2 intervention trial

While these experiments demonstrated the inhibitory effects of
VBY-825 on cathepsins in biochemical and cell-based assays, we
wanted to know whether VBY-825 had similar effects in vivo. We
used the well-characterized RIP1-Tag2 (RT2) mouse model of
pancreatic neuroendocrine cancer, which has been very informa-
tive as a pre-clinical platform for evaluating novel drug treatments,
including different anti-angiogenic agents, protease inhibitors and
chemotherapy (reviewed in [35]). Tumor development in RT2 mice
is highly reproducible, and progresses through defined sequential
stages including hyperplastic/dysplastic islets, angiogenic islets,
and progressive grades of carcinoma [27]. As such, RT2 mice have
been used in stage-specific trials to investigate the effects of
different inhibitors on reducing angiogenic switching and tumor
growth, and inducing tumor regression. In the present study we
chose to use an “intervention trial” design with treatment between
10 and 13.5 weeks of age to focus our investigation on rapidly
growing tumors. This was also the time window in which we had
previously found the most dramatic reduction in tumor growth
with an irreversible cathepsin inhibitor, JPM-OEt, in a similar trial
design [8], and thus the most logical to use for comparison with
a reversible inhibitor in the current study.

Two different cohorts of RT2mice were treated daily with either
VBY-825 (10 mg/kg/day) or the vehicle control (D5W) beginning at
10weeks of age. VBY-825was very well tolerated, with no observed
weight loss or evidence of any side effects. Mice were sacrificed at
the trial endpoint of 13.5 weeks of age, the pancreas was removed
and islet cell tumors dissected from the pancreas. Tumors were
counted, and the individual and cumulative tumor volumes
calculated for eachmouse. Lesions in RT2mice continue to progress
to carcinomas during the timeframe of the intervention trial per-
formed in the current study. In the control D5W-treated group the
mean tumor number at the 13.5 week trial endpoint was 8.7
tumors. We found that treatment with VBY-825 significantly
reduced the number of tumors by 33% to a mean value of
5.8 (Fig. 2A, P < 0.05). There was also a substantial 52% decrease
in cumulative tumor volume following VBY-825 treatment
(mean ¼ 20.59 mm3) compared to the vehicle control group
(mean ¼ 42.97 mm3) (Fig. 2B, P < 0.01).

3.5. Effects of VBY-825 on the balance between cell
proliferation and apoptosis in RT2 tumors

Given the significant decrease in tumor growth in VBY-825
treated RT2 mice, we next sought to identify the cellular mecha-
nisms underlying this reduction. We first examined cell prolifera-
tion in RT2 tumors using the proliferation marker Ki67. The mean
percentage of proliferating cells in individual tumors from the
vehicle control group was 8.2%, which was reduced to 6.1% in
tumors from VBY-825 treated mice (Fig. 3A, n ¼ 5 mice per group;
25% decrease). Tumor growth can also be affected by alterations in
cell death, and so we next compared apoptotic rates in the two
groups using an antibody that detects the cleaved, active form of
caspase 3. We found that the percentage of apoptotic cells in
individual tumors was increased from a mean of 0.77% in the
control group to 1.10% in the VBY-825 group (Fig. 3B, n¼ 5 mice per
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group; 42% increase). Although these effects did not reach statis-
tical significance, it is possible that changes in the overall balance
between cell proliferation and apoptosis may contribute to the
decreased tumor burden observed in VBY-825 treated animals.

3.6. Analysis of the effects of VBY-825 treatment on RT2
tumor invasion and vascularization

We have previously shown that inhibition or deletion of
cathepsin proteases in RT2 mice leads to a significant reduction in
tumor invasion and angiogenesis [8,11,12,14,36], and thus sought to
determine whether reversible inhibition of selective cathepsins
affected these processes. Tumor invasion was scored as previously
described [28] for all tumors detectable in H&E stained sections
from the two treatment groups (n ¼ 15 mice per group). Tumors
were categorized as encapsulated, microinvasive, or invasive. As
shown in Fig. 4A, the majority of tumors in the vehicle control
animals were either microinvasive or frankly invasive. VBY-825
treatment resulted in a modest shift in the distribution of tumors to
less invasive types, but this did not reach statistical significance.

Another tumorigenic process that requires proteolytic degra-
dation is angiogenesis, in which important roles have been iden-
tified for cathepsins [8,11e14,36e39], and so we asked whether
tumor vascularization was altered in VBY-825 treated tumors.
Vessels were detected using the endothelial cell-specific antibody
CD31, and vessel coverage over tumor area was assessed. We found
no significant difference in the area covered by CD31 þ cells in the
VBY-825 treated group compared to vehicle controls (Fig. 4B). We
also asked whether vessel functionality was affected by injecting
either FITC-conjugated lectin, which binds to the lumen of func-
tional blood vessels, or Texas Red-conjugated dextran, which
diffuses more readily from leaky blood vessels. We analyzed the
distribution of both molecules within the tumors and found no
difference between the VBY-825 treated and vehicle control groups
(Fig. 4C and data not shown), indicating that vessel density and
functionality were not affected following VBY-825 treatment.

4. Discussion

In this studywe report the identification, characterization and in
vivo testing of a novel reversible cathepsin inhibitor, VBY-825, in

a mouse model of pancreatic islet cancer. VBY-825 was identified
from an extensive structure-based drug design program, and found
to have high potency for inhibition of cathepsins B, L, S and V, and to
a lesser extent cathepsins F and K. We have previously shown that
cathepsins B, C, H, L, S and Z are upregulated during the different
stages of RT2 tumorigenesis [8], whereas the remaining cathepsin
family members are either not expressed, or are expressed at low
levels that do not change. Thus, cathepsins B, L and S are the
potential targets for inhibition by VBY-825 in this cancer model.

VBY-825 treatment in an intervention trial resulted in a signifi-
cant decrease in tumor growth and tumor incidence, which was
comparable to the reduction observed previously with the irre-
versible inhibitor JPM-OEt in a similar trial design [8]. The reduced
tumor growth could potentially be explained by the trend towards
a combined decrease in cell proliferation and increase in apoptosis
we observed in the VBY-825 treated tumors. However, while both
proliferation and cell death were somewhat perturbed following
VBY-825 treatment, the effects were not as pronounced as we had
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Fig. 2. VBY-825 treatment reduces tumor incidence and tumor growth in a RT2
intervention trial. (A) Tumor number was decreased by 33% in VBY-825 treated RT2
mice compared to the D5W vehicle control-treated cohort, *P < 0.05. Mice were
treated with D5W or VBY-825 (10 mg/kg/day) once daily by subcutaneous injection
from 10 to 13.5 weeks of age. D5W: n ¼ 18 mice, VBY-825: n ¼ 21 mice. (B) The
cumulative tumor volume at the 13.5 week trial endpoint was decreased by 52% in
VBY-825 treated RT2 mice compared to the D5W vehicle control-treated group,
**P < 0.01.

Fig. 3. Effects of VBY-825 treatment on the balance between cell proliferation and
apoptosis in RT2 tumors. (A) Proliferating cells were detected by Ki67 staining (brown)
and representative images are shown for D5W-treated tumors (upper panel) and VBY-
825 treated tumors (lower panel) at the 13.5 week trial endpoint. Scale bar ¼ 50 mm.
Graph on the right shows the percentage of proliferating cells (Ki67 positive) over the
total number of hematoxylin-positive cells in the tumor. VBY-825 treatment resulted in
a 25% decrease in cell proliferation. (B) Apoptotic cells were detected by cleaved cas-
pase 3 staining (red) and representative images are shown for D5W-treated tumors
(upper panel) and VBY-825 treated tumors (lower panel) at the 13.5 week trial
endpoint. Scale bar ¼ 50 mm. Graph on the right shows the percentage of apoptotic
cells (cleaved caspase 3 positive) over the total number of DAPI-positive cells in the
tumor. VBY-825 treatment resulted in a 42% increase in apoptosis. The means and SEM
are indicated in both graphs, n ¼ 5 mice per group.
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previously observed with the pan-cathepsin inhibitor JPM-OEt [8].
Similarly, we did not observe a significant difference in tumor
invasion or angiogenesis in VBY-825 treated mice, in contrast to the
substantial reductions in both processes that we had previously
found following JPM-OEt treatment [8,11]. Thus, while both JPM-
OEt and VBY-825 have a similar potency in reducing tumor growth
and tumor number, there are some differences in their observed
effects on the hallmark capabilities of cancer.

There are several possible explanations that may account for
some of the differences between the VBY-825 and JPM-OEt inhib-
itors in the RT2 model. First, JPM-OEt is a pan-cathepsin inhibitor,
whereas VBY-825 has a more selective inhibitory profile, with the
expected targets being restricted to cathepsins B, L and S in this
model. Therefore, it is possible that the remaining upregulated
cathepsins (H and Z), which we know to be important for tumor
angiogenesis and invasion respectively [Ref. [13], and Gocheva
et al., manuscript in preparation] are not inhibited, and are suffi-
cient to promote these tumorigenic processes when cathepsins B, L
and S are inhibited by VBY-825. A second possibility is that
reversible inhibition of these specific cathepsins is not as effective
as irreversible inhibition in reducing tumor angiogenesis and
invasion, although this is unlikely given the high plasma levels of
the compound throughout the duration of dosing. Finally, it is
possible that the defined timepoint of the analyses after 3.5 weeks
of treatment may not reveal important but transitory effects

occurring earlier in the therapeutic regimen. Analysis of these
parameters at earlier timepoints following the initiation of treat-
ment at 10 weeks could be informative in determining whether the
biological effects of VBY-825 treatment are more pronounced
initially. For example, it is possible there is an initial wave of
increased apoptosis and decreased cell proliferation, which debulks
the tumor mass, but then is attenuated by the time they are
assessed histologically at the 13.5-week endpoint.

An additional consideration is the route of administration. VBY-
825 was delivered via subcutaneous injection, whereas JPM-OEt
was administered by intraperitoneal injection. Reinheckel and
colleagues recently showed that JPM-OEt effectively inhibited
cathepsin activity in the organs close to the injection site in the
peritoneal cavity (pancreas, liver and kidney) but was less effective
in the distally located lungs [24]. Thus examining the efficacy of
intraperitoneal administration of VBY-825 in the RT2 pancreatic
cancer model could be informative. Additional strategies to
improve the efficacy of VBY-825 in pre-clinical trials include
combining this inhibitor with other anti-cancer agents, such as
chemotherapy. Indeed, we previously found that the addition of
cyclophosphamide to the cathepsin inhibitor JPM-OEt significantly
enhanced its anti-tumor efficacy, and increased overall survival in
an RT2 regression trial [11], motivating further investigation of
VBY-825 in combination with other drugs.

In conclusion, we have identified and characterized a novel,
reversible and selective cathepsin inhibitor that significantly
reduces tumor incidence and tumor growth in a mouse model of
pancreatic islet cancer. In addition, VBY-825 treatment was non-
toxic to animals over the course of this pre-clinical trial, as we have
previously reported for JPM-OEt [4,8], further encouraging the
potential application of cathepsin inhibitors as potent anti-cancer
therapeutics. Indeed, the range of cysteine cathepsin inhibitors that
have been developed and tested in animal models has significantly
expanded in the past several years. In addition to the identification
of selective small molecule inhibitors such as VBY-825, there have
also been programs to develop antibody and peptide-based inhib-
itors [39e45]. Another exciting advance is the ongoing evaluation
of cathepsin K-selective small molecule inhibitors in early clinical
trials for patients with bone metastases [46e48]. It will thus be
very interesting to establish whether the potential benefits of
inhibiting cathepsins, as indicated from pre-clinical studies such as
this one, will translate into a successful therapeutic strategy in the
clinic.
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Fig. 4. VBY-825 treatment does not affect RT2 tumor invasion or angiogenesis at the
13.5 week trial endpoint. (A) Graph showing the relative proportions of encapsulated,
microinvasive, and highly invasive carcinomas in 13.5 week D5W controls compared to
VBY-825 treated RT2 mice. VBY-825 treatment did not significantly alter the distri-
bution of tumor grades compared to D5W-treated mice, n ¼ 15 mice per group. (B, C)
The tumor vasculature was analyzed by perfusion of mice with Texas Red-dextran and
by staining with an endothelial cell-specific antibody (CD31) (n ¼ 2e8 mice per group).
The percentage of CD31-positive blood vessels over the total tumor area (DAPI-
positive) is graphed in (B), showing no difference in vessel coverage between the
D5W- and VBY-825 treated tumors. The percentage of dextran-covered area over the
total tumor area (DAPI-positive) is graphed in (C), showing no difference in vessel
leakiness (as assessed by dextran diffusion from blood vessels) between the D5W- and
VBY-825 treated tumors.
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