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Chronic lymphocytic leukemia (CLL) is characterized by clonal accumulation of CD5� CD19� B lympho-
cytes that are arrested in the G0/G1 phase of the cell cycle and fail to undergo apoptosis because of overex-
pression of the antiapoptotic B-cell CLL/lymphoma 2 (BCL-2) protein. Oncolytic viruses, such as vesicular
stomatitis virus (VSV), have emerged as potential anticancer agents that selectively target and kill malignant
cells via the intrinsic mitochondrial pathway. Although primary CLL cells are largely resistant to VSV
oncolysis, we postulated that targeting the apoptotic pathway via inhibition of BCL-2 may sensitize CLL cells
to VSV oncolysis. In the present study, we examined the capacity of EM20-25—a small-molecule antagonist of
the BCL-2 protein—to overcome CLL resistance to VSV oncolysis. We demonstrate a synergistic effect of the
two agents in primary ex vivo CLL cells (combination index of 0.5; P < 0.0001). In a direct comparison of
peripheral blood mononuclear cells from healthy volunteers with primary CLL, the two agents combined
showed a therapeutic index of 19-fold; furthermore, the combination of VSV and EM20-25 increased apoptotic
cell death in Karpas-422 and Granta-519 B-lymphoma cell lines (P < 0.005) via the intrinsic mitochondrial
pathway. Mechanistically, EM20-25 blocked the ability of the BCL-2 protein to dimerize with proapoptotic
BAX protein, thus sensitizing CLL to VSV oncolytic stress. Together, these data indicate that the use of BCL-2
inhibitors may improve VSV oncolysis in treatment-resistant hematological malignancies, such as CLL, with
characterized defects in the apoptotic response.

Chronic lymphocytic leukemia (CLL) is one of the most
common leukemias in the Western hemisphere, accounting for
up to 30% of all diagnosed leukemias. CLL is characterized by
a progressive accumulation of a monoclonal CD5� CD19�

B-lymphocyte population in the peripheral blood, bone mar-
row, and lymphoid organs as well as low levels of cell surface
immunoglobulin, and CLL cells ultimately acquire an aggres-
sive and lethal phenotype (12). Malignant B cells are arrested
in G0/G1 phase of the cell cycle and fail to undergo apoptosis
due to overexpression of B-cell CLL/lymphoma 2 (BCL-2)
protein in malignant CLL cells (18, 51). The antiapoptotic
BCL-2 protein plays a key role in the control of the intrinsic
mitochondrial pathway and promotes cell survival by inhibiting
the function of proapoptotic proteins, such as BAX and BAK
(4, 39, 46). Although chromosomal translocation events, such
as t(14:18), have been associated with BCL-2 overexpression in
several types of follicular B-cell lymphomas, the mechanisms
that mediate BCL-2 expression in CLL cells remain unclear (4,
26, 40). Despite advances in cancer therapeutics, CLL disease
remains resistant to existing treatments; the majority of ther-

apies are palliative, with only a small percentage of patients
achieving a complete response (1, 2).

Viral oncolytic therapy, involving the use of replication-
competent viruses that specifically target and kill cancer cells,
while sparing normal tissues, is a promising new strategy for
cancer treatment (32, 37). This selectivity is achieved by ex-
ploiting cell surface or intracellular aberrations in gene expres-
sion that arise during the development of malignancies and
appear to favor cancer cell proliferation at the expense of the
host antiviral program (reviewed in references 5, 37, and 41).
Vesicular stomatitis virus (VSV) is an enveloped, single-
stranded RNA virus and member of the Rhabdoviridae family
possessing intrinsic oncolytic properties (37, 52, 53). Aspects of
interferon signaling and the action of downstream effectors,
including translational control, are compromised in malignant
cells, thus affording a cellular environment that facilitates viral
replication and cell killing—uninterrupted by the host antiviral
response (58). Naturally attenuated VSV strains (termed AV1
and AV2) harboring mutations in the matrix protein have a
potentially greater therapeutic margin compared to wild-type
VSV (49), because these attenuated strains fail to block the
nuclear to cytoplasmic transport of host mRNA, including
interferon and cytokine mRNA, and therefore generate an
antiviral response (20) that contributes to a strong protective
effect in normal tissue.

It has been generally accepted that VSV induces apoptosis
in a caspase-3- and caspase-9-dependent manner (22, 53). De-
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spite discrepancies about the particular involvement of either
the intrinsic or extrinsic pathway in VSV-induced apoptosis
(23, 24), the proapoptotic protein BAX represents the conver-
gence point of VSV-mediated cell death, triggering mitochon-
drial membrane potential depolarization (50). We previously
reported (11) that primary ex vivo CLL cells are resistant to
VSV-induced apoptosis; given the importance of mitochon-
drial pathway in VSV oncolysis, we hypothesized that inhibi-
tion of BCL-2 function may restore activation of the intrinsic
apoptotic pathway in VSV-infected malignant CLL cells. In-
deed, we demonstrate that primary CLL cells that are refrac-
tory to VSV-induced apoptosis can be rendered sensitive to
VSV oncolysis by combination treatment with VSV-AV1 and a
BCL-2 inhibitor. Impressively, our data also demonstrate that
induction of apoptosis by combination treatment is not toxic
for normal peripheral blood marrow cells (PBMCs), suggesting
that the use of VSV and a BCL-2 inhibitor constitutes a prom-
ising, therapeutic approach for the treatment of chronic lym-
phocytic leukemia.

MATERIALS AND METHODS

Patients and PBMC isolation. PBMCs were obtained from healthy individuals
and CLL patients at the Jewish General Hospital, Montreal, Quebec, Canada,
following written, informed consent, in agreement with the Jewish General
Hospital and McGill University Research Ethics Committee. Blood mononu-
clear cells were isolated by centrifugation (400 � g at 20°C for 25 min) of blood
samples on a Ficoll-Hypaque density gradient (GE Healthcare Bio-Sciences Inc.,
Oakville, Ontario, Canada). PBMCs were cultured in RPMI 1640 medium sup-
plemented with 15% heat-inactivated fetal bovine serum (Wisent Inc., St-Bruno,
Quebec, Canada) and 100 U of penicillin and streptomycin per ml. PBMCs were
cultured at 37°C in a humidified, 5% CO2 incubator.

CLL patients included in our study were selected on the basis of the patient’s
willingness to donate blood. Median age, sex, and absolute lymphocyte counts
were typical of CLL patients in general. Patients were not on therapy at the time
of analysis. We determined that only cells from patients with B-cell CLL (B-
CLL) with malignant cells positive for both CD5 and CD19 markers would be
used in this study (1, 2, 12). According to the National Cancer Institute-Spon-
sored Working Group guidelines for the diagnosis and criteria for response for
CLL, as part of the diagnosis of B-CLL, �30% of all nucleated cells from the
bone marrow must be lymphoid. In agreement, all PBMC cells from CLL pa-
tients, used in this study, expressed more than 30% malignant B cells (Table 1).

Cell lines. The human B-lymphoma cell lines (Granta-519 and Karpas-422)
used in this study were purchased from the German Collection of Microorgan-
isms and Cell Cultures and were grown in RPMI 1640 medium and Dulbecco’s
modified Eagle’s medium (Wisent Inc.), respectively, supplemented with 10%
fetal calf serum and with penicillin and streptomycin. All cells were maintained
at 37°C and 5% CO2. Wild-type and Bcl-2-expressing Jurkat T cells were main-
tained in RPMI 1640 medium (Wisent Inc.) supplemented with 10% fetal calf
serum. The Bcl-2-expressing system was previously described and was a gift from
R. Sekaly (University of Montreal, Montreal, Quebec, Canada) (7).

Virus production, quantification, and infection. Construction of VSV-AV1
and recombinant rVSV-�51-GFP (termed here VSV-AV1-GFP) was previously
described (53). Virus stocks were grown in Vero cells (purchased from ATCC,
Bethesda, MD), concentrated from cell-free supernatants, and titrated by stan-
dard plaque assay. Briefly, confluent monolayers of Vero cells in six-well plates
were infected with 0.1 ml of serially diluted samples; after 1 h at 37°C, the
medium was replaced with complete medium containing 0.5% methylcellulose
(Sigma Aldrich, Oakville, Ontario, Canada) for 48 h. Vero cells were fixed in 4%
formaldehyde and stained with crystal violet. Plaques were counted, and titers
were calculated as PFU per milliliter. Duplicate experiments were performed,
and the averages of the virus titers were calculated. VSV-AV1 was used for
experiments with primary cells and for 5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethyl-
benzimidazolyl-carbocyanine iodide (JC-1) incorporation assay. Primary lym-
phocytes or lymphoma cell lines were infected with VSV at an multiplicity of
infection (MOI) of 0.1 PFU/cell (Granta-519) or 10 PFU/cell (primary PBMCs
and Karpas-422) for 1 h in serum-free medium at 37°C. The cells were then
incubated with complete medium at 37°C for the indicated times.

Apoptotic response. EM20-25 [5-(6-chloro-2,4-dioxo-1,3,4,10-tetrahydro-2H-
9-oxa-1,3-diaza-anthracen-10-yl)-pyrimidine-2,4,6-trione] (Calbiochem, San Di-
ego, CA) was dissolved in dimethyl sulfoxide to a stock concentration of 1 mM,
aliquoted, and stored at �20°C. EM20-25 (Calbiochem, San Diego, CA) was
diluted in medium to a concentration of 10 �M. Cells were cultured at a density
of 5 � 106 cells/ml. A fresh aliquot of EM20-25 was thawed for each experiment,
and drug was added to the medium at the desired concentrations for 30 min prior
to infection. After incubation with the inhibitor, cells were infected with VSV-
AV1 or VSV-AV1-GFP (�51) at the MOIs described above. Mock-infected cells
were used as a control. After incubation at 37°C in 5% CO2 for 1 h, complete
medium containing freshly thawed EM20-25 at 10 �M was added. Cells were
incubated for periods of time varying from 6 h to 7 days and then analyzed for
apoptosis by flow cytometry, Western blotting, and caspase activity and analyzed
for virus replication by Western blotting, plaque assay, and reverse transcription-
PCR (RT-PCR).

Flow cytometry. Total PBMCs were isolated as described above. Aliquots
(0.5 � 106 to 1.0 � 106 cells) of cells treated or not with EM20-25 (10 �M)
and infected or not with VSV-AV1 (MOI of 10) were washed with phosphate-
buffered saline (PBS) and stained with fluorescein isothiocyanate-conjugated
CD5, phycoerythrin-conjugated CD19 for 45 min on ice, and allophycocyanin
(APC)-conjugated annexin V for 15 min in 1� annexin V binding buffer on ice.
B-lymphoma cells Karpas-422 and Granta-519 were treated or not with EM20-25
(10 �M) and infected or not with VSV-AV1 (MOIs of 10 and 0.01); aliquots (0.5 �
106 to 1.0 � 106 cells) were washed with PBS and stained with APC-conjugated
annexin V for 15 min in 1� annexin V binding buffer on ice. The percentage of
apoptotic cells was measured in CD5� CD19� B-cell population. Flow cytometry
(1 � 104 cells/measurement) was performed with a FACSCalibur (Becton-Dick-
inson, Mississauga, Ontario, Canada) and analyzed with CellQuest software and
FCS Express version 3 (De Novo Software, Los Angeles, CA). All antibodies
were purchased from BD Biosciences.

Semiquantitative RT-PCR. Total RNA was extracted from cells using RNase
extraction kit (Qiagen, Mississauga, Ontario, Canada) according to the manu-
facturer’s instructions. RT-PCR was performed using 0.3 �g of RNA resus-
pended in RNase-free double-distilled H2O and oligo(dT12-18) primer (Invitro-
gen Canada Inc., Burlington, Ontario, Canada) according to the manufacturer’s
instructions. RT was performed using Superscript II at 42°C for 1 h. Following
the RT reactions, cDNA samples were brought to a final volume of 100 �l of
which 5 �l was used as template for each PCR with Taq polymerase. The primer
sequences used in this study for PCR were as follows: for M protein, forward
(5�-GCGAAGGCAGGCCTTATTTG-3�) and reverse (5�-CTTTTTCTCGACA
ATCAGGCC-3�). PCR fragments were amplified at an annealing temperature
of 55°C for 35 cycles. Products were run on a 1% agarose gel, revealed through
use of a Typhoon 9400 phosphorimager (GE Healthcare Bio-Sciences), and
quantification was performed using ImageQuant 5.2 software (GE Healthcare
Bio-Sciences Inc., Oakville, Ontario, Canada).

Protein extraction and Western blot analysis. Cells were washed twice with
ice-cold PBS, and proteins were extracted in ice-cold lysis buffer containing PBS,

TABLE 1. Characteristics of patients diagnosed with B-CLL

Patient Age
(yr) Gendera

No. of
WBCb

(109/liter)

% positive cells

CD5� CD19� CD5�

CD19�

1 78 F 10.7 87 73 70
2 71 F 94.4 46 79 37
3 54 M 18.3 83 79 72
4 41 M 42.7 78 71 62
5 48 M 42 66 72 52
6 54 M 12.2 61 56 55
7 41 M 46.7 71 37 33
8 46 M 42.9 78 64 63
9 47 F 221 91 87 85
10 71 M 9.6 91 83 79
11 63 F 29 98 68 67
12 84 F 83.3 92 94 87
13 66 F 17.9 91 97 89
14 63 M 21.4 83 91 81
15 62 M 1.4 61 97 58

a F, female; M, male.
b WBC, white blood cells.
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0.05% NP-40, 0.1% glycerol, 30 mM NaF, 40 mM �-glycerophosphate, 10 mM
Na3VO4, and protease inhibitor cocktail (Sigma-Aldrich, Oakville, Ontario, Can-
ada) at a dilution of 1/1,000. Extracts were kept on ice for 15 min and centrifuged
at 10,000 � g for 25 min (4°C), and supernatants were stored at �80°C. Protein
concentration was determined with Bio-Rad protein assay reagent (Bio-Rad,
Hercules, CA). Mitochondrial versus cytosol fractions of cells were prepared
using a mitochondria isolation kit for cultured cells (Pierce, Rockford, IL)
according to the manufacturer’s instructions. Protein extracts (30 �g) were re-
solved using 12 to 14% sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis and transferred to nitrocellulose membranes (Hybond C Super; GE
Healthcare Bio-Sciences Inc.). The membranes were blocked for 1 h in 5%
nonfat dried milk in Tris-buffered saline containing 0.5% Tween 20. The mem-
branes were then incubated with any of the following primary antibodies: anti-
rabbit VSV (1:5,000), anti-cleaved caspase-3 (Cell Signaling, Danvers, MA)
(1:2,000), anti-rabbit �-actin (Cell Signaling, Danvers, MA) (1:1,000), or
anti-mouse BCL-2 (Santa Cruz Biotechnology, Santa Cruz, CA) (1:2,000).
The immunocomplexes were detected with horseradish peroxidase-conju-
gated secondary antibodies and enhanced chemiluminescence according to
the manufacturer’s specifications (ECL kit; GE Healthcare Bio-Sciences Inc.).
Cytochrome c was analyzed with anti-rabbit cytochrome c monoclonal antibody
(MAb) or control antibody anti-mouse �-actin (Cell Signaling, Danvers, MA).
Western blot quantification was assessed by densitometric analyses of scanned
films with the use of the Scion Image 4.0. software.

Coimmunoprecipitation assay. Cells were lysed with 1% CHAPS lysis buffer
{10 mM HEPES (pH 7.4), 150 mM NaCl, 1% 3-[(3-cholamidopropyl)-dimeth-
ylammonio]-1-propanesulfonate (CHAPS)} containing protease inhibitors. To-
tal protein (200 �g) was incubated with 2 �g of anti-BCL-2 MAb (Santa Cruz
Biotechnology, Santa Cruz, CA) or 2 �g of anti-BAX MAb (clone 6A7) (Sigma
Aldrich, Oakville, Ontario, Canada) in CHAPS lysis buffer at 4°C overnight on
a rotator. Immunoprecipitates were collected by incubating with 20 �l protein
L-agarose (Santa Cruz Biotechnology, Santa Cruz, CA) for 4 h at 4°C, followed
by centrifugation for 1 min. The pellets were washed three times with CHAPS
lysis buffer, and beads were boiled in 2� SDS buffer and analyzed by Western
blotting using the anti-BAX MAb (Santa Cruz Biotechnology, Santa Cruz, CA).

Measurement of mitochondrial potential by JC-1 staining. Cells (0.5 � 106)
were cultured in six-well plates. After treatment with EM20-25 and/or VSV-
AV1, the cells were collected, washed in PBS, and resuspended in medium
containing JC-1 (Molecular Probes-Invitrogen Canada Inc., Ontario, Canada) at
a final concentration of 1 mM/liter and incubated at 37°C for 15 min. After
incubation, cells were subjected to flow cytometry analysis on a FACSCalibur
(Becton-Dickinson) and analyzed with CellQuest software.

Quantitative measurement of caspase activity. Cells were lysed in buffer con-
taining 50 mM HEPES (pH 7.4), 100 mM NaCl, 0.1% CHAPS, 0.1 mM EDTA,
and 1 mM dithiothreitol. The lysates were clarified by centrifugation, and the
supernatants were used for enzyme assays. Enzymatic reactions were carried out
in 2.5� piperazine-N,N�-bis(2-ethanesulfonic acid) (PIPES) buffer containing 20
�g of protein lysate and 5 �M Asp-Glu-Val-Asp (DEVD)–7-amino-4-triflu-
oromethyl coumarin (AFC) or 5 �M Leu-Glu-His-Asp (LEHD)-AFC (both
from BioMol International, Plymouth Meeting, PA). Fluorescent AFC forma-
tion was measured at a excitation wavelength of 390 nm and emission wavelength
of 538 nm for 30 cycles using a Bio-Rad Fluoromark.

Viability assay. Cell viability was assessed by 3-(4,5-dimethylthiazol)-2,5-di-
phenyl tetrazolium (MTT) dye absorbance according to the manufacturer’s in-
structions (Chemicon International, Billerica, MA). Cells were seeded in 96-well
plates at a density of 5 � 105 cells (PBMCs) per well or 100,000 cells per well
(Karpas-422 and Granta-519 cells). For drug combination studies, cells were
treated or not with EM20-25 (10 �g) and infected or not with VSV-AV1 (MOI
of 10) where indicated. For 50% inhibitory concentration (IC50) assay, increasing
concentrations of EM20-25 (300 nm to 200 �M) were used. Plates were incu-
bated at 37°C and 5% CO2 for 7 days. Each experimental condition was tested
in quadruplicate experiments.

Statistical, synergism, and therapeutic index analyses. The statistical analysis
was performed using the Student’s t test. P values that were 	0.05 were consid-
ered statistically significant. Average values were expressed as means 
 standard
deviations (SDs). The following equation was used to determine the combined
cytotoxic effects of EM20-25 according to the method of Chou and Talalay (15):
CI1⁄4[(D)1/(Dx)1]þ[(D)2/(Dx)2]þ(D)1(D)2/(Dx)1(Dx)2, where (D)1 and (D)2 are
the doses of treatments 1 and 2 that produce the x effect when used in combi-
nation and (Dx)1 and (Dx)2 represent the doses of treatments 1 and 2 that
produce the same x effect when used alone. The combination is additive when the
CI equals 1.0, synergistic when the CI is 	1.0, and antagonistic when the CI is
�1.0. The therapeutic index is the capacity or propensity of a drug to affect one
cell population in preference to others, i.e., the ability of a drug to affect one kind

of cell and produce effects in doses lower than those required to affect other cells.
The therapeutic index was calculated by measuring 50% lethal dose/50% ther-
apeutically effective dose, where the lethal dose applies to the normal population
and the therapeutically effective dose applies to the malignant population (14).

RESULTS

Primary CLL cells are resistant to VSV-AV1-induced apop-
tosis. Overexpression of the antiapoptotic BCL-2 protein has
been associated with an apoptosis-resistant phenotype in CLL
and other malignances (31, 40, 42). To analyze VSV-induced
oncolysis in BCL-2-overexpressing malignant cells, primary
CLL cells from seven patients were infected with a naturally
attenuated variant of VSV (AV1) at an MOI of 10, and by 96 h
postinfection, cells were analyzed for virus replication and ap-
optosis; all samples showed high levels of BCL-2 protein com-
pared to samples from healthy volunteers (Fig. 1a). Despite
the fact that viral replication was detected in all samples (Fig.
1c), VSV-AV1 did not induce significant apoptosis in the CLL
samples assayed by annexin V staining (Fig. 1b). Indeed, in-
fection at higher MOIs of VSV-AV1 (MOIs of 10, 30, and 60)
did not further increase apoptosis (Fig. 1d and e), suggesting
that BCL-2 overexpression may play a role in resistance to
VSV-induced apoptosis in CLL cells.

BCL-2 inhibitor EM20-25 sensitizes ex vivo CLL cells to
VSV-AV1 oncolysis. Small organic molecules, such as EM20-25
(36, 45) (Fig. 2a), have been shown to sensitize apoptosis-
resistant cells to cytotoxic drugs by binding to BCL-2 and
disrupting interactions with proapoptotic proteins, such as
BAX and BAK. As such, investigations are under way to ex-
plore the use of small-molecule inhibitors as therapeutic
agents for the treatment of malignancies that overexpress
BCL-2 (33, 34, 59). To examine the effect of EM20-25 on VSV
oncolysis in CLL cells, primary human CLL cells from seven
different patients (CLL8 to CLL11 and CLL13 to CLL15) were
pretreated with 10 �M EM20-25 (IC50 approximately 20 �M
[Fig. 2b]) and infected with VSV-AV1 (MOI of 10). Pretreat-
ment with EM20-25 for 30 min dramatically diminished the
resistance of CLL cells to VSV-induced apoptosis (Fig. 3a). By
96 h postinfection, the combination increased cell death more
than fivefold compared to either VSV-AV1 or EM20-25 alone
(1.1- and 1.4-fold, respectively) (Fig. 3b). Importantly, syner-
gism measured using a CI of 0.5 (see Materials and Methods)
was achieved in all seven samples tested (P 	 0.0001 for com-
parison to VSV-AV1 treatment alone or P 	 0.001 for com-
parison to EM20-25 treatment alone) (Fig. 3c). Induction of
apoptosis by VSV-AV1 and EM20-25 in malignant CLL cells
was further confirmed by detection of cleaved caspase-3; the
level of cleaved caspase-3 was 7- to 10-fold higher in cells
treated with both VSV-AV1 and EM20-25 than in cells treated
with either agent alone (Fig. 3d). Analysis of VSV-AV1 repli-
cation in malignant primary CLL cells by viral protein produc-
tion (Fig. 3e), viral M mRNA synthesis (Fig. 3f), and virus titer
(Fig. 3g) demonstrated that VSV-AV1 replicates in malignant
CLL cells and that EM20-25 did not significantly alter viral
replication. Together these data demonstrate that VSV-AV1
in combination with EM20-25 synergistically overcomes apop-
tosis resistance in primary malignant CLL cells without in-
creasing VSV-AV1 replication.

VOL. 82, 2008 USE OF BCL-2 INHIBITORS IMPROVES VSV ONCOLYSIS 8489

 on F
ebruary 28, 2014 by P

E
N

N
 S

T
A

T
E

 U
N

IV
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/
http://jvi.asm.org/


VSV-AV1 in combination with EM20-25 induces apoptosis
through the intrinsic mitochondrial pathway. To further cor-
roborate the data obtained in primary CLL cells, we sought to
identify cell lines that expressed BCL-2 protein at levels similar
to those in CLL cells. Among 12 B-lymphoma cell lines tested,
Karpas-422 and Granta-519 naturally overexpress BCL-2 to
levels comparable to those in ex vivo PBMCs from CLL pa-
tients (Fig. 4a; also see Fig. 6a). As with CLL cells, both
Karpas-422 and Granta-519 cells had similar EM20-25 toxicity
levels (IC50s of approximately 20 �M) (Fig. 2b). Karpas-422
cells were treated with EM20-25 (10 �M) for 30 min and then
infected with VSV-AV1 at an MOI of 10. The combination led
to a threefold increase in VSV-induced apoptosis compared to
the effect of virus alone (P 	 0,05), as demonstrated by annexin
V-APC staining (Fig. 4b). When examined by the MTT reduc-
tion assay, viability of Karpas-422 cells was reduced threefold
with the combination, while the loss of viability was only 1.4-
fold when Karpas-422 cells were treated with EM20-25 or VSV
alone (Fig. 4c). Interestingly, VSV replication was not signifi-
cantly affected (Fig. 4d), indicating that apoptosis observed

with VSV-AV1/EM20-25 was not accompanied by increased
VSV replication.

To link BCL-2 overexpression with resistance to VSV-in-
duced apoptosis, a Jurkat T-cell line expressing BCL-2 under
the control of doxycycline (DOX) was used (7). In this cell
model, a fourfold increase in BCL-2 was detected 24 h after
DOX treatment (Fig. 4e). At 48 h after VSV infection, 85% of
control Jurkat cells underwent apoptosis, whereas in BCL-2-
expressing Jurkat cells, VSV-AV1-induced apoptosis reached a
maximum of 40 to 50% (P 	 0.05) (Fig. 4f). Pretreatment of
BCL-2-expressing Jurkat cells with EM20-25 restored VSV-
AV1-induced apoptosis to levels similar to those seen in con-
trol Jurkat cells (Fig. 4f). Confirming our results with Kar-
pas-422 cells, treatment with EM20-25 did not affect VSV
replication in Jurkat cells (control or BCL-2-expressing
cells) (Fig. 4g).

We and others previously reported the importance of the
mitochondrial apoptotic pathway in VSV-induced oncolysis
(22, 50). The loss of mitochondrial transmembrane potential is
known to trigger cytochrome c release from the mitochondria

FIG. 1. Primary CLL cells are resistant to VSV-AV1-induced apoptosis. (a) PBMCs were isolated from CLL patients and from two healthy
volunteers. Whole-cell extracts were analyzed for BCL-2 protein expression by immunoblotting. The BCL-2 protein expression level was quantified
and normalized to the �-actin level. (b) VSV-AV1-induced apoptosis in PBMCs isolated from CLL patients. PBMCs from a healthy volunteer were
used as a BCL-2 expression control. At 96 h postinfection, apoptosis was measured using annexin V staining by flow cytometry. Mock-infected cells
were used as a control. (c) VSV-AV1 replication in PBMCs isolated from CLL patients and from two healthy volunteers infected with VSV-AV1
(�) or not infected with VSV-AV1 (�) was examined by Western blotting. VSV-AV1 viral protein expression was monitored by Western blot
analysis with anti-rabbit VSV antibody. L, large protein; G, glycoprotein; N/P, nucleocapsid. (d and e) PBMCs isolated from a CLL patient (CLL3)
were infected with VSV-AV1 at different MOIs (MOIs of 10, 30, and 60). Mock-infected cells were used as a control. (d) VSV viral protein
expression was monitored as described above for panel c. The time postinfection (24, 48, and 72 hours after infection) is shown above the lanes.
IB, immunoblotting; N, nucleocapsid. (e) VSV-AV1-induced apoptosis in PBMCs from a CLL patient measured by annexin V staining.
Mock-infected cells were used as a control.
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and to promote formation of the apoptosome complex (17, 25).
Thus, changes in the mitochondrial membrane potential
(��m) were examined in Karpas-422 and BCL-2-expressing
Jurkat cells. The combination increased mitochondrial mem-
brane depolarization in both Karpas-422 cells (Fig. 5a) and
BCL-2-expressing Jurkat cells (Fig. 5b) but not in control Ju-
rkat cells (Fig. 5c), indicating the ability of EM20-25 to en-
hance VSV-AV1-induced mitochondrial depolarization. Fur-
thermore, cytochrome c release in the cytoplasm of Karpas-422
cells was observed only with combination treatment (Fig. 5d).
Taken together, our data indicate that inhibition of BCL-2
function using EM20-25 inhibitor augmented VSV-AV1-in-
duced apoptosis through the intrinsic mitochondrial pathway.

Activation of downstream caspases by the combination was
assessed in colorimetric caspase activity assays using substrates
specific for caspase-3 or caspase-7 and caspase-9. The com-
bined use of VSV-AV1/EM20-25 increased caspase-3/7 and
caspase-9 activity 6.3-fold and 4-fold, respectively, while either
VSV-AV1 or EM20-25 alone induced caspase-3/7 and
caspase-9 activity by 2- to 3-fold and 	2-fold (P 	 0.001),
respectively (Fig. 5e). Furthermore, caspase-3 cleavage de-
tected by immunoblotting was 8-fold higher in cells treated
with both VSV-AV1/EM20-25 than in cells treated with
EM20-25 alone, and caspase-3 cleavage was 2.5-fold higher
than in cells treated with VSV-AV1 alone (Fig. 5f). Similar
results were also obtained using Granta-519 cells (Fig. 6b to g).

The VSV-AV1/EM20-25 combination induces apoptosis by
disruption of BCL-2/BAX interaction. BCL-2 inhibits the mi-
tochondrial apoptotic pathway by preventing oligomerization
of the proapoptotic proteins BAX and BAK at the mitochon-
drial membrane, which in turn blocks cytochrome c release,

apoptosome formation, and cleavage of caspase-3 (3, 4, 19);
thus, disruption of BCL-2 family interactions is an important
step in triggering mitochondrial apoptosis. As shown in Fig. 7,
combination treatment was able to disrupt BCL-2/BAX inter-
action in Karpas-422 cells (Fig. 7a and b). Coimmunoprecipi-
tation of BCL-2 followed by immunoblotting with anti-BAX
antibody demonstrated the loss of association between BCL-2
and BAX (Fig. 7a and b). An essential step in BAX activation
is a conformational change which exposes an epitope at the N
terminus of BAX that is occluded in its inactive state (27). To
test whether the VSV-AV1/EM20-25 combination directly
activated the BAX conformational change, cellular protein
extracts prepared after 36 h of treatment were immunoprecipi-
tated with an anti-BAX MAb (6A7) that recognizes the
epitope exposed during BAX activation. As shown in Fig.
7b, only cells treated with VSV-AV1/EM20-25 display the
prodeath conformation, indicating that the combination
promotes conformational changes in BAX that are associ-
ated with apoptosis. Importantly, the combination did not
significantly alter protein expression of other antiapoptotic
BCL-2 family members or the expression of BAX (Fig. 7c),
suggesting that changes in BCL-2 levels were not involved in
apoptosis induction by the combination. In contrast, EM20-25
alone at 10 �M did not disrupt BAX/BCL-2 interactions, in-
dicating that inhibition of BCL-2 alone is not sufficient to
induce apoptosis and that the additional stress signal gener-
ated by VSV infection was required to disrupt BCL-2/BAX
interaction and trigger downstream apoptosis.

VSV-AV1 and EM20-25 selectively kill CD5� CD19� B-CLL
cells and spare normal PBMCs. Chemotherapeutic ap-
proaches should selectively target cancer cells while leaving

FIG. 2. EM20-25 toxicity. (a) EM20-25 structure. (b) Primary B-CLL cells and Karpas-422 and Granta-519 cells were treated with EM20-25
continuously for 96 h (cell lines) and 5 days (primary cells), and cell viability was quantified by the MTT assay. Each data point represents the mean 

SD (error bar) for quadruplicate wells.

VOL. 82, 2008 USE OF BCL-2 INHIBITORS IMPROVES VSV ONCOLYSIS 8491

 on F
ebruary 28, 2014 by P

E
N

N
 S

T
A

T
E

 U
N

IV
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/
http://jvi.asm.org/


FIG. 3. BCL-2 inhibitor EM20-25 sensitizes ex vivo CLL cells to VSV-AV1 oncolysis. The effect of the combination of VSV-AV1 and EM20-25
(AV1 � EM0-25) in PBMCs isolated from CLL patients is shown. (a) Effect of EM20-25 on VSV-AV1-induced apoptosis. At the indicated times
postinfection, apoptosis was measured by annexin V staining. The results are reported as a percentage of viable cells, and the values represent the
means 
 SDs (error bars) from seven experiments. Noninfected cells were used as a control. (b) VSV-AV1/EM20-25-induced cytotoxicity in
PBMCs isolated from a CLL patient (CLL7). At 96 h postinfection, cell viability was assessed by MTT assay. The results are reported as a
percentage of viable cells; values represent the means plus SDs (error bars) from quadruplicate experiments. In comparisons of the values, P values
of 	0.0001and 	0.0002 are indicated by * and **, respectively. (c) In seven patients (CLL8 to CLL11 and CLL13 to CLL15), the percentage of
apoptotic cells in each circumstance was quantified by flow cytometry after annexin V staining. Each symbol represents the percentage of annexin
V-positive cells for a particular patient. A paired t test was used for comparisons (P values of 	0.0001and 	0.001 are indicated by * and **,
respectively). (d) Cleavage of caspase-3 in PBMCs isolated from a CLL patient (CLL5). A representative experiment of five experiments is shown.
PBMCs treated (�) with VSV-AV1 or EM20-25 or both and cleaved forms of caspase-3 were detected by Western blotting at the indicated times
(in hours) postinfection (p.i.). The expression level of the 17-kDa form, from the cleaved caspase-3 protein, was quantified and normalized to the
�-actin level. (e) PBMCs isolated from a CLL patient were treated with VSV-AV1/EM20-25 (�), and viral replication was measured. VSV-AV1
large protein (L) and glycoprotein (G) were detected by Western blotting. (f and g) PBMCs isolated from a CLL patient (CLL9) were treated (�)
with VSV-AV1 or EM20-25 or both, and viral replication was measured. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (f) RT-PCR
detection of viral matrix (M) mRNA synthesis; (g) viral titer determined by plaque assay in Vero cells. Values represent the means 
 SDs (error
bars) from triplicate experiments.
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FIG. 4. EM20-25 increases VSV-AV1-induced apoptosis in BCL-2-overexpressing cells. (a) Expression of BCL-2 protein. Different B-cell lines,
primary CLL cells, and PBMCs from a healthy donor were examined by immunoblotting for BCL-2 expression. The BCL-2 protein expression level
was quantified and normalized to the �-actin level. (b) Kinetics of VSV-AV1/EM20-25-induced apoptosis in Karpas-422 cell line. At the indicated
times postinfection (in hours), apoptosis was measured using annexin V staining by flow cytometry; values represent the means 
 SDs (error bars)
for triplicate experiments. In comparisons of the values, a P value of 	0.05 is indicated by an asterisk. Mock-infected cells were used as a control.
(c) Karpas-422 cells were cultured in the presence of VSV-AV1/EM20-25 for 48 h, and viability was assessed by MTT assay. The results are
reported as a percentage of viable cells; values represent the means plus SDs (error bars) for quadruplicate experiments. In comparisons of the
values, P values of 	0.005 and 	0.002 are indicated by * and **, respectively. (d) Effect of EM20-25 on VSV-AV1-GFP replication in Karpas-422
cells. At the indicated times postinfection, cultures were evaluated for viral replication by flow cytometry. The white bars represent green
fluorescent protein (GFP) expression in mock-treated cells, and the black bars represent VSV-AV1-GFP expression in EM20-25-treated cells. (e)
Expression of BCL-2 protein in Jurkat cells. Wild-type (WT) Jurkat cells and BCL-2-expressing Jurkat cells were treated with doxycycline (Dox)
(�), and BCL-2 protein was detected by Western blotting. The time postinfection (0, 24, and 48 h postinfection) is shown above the lanes. (f)
VSV-AV1-GFP-induced apoptosis in control Jurkat (wild type [WT]) and BCL-2-expressing Jurkat cell lines. At 48 h postinfection, apoptosis was
measured using annexin V staining by flow cytometry; values represent the means plus SDs (error bars) of triplicate experiments. In comparisons
of the values, a P value of 	 0.05 is indicated by an asterisk. (g) Effect of EM20-25 on VSV-AV1-GFP replication in control Jurkat (WT) and
BCL-2-expressing Jurkat cell lines. At 48 h postinfection, cultures were evaluated for VSV-AV1-GFP replication by flow cytometry.
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normal tissues intact. To examine the target cell selectivity of
VSV-AV1/EM20-25 treatment, the CD5 CD19 compartment
of PBMCs from a CLL patient was examined for apoptosis
induction by annexin V staining. At 96 h postinfection, apop-
tosis induced by the combination occurred predominantly in
the CD5� CD19� population (R1) (Fig. 8a), indicating that
the combination is specific to leukemic cells; furthermore,

EM20-25 did not render the total PBMC population sensitive
to VSV-AV1 oncolysis. Indeed, PBMCs isolated from healthy
donors were not sensitive to VSV-AV1/EM20-25-mediated ap-
optosis, as measured by annexin V staining (Fig. 8b). Also, the
dose used to treat PBMCs with the combination did not pro-
duce significant cytotoxicity in healthy PBMCs (Fig. 8c). Im-
portantly, a direct comparison of healthy PBMCs with primary

FIG. 5. The combination of VSV-AV1 and EM20-25 induced apoptosis in a mitochondrion-dependent manner. (a) Flow cytometry analysis of
Karpas-422 cells following JC-1 staining showed an increase in mitochondrial membrane depolarization after treatment with the VSV-AV1/
EM20-25 combination (AV1 � EM20-25). Mock-infected cells were used as a control. The percentage of mitochondrial membrane potential
(��m) lost is shown. (b) Flow cytometry analysis of BCL-2-expressing Jurkat cells following JC-1 staining showed an increase in mitochondrial
membrane depolarization after treatment with VSV-AV1/EM20-25. Mock-infected cells were used as a control. (c) Pretreatment with EM20-25
has no effect in VSV-AV1-induced JC-1 incorporation in control Jurkat cells (wild type [WT]). Mock-infected cells were used as a control. (d)
Cytochrome c release into the cytosol. Karpas-422 cells were treated (�) with VSV-AV1 or EM20-25 or both. After 36 h postinfection, cells were
collected, and cytosolic fractions were prepared as described in Materials and Methods. Cytochrome c was detected by Western blotting. Mito,
mitochondria. (e) VSV-AV1/EM20-25-induced cleavage of caspases in Karpas-422 cell line. Caspase-3/7 and caspase-9 activities were assayed in
cell lysates at 36 h postinfection. Values represent means 
 SDs (error bars) for triplicate experiment. In comparisons of the values, a P value of
	0.001 is indicated by an asterisk. (f) Cleavage of caspase-3. Karpas-422 cells were treated (�) with VSV-AV1 or EM20-25 or both. Cleaved forms
of caspase-3 were detected by Western blotting after 36 h postinfection. The expression level of the 17-kDa form, from the cleaved caspase-3
protein, was quantified and normalized to the �-actin level.
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FIG. 6. The resistance of Granta-519 cells to VSV oncolysis is overcome by EM20-25. (a) Expression of BCL-2 protein in six B-lymphoma cell
lines compared with ex vivo B-CLL cells (CLL 9) and PBMCs isolated from a healthy donor. Expression of BCL-2 was analyzed in whole-cell
extracts by Western blotting with antibody against BCL-2. �-Actin was included as a loading control. The BCL-2 protein expression level was
quantified and normalized to the �-actin level. (b) Apoptosis was measured by flow cytometry in Granta-519 cells treated with EM20-25/VSV-
�51-GFP. Results are presented as bars indicating the percentage of annexin V-positive cells. Mock-infected (control) cells or cells treated with
EM20-25 were included as a control. In comparisons of the values, a P value of 	0.05 is indicated by an asterisk. (c) Analysis of cytotoxicity by
VSV-AV1/EM20-25 in Granta-519 cells. Results are presented as bars indicating the percentage of cell viability. In comparisons of the values, a
P value of 	0.0001 are indicated by an asterisk. (d) Expression of VSV-�51-GFP virus in infected cells was determined by fluorescence-activated
cell sorting. Results are presented as a percentage of green fluorescent protein-positive cells in Granta-519 cells. In panels b to d, Data are
presented as means � SDs (error bars). (e) Mitochondrial membrane depolarization (� �m) in response to VSV-AV1/EM20-25 treatment was
assessed by flow cytometry using JC-1 staining. Cells were treated with EM20-25/VSV-AV1 prior to JC-1 staining and flow cytometry analysis.
Mock-infected cells were used as a control. (f and g) Granta-519 cells were treated as described above. At 36 h postinfection, cells were harvested,
and the enzymatic activity of caspase-3/7 (f) and caspase-9 (g) proteases was determined. Results are presented as bars indicating the amount of
caspase activity induced compared to the control sample (mock-infected cells). In comparisons of the values, a P value of 	0.05 is indicated by
an asterisk.
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malignant CLL cells showed that the combination increased
the therapeutic index (see Materials and Methods) of the two
agents by 19-fold (Fig. 8d) (8, 16, 49).

DISCUSSION

In the present study, we evaluated the therapeutic potential
of VSV-AV1 and the BCL-2 inhibitor EM20-25 to induce
apoptosis in primary chronic lymphocytic leukemia cells. Pri-
mary ex vivo malignant CLL cells were largely resistant to
VSV-induced oncolysis, whereas the combination of VSV-
AV1 and EM20-25 induced synergistic killing of primary CLL
cells, as well as increased VSV-AV1 oncolysis in Karpas-422
and Granta-519 cell lines and disruption of BCL-2/BAX inter-
action and downstream apoptotic events, such as cytochrome c
release and caspase-3 cleavage. To our knowledge, this is the
first study that demonstrates the value of BCL-2 inhibitors in
sensitizing CLL cells to oncolytic virus-induced apoptosis. Our
findings support the hypothesis that BCL-2 overexpression cre-
ates an apoptosis-resistant phenotype in CLL cells and that
blockade of BCL-2 activity sensitizes cells to VSV-AV1-indced
oncolysis.

The naturally attenuated VSV-AV1 is a selective oncolytic

virus that does not cause significant toxicity in normal human
cells. VSV selectivity is achieved by exploiting tumor defects
that, while providing cancer cells with growth and survival
advantages, compromise the normal innate antiviral program,
thus affording a cellular environment that facilitates VSV-AV1
replication and cell killing (9, 32, 37, 53). Although many cell
lines are susceptible to viral oncolysis, primary tumors often
exhibit significant resistance to oncolytic virus-induced cell
death, and this fact has resulted in a search for combination
therapeutic strategies that could overcome resistance. In other
studies, we demonstrated that VSV-AV1 in combination with
histone deacetylase inhibitors enhance oncolytic activity in ex
vivo human tumor material and tumor xenograft models, but
not in normal primary tissue cultures or peripheral blood
mononuclear cells (T. L.-A. Nguyên, H. Abdelbary, M. Ar-
guello, C. Breitbach, S. Leveille, J.-S. Diallo, A. Yasmeen, T.
Bismar, D. Kirn, T. Falls, V. Snoulton, B. Vanderhyden, J.
Werier, H. Atkins, J. Hiscott, and J. Bell, submitted for pub-
lication). Histone deacetylase inhibitors have also been re-
ported to increase herpes simplex virus oncolysis in vivo in
glioblastoma models (35). In an elegant study aimed at target-
ing tumor metastasis, J. Qiao et al. (44) used purified popula-
tions of normal autologous T cells to carry VSV to lymph

FIG. 7. The combination of VSV-AV1 and EM20-25 induces apoptosis by disruption of BCL-2/BAX interaction. (a) Karpas-422 cells were
treated (�) with VSV-AV1 and EM20-25 alone or in combination. After infection (0, 6, 12, 24, and 48 hours postinfection [hrs p.i.]), cells were
lysed and BCL-2 was immunoprecipitated. BAX interaction was revealed by immunoblotting (IB) using anti-BAX antibody. IP, immunoprecipi-
tation. IgG, immunoglobulin G; L, light chain. (b) Karpas-422 cells were cultured in the presence of VSV-AV1/EM20-25 for 36 h. Following
treatment, cells were lysed in 1% CHAPS lysis buffer and immunoprecipitated with the indicated anti-BCL-2 MAb or anti-BAX (6A7) MAb.
Immunoprecipitates were subjected to immunoblotting using anti-BAX antibody. (c) Cells were treated as described above, and pro- and
antiapoptotic proteins were detected by immunoblotting. Viral replication (G, glycoprotein) and cleavage of caspase-3 were also monitored by
Western blot analysis. �-Actin was added as a loading control.
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nodes and other lymphoid organs. This strategy generated not
only metastatic eradication but also antitumor immunity at
sites where tumor cell killing occurred (44). Finally, in the
present study, we demonstrated that manipulation of the ap-
optotic pathway can also contribute to increased efficacy of
oncolytic virus in CLL cells. Nontoxic doses of EM20-25 were
used to restore the ability of CLL cells to induce the intrinsic
mitochondrial pathway in response to a stress signal—in this
case VSV-AV1. The BCL-2 inhibitor had a synergistic effect,
only in combination with VSV-AV1 and only in leukemic cells,
thus indicating a safer chemotherapeutic regimen (33, 34, 43,
56). Remarkably, the combination selectively killed the CD5�

CD19� CLL population, while sparing the normal PBMC pop-
ulation and did not render normal PBMCs susceptible to VSV-
induced oncolysis. After VSV-AV1/EM20-25 treatment of
Karpas-422 and Granta-519 cell lines and ex vivo primary CLL
cells, all cells were eventually killed following combination
treatment. However, we cannot rule out the possibility that
some primary CLL cells may acquire resistance in vivo. Emer-
gence of a resistant population is dependent on several factors,
including the frequency of exposure to virus and drug, the

fragility of the leukemic cell population, and time of exposure
to the treatment. Further studies are required to investigate
the possible emergence of an unresponsive population.

Mitochondrial membrane permeabilization plays a major
role in the apoptosis process (48). During apoptosis, the outer
mitochondrial membrane becomes permeable to proteins lo-
cated in the intermembrane space, including cytochrome c,
which supports formation of the apoptosome, activation of
initiator caspase-9, cleavage of the effector caspase-3, and ul-
timately, processing downstream death substrates (48). Anti-
apoptotic members of the BCL-2 family, such as BCL-2 and
BCL-XL, inhibit protein release from the mitochondria,
whereas proapoptotic members, such as BAX and BAK, stim-
ulate this release. Interactions among these pro- and antiapop-
totic proteins promote a balance that regulates the fate of the
cell (10). VSV induces mitochondrion-dependent apoptosis in
a caspase-9/Apaf-1-dependent manner, in part through the
viral matrix M protein, which blocks host mRNA export from
the nucleus (20–22) by interaction with Rae1/mrnp41 nuclear
pore complex proteins (20).

Gaddy and Lyles (24) showed that the inability of the M mu-

FIG. 8. VSV-AV1 and EM20-25 selectively kill CD5� CD19� CLL cells and spare normal PBMCs. (a) Primary PBMCs isolated from CLL
patient were treated with the VSV-AV1/EM20-25 (AV1 � EM20-25) combination or not treated with the VSV-AV1/EM20-25 combination
(control). At 96 h postinfection, cells were stained for CD5, CD19, and annexin V and analyzed by flow cytometry. Cells positive for both CD5
and CD19 antigens representing B-CLL cells (R1) and non-CLL cells (R2) were electronically gated, and cell death in cells treated with
VSV-AV1/EM20-25 compared to the noninfected controls was assessed using flow cytometry. Data are presented as percentages of annexin
V-positive cells measured by fluorescence-activated cell sorting in the two different populations, R1 and R2. (b) Effect of EM20-25 on VSV-
AV1-induced apoptosis in PBMCs isolated from a healthy volunteer. At the indicated times postinfection, apoptosis was measured by annexin V
staining. A representative experiment of three experiments is shown. Mock-infected cells were used as a control. (c) VSV-AV1/EM20-25 did not
induce cytotoxicity in PBMCs isolated from a healthy volunteer. At 7 days postinfection, cell viability was assessed by the MTT assay. Results are
reported as a percentage of viable cells 
 SD; each experiment was performed in quadruplicate. A representative experiment of four experiments
is shown. (d) Treatment of primary CLL cells with VSV-AV1/EM20-25 increased the therapeutic index compared to PBMCs from healthy
volunteers. At 7 days postinfection, cell viability was assessed by the MTT assay. Results are reported as the mean numbers of viable cells plus SDs
(error bars); each experiment was performed in quadruplicate.
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tated VSV-AV1 to inhibit host gene expression resulted in the
activation of three major initiator caspases—caspase-8, caspase-9,
and caspase-12—as well as the executioner caspase-3, suggesting
that VSV-AV1 can induce apoptosis via the extrinsic pathway.
Furthermore, treatment of cells infected with VSV-AV1 and
caspase-8 inhibitor prevented activation of caspase-9 but not
caspase-12, indicating that caspase-8 activates caspase-9 (24). This
cross talk suggests a mechanism by which VSV-AV1 initially
signals through the death receptor pathway, but ultimately both
wild-type VSV and VSV-AV1 require the intrinsic mitochondrial
pathway to initiate cell death.

BAX represents the convergence point of VSV-mediated
cell death, regardless of the VSV strain. Indeed, VSV failed to
induce caspase-3 cleavage in BAX/BAK knockout cells, dem-
onstrating a prerequisite for the intrinsic pathway to trigger
efficient apoptosis in VSV-infected cells (50). The antiapop-
totic protein BCL-2 disrupts the apoptotic program by binding
and sequestering proapoptotic BCL-2 family proteins, such as
BAX, thus preventing oligomerization, translocation to the
mitochondria, and further activation of the intrinsic apoptotic
pathway (40). This study provides further evidence of the im-
portance of BCL-2 and the mitochondrial apoptotic pathway in
VSV-AV1-induced apoptosis. Mechanistically, current studies
focus on the specific proapoptotic proteins inhibited by BCL-2
in CLL cells, as well as the initiator signal used by VSV-AV1
to activate the mitochondrial apoptotic pathway in ex vivo CLL
cells.

Overexpression of antiapoptotic BCL-related proteins is a
characteristic shared by several malignant diseases (13, 54),
especially lymphoid malignancies (18, 28, 54). Downregulation
of BCL-2 thus represents an important clinical target in ag-
gressive CLL. A wide array of BCL-2 inhibitors have been
synthesized (59), including oligonucleotides, such as G3139
that target BCL-2 mRNA (29, 47), and small molecules, such
as EM20-25 (36), ABT-737 (30), HA14-1 (57), and GX015-070
(55), that recognize the surface pocket of BCL-2 or BCL-XL.
These molecules disrupt interactions between pro- and anti-
apoptotic proteins from the BCL-2 family of proteins, leading
to tumor regression with single-agent treatment and serve as
an important adjuvant in conjunction with conventional ther-
apy (6, 30, 36). Conceivably, inhibition of BCL-2 in malignant
cells in combination with conventional chemotherapeutics
could translate to a better response (4). Our current under-
standing of the mechanisms by which BCL-2 controls commit-
ment to cell death provides a strong rationale to augment
apoptosis for clinical benefit. The sensitization to VSV-AV1
oncolysis achieved in CLL cells by agents that increase apop-
tosis thus identifies a promising therapeutic platform for ap-
optosis-resistant malignancies.
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