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ABSTRACT 

Oncolytic virus therapy is a new form of cancer treatment that uses viruses that 

preferentially infect and lyse cancer cells.  Vesicular stomatitis virus (VSV) is a 

strong oncolytic virus candidate that infects multiple tumor cells, produces rapid 

viral replication in malignant cells and spreads quickly in the tumor. Defects in 

the interferon (IFN) antiviral pathway are common in tumor cells and such defects 

are accountable for the sensitivity to VSV infection and replication in several 

malignant cells. The intrinsic mitochondrial apoptotic pathway plays a crucial role 

in VSV-induced apoptosis and disturbance of this pathway is responsible for 

resistance to VSV oncolysis of cancer cells. The antiapoptotic protein B-cell 

lymphoma 2 (BCL-2) is commonly overexpressed in tumor cells, especially in 

hematological malignancies, and is strongly related to resistance to cancer 

therapy. Chronic lymphocytic leukemia (CLL) is an accumulative disease of 

mature-looking CD5
+
/CD19

+
 lymphocytes, caused by defects in apoptosis rather 

than increase in proliferation. CLL patients express high levels of the BCL-2 

protein which correlates with poor treatment outcome. Small-molecule BCL-2 

inhibitors showed promising anticancer properties in preclinical models. A phase 

I clinical trial demonstrated modest activity against CLL. Based on our 

observation that CLL cells are resistant to VSV-induced cell death due to 

overexpression of BCL-2, we hypothesized that inhibition of BCL-2 could restore 

VSV oncolytic potential in primary CLL cells. In fact, BCL-2 inhibitors EM20-25 
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and obatoclax sensitized primary CLL cells to VSV-induced cell death. 

Mechanistically, while VSV infection triggered Phorbol-12-myristate-13-acetate-

induced protein 1 (NOXA) upregulation, obatoclax blocked the ability of BCL-2 

to dimerize with the proapoptotic BCL2-associated X protein (BAX). Together, 

NOXA expression and BAX release were able to efficiently induce apoptosis. 

Moreover, our data demonstrated a direct interaction between NOXA and BAX. 

Together, these data indicate that the use of BCL-2 inhibitors may improve VSV 

oncolysis in apoptosis-resistant hematological malignancies characterized by 

overexpression of anti-apoptotic proteins such as BCL-2. 
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RESUMÉ 

La Virothérapie est une nouvelle forme de traitement pour le cancer qui utilise des 

virus qui infectent préférentiellement et lysent les cellules cancéreuses. Le virus 

de la stomatite vésiculaire (VSV) est un candidat solide à virus oncolytique, il 

infecte les cellules de tumeurs, il produit la réplication virale rapide dans les 

cellules malignes et se propage rapidement au sein de la tumeur. Irrégularités dans 

la voie antivirale d’interféron (IFN) sont communes dans les cellules tumorales et 

en virothérapie avec VSV, ces défauts sont responsables pour la sensibilité 

générale à l'infection pour VSV et sa réplication dans les cellules cancéreuses. La 

voie apoptotique intrinsèque à mitochondrie joue un rôle crucial dans l'apoptose 

induite par VSV et la perturbation de cette voie est responsable pour la résistance 

à la virothérapie avec VSV. La protéine anti-apoptotique B-cell lymphoma 2 

(BCL-2) est fréquemment surexprimé dans les cellules tumorales, en particulier 

dans les hémopathies malignes, et est fortement liée à la résistance au traitement 

du cancer. La leucémie lymphoïde chronique (CLL) est une maladie 

d'accumulation de lymphocytes CD5
+
/CD19

+
, causée par une apoptose 

défectueuse plutôt qui une prolifération accrue. Les patients CLL présentent 

souvent des niveaux très élevés de la protéine BCL-2 qui se traduisent dans de 

pauvres résultats de traitement. Petites molécules inhibitrices du BCL-2 ont 

montré de propriétés anticancéreuses prometteuses dans des modèles précliniques, 

mais les essais cliniques de phase I ont démontré une activité modeste contre 
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CLL. Notre observation que les cellules de CLL sont résistantes à l’induction de 

la mort cellulaire par VSV due à la surexpression de BCL-2 nous a menée à 

emmètre l'hypothèse que l'inhibition de BCL-2 pourrait rétablir le potentiel 

oncolytique du VSV dans les cellules primaires de CLL. En effet, les inhibiteurs 

de BCL-2 EM20-25 et obatoclax ont sensibilisé les cellules CLL ex vivo à la mort 

cellulaire induite par VSV. Ainsi, l'infection avec VSV a déclenché la régulation 

de NOXA à la hausse est obatoclax a bloqué la capacité de BCL-2 à dimerizer 

avec la protéine proapoptotique BAX. Ensemble, l’expression de NOXA et la 

libération de BAX étaient capable d'induire efficacement l'apoptose. De plus, nos 

données démontrent une interaction directe entre NOXA et BAX. Ensemble, ces 

données indiquent que l'utilisation des inhibiteurs de BCL-2 pourront améliorer la 

résistance à l'apoptose induite par VSV surtout dans les hémopathies malignes 

caractérisées par une surexpression de protéines anti-apoptotiques tels que BCL-2. 
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paper); (e) a final conclusion and summary. ….In general, when co-authored 
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required to make an explicit statement in the thesis as to who contributed to such 
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"Contributions of Authors" as a preface to the thesis. …..” As chapters of this 
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order to introduce and bridge the papers with connecting texts. A general 

introduction and literature review is presented in Chapter 1, and a final discussion 

is included in Chapter 4. The references for chapters 1 through 4 are included at 
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INTRODUCTION 

Toxicity, development of resistance, and limited efficacy of existing cancer 

therapies have provided the impetus to search for new approaches [1-4]. 

Virotherapy is one new approach to cancer treatment that has gained importance 

during the last decade. Virotherapy uses oncolytic viruses (OVs), which have the 

capacity to replicate inside cancer cells and induce cell death, while sparing 

normal cells [5-7]. Specificity of oncolytic viruses is achieved by exploiting 

intracellular defects that develop during tumor evolution, such as the RAS 

signaling pathway and the interferon (IFN) antiviral pathway [8-13].  

 

Vesicular stomatitis virus (VSV) is an enveloped, negative-stranded RNA virus 

with a genome encoding five proteins [14-15]. Among the naturally occurring 

strains of VSV, two variants – AV1 and AV2, which contain mutations in the M 

protein – are considered to be natural oncolytic viruses, with increased oncolytic 

capacity compared to wild-type VSV [11, 16-17]. VSV has strong sensitivity to 

the IFN antiviral response [11, 13, 18-22], and deficiencies in the interferon 

response, which are present in many cancer cells [11, 23-24], enhance 

susceptibility of tumor cell lines and ex vivo cancer cells to VSV oncolysis. To 

date, VSV has proven to be effective against many types of cancer, including 

prostate cancer [25], gliomas [18], colon cancer [26], and leukemia [27-28]. VSV 

induces cell death by activating programmed cell death (apoptosis) [29-32]. Both 

intrinsic and extrinsic apoptotic pathways have been correlated with VSV-induced 
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apoptosis, but the involvement of mitochondria appears to be crucial for VSV-

induced cell death.  

 

Chronic lymphocytic leukemia (CLL), one of the most prevalent forms of human 

leukemia, is characterized by accumulation of the abnormal CD5
+
/CD19

+
 subset 

of lymphocytes in blood and bone marrow [33-34]. The primary pathogenic event 

that causes the generation of aberrant B cells remains to be determined, but 

impaired apoptosis results in increased survival of circulating CLL cells. High 

levels of prosurvival proteins can be detected in CLL cells [35-36] and are 

associated with resistance to apoptosis and chemotherapy [37-38]. Although VSV 

oncolysis has been reported in different leukemic models [27-28], CLL is resistant 

to VSV-induced cell death [27, 39]. VSV-induced apoptosis requires a functional 

mitochondrial apoptotic pathway, and defects in the intrinsic apoptotic pathway 

are related to impaired activation of apoptosis in cancer cells [40-44]. If resistance 

of CLL cells to VSV-oncolysis is explained by the presence of high levels of B-

cell lymphoma 2 (BCL-2) anti-apoptotic protein, strategies that restore the 

mitochondrial apoptotic pathway might be successfully used in combination with 

VSV virotherapy.   

 

Small molecule BCL-2 antagonists, such as obatoclax, ABT-737, and HA14-1 are 

a new category of anticancer agents with promising results against resistant 

leukemias [45-49]. Small-molecule BCL-2 inhibitors prevent the binding of anti-
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apoptotic proteins to the pro-apoptotic counterpart [50-53], promoting apoptosis 

in malignant cells [54-57]. Small-peptide BCL-2 antagonists are being tested in 

Phase I/II clinical trials for various leukemia, lymphoma, and solid tumor 

malignancies, both as single agents and in combination therapies [58-59].  

 

The present study investigated the use of small-molecule BCL-2 inhibitors to 

overcome CLL resistance to VSV-induced oncolysis. The research had three 

specific goals. The first was to evaluate the potential of small-molecule BCL-2 

inhibitors to improve VSV virotherapy, using cell lines overexpressing the BCL-2 

protein and ex vivo CLL cells. Primary peripheral blood mononuclear cells 

(PBMCs), isolated from healthy volunteers, were used as controls. The second 

goal was to elucidate the molecular mechanism involved in apoptosis induced by 

the combination of VSV oncolytic virus and BCL-2 inhibitors, using B-cells with 

high levels of the BCL-2 protein. Involvement of the intrinsic mitochondrial 

apoptotic pathway was evaluated by monitoring release of cytochrome c into the 

cytoplasm and activation of effector caspases. BAX and NOXA proteins are 

closely associated with VSV-induced apoptosis [29, 60-61]. These proteins were 

followed to evaluate interactions with anti-apoptotic proteins, such as BCL-2 and 

MCL-1. The third goal was to evaluate the efficacy of combined VSV and BCL-2 

inhibitors in an in vivo xenograft model, specifically, the A20 mouse B-

lymphocyte cell line in SCID mice.  
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LITERATURE REVIEW 

Oncolytic viruses  

Viruses, either naturally selected or genetically engineered, that are used as 

treatment against cancer are called oncolytic viruses (OVs). The ability of viruses 

to kill tumors is not a new concept. More than a century ago, scientists reported 

the use of live viruses in cancer patients, particularly those with leukemia [62-65]. 

Early in the twentieth century, cases of cancer regression in patients with natural 

viral infections were reported; later, clinical responses were noted in cancer 

patients that received vaccinations for viruses, such as vaccinia and measles. The 

viruses replicated and lysed tumors, often in immunosupressed patients. Clinical 

trials of Newcastle disease virus (NDV) [66] and Reovirus [67] in 2006 confirmed 

their oncolytic properties.   

 

The most significant characteristic of OVs is their ability to replicate within 

cancer cells, destroying them while sparing normal cells (Table 1) [5-7, 11, 68-

69]. Evolution of cancer cells result in extensive point mutations and 

chromosomal instability, which ultimately leads to uncontrolled proliferation [6, 

70-73]. These molecular alterations also created defects in important defense 

signaling pathways, which allow OVs to replicate within cancer cells and trigger 

cell death. For example, the ability of Herpes simplex virus (HSV) to infect 

transformed NIH-3T3 cells, but not their untransformed counterparts, is related to 

the RAS and double stranded RNA-dependent protein kinase (PKR) pathways 
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[12]. Cells with a functional PKR pathway and low activity in the rat sarcoma 

viral oncogene (RAS) pathway are not permissive to HSV-1, while cells with 

strong anti-PKR activity are permissive. dsRNA produced during viral replication 

is sensed by PKR which is expressed ubiquitously at low levels as an inactive 

monomer [74]. Binding of dsRNA to PKR alters the conformation of PKR, which 

leads to activation of the kinase by dimerization and autophosphorylation. 

Activated PKR phosphorylates the -subunit of eukaryotic initiation factor 2 

(eIF-2 ) which converts eIF2 to a competitive inhibitor of eIF2B function [74]. 

Inhibition of eIF2B activity decreases translation initiation and thus aborting both 

cellular metabolism and viral replication. The oncolytic properties of Reovirus are 

also associated with activation of the RAS pathway: replication is possible in 

RAS-transformed cells and dependent on RalGEF signaling [8]. RAS proteins are 

membrane-bound molecules that regulate a wide range of cellular functions, 

including differentiation, proliferation and cell survival. Tumor cells bearing an 

activated RAS pathway and RAS-transformed cells are deficient in their ability to 

activate the anti-viral response mediated by the host cellular protein, PKR [75]. 

Activation of RAS protein stimulates several effector proteins such as 

phosphatidylinositol 3- kinase (PI3-K) and RAF and RAL guanine nucleotide-

dissociation stimulators (RALGDS) to regulate cell proliferation and survival 

[75]. In particular, activated RAF kinase activates the mitogen-activated protein 

kinase (MAPK) cascade and a critical downstream RAS effector MAPK kinase, 
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the MEK kinase, has been associated with PKR inhibition via MEK-induced 

ERK1 and ERK2 phosphorylation – the Ras/Raf/MEK/ERK pathway [76].  

 

The interferon (IFN) pathway also plays an important role in the selectivity of 

OVs for cancer cells. Infection of normal cells with Vesicular stomatitis virus 

(VSV) triggers activation of the IFN pathway, conferring high protection to 

normal tissue against viral infection. A large number of cancer cell lines have 

defects in the IFN pathway, allowing VSV to infect, spread, and kill cells in a 

variety of tumor tissue [9, 11, 13].  

 

Among viruses used as OVs, RNA viruses, such as VSV and Reovirus, possess 

natural tumor-tropism, which enables them to exclusively replicate in cells with 

defective antiviral response systems with no engineering. Other potential OVs, 

including Adenovirus and Vaccinia virus require recombination and engineering 

to achieve tumor cell selectivity (Table 1). 

 

Newcastle disease virus (NDV), which belongs to the Paramyxoviridae family, is 

an enveloped, non-segmented, negative-sense single-stranded (ss) RNA virus. Its 

15Kb genome encodes six proteins: nucleocapsid protein (NP), phosphoprotein 

(P), matrix protein (M), fusion protein (F), hemagglutinin-neuraminidase (HN), 

and large polymerase protein (L) [77]. NDV causes Newcastle disease (ND), a 

contagious disease in birds that causes economic problems in the poultry industry 
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worldwide [78]. ND is characterized by respiratory and central nervous system 

problems, such as coughing, sneezing, gasping for air, nasal discharge, and 

paralysis of the legs, wings or neck, tremors, and drooping wings. NDV is 

typically non-pathogenic in humans, but rare neuropathogenicity occurs in the 

form of meningitis or encephalitis, with full recovery.   

 

NDV has been used as an experimental oncolytic agent for more than 30 years 

[79]. It enters the cell through attachment of hemagglutinin-neuraminidase (HN) 

to sialic acid receptors, such as signaling lymphocyte-activating molecules 

(SLAM) [80-81]. Once the HN viral protein is attached to the receptor, viral 

fusion (F) protein mediates fusion of viral and cell membranes, which allow 

release of viral RNA into the cell cytoplasm, where replication takes place. The F 

protein undergoes proteolytic processing: its precursor, F0, is cleaved at a specific 

cleavage site by a furin-like protease and becomes a metastable form. Two 

subunits, F1 and F2, become bonded by disulfide bridges and produce the active 

form of the protein [80-81]. The amino acid sequence of the F0 protein cleavage 

site is responsible for virulence of the virus [82-84]. The amino acid sequence, 

112
R-R-Q-K/R-R

117
, is required for efficient cleavage of F0 protein of velogenic 

viruses (highly virulent viruses), and mesogenic viruses (moderately virulent). 

This sequence is identical to the consensus amino acid sequence, 
112

R/K-R-Q-

R/K-R-F
117

, of virulent NDV strains. Selective infection of human tumor cells by 

NDV is dependent on production of danger signals that are identifiable by retinoic 



9 

 

acid inducible gene I (RIG-I) and double stranded RNA-dependent protein kinase 

(PKR) in the cytoplasm, and by toll-like receptors (TLRs) in endosomes [85-86]. 

These pathways lead to immune cell activation through production of antiviral 

cytokines, such as interferon (IFN). Naturally-attenuated strains of NDV are 

highly sensitive to the IFN response; therefore, defects in the IFN pathway are 

thought to allow NDV infection of malignant cells.  

 

NDV infection stimulates immune responses by triggering T-cell-, macrophage-, 

and NK cell-mediated responses and cytokine production. IFN alpha (IFN ) is 

released during the course of NDV infection, and activates dendritic and NK cells 

[87-89]. Active NK cells and cytotoxic T-cells kill virus-infected tumor cells by 

release of cytoplasmic granules from intracellular organelles (i.e Perforin and 

Granzyme B). Perforin mediate induction of apoptosis by forming pores in the 

cell membrane of the target cell, creating a channel through which the Granzyme 

B can enter the cell and induce apoptosis. Granzyme B cleaves caspase-3 which 

activates caspase-activated DNAse, an enzyme that degrades DNA. Granzyme B 

can also induce Bid cleavage which activates the intrinsic mitochondrial pathway. 

NK cells can also kill virus-infected tumor cells through death ligands that belong 

to the tumor necrosis factor (TNF)-family. Cell death can be achieved by 

production of infection-induced tumor necrosis factor alpha (TNF ) which can 

activate NK cells, macrophages and sensitized T-cells. TNF  upregulates 

expression of the TNF-related apoptosis-inducing ligand (TRAIL) receptors on 
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the surface of infected cells, inducing activation of the extrinsic apoptotic 

pathway [77, 90]. NDV infection also elicits activation of the intrinsic 

mitochondrial apoptotic pathway through release of cytochrome c and caspase-9 

activation. Activation of the mitochondrial apoptotic pathway by NDV has been 

recently demonstrated to involve BAX activation and translocation to the 

mitochondria membrane [91-92]. The ability of p53 to transcriptionally activate 

BAX has been demonstrated [93]. Ravindra et al demonstrated that NDV 

infection causes significant up-regulation in p53 expression that coincides with 

increase BAX/BCL-2 ratio [92]. The Mitochondrial antiviral signaling (MAVS, 

also known as IPS-1, VISA or Cardif) is an important adaptor protein in viral 

sensing in the cytoplasm and it is implicated MAVS in type 1 IFN responses. 

Localization of MAVS in the mitochondria led researchers to investigate putative 

function of MAVS in apoptosis. Recently, MAVS has been demonstrated to 

induce apoptosis independently of IFN-I although the mechanism of MAVS-

induced apoptosis has yet to be discovered [94].   However, the role of MAVS in 

cell death induction in response to NDV infection remains unclear.  

 

Naturally attenuated NDV strains have consistently produced promising results, 

when used as vaccines in clinical studies [66, 95]. Clinical trials were conducted 

to evaluate vaccines of attenuated NDV: 73-T and PV701 strains were tested for 

treatment of advanced solid tumors, and Ulster and NDV-HUJ strains were tested 

for treatment of glioblastoma multiforme (GBM). A Phase I clinical trial was 
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designed to characterize the toxicity profile of prolonged, repeated intravenous 

PV701 dosing, and the results showed no cumulative toxicity [96]. An 

intensification of more than 100-fold caused only flu-like symptoms, usually after 

the first dose, which decreased in number and severity with each subsequent dose. 

Thirty-nine patients received 116 repeat courses, and one patient received more 

than 30 courses of PV701, with no evidence of an adverse effect on any organ 

system. A latter clinical trial with PV701, tested whether two-step desensitization, 

using two dose increments before high repeat doses, would be well tolerated [97]. 

The results demonstrated no dose-limiting toxicities. Flu-like symptoms were 

observed after first infusion and diminished with repeated dosing. Tumor 

regression was observed in one patient and four patients had disease stabilization 

for 6 months. A Phase I/II study was designed to determine the safety and tumor 

response of repetitive intravenous administration of NDV-HUJ in recurrent GBM 

[66]. NDV-HUJ was well tolerated, and complete response was achieved in one 

patient. Adverse reactions were observed in five of eleven patients, usually during 

the first cycle. A recently initiated clinical trial will evaluate intravenous 

treatment with the NDV-HUJ strain in patients with advanced GBM, soft and 

bone sarcomas, and neuroblastomas (http://clinicaltrials.gov ID: NCT01174537). 

All of these cancers previously proved resistant to conventional anti-cancer 

modalities.  The promising results from NDV in pre-clinical studies and, most 

importantly, the encouraging observations from clinical trials indicate that this 

virus merits further study as an agent for cancer treatment.  
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Respiratory enteric orphan (REO) virus, or Reovirus, is a double-stranded (ds) 

RNA virus belonging to the Reoviridae family, with a segmented genome of ten 

individual linear dsRNA molecules. Four reovirus serotypes have been identified. 

Type 1 Lang (T1L), type 2 Jones (T2J) and type 2 Winnipeg (T2W), and type 3 

Dearing (T3D) can be differentiated by the ability of anti-sera to neutralize viral 

infectivity and to inhibit hemagglutination [98-100]. A putative fourth serotype of 

reovirus, Ndelle virus, has also been reported.  

 

Reovirus causes mild infections of the upper respiratory and gastrointestinal tract 

of humans with no clinical significance [101-102]. Reovirus enters the host by 

either respiratory or enteric routes and infects the epithelium and associated 

lymphoid tissue. To enter a cell, the virus must attach to receptors on the cell 

surface. The main receptor for entry is the junctional adhesion molecule-A (JAM-

A), which is bound by the viral 1 protein [103-104]. JAM-A is a tight junction 

protein, and is an important feature of the endothelial cells that line blood vessels 

and lymphatic vessels. Therefore, JAM-A is important to infection through the 

hematogenous route [105]. Once attached to the receptor, internalization of the 

virus occurs via receptor-mediated endocytosis in clathrin vesicles [106]. 

Exposure of the virus to low pH and to endosomal and lysosomal proteases 

activates membrane penetration and degrades the viral 3 protein [107-110]. 3, 

the outermost capsid protein, is digested by proteases, mainly cathepsins, leaving 
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the capsid protein, µ1, exposed on the particle surface. Exposure of µ1 forms 

infectious subvirion particles (ISVPs). Reovirus ISVPs induce membrane 

permeabilization and conversion of ISVP to ISVP*, which involves 

conformational changes in the µ1 protein, specifically, protease-induced C-

terminal cleavage and an autocatalytic N-terminal [111-112]. One of the resulting 

fragments, µ1N, forms size-selective pores in the membrane and allows the ISVPs 

to enter the cytoplasm, where they transcribe parental genome RNA into mRNA.  

 

Reovirus particles contain a complete enzyme system, which transcribes the ten 

capped genome segments, but no polyadenylated segments [113-115]. Because 

their genome is a double-stranded RNA, it cannot function as mRNA; therefore, 

reoviruses contain an RNA polymerase to make mRNA after infection of the host 

cell. The RNA polymerase (or transcriptase) catalyzes mRNA synthesis in which 

positive strand transcripts from each of the ten dsRNA segments are synthesized, 

capped, and methylated by virion packaged enzymes. The transcripts are 

accumulated in distinct regions of the cytoplasm (viral factories) and used as 

templates for translation [114-115]. The resulting proteins are assembled, forming 

immature capsids in which the mRNAs are copied to form new dsRNA. The virus 

is released from the cytoplasm by lysis of the cell, not by budding. 

 

Reoviruses are tumor selective, due to their ability to replicate in the presence of 

an activated RAS pathway. The virus cannot block the antiviral effect of PKR, 
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and depends on activation of the RAS pathway to induce an endogenous protein 

inhibitor of PKR [102, 116-117]. Approximately 15-30% of human tumors 

possess an activating mutation of the RAS pathway. Pancreatic and colon cancers 

have the highest prevalence of an activating mutation (90 and 50%, respectively) 

[75, 118-119]. Pre-clinical studies have shown that reovirus can accomplish tumor 

regression in solid malignancies and hematopoietic tumors [102, 120-122]. 

Furthermore, clinical trials have demonstrated that reovirus is a safe and powerful 

oncolytic agent [116-117]. Reolysin
®
, developed by Oncolytics Biotech Inc. 

(Calgary, AB, Canada) from naturally occurring reovirus, has been used in Phase 

I and II clinical trials with over 300 patients (www.clinicaltrials.gov; 

www.oncolyticsbiotech.com/clinical.html). The results indicate that reovirus is 

likely to have activity across a broad range of tumor types and is well-tolerated by 

patients. Clinical responses have been observed with single-agent reovirus, and 

current studies are investigating the efficacy of reovirus in combination with other 

treatment modalities across a broad range of tumor types. 

 

Measles virus (MV) is the causative agent of measles, a disease usually acquired 

in childhood and characterized by high fever and a skin rash [123]. Measles 

remains a leading cause of death among young children, with almost 200,000 

deaths worldwide in 2007 (http://www.who.int). MV is an enveloped, non-

segmented, negative sense, ssRNA virus that belongs to the Paramyxoviridae 

family [123-124]. It has a genome of 15.9 Kb, which encodes six structural 

http://www.who.int/
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proteins  [nucleocapsid (N), phosphoprotein (P), matrix (M),  large polymerase 

(L), the ribonucleoprotein particle (RNP)-complex, and the envelope protein] and 

two non-structural proteins [hemagglutinin (HN) and fusion (F)].   

 

MV enters the human body through the respiratory tract, where it replicates. From 

the respiratory tract, it penetrates the lymphatic system, enters the blood, and 

ultimately spreads throughout the body. Cell penetration occurs via virus-cell 

membrane fusion, which is triggered by virus attachment to host cell receptors 

present at the cell surface, and by F protein-promoted fusion [124]. CD46, a cell 

surface type 1 transmembrane glycoprotein, ubiquitously expressed in all 

nucleated human cells, was reported to act as cellular receptor to MV [124-126]. 

CD150, the SLAM membrane glycoprotein, which is expressed on various cells 

of the immune system, was also identified as an MV receptor [124, 127]. MV 

attaches to the receptor on the host cell surface by binding with the HN protein, 

activating membrane fusion [128-129]. MV fusion protein is present in the virus 

as the non-fusogenic precursor form, F0. Once fusion process is activated, F0 is 

proteolytically processed by furin-like protein at the RRFKR site into a 

heterodimer, F1+F2. The heterodimer primes the protein for fusion by positioning 

the fusion peptide at the N-terminus of F1. The fusion peptide is inserted into the 

host cell membrane, initiating membrane fusion, which allows uptake of the viral 

core complex into the host cell cytoplasm [130]. The viral fusion process may 

also cause fusion of the infected cell with adjacent non-infected cells (syncytia 
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formation), if the adjacent cell expresses the appropriate receptors for the 

hemagglutinin protein [131].  

 

Once fusion occurs, the nucleocapsid is released into the cytoplasm, where its acts 

as a template for primary transcription of mRNA, and replication of the negative-

stranded genome RNA into positive-stranded RNA [129, 131].  Viral mRNAs are 

then capped, methylated, and polyadenylated and the resulting RNA strands are 

immediately coated with nucleocapsid protein. During viral assembly, H and F 

proteins are translated as transmembrane proteins and transported to the cell 

plasma membrane, where they interact with the nucleocapsids through a process 

enabled by the M protein. As a final step of viral replication, the virus buds out 

through the cell membrane. 

 

MV was first isolated in 1954, from a patient named David Edmonston. This 

strain was attenuated by multiple culture passages, and the resulting attenuated 

Edmonston strain is used worldwide for vaccination [132]. The potential of the 

attenuated Edmonston strain as an oncolytic viral agent was discovered in 2004 

[132]. Tropism of MV for tumor cells, especially its lymphotropism, might be 

explained by the expression of the SLAM receptor on the cells of the immune 

system [133].  CD46 is expressed in all nucleated cells, which accounts for MV 

infection in other cell types [123, 134-135]. These two molecules are commonly 

overexpressed in tumor cells, which make malignant cells a desirable target for 
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MV. When MV infects tumor cells, non-viable multinucleated structures, 

syncytia, are developed which generate a bystander killing effect [136-137].  

Expression of the viral hemagglutinin and fusion proteins on the infected cell 

membranes stimulates fusion with uninfected surrounding cells. Upregulation of 

heat shock protein 70 (HSP70) is induced in cells infected with MV, and may 

contribute to the cytopathic effects [137].  

 

The oncolytic ability of MV has been confirmed in several murine models, 

including lymphoma, myeloma, ovarian carcinoma, and glioma [123, 138]. In a 

Phase I clinical trial, MV was engineered to express the marker peptide, 

carcinoembryonic antigen (CEA) resulting in the MV-CEA strain [139]. Insertion 

of this peptide allowed quantitative monitoring of viral gene expression. The trial 

was conducted on 21 patients with platinum-refractory recurrent ovarian cancer 

and normal CEA levels, who were also treated with Taxol. The results showed no 

dose-limiting toxicity, treatment-induced immunosuppression, increase in anti-

MV antibody titers and virus shedding in urine or saliva. CEA levels were 

increased in peritoneal fluid and serum, confirming viral replication. The study 

demonstrated that intraperitoneal (IP) administration of MV-CEA is well 

tolerated, and dose-dependent disease stabilization was achieved in 67% of 

patients. Two Phase I clinical trials were started in 2009 ([140]; www. 

http://clinicaltrials.gov). One trial is evaluating side effects of MV-CEA and 

determining the optimal dose of viral therapy for patients with recurrent 
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glioblastoma multiforme. The second trial is evaluating MV-NIS side effects, and 

optimal dose, with or without cyclophosphamide, for patients with recurrent or 

refractory multiple myeloma. Based on current knowledge of the history of MV 

infections and the safety of attenuated MV vaccines, the use of MV in an 

oncolytic context is very promising.  

 

Adenoviruses (Ads) are non-enveloped dsDNA viruses from the Adenoviridae 

family. Ads have a genome around 38 Kb, which is divided into six regions (E1A, 

E1B, E2, E3, E4, and L1-5) [141]. These viruses cause upper respiratory tract, 

gastrointestinal, and ocular infections by entering cells via receptor-mediated 

endocytosis. The primary receptor involved is the coxsackie-adenovirus receptor 

(CAR), a membrane glycoprotein in the immunoglobulin superfamily, which is 

expressed at the cell surface [142]. Interaction of the COOH-terminal knob of the 

viral fiber protein with the CAR is the first step in adenovirus entry into the host 

cell. Sequences of the fiber knob amino acid vary among different serotypes of 

adenoviruses, but almost all serotypes recognize CAR. Simultaneously with 

receptor recognition and binding by the viral fiber protein, the penton base protein 

interacts with host cell integrins, which are cell surface adhesion molecules [142]. 

The penton base-integrin interaction triggers a variety of signals, resulting in 

cytoskeleton rearrangement and enhanced Ad internalization, via clathrin-coated 

vesicles, into endosomes. Acidification of the endosome causes penetration of the 

Ad core into the cytoplasm.  
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Once the Ad core is in the cytoplasm, disassembly of capsid proteins and 

uncoating of DNA are necessary for Ad entry into the nucleus [142-144]. In the 

nucleus, the viral terminal protein associates with the nuclear matrix. Replication 

of Ad occurs in two phases: the early and late transcription phases. The 

immediate-early E1A gene is transcribed prior to replication of Ad DNA, and its 

products regulate transcription of host and viral genes.  Transcription of the early 

genes, E1B, E2A, E2B, E3, and E4, follows E1A transcription. Late phase 

transcription is initiated as DNA replication begins. Conformational changes in 

viral chromatin, the viral gene, Iva2, and cellular transcription factors contribute 

to the transcription of the late genes, which primarily produce structural 

components of the virion and proteins needed in protein processing and assembly. 

The virion is assembled within the nucleus, which involves encapsidation of the 

viral chromosome into a pre-formed empty capsid. No specific pathway for Ad 

release is currently known; prolonged infection eventually leads to cell lysis [141, 

145]. 

 

Adenovirus has been studied since the 1950s, and its biology is fairly well known. 

Ads have several characteristics that make them suitable for use as oncolytic 

viruses. Their DNA does not integrate into the host genome, they can be produced 

in high titers, and they have broad tropism, due to the wide expression of their 

receptors [141]. Ad genomes can be easily manipulated, and various 
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modifications have been introduced to restrict replication to cancer cells, such as 

deletion of the E1B gene. The 55 KDa E1B protein is non-essential for viral 

replication, and is one of the Ad proteins which account for virulence.  E1B 

protein triggers suppression and ubiquitin-mediated degradation of p53 [145-147]. 

In normal cells, p53 activation of p21 inhibits Ad-induced activation of the 

transcription of cyclin E, cyclin A, and other cell cycle progression genes. The 

E1B protein forms a complex with p53 that leads to the degradation of p53, 

allowing Ad replication in normal cells. Deletion of the E1B gene makes Ads 

susceptible to the p53 antiviral pathway, but the virus is still able to replicate in 

p53-defective cells, which include nearly 50% of human tumors [147].  The first 

engineered Ad with E1B-55K deletion used as oncolytic virus was dl1520 (also 

called ONYX-015) [148].  The dll520 strain was engineered using the E1A gene 

from the Ad subtype 2 (Ad2) and the rest of the genome from subtype Ad5. More 

than fifteen clinical trials have been performed using dll520, with excellent results 

[145, 149-154]. dll520 has undergone Phase I to III clinical trials, which 

identified  weaknesses, as well as advantages of this virus.  

 

An alternative approach to promoting specificity of Ad replication within tumors 

is mutation of the E1A gene [155-156]. The E1A protein stimulates S-phase entry, 

a step needed for transcriptional activation of other early phase viral genes. Ads, 

such as the 24 virus, have lost the capacity to efficiently replicate in normal 

cells, due to mutations in the E1A gene. Many cancer cells have dysregulated cell 
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cycles, allowing such viruses to replicate. Success of virotherapy studies with Ads 

led to the release of these viruses as a standard cancer treatment in China, the first 

country to permit clinical virotherapy [157].  

 

Herpes simplex virus (HSV) is a large enveloped dsDNA virus belonging to the 

Herpesviridae family. HSV has a genome of 152 Kb, which encodes over 80 

genes [158]. HSV is a know pathogen in humans. HSV-1 has primary sites of 

replication at the skin, cornea, and mucosa, and HSV-2 at the genital mucosal 

surfaces. HSV can cause a latent infection, which can last the lifetime of the host. 

The latent infection can develop into a lytic infection, which can ultimately 

damage the central nervous system (CNS) or cause meningitis, encephalitis, or 

genital herpes lesions.  

 

HSV enters the host cell by attachment of viral glycoprotein C to heparan sulfate 

moieties present on the host cell surface [159]. Viral glycoprotein D is essential 

for entry and attaches to the cell surface receptor nectin-1. Herpesvirus entry 

mediator, HVEM, a receptor in the tumor necrosis factor receptor (TNF-R) 

family, can also attach to HSV glycoprotein D and mediate cell entry. Although 

various receptors that bind to the viral glycoprotein D have been described, they 

bind independently and are not co-receptors [158, 160]. Following attachment to 

the cell surface, the viral envelope and the host cell plasma membrane fuse a 

process that is dependent on pH and temperature. The viral core is then released 
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into the cytoplasm and reaches the nuclear pores, through which the viral DNA 

enters the nucleus.  

 

Transcription and translation of HSV genes occur in a specific order and genes 

can be divided in three categories: immediate early, early, and late. Immediate 

early proteins ICP4, ICP27, and ICP0 serve as transcription initiators for early 

genes. Proteins coded by the early genes downregulate immediate early genes and 

upregulate late genes [158, 160]. After DNA replication, a capsid containing the 

viral DNA is formed in the nucleus [158, 161]. The capsid buds through the 

nucleus membrane and leaves the cell through the Golgi complex. The tegument 

and envelop are acquired during this process. The ability to establish a latent 

infection is an important characteristic of HSV [158, 160]. A set of latency-

associated transcripts are expressed during latency, which are responsible for 

neuronal survival during infection, for establishment and maintenance of viral 

latency, and for reactivation of the virus from latency. 

 

HSV selectivity towards tumor cells was achieved by the introduction of genetic 

modifications. The first variation of HSV for cancer therapy (dlsptk) was a 

deletion in the thymidine kinase (TK) gene [162]. This modification allowed the 

virus to replicate selectively in malignant human glioma xenografts in mice, while 

sparing normal cells.  Although the dlsptk strain was successful, it did not afford 

the option of HSV treatments using anti-herpetic drugs that targeted the TK gene 
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[6, 70]. Two other modifications did enable HSV tumor selectivity without 

interference with the anti-herpetic drug target: the deletion of the main 

neurovirulence gene, γ34.5, and the inactivation of the viral gene, ICP6, in the 

G207 strain [70, 163]. Deletion of the γ34.5 gene stopped the ability of HSV to 

replicate in the CNS. Inactivation of ICP6 inhibited coding of viral ribonucleotide 

reductase (RR), so that viral DNA replication became dependent on host cell 

conditions. As dividing cells express the RR protein more than normal cells, 

replication of G207 is more likely to occur in tumor cells. The oncolytic capacity 

of HSV has been demonstrated by a number of studies. For example, human renal 

carcinomas were shown to be susceptible to HSV, as well as prostate tumors in 

vitro and in vivo [164-165]. Phase I clinical trials assessing HSV safety 

demonstrated that the constructions, OncoVEXGM-CSF and NV1020, are well 

tolerated and can be safely administered to patients with melanoma, breast, neck 

and head, and gastrointestinal cancers, as well as hepatic colorectal metastases 

[166-167]. 

 

Vaccinia virus (VV) is a large, enveloped, dsDNA virus. VV is the prototype 

member of the Poxiviridae family [168-169]. It is mostly non-pathogenic and was 

used to develop the vaccine smallpox, which is caused by the variola virus.  VV 

has a 189 Kb genome that encodes more than 250 proteins, including the specific 

enzymes and factors needed for transcription and replication in the cytoplasm. VV 

infection and replication starts with the entry of virus particles into the host cell; 
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entry and binding to the host cell receptor vary according to the type of infectious 

particle [168-169]. Two infectious forms of VV have been described: the 

intracellular mature virus (IMV) and the extracellular enveloped virus (EEV). The 

forms differ in surface glycoproteins, the number of wrapping membranes, and 

host cell receptors. VV receptors are still not known, although 

glycosaminoglycans and components of the extracellular matrix have been 

described as VV receptors [170]. Following attachment to the host cell surface, 

fusion is activated, and the viral and host cell membranes fuse. Entry of IMV and 

EEV into the cell is likely to differ, because these forms have different numbers 

of wrapping membranes. A number of entry mechanisms have been proposed, 

including IMV entry by endocytosis, IMV binding to the host cell surface and 

fusion with the plasma membrane, extracellular uncoating of IMV and core 

crossing through the plasma membrane, EEV binding and fusion to the plasma 

membrane, and EEV endocytosis followed by destruction of the EEV outer 

membrane by acidified vesicles [168]. Regardless of the form of ingress, entry of 

both VV forms results in the delivery of the DNA-containing core into the 

cytoplasm. The virion-associated transcriptional machinery is activated 

immediately after core entry [171]. The viral RNA polymerase and the early 

transcription factor (ETF) are responsible for initiation of early mRNA synthesis. 

VV early genes include encoding factors required for DNA replication, such as 

DNA polymerase and genes encoding factors. Intermediate genes and viral DNA 

synthesis are involved in late gene expression, which accounts for transcription of 
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the majority of the genome. After assembly of the virion, VV exits the infected 

cell [172]. IMV particles are mainly released following cell lysis. EEV particles 

are formed by membranes derived from the Golgi network or early endosome 

wrapping IMV, followed by fusion of the outer membrane with the plasma 

membrane, exocytosis, and release. 

 

VV is a promising oncolytic virus. It has a short life cycle with a rapid cell-to-cell 

spread. It has strong lytic capability, and its molecular biology is well known.  

Research on its use as a vaccine against smallpox has provided knowledge of the 

responses, adverse reactions and safety profile of this virus in humans.  VV 

infection is not considered a serious health issue, but may cause rash, fever, and 

head and body aches. Complications can arise in immunocompromised people, 

such as necrosis at the vaccination site or neurological problems, which can have 

serious consequences [173].  Similar to other oncolytic viruses, VV has a natural 

ability to replicate within and lyse cancer cells. Tumor selectivity is possible and 

related to an activated epidermal growth factor receptor (EGFR)-RAS pathway, 

which is present in most human cancers. High levels of EGFR in tumor cells 

activate the RASs pathway, which blocks the activation of antiviral responses and 

allows VV to replicate.  

 

VV has been extensively used in clinical trials against cancer. Wild-type VV 

administered via intratumoral injection produced significant antitumor responses 
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in malignant melanoma and bladder cancer [173]. Four Phase I/II clinical trials 

showed tumor regression rates greater than 50% (25 of 44 patients) at the site of 

injection, and complete regression in 25% of patients (11 of 44). Other clinical 

trials used JX-594, a modified strain of VV, in which the human granulocyte 

macrophage colony-stimulator factor (GM-CSF) is inserted into the viral 

thymidine kinase (TK) gene [174-175]. The inactivation of the TK gene increases 

the tumor tropism of the virus by making it dependent on cellular TK. Cancer 

cells with cell cycle abnormalities have high concentrations of TK. In one clinical 

trial using JX-594, three out of ten patients with liver cancer had objective 

responses, and six had stabilization of the disease. Another trial demonstrated 

anti-tumor activity in patients with hepatocellular carcinoma. These studies found 

expression of GM-CSF and increases in neutrophils, eosinophils, and monocytes, 

suggesting anti-tumor immune responses. Phase I/II and Phase II clinical trials are 

ongoing to determine the anti-tumor activity and safety of the JX-594 strain 

(http://clinicaltrials.gov IDs:NCT00429312, NCT00625456, NCT00554372 and 

NCT01169584).  

 

Vesicular stomatitis virus (VSV) is an arthropod-borne virus, the prototype virus 

of the Rhabdoviridae family. VSV infects farm animals, such as cattle, horse, and 

swine; invertebrates and some plants; however, human infection is rare [176]. 

VSV causes vesicular stomatitis, a disease characterized by vesicular and erosive 

lesions on the dorsal surface of the tongue, accompanied by vesicles on the gums 
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and lips [15]. The two major serotypes of VSV on the North American continent 

are the New Jersey (VSV-NJ) and the Indiana (VSV-Ind) strains, which are 

distinguished by the antigenic structures of the G protein and the neutralizing 

antibodies against the G protein [177-178]. Pathogenic outbreaks caused by New 

Jersey strains are more frequent and more severe than those caused by Indiana 

strains. Infected arthropods are closely associated with new animal infections, and 

arthropod biting is believed to be the source of VSV infection. Black flies 

(Simulium vittatum) and sand flies (Lutzomyia spp) appear to be part of the 

transmission cycle, acting as bridge vectors between unknown reservoir systems 

and domestic livestock, or as maintenance reservoirs through vertical transmission 

from infected females to offspring [15, 179-180].  

 

VSV is an enveloped, negative-stranded RNA virus with an 11.2 Kb genome 

encoding five monocistronic mRNAs: nucleoprotein (N), phosphoprotein (P), 

matrix (M), glycoprotein (G), and large protein (L) [14, 176, 181]. The G protein 

is an externally oriented, trimeric, membrane-spanning protein, which is 

responsible for binding to the host cell surface receptors. Phosphatidylserine (PS) 

was long thought to be the cell surface receptor for VSV. PS is a phospholipid 

component of cell membranes widely distributed among animals, plants, and 

microorganisms [182-183]. PS plays an important role in cell-to-cell 

communication, as well as transfer of biochemical messages into the cell which 

trigger cellular responses. Although PS turned out not to be the VSV receptor, 
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binding to PS is probably important in a subsequent step of the entry process 

[184-186]. VSV binds to cells via an unknown receptor and fuses, in a pH-

dependent manner, with endosomal membranes [14-15, 187]. G protein produced 

by VSV catalyzes the fusion of viral and cellular membranes, releasing the viral 

ribonucleoprotein (RNP) into the cytoplasm. A decrease in the endosomal pH 

induces membrane fusion and releases the viral core into the cytoplasm of the 

host cell.  

 

Once the viral core is released, VSV must replicate within the cell in order to 

survive. To produce a positive-sense RNA template for replication, VSV carries 

its own polymerase. Together, L, N, and P proteins serve as the viral transcriptase, 

responsible for transcription and replication of the genome [70, 181]. Polymerase 

transcribes a leader RNA beginning at the 3’ end of the genome, and sequentially 

synthesizes the five monocistronic mRNAs, which are capped and methylated at 

their 5' terminus, and polyadenylated at their 3' terminus [176, 181, 188-189]. 

Viral polymerase produces the positive-strand RNA from which further copies of 

the negative-strand genome are prepared and packaged as viral progeny [14-15, 

181, 188]. VSV assembly is largely carried out by the M protein, which 

condenses the viral nucleocapsid, causing its collapse into the characteristic 

tightly coiled, bullet-like shape [190]. Translation of VSV mRNAs is highly 

dependent on the host cell translation machinery. To increase viral protein 

synthesis, VSV modifies the host cell machinery to decrease synthesis of host cell 
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proteins [190]. The nuclear pore complex (NPC) is a macromolecular complex 

within the host, whose components mediate the exchange of molecules between 

the nucleus and the cytoplasm [191-192]. The NPC is regulated by signaling 

pathways, and by viruses which have developed mechanisms to interfere with 

nucleocytoplasmic trafficking. The relatively small matrix (M) protein of VSV is 

responsible for shutting off export of host-cell mRNA from the nucleus [16-17]. 

Interaction of M protein with Nup98 and Rae1 leads to disruption of major host 

cell functions in an attempt to prevent antiviral gene expression. 
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Table 1. Cancer-selectivity mechanisms of oncolytic viruses 
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HOST ANTIVIRAL RESPONSE TO VESICULAR STOMATITIS VIRUS  

Host Response Machinery 

The first line of protection against a pathogen is the innate immune system, which 

provides immediate defense against infection. The primary functions of the innate 

immune system are early pathogen recognition and consequent activation of pro-

inflammatory responses to the invading pathogens. In contrast to the adaptive 

immune system, the innate immune response is not antigen-specific and reacts in 

the same way to a variety of organisms [193-194]. The adaptive immune system 

responds specifically to antigens, and its response might take days to develop. 

Adaptive response relies primarily on receptors on the surface of B and T 

lymphocytes, antibody production and activation of macrophages and NK cells 

for pathogen elimination. Adaptive response also involves immunological 

memory, a process that maintains and enhances future responses to a given 

antigen throughout the life of the host.  

 

The first host defense against potential pathogen infection are anatomical barriers 

[193-194]. Epithelial surfaces, like the skin, are an impermeable barrier to some 

infectious agents. Ciliary movement and peristalsis remove microorganisms from 

respiratory and gastrointestinal passages. Secretion of toxic substances by the 

normal flora of the gastrointestinal tract can prevent colonization of pathogenic 

microorganisms.  
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Once infectious microorganisms penetrate the physical barriers, the innate 

immune system relies on a variety of hematopoietic cells – macrophages, natural 

killer (NK) cells, NK T cells, dendritic cells, eosinophils, neutrophils, mast cells, 

and basophils – as well as skin and endothelial cells lining the respiratory, 

gastrointestinal, and genitourinary tracts, to respond to an infection [193, 195]. 

Monocytes circulate in the peripheral bloodstream, then enter tissues and 

differentiate into macrophages, which are activated upon infection. Once 

activated, macrophages engulf the microorganisms, a process known as 

phagocytosis, and digest the foreign elements. Proteolysis by macrophages 

produces peptide fragments in forms that can activate T-cell responses.  

 

NK cells, which are ready to kill as soon as they are formed, attach to pathogens 

and release enzymes and other substances that damage their outer membranes 

[193-194]. NK cells are able to target and kill not only infected cells, but also 

altered or cancerous cells. Molecules present at the NK cell surface are 

responsible for recognition of the target cell, ultimately inducting apoptosis in the 

affected cells. NK cells are also important immunomodulators, producing and 

secreting cytokines that regulate some functions of T and B lymphocytes. NK T 

cells, which share characteristics of both NK cells and T cells, are a distinct 

lineage of CD3
+
 T cells that exhibit NK surface antigens. NK T cells represent a 

link between innate and adaptive immune responses. They secret large amounts of 
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cytokines and provide a faster cell-mediated immune response than conventional 

T-helper cells, which require several days.  

 

Dendritic cells are professional antigen-presenting cells found in the skin, lymph 

nodes, and tissues throughout the body  [193, 195]. Like macrophages, dendritic 

cells are phagocytes derived from monocytes; their primary function is to ingest 

antigens and break them into fragments. Once dendritic cells take up the antigens, 

they become activated by cytokines and enter the lymphoid organs. They then 

present the antigen fragments to naïve T4-lymphocytes via MHC-II molecules, or 

to naïve T8-lymphocytes via MHC-I molecules, which become activated, 

proliferate, and differentiate into effector cells.   

Eosinophils are found in the bloodstream and are also capable of ingesting 

microbes. However, they are more effective against foreign bodies that are too 

large to be phagocytized, such as helminths and other parasites [193-194]. 

Eosinophils contain cytoplasmic granules containing toxic substances and 

enzymes that are released when targeted cells are encountered. The substances 

and enzymes make holes in the target cell’s membrane.  

Neutrophils are the most common white cell in the bloodstream, and are among 

the first cells to respond to infection [193]. Neutrophils migrate from blood 

vessels to the affected tissue, where they produce large quantities of reactive 

oxygen species that are toxic to certain pathogens. Neutrophils also have 

phagocytic capacity, sequestering microbes and processing antigens that are 
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internally degraded. Neutrophils also produce cytokines and act as 

immunomodulators.   

 

Mast cells and basophils are morphologically similar and act as first responders to 

infection [193]. These cells do not ingest microbes, but respond to helminthic 

parasites and allergic reactions. They contain histamine-filled granules, which 

when released, increase blood flow and stimulate inflammation in the damaged 

tissue.  

 

Pathogen recognition 

An important feature of the innate immune response is the recognition of 

microbial-associated molecular patterns (MAMPs), conserved microbial 

components that are shared by a large number of pathogens, and non-pathogenic 

microorganisms [196-197]. DAMPs are damage (or danger)-associated molecular 

patterns that are released from disrupted or injured cells and trigger immune 

responses and activating repair mechanisms through their interaction with pattern 

recognition receptors (PRRs). In tumor cells infected with an oncolytic virus, 

release of danger signals can trigger an antitumor immunity by recruitment of 

cells of the innate immune system into the tumor tissue [121, 198-199]. 

Conversely, viral infection can lead to cell lysis which can trigger an autoimmune 

response by release of danger signals from inside the infected cell resulting in an 

hyperactive immune system attacking normal tissues as if they were foreign 
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organisms. For instance, IFN  induced by the enterovirus Coxsackievirus B can 

have a deleterious function, acting as an initiator of the autoimmunity directed 

against β cells which causes type 1 diabetes mellitus [200]. PRRs are proteins 

expressed in cells of the innate immune system, which are responsible for 

recognition of MAMPs and DAMPs and initiate the host’s innate immune 

defenses. PRRs fall into multiple categories (Table 2). The first group contains 

secreted molecules that circulate in blood and lymph, such as C-reactive protein 

and peptidoglycan recognition proteins (PGRs) [197, 201]. These molecules 

scrutinize blood and lymph, and bind to MAMPs once they are detected. This 

interaction triggers the complement cascade, leading to the opsonization of the 

pathogen, which facilitates phagocytosis. The second group of PRRs is the 

surface receptors on phagocytes, such as macrophages and dendritic cells, which 

bind the pathogen for engulfment [201-202]. Mannose, scavenger, and opsonin 

receptors are examples. These receptors activate classical and lectin pathways of 

the complement system, and opsonize pathogens for phagocytosis. The third 

group of PRRs are the cell-surface receptors, which senses the pathogen, initiating 

a signal leading to the release of effector molecules [197, 201-202]. This group 

contains a set of transmembrane receptors, the toll-like receptors (TLRs) that 

recognize different types of MAMPs (Table 2; Figure 1). The function of various 

TLRs depends on their localization [202]. Eleven type I transmembrane proteins 

have been identified as TLRs (TLR1-TLR11). These receptors contain a leucine-

rich ectodomain that mediates the recognition of MAMPs, a transmembrane 
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domain, and an intracellular Toll-interleukin 1 receptor (TIR), which is necessary 

for downstream signal transduction. TLRs 1, 2, 4, 5, 6, and 11 are localized at the 

plasma membrane, while TLRs 3, 7, 8, 9, and 10 are in the endoplasmic reticulum 

(ER), endosomes, lysosomes, and endolysosomes (Table 2; Figure 1) [197, 201-

202]. TLR1 forms a heterodimer with TLR2, which recognizes triacylated 

lipopeptides from Gram-negative bacteria and mycoplasma. TLR2 distinguishes a 

wide range of PAMPs derived from bacteria, fungi, parasites and viruses. TLR3 

identifies poly(I:C) – a synthetic analog of double-stranded RNA (dsRNA), 

genomic RNA of reoviruses, and dsRNA produced during the replication of 

single-stranded RNA (ssRNA), viruses, and certain small interfering RNAs. 

TLR4 responds to bacterial lipopolysaccharide (LPS). TLR5 recognizes flagellin, 

a protein from bacterial flagella. TLR6 form a heterodimer with TLR2, which 

recognizes diacylated lipopeptides from Gram-positive bacteria and mycoplasma. 

TLR7 recognizes imidazoquinoline derivatives, such as imiquimod and 

resiquimod (R-848), and guanine analogs. TLR7 also recognizes ssRNA derived 

from RNA viruses, synthetic poly(U) RNA, and certain small interfering RNAs. 

Human TLR8 mediates the recognition of R-848 and viral ssRNA. TLR9 

recognizes unmethylated 2′-deoxyribo(cytidine-phosphateguanosine) (CpG) DNA 

motifs that are often present in bacteria and viruses. TLR10, which is non-

functional in mice, appears to be functional in humans, but no ligand has been 

identified. Finally, TLR11 recognizes uropathogenic bacterial components and 
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profilin-like molecules derived from Toxoplasma gondii (Table 2; Figure 1) 

[202]. 

 

Many viruses perform their entire replication cycle in the cytoplasm, while others 

navigate through the cytoplasm on their way out of the cell. Host cells have 

developed receptors that identify these viruses. These receptors are the fourth 

group of PRRs and the most recent receptors to be identified: the cytosolic 

nucleotide sensors, which sense cytoplasmic DNA and RNA (Table 2; Figure 1) 

[203-204]. Retinoic acid–inducible gene I (RIG-I) was identified in 2004 as a 

cytosolic sensor of dsRNA. Melanoma differentiation-associated gene 5 (MDA-5) 

was identified soon after as a CARD-containing helicase that detects viral RNA. 

Together with the laboratory of genetics and physiology 2 (LGP-2), these 

cytoplasmic sensors form the RIG-I-like receptor (RLR) family. Cytoplasmic 

RLRs are specialized in recognition of viral elements that are exposed during their 

cytosolic replication [203, 205]. MDA-5 efficiently recognizes the dsRNA 

mimetic poly(I:C), while RIG-I identifies 5’-triphosphorylated single-stranded 

RNA from both positive- and negative-stranded viruses. The three receptors have 

an internal DExD/Hbox RNA helicase domain, which is activated by ligand 

binding. RIG-I and MDA-5 signal through their N-terminal caspase activation and 

recruitment domains (CARDs). In contrast to RIG-I and MDA5, which induce 

type I IFN, LGP-2 lacks CARDs and blocks IFN /  production. Another two 

groups of cytosolic MAMPs and DAMPs sensors are the cytosolic nucleotide-
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binding and oligomerization domain-like receptors (NLRs) and the IFI200 family 

member absent in melanoma 2 (AIM2) (Table 2) [206]. NLRs are a receptor 

family characterized by the presence of a conserved NOD motif. NLR receptors 

are significant in initiating an inflammatory reaction, which in turn triggers 

cascades of innate and adaptive immune responses. AIM2 is an IFN-I–inducible 

cytosolic protein containing pyrin (PYD) and hematopoietic interferon-inducible 

nuclear antigens with 200 amino acid repeats (HIN200) domains [207]. Among 

other functions (such as cell proliferation), AIM2 was shown to be a cytoplasmic 

sensor of DNA through interaction with the apoptosis-associated speck-like 

protein (ASC) through its PYRIN domain. Sensing of cytoplasmic DNA triggers 

formation of the AIM2 inflammasome which activates caspase-1 and the ASC 

pyroptosome, which induces pyroptotic cell death in cells containing caspase-1 

[208-209]. Inflammasomes are intracellular multiprotein complex which leads to 

the cleavage of procaspase-1 to active caspase-1 that in turn activates interleukins 

(IL)-1β and -18. IL-1   and IL-18 are pro-inflammatory cytokines that regulate 

immune and inflammatory responses (Table 2; Figure 1) [210]. In addition to 

AIM2, NLR family, pyrin domain containing 1 (NLRP1 or NALP1), NLR family, 

pyrin domain containing 3 (NLRP3, NALP3 or cryopyrin) and NLR family, 

caspase recruitment domain (CARD) containing 4 (NLRC4) are also part of the 

inflammasome complex. In the same way than AIM2, these proteins mediate the 

assembly of the inflammasome through NOD-mediated oligomerization and 

interaction with caspase-1 via the adaptor ASC. NLRP1 senses bacterial muramyl 
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dipeptide (human) and Bacillus anthracis lethal toxin in mice. NLRC4 senses 

several Gram-negative bacteria (i.e Legionella pneumophila, Pseudomonas 

aeruginosa) while NLRP3 senses viral infection (i.e influenza A virus, 

encephalomyocarditis virus – EMCV, vaccinia virus Ankara strain and 

adenovirus,) [206]. Recently, it has been demonstrated that the cytosolic sensor of 

RNA viruses RIG-I is also able to engage the caspase-1 pathway, through 

interaction with the ASC adaptor protein and inflammasome formation, which 

leads to release of the pro-inflammatory cytokines IL-1  and IL-18 thus recruiting 

immune cells to the site of infection (Table 2; Figure 1) [211]. Caspase-1 is a 

cysteine protease essential for the inflammasome’s proteolytic function. Once 

recruited to an inflammasome, proteolytic processing of caspase-1 occurs which 

generates two subunits (10 (p10) and 20 (p20) kilodalton). The activated caspase-

1 converts proIL-1  into its active 17 kilodalton form; proIL-18 is also converted 

into its 18 kilodalton active form by caspase-1 [210].  Activation of IL-1  

engages mononuclear and endothelial cells which are critical effectors in the host 

response to pathogens.  IL-18 stimulates interferon-  production and type 1 helper 

T cells (Th1) differentiation which activates macrophages and proliferation of 

cytotoxic CD8
+
 T cells.  
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Figure 1. Components of the TLR and IFN signaling pathways and intracellular 

pattern recognition receptors.  

MyD88  is the key signaling adaptor for all TLRs (with the exception of TLR3 

and certain TLR4 signals). Its central role is the activation of NF- B. It is directly 

recruited to the TIR domains in certain TLRs and recruits IRAK4. This triggers 

activation of a pathway involving IRAK1, TRAF6 and TAK1. In the signaling by 

TLR7, TLR8 and TLR9, the MyD88–IRAK4 pathway also leads through TRAF6 

and TRAF3 to the activation of IRF7. Also MyD88/IRAKs/TRAF6 leads to the 

activation of the IKK, which consists of IKK- , IKK - and NEMO. This pathway 

is used by TLR1, TLR2, TLR4, TLR5 and TLR6 in the plasma membrane and 

releases NF-B from its inhibitor so that it translocates to the nucleus and induces 

expression of inflammatory cytokines. Activation of IRF-3 and IRF-7 by TLR3 

and TLR4 is MyD88-independent. The TRIF adaptor is essential for the MyD88-

independent pathway. The IKK-  and TBK1 kinases mediate activation of IRF3 

and IRF-7 downstream of TRIF. Cytosolic dsRNA or 5’-triphosphate ssRNA is 

recognized primarily by the cytoplasmic RNA helicases RIG-I and MDA5, which 

mediate interaction with the adaptor IPS-1, localized to mitochondria, and trigger 

signaling to NF- B and IRF3. ssRNA is recognized by TLR7/8 and dsRNA is 

recognized by TLR while TLR9 recognizes CpG-containing DNA in endosomes 

and induces signaling to IRF7 as well as to NF- B. Inflammasomes form large 

multimolecular complexes that control the activity of caspase-1. Activation of the 

NLRP3 inflammasome assembly results in activation of caspase-1, which 

proteolytically activates IL-1β and IL-18 cytokines. Caspase-1 is recruited into 

the complex via the adaptor protein apoptosis speck protein with CARD (ASC). 

Caspases are activated through autoproteolytic cleavage and can then process 

their substrates. The produced pro-inflammatory IL-1β family cytokines can act 

on other cell types or act in a feed-forward loop through its respective receptors.  
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Table 2. Microbial-associated pattern recognition (MAMPs) by pattern-

recognition receptors (PRRs) 
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Host recognition and defense against VSV 

 Host recognition of VSV infection involves RIG-I and TLR7, and stimulates 

production of type I IFNs [212-213]. RIG-I is a soluble protein found in the 

cytosol of many cell types, and it plays a major role in recognition of VSV in 

cDCs, macrophages, and fibroblasts [205]. RIG-I contains a DExD/H box RNA 

helicase and two caspase recruiting domain (CARD)-like domains. The helicase 

domain interacts with dsRNA, and the CARD domains are required to transmit 

the signal. Upon sensing VSV, RIG-I signals through the mitochondrial anti-viral 

signaling (MAVS) adaptor protein via CARD domain interactions. MAVS then 

associates with the tumor necrosis factor-receptor associated factor 3 (TRAF3), 

followed by activation of TANK-binding kinase 1 (TBK1) and IkappaB kinase-

epsilon (IKK- ) [214]. A recently discovered endoplasmic reticulum adaptor 

facilitates activation of the innate antiviral signaling [215]. Stimulator of 

interferon genes (STING) activates the nuclear factor-KappaB (NF- B) and the 

interferon regulatory factor 3 (IRF-3) transcription pathways, inducing type I IFN. 

Cells expressing STING are resistant to VSV infection, and loss of STING 

renders the cells susceptible to VSV infection. STING interacts directly with RIG-

I and forms a complex with MAVS.  

 

VSV enters the cell via endocytosis, and TLR7 recognition of VSV infection in 

the endosome is linked to viral fusion and uncoating. In DCs, TLR-7 senses VSV 

and signals through a MyD88-dependent pathway [213]. Type I IFN secretion by 
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pDCs relies significantly on TLR-7/myeloid differentiation factor 88 (MyD88) 

[216]. The receptor is activated upon engagement of TLR7 and interacts with 

MyD88, which forms a complex with interleukin-1-receptor (IL-1R)-associated 

kinase-4 (IRAK-4), IRAK-1, TRAF3, tumor necrosis factor-receptor associated 

factor 6 (TRAF6), Ikappa B kinase alpha (IKK ), and interferon response factor-

7 (IRF7) [205]. The development of this complex activates IRF7 and nuclear 

factor-kappa B (NF- B), resulting in production of type I IFNs and cytokines.  

 

Sensing of VSV by either RIG-I or TLR7 culminates in activation of IRF-3/7 

and/or NF- B, factors that are central to the cytokine activation mechanisms 

leading to antiviral responses. IRF-3 and IRF-7 are members of the interferon 

regulatory transcription factor (IRF) family [217]. IRF-3 is constitutively 

expressed in the cytoplasm and remains inactive until activation occurs through 

phosphorylation of the C-terminal regulatory domain by TBK1 and IKK  kinases 

[214, 218]. Following phosphorylation, a homodimer formed by dimerization of 

IRF-3 translocates to the nucleus [219-220]. In the nucleus, the IRF-3 dimer 

associates with two histone acetyltransferases, cAMP-responsive element-binding 

protein (CREB) binding protein (CBP) and p300 coactivators. The IRF-

3/CBP/p300 complex binds the consensus sites, called IFN-stimulated response 

elements (ISREs), inducing transcriptional activation of IFN- . Finally, IRF-3 is 

targeted for proteasomal degradation [221].  
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In contrast to IRF-3, IRF-7 is not normally present in most cells, but is expressed 

at low levels in lymphoid tissues. The low levels of IRF-7 found in unstimulated 

cells are critical for activating the initial phase of gene induction. Once initial 

activation of IFN genes is achieved, by IRF-7 (and IRF-3), a second cascade of 

IFN-  subtypes is triggered and a complete antiviral state is established [222]. 

Similar to IRF-3, IRF-7 is activated via phosphorylation by TBK1 and IKK  

kinases [214]. In pDCs, robust IFN production depends on the MyD88–IRF-7 

signaling pathway, in which kinases from the IRAK family phosphorylate IRF-7 

[223]. Following phosphorylation, IRF-7 dimerizes and translocates to the 

nucleus, where it regulates transcription of type I IFN-  genes and several ISGs 

[224-225].  

NF- B is a transcription factor which exists as inactive dimeric NF- B proteins, 

sequestered in the cytosol by I B proteins. Dimeric DNA binding complexes are 

formed by interactions among five members of the Rel gene family: RelA (or 

p65); c-Rel; RelB; NK- B1, which encodes the p50 subunit and its precursor, 

p105; and NF- B2, which encodes p52 and its precursor, p100 [226-227]. Upon 

signaling through the PRRs, the IκB kinase (IKK) complex is activated, a 

heterotrimer formed by the kinases, IKK , IKK , and IKK /NEMO (NF- B 

essential modulator). Once the complex is activated, IKKβ kinase phosphorylates 

IκB proteins, triggering IκB proteasomal degradation that releases NF- B 

dimmers which translocate to the nucleus. In the nucleus, NF- B is involved in 

the regulation of genes involved in immune function, including several antiviral 
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genes. In addition to its role in the immune response, NF-κB is a key regulator of 

cell survival, cell death, and inflammation.  

 

The type I IFN family includes more than a dozen members with similar 

functions. IFN-  and IFN- 4 (in mice) and IFN- 1 (in humans) Zcdfza43eare 

transactivated, following virus-induced activation of IRF-3 and IRF-7. IRF-7 

expression is greatly increased by these proteins, transactivating multiple IFN 

genes [85]. IFN-  is secreted from infected cells and activates type I IFN receptor 

(IFNAR), which signals through the JAK-STAT pathway. The JAK-STAT 

pathway involves phosphorylation of the signal transducer and activator of 

transcription (STAT) proteins by the Janus kinases, tyrosine kinase 1 (JAK-1) and 

tyrosine kinase 2 (TYK-2). Phosphorylated STAT proteins, STAT-1 and STAT-2, 

recruit interferon regulatory factor 9 (IRF-9) to form the IFN-stimulated gene 

factor 3 (ISGF-3) complex. ISGF-3 complex translocates to the nucleus and binds 

to the IFN-stimulated response element (ISRE) in the promoter region of IFN-

stimulated genes (ISGs).   

 

ISGs have been directly implicated in instigation of the antiviral state. Three main 

type I IFN-induced antiviral pathways have been firmly established: protein 

kinase R (PKR), the 2-5 OAS/RNaseL system, and the Mx proteins [228]. PKR is 

produced in an inactive form, and is activated by dsRNA produced during viral 

replication.  PKR phosphorylates translation initiation factor 2a (eIF2a), 



47 

 

preventing recycling of eIF2a, stopping initiation, and inhibiting cellular and viral 

translation [85, 181]. PKR activation involves a kinase-independent process that 

also leads to the release of NF- B from I B, which sends an anti-apoptotic signal. 

OAS is also synthesized in an inactive form and is activated by dsRNA produced 

during viral replication. OAS protein binds to oligomerized ATP. The complex 

activates RNAseL, which mediates viral and cellular RNA degradation. MX 

proteins are IFN-induced members of the dynamin superfamily of large GTPase 

[85, 228]. Mx proteins depend on IFN for their expression, and inhibit virus 

infection by blocking early stages of the viral replication cycle. Other protein with 

important antiviral activities is ISG15, one of the most induced ISGs [85, 228]. 

The ubiquitination response mediated by an ISG, is called ISGylation. More than 

one hundred ISG15 targets have being identified, many of which are important in 

the type I IFN response, such as STAT1, RIG-I, MxA, and PKR. Rather than 

inducing protein degradation, ISG15 prevents IRF-3 degradation, increasing the 

induction of IFNβ expression. Ubiquitination of IRF-3 can display both positive 

and negative regulatory functions. Phosphorylation-dependent ubiquitination is 

well established to terminate IRF3 function by proteasome-dependent 

degradation. Although IRF-3 degradation mechanism is still unknown, the 

peptidyl-prolyl cis/trans isomerase (Pin1) protein is known to interact with 

phosphorylated IRF3 and promotes its ubiquitination.  In the positive function, the 

ubiquitin-like protein ISG15 conjugate with IRF-3, a process mediated by the 

HERC5 (hect domain and RLD 5) E3 ubiquitin-protein ligase. The interaction 
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ISG15-HERC5-IRF-3 attenuates the interaction with Pin1 resulting in 

stabilization of IRF3 [229].  

 

THE ONCOLYTIC VESICULAR STOMATITIS VIRUS 

Type I IFNs exhibit potent antiviral activity and are produced by most cells in 

response to viral infection [230]. VSV is extremely sensitive to the IFN antiviral 

response [231], and control of VSV replication and spread by IFNs has been well 

studied [11, 18-20, 232]. Both IFN and IFN-inducible, double-stranded RNA-

dependent protein kinase (PKR) play a role in the inhibition of VSV replication 

[21]. Following infection by VSV, dsRNA is detected by PRRs, which activate a 

cascade of signaling factors that induce synthesis of type I IFN /  [205, 230]. In 

response, a series of ISGs are expressed which inhibit viral replication, including 

PKR which plays a central antiviral role in cells infected with VSV [22, 205, 233-

237].  

 

Type I IFN, secreted following viral infection, induces transcription of PKR 

kinase [21, 205, 238]. Activation of PKR by viral dsRNA, an early event in the 

inhibition of viral transcripts, begins with dimerization and autophosphorylation 

of PKR, which in turn, phosphorylates eukaryotic initiation factor, eIF2, resulting 

in the inhibition of protein synthesis [181, 205, 237]. Translation control 

downstream of PKR activation and eIF2 phosphorylation is deregulated in many 

transformed cells [19].  Therefore, defects in the IFN and PKR systems, which are 
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present in many transformed and cancer cells, greatly facilitate VSV infection 

[13, 18-22, 70]. 

 

Matrix (M) protein of VSV plays an important role in viral evasion by inhibiting 

host gene expression [17, 239-240]. Consequently, mutations in the M protein 

should diminish viral replication, attenuate viral cytotoxicity, and improve 

oncolytic capacity.  Naturally occurring VSV variants have been identified as 

potent oncolytic viruses with superior therapeutic indices [11]. The AV1 mutant 

differs from wild-type VSV by a single amino acid substitution (M51R), while 

AV2 has two mutations (V221F and S226R) in the M protein. AV1 and AV2 

strains were first identified as VSV variants that establish persistent infections in 

vitro [241-243]. Later studies showed that these strains fail to suppress IFN 

production in healthy cells; thus, nonmalignant cells infected by AV1 or AV2 are 

able to build strong antiviral responses [11]. Further genetic manipulation of VSV 

has created strains with increased oncolytic capability compared to the wild-type. 

The deltaM51 virus ( M51), in which a fragment of the gene encoding for the M 

protein is deleted, exhibited high affinity for human high-grade malignant glioma 

cells, and suppressed their growth as xenograft tumors in nude mice [11].  The 

engineered rM51R-M strain is a strong candidate as an oncolytic virus for 

therapies of prostate tumors [25]. These mutants elicit a strong IFN response in 

healthy cells and restrict VSV replication to cells with defective IFN-signaling; 

therefore, they offer promise in the development of virotherapy against cancer. 
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THE USE OF VSV AS ONCOLYTIC VIRUS: OBSTACLES AND 

ALTERNATIVES 

Despite encouraging results from pre-clinical and clinical studies, RNA OV 

therapy requires further refinement to become established as a cancer-fighting 

strategy [244-245]. Inefficient viral replication in primary cancers and tumor-

specific resistance to OV-mediated killing are two of the obstacles to the 

application of oncolytic viruses [6, 62-63, 72, 246-247]. VSV is no exception. 

Although VSV oncolysis is facilitated by defects in the IFN antiviral response, 

other host factors, including the host immune system and defects in the apoptotic 

pathway, appear to influence its effectiveness as an OV.  

 

Various strategies have been used to overcome obstacles to the use of VSV as an 

OV. Histone deacetylase inhibitors (HDIs) complemented VSV virotherapy by 

facilitating tumor cell infection and killing in vivo tumors that had an impaired 

antiviral response [248]. Neutralization of injected OVs by circulating antibodies 

in immunocompetent animals was sufficient to ablate delivery of naked virions to 

tumors [244, 249-250]. To circumvent this problem, cellular carriers were 

developed to shield the OV from neutralization [39, 251-255]. This strategy holds 

promise, as cell carriers utilized in the context of murine models have efficiently 

delivered VSV to tumors in the presence of virus-neutralizing antibody. In mice 

with B16-ova tumors, naive lymphocytes loaded with VSV purged metastatic 
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tumors and generated potent T-cell responses, demonstrating that oncolysis in 

lymphoid organs primes antitumor immunity [256].  

 

Pre-conditioning of immune-competent mice with Treg depletion and IL-2, prior 

to adoptive T-cell therapy with cells loaded with VSV, significantly enhanced 

antitumor therapy [257]. IL-2 expressed by infected cells initiated a broad cascade 

of immunological effects in the microenvironment of the vaccine. When 

expressed in recombinant VSV, IL-12 successfully reduced tumor volumes and 

provided substantial survival benefit to animals with head and neck carcinomas 

[258].  Treatment of a resistant lymphoma with small molecule inhibitors of the 

antiapoptotic protein BCL-2 enhanced VSV-mediated oncolysis [39]. In primary 

B-cell chronic lymphocytic leukemia (B-CLL), ex vivo B-CLL cells were resistant 

to VSV oncolysis, partly due to overexpression of BCL-2, which causes a block 

in the intrinsic mitochondrial pathway. BCL-2 inhibitors restored the 

mitochondrial apoptotic pathway and synergized with VSV to target and kill the 

malignant cells without affecting viral replication [39]. The sensitization to VSV 

oncolysis achieved by these proapoptotic agents identifies a potential therapeutic 

combination for apoptosis-resistant malignancies. Several BCL-2 family member 

inhibitors are currently in advanced pre-clinical and clinical trials, as single agents 

or in combination with conventional chemotherapy [46, 259-260]. However, 

further studies are needed to increase the range of cancers that could benefit from 

this type of combination therapy. OV therapy in combination with chemotherapy 
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drugs may become more popular in future clinical trials. Experimental pre-clinical 

studies have shown that the combination of VSV OV with cytotoxic or 

immunotherapic agents can be more efficacious for cancer therapy than VSV OV 

alone. Overall, combination therapy for tumors using VSV is a promising clinical 

strategy, but further investigation of effectiveness, safety, and feasibility is 

necessary.  

 

The earliest report of VSV as an inducer of cell death was the observation of toxic 

effects of double-stranded RNA derived from VSV infection in mice in 1973 

[261]. However, the potential of VSV as an oncolytic virus (OV) was only 

demonstrated at the beginning of the 21
st
 century. Stojdl et al (2000) observed that 

the VSV is readily grown to high titers and has a short replicative cycle, which are 

desirable properties of an OV [13]. It was further established that VSV rapidly 

replicates in and selectively kills a variety of human tumor cell lines, even in the 

presence of interferon doses that completely protect normal human primary cell 

cultures. VSV also has the ability to selectively induce cytolysis in transformed 

human cell lines in vitro [238]. Studies revealed the role of the PKR and p53 

pathways in cells permissive to VSV [20, 238]. Later studies tested wild-type 

VSV and the attenuated AV1 and AV2 strains against a panel of tumor cell lines 

from the National Cancer Institute [11]: 80% of the tested lines were susceptible 

to VSV-induced oncolysis, particularly colon, ovarian, and renal carcinoma cells.     
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VSV oncolysis in leukemias has been well studied, and the results are 

controversial.  Attenuated VSV strains AV1 and AV2, a heat-resistant (HR) 

strain, and a GFP-VSV were able to infect and kill leukemic cells in primary 

samples taken from patients with multiple myeloma (MM) [28]. Eleven of 12 

leukemic cell lines tested were efficiently killed by all strains.  It was further 

shown that VSV could replicate and cause extensive caspase-dependent oncolysis 

of primary ATL cells ex vivo [27]. However, naïve CD4+ lymphocytes were not 

killed by VSV. Chronic lymphocytic leukemia (CLL) cell lines permitted viral 

replication, but primary CLL cells were resistant to VSV replication and 

subsequent cell death. It was suggested that the inconsistency in VSV oncolysis 

could be due to the cell cycle arrest of CLL cells. More recently, it was confirmed 

that VSV oncolysis requires cell cycle entry and translation initiation [262]. These 

results support the hypothesis that VSV oncolysis in CLL cells is not effective 

because of the non-replicative nature of these cells. Nevertheless, VSV was 

effective against most leukemic cell lines tested.  

 

Significant advances during the past decade have brought VSV-based therapeutics 

closer to reality. In 2006, a recombinant VSV (VSV
M51

) was used successfully 

against multifocal and invasive glioma, prolonging survival of CD-1 nude mice, 

but did not affect normal cells in vitro [263]. A glioma-adapted vesicular 

stomatitis virus strain (VSVrp30a) had the capacity to kill glioblastoma cells in 

vitro, while sparing normal cells [18, 264-265]. Pre-clinical testing of VSV strains 
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should be completed during the next few years, and the use of VSV in clinical 

applications should soon become a reality. 

 

APOPTOSIS  

Upon viral infection and virus recognition by the host, several pathways are 

activated to stop viruses from spreading within the host. The existence of multiple 

viral mechanisms to block apoptosis supports the hypothesis that killing infected 

cells is the final pathway to eliminate infection [266]. Activation of the antiviral 

IFN pathway, and consequent production of type I IFN ( / ), are capable of 

inducing apoptosis in various systems. A variety of The IFN-regulated genes, 

such as tumor necrosis factor (TNF), tumor necrosis factor–related apoptosis-

inducing ligand (TRAIL), and CD95/FAS, that are actively involved in killing 

infected cells [267-268].   

 

TNF is a family of soluble cytokines that mediate apoptosis and cell survival, 

among others functions [267-268]. TNF is primarily produced as a type II 

transmembrane protein, arranged in stable homotrimers upon activation by the 

immune system. TNF receptors (TNF-Rs) are membrane receptors activated by 

the immune system upon infection. They contain a homologous sequence, 

referred to as the death domain (DD), in their cytoplasmic tail. Two types of TNF-

Rs have been described: TNF receptor type 1 (TNF-R1, CD120a, p55/60) and 

TNF receptor type 2 (TNF-R2, CD120b, p75/80). TNF-R1 is expressed in most 
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tissues, and can be activated by both membrane-bound and soluble trimeric forms 

of TNF. TNF-R2 is expressed only in cells of the immune system, and responds to 

the membrane-bound form of the TNF homotrimer. Activation of TNF-Rs leads 

to caspase activation via the adaptor proteins, TNF receptor-associated death 

domain (TRADD) protein and FAS-associated death domain protein (FADD). 

TNF activation can also activate cell survival and inflammatory pathways. 

Therefore, TNF activation has to be tightly controlled to avoid the development of 

diseases, especially autoimmune diseases [267-269].  

 

TRAIL, also called Apo2 ligand, is a member of the TNF family of cytokines that 

promotes apoptosis via the death receptors DR4 (TRAIL-R1) and DR5 (TRAIL-

R2) in a caspase-8-dependent manner. TRAIL is expressed in a variety of cells, 

including spleen, liver, peripheral blood leukocytes, and activated T cells [270]. 

IFN-  stimulates expression of TRAIL in monocytes, dendritic cells, and 

macrophages; IFN-  stimulates expression of TRAIL in monocytes, dendritic 

cells, and NK cells. Similar to TNF, TRAIL is a type II transmembrane protein, 

which can be bound to the cell surface or secreted as a signaling molecule [267, 

270]. Engagement of DR4/DR5 by TRAIL results in recruitment of the death-

inducing signaling complex (DISC), FADD, and caspase-8, which activates both 

the extrinsic and intrinsic apoptotic pathways. Activation of different apoptotic 

pathways is dependent on the cell type. In type I cells, the DISC-induced caspase 
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cascade is sufficient for the activation of effector caspases whereas type II cells 

require activation of the mitochondrial amplification loop.  

 

FAS ligand is another ubiquitously expressed protein of the TNF cytokine family 

[271]. Membrane-bound or soluble FAS ligand protein (FASL) binds to the FAS 

receptor which, similar to TNF and TRAIL, recruits the DISC, FADD, and 

caspase-8. As with TRAIL, activation of FAS signaling is sufficient for activation 

of the extrinsic pathway in type I cells, but amplification of signaling through the 

mitochondria is necessary in type II cells. 

 

Extrinsic and intrinsic apoptosis 

In response to danger signals, DNA damage, or senescence, cells undergo a 

process called apoptosis, or programmed cell death [272-273]. Apoptosis is a 

genetically programmed process of cell death, which maintains cellular 

homeostasis and tissue integrity in multicellular organisms. Apoptosis is initiated 

by external and internal stimuli, and involves specific morphological changes – 

cell membrane blebbing, cell shrinkage, chromatin condensation, and DNA 

fragmentation – eventually leading to break-up of the cell into ―apoptotic bodies,‖ 

and engulfment by macrophages or neighboring cells [272-273]. Although the 

morphological features of cells undergoing apoptosis are common to all cells, the 

molecular events that occur during apoptosis are specific to the apoptotic pathway 

triggered [272]. The molecular events fall in two groups: the death receptor-
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mediated, extrinsic pathway and the mitochondrial-directed, intrinsic pathway. 

The biochemical changes associated with apoptosis include three main steps: 

activation of initiator caspases, mitochondrial protein release into the cytoplasm, 

and activation of effector caspases (Figure 2) [274-275].  
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Figure 2. Apoptosis pathway. Apoptotic cell death can be initiated through two 

main pathways: the death receptor (extrinsic) pathway and the mitochondrial 

(intrinsic) pathway. The extrinsic pathway is mediated by caspase-8 whereas the 

intrinsic pathway is mediated by caspase-9. The death receptor pathway is 

activated by the adaptor protein FADD that couples with death receptors, such as 

FAS and TNFR1, to caspase-8. Cellular caspase-8 (FLICE)-like inhibitory protein 

(cFLIP) prevents caspase-8 activation.  Caspase-8 activation leads to caspase-3 

cleavage, which initiates multiple proapoptotic processes. BCL-2 inhibits the loss 

of mitochondrial membrane potential, whereas BAX domains induce loss of 

mitochondrial membrane potential. Cytochrome c is released from the 

mitochondria and together with APAF1 and procaspase-9 form the apoptosome. 

In certain cell types, the two pathways are interconnected by truncated BID 

(tBID) that is formed when BID is cleaved by active caspase-8. tBID triggers 

BAX activation and translocation to the mitochondria. 
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Death receptor-mediated extrinsic pathway 

In the death receptor-mediated, extrinsic pathway, ligands of death receptors, such 

as tumor necrosis factor (TNF) receptor superfamily, member 6 (FAS) and TNF 

ligand superfamily, member 10 (TRAIL), initiate a cascade of signals, which 

triggers the death-inducing signaling complex (DISC), resulting in activation of 

the 55 kDa precursor, procaspase-8. Activated caspase-8 triggers activation of 

caspase-3, which leads to cleavage of a number of substrates and induces the 

morphological changes characteristic of apoptosis and DNA fragmentation [273, 

276].  

 

 Death receptors, which belong to the tumor necrosis factor receptor superfamily, 

include TNFR1, CD95/FAS DR3, DR6, TRAILR1, and R2, and have an 

extracellular domain and an intracellular death domain (DD) [277-279]. Upon 

engagement of the receptor, the intracellular DD interacts with adaptor proteins, 

such as FAS-associated death domain (FADD) and TNF receptor 1-associated 

protein (TRADD) (Figure 2) [275, 280]. Two signaling complexes are formed 

upon engagement of the death receptors: complex I and complex II [281-282]. 

Complex I is formed in the plasma membrane by TNFR1, the adaptor protein 

TRADD, RIP1 and TRAF-2. Activation of complex I leads to NF- B activation. 

Once complex I leaves the death receptor, it forms the complex II which contains 

FADD, caspase-8, caspase-10, TRADD, RIP1 and TRAF2. The complex I 
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activation of NF- B triggers prosurvival signals and when it’s not activated, 

complex I activates complex II resulting in cell death [281].  

 

The next step is DISC activation (Figure 2). Binding of TRADD adaptor protein 

is required for the recruitment of FADD and procaspase‑8 for DISC formation. 

DISC is formed by the oligomerized intracellular domain of the death receptor, 

the adaptor molecule, FADD or TRADD, procaspase-8, procaspase-10, and c-

FLIP [280, 283]. C-Flip is an inhibitor of the DISC complex and caspase-8 via 

formation of catalytically inactive procaspase-8/c-FLIP heterodimers. Interactions 

between the molecules forming DISC are based on contact (Figure 2). The death 

domain of the death receptor interacts with the DD of the adaptor protein at the 

same time as the death effector domain (DED) of FADD or TRADD interacts 

with the N-terminal of the procaspases [283-284]. Procaspase-8 is activated at the 

death-inducing signaling complex (DISC) and both dimerization and proteolytic 

processing of procaspase-8 are required to form a caspase-8 dimer capable of 

initiating apoptosis [285-286]. Dimerization of procaspase-8 can produce 

enzymatically competent homodimeric precursors, which are more susceptible for 

processing than individual procaspase-8. c-FLIP prevents caspase activation by 

interacting with the DISC complex and blocking the activation and release of 

effector caspases. The main target of caspase-8 is the executioner, caspase-3, 

which upon activation, completes the execution of apoptosis (Figure 2) [287].   
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Caspases are a conserved family of proteases with vital roles in apoptosis [284, 

288]. Caspase-3 is a key factor in the execution of apoptosis, and its activation is 

a hallmark of apoptosis [289-290]. Caspase-3 is present as a procaspase-3 within 

cells, and is responsible for the proteolytic cleavage of a number of key proteins 

involved in DNA degradation and cell death  [290-291]. DNA fragmentation 

factor 45/inhibitor of caspase-activated DNAse (DFF45/ICAD) is a tight, non-

covalent complex, endogenous chaperone/inhibitor [292]. Cleaved caspase-3 

disrupts this complex and allows the free nuclease to dimerize into its catalytically 

competent form, 40-kDa caspase-3-activated nuclease/caspase-activated DNase 

(DFF40/CAD), which is responsible for cleavage of double-stranded DNA in 

apoptosis. Proteins, such as poly (ADP ribose) polymerase (PARP), DNA-

dependent protein kinase (DNA-PK), and U1-70kD, are involved in DNA repair 

[284, 290-291]. These proteins are targeted by activated caspase-3, resulting in 

their inactivation and ultimately leading to DNA degradation. Caspase-3 cleavage 

can also be involved in the amplification of caspase-8 activation during FAS 

signaling [293].  In some cell types, such as hepatocytes, activation of DISC and 

caspase-8 is generally not sufficient for full activation of downstream caspases; 

therefore, amplification of the death receptor pathway can be triggered by a 

mitochondrial step [294-295]. The BH3-only protein BID is the link between the 

extrinsic and the intrinsic mitochondrial pathways (Figure 2). Apical caspase-8 is 

able to cleave cytosolic BID, releasing its truncated form (tBID), which is 

translocated to the mitochondria. Once at the mitochondria, tBID induces 
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BAX/BAK-dependent permeabilization of the mitochondrial outer membrane, 

release of cytochrome c, formation of the apoptosome, and activation of the 

executioner caspase-3. 

 

Intrinsic Pathway 

In contrast to the extrinsic pathway, which mediates apoptosis through a subset of 

death signals at the plasma membrane, the intrinsic apoptotic pathway is initiated 

from within the cell by severe cell stresses, such as DNA damage, defects in the 

cell cycle, cell detachment from the extracellular matrix, hypoxia, and oxidative 

stress [272-273, 276]. The intrinsic pathway involves the mitochondria, and 

release of cytochrome c from the mitochondria into the cytoplasm is the major 

step implicated in full activation of this pathway. Tight control of the proteins 

involved in mitochondrial permeabilization is crucial to avoid impairment of the 

intrinsic apoptotic pathway and consequent disturbance of homeostasis and cell 

repair. 

 

Mitochondrial outer membrane permeabilization (MOMP) is a pivotal step for 

initiation of the intrinsic pathway [296-298].  Pro- and antiapoptotic proteins from 

the B-cell lymphoma 2 (BCL-2) family strictly regulate the intrinsic apoptotic 

pathway by balancing each other upon upstream survival and distress signals 

(Figure 2) [299-303]. Proteins of the BCL-2 family have in common the presence 

of  conserved BCL-2 homology (BH) domains, and are divided in two functional 
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groups: the survival, or antiapoptotic, group and the cell death inducer, or 

proapoptotic, group [55, 299, 304]. The antiapoptotic group includes BCL-2, 

BCL-xL, BCL-w, MCL-1, and A1 proteins. The proapoptotic group is subdivided 

into multi-domain proteins (BAX, BAK, and BOK), or BH3-only proteins (BIM, 

BAD, BID, BIK, BLK, HRK, NOXA, and PUMA). The first BH3-only protein 

discovered was BIK (BCL-2 interacting killer) [305]. Cell death activities of 

BAK, BIM, BID, BOD, and HRK were discovered around the same time through 

interaction experiments with the anti-apoptotic proteins, BCL-2, MCL-1, and 

BCL-xL [306-311].   

 

Originally thought to be a growth-promoting oncogene, BCL-2 protein was 

instead found to enhance cell survival and interfere with apoptosis [312-314]. 

BCL-2 protein, the prototype member of the BCL-2 family, contains all the 4 

BCL-2 homology domains (BH1–BH4) and mediates interactions with other 

family members [42, 44]. An important feature of BCL-2 is the presence of a 

hydrophobic groove, formed by the BH1–BH3 domains, which can bind the BH3 

alpha-helix of proapoptotic proteins [315-316]. The ability to bind to the BH3 

domain of other family members allows BCL-2 to sequester the pro-apoptotic 

proteins, BAX and BAK, obstructing their function and promoting cell survival 

[317-320].  
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Each BH3-only protein is triggered by specific apoptotic stimuli. For example, 

BAD responds to cytokine deprivation, while BIM is associated with growth 

factor withdrawal in B and T lymphocytes, and responds to ceramide and airborne 

particulate matter-induced apoptosis in alveolar epithelial cells [298, 321-323]. 

BID can be activated by a broad range of stimuli, including FAS-associated 

stimuli, lethal glutamate concentrations, or DNA damage-induced apoptosis 

(Figure 2)  [271, 324-326]. BID is susceptible to proteolytic cleavage by caspases, 

calpains, granzyme B, and cathepsins [327-331].  

 

BID is probably the most studied BH3-only protein, due its function as the 

connecting point between the extrinsic and intrinsic apoptotic pathways. In the 

late 1990s, several studies demonstrated that BID mediates a mitochondrial 

amplification loop of the death receptor signaling pathway, which results in the 

release of cytochrome c and the induction of cell death [332-337]. In 1996, Wang 

et al. demonstrated that BID could counteract protection by BCL-2, as well as 

induce apoptosis, by interacting with BAX [338]. BID can bind to BCL-2 or BAX 

monomers, but not to BCL-2/BAX heterodimers. NOXA is another BH3-only 

protein that is capable of combating the protection caused by antiapoptotic 

proteins. NOXA was first identified as a highly expressed gene in an ATL-

derived tumor T-cell line (IKD cells) [339]. Ten years later, NOXA was 

suggested to be a mediator in p53-induced apoptosis [340]. More recently, it was 

discovered that NOXA is upregulated upon viral and dsRNA signals and 



66 

 

subsequently induces cell death [60-61, 341]. NOXA binds to MCL-1 [342-344] 

and, to a lesser extent, to BCL-2 and BCL-xL [340]. Binding with NOXA inhibits 

the antiapoptotic function of these proteins. Although NOXA has been 

demonstrated to be important in the induction of mitochondrial apoptosis [345-

347], how NOXA stimulates cell death is still not well understood [348-349]. The 

most common role of NOXA is to bind antiapoptotic proteins, release sequestered 

proapoptotic proteins, and further induce mitochondrial permeabilization, 

cytochrome c release, and cell death (Figure 2) [340, 342-344, 350]. However, a 

few studies have suggested that NOXA can interact with BAX to induce pore 

formation in the mitochondrial membrane and cell death [351-352]. Schuler et al 

(2003) demonstrated that expression of NOXA protein occurs prior to BAX 

translocation to the mitochondria and cytochrome c release into the cytosol [352]. 

Moreover, NOXA association with BAX was demonstrated, in transfected cells, 

upon viral infection and dsRNA treatment [61].  

 

The functional blockage of antiapoptotic proteins caused by BH3-only proteins 

allows proapoptotic proteins, such as BAX, to form oligomers at the 

mitochondrial membrane [55, 353-356]. This permeabilizes the membrane and 

triggers release of cytochrome c into the cytoplasm (Figure 2).  Activation of 

BAX during apoptosis usually does not require an increase in transcription of its 

gene. BID and PUMA, but not BAD proteins, can bind to the first  helix (H 1) 

of BAX and promote the conformational changes necessary for activation [357-
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360]. BAX remains in the cytoplasm, with its putative tail-anchor sequence 

sequestered in a hydrophobic binding pocket on the surface of the protein, until 

induction of cell death [298, 361]. Once activated, conformational changes 

provoke BAX oligomerization: hidden domains become exposed, uncovering 

specific hydrophobic domains and increasing the affinity of BAX for the 

mitochondrial membrane (Figure 2) [298, 362]. Insertion of BAX oligomers into 

the mitochondrial membrane are believed to promote decrease of the 

mitochondrial membrane potential and swelling of the mitochondria. Ultimately, 

the outer mitochondrial membrane ruptures, causing a massive release of 

cytochrome c, which is normally located in the space between the outer and inner 

mitochondrial membranes [298, 361-365].  

 

Permeabilization of the mitochondria induces formation of the apoptosome, a 

multiprotein complex containing cytochrome c, apoptotic protease-activating 

factor 1 (APAF-1) and procaspase-9 (Figure 2) [272, 366-367]. Once released, 

cytochrome c binds to APAF-1, which undergoes conformational changes to form 

the apoptosome and activate pro-caspase-9. Subsequently, activated caspase-9 

cleaves effector caspases-3 and -7, which are responsible for proteolytic cleavage 

of many downstream death proteins, such as PARP and DFF45/ICAD [291-292]. 

Activation of caspase-3 can also activate the mitochondrial loop, in which 

caspase-3 amplifies BAX translocation to the mitochondria [294-296]. 
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VSV-induced apoptosis 

Induction of apoptosis by viruses is a common approach to overcoming the host, 

and VSV infection causes cytopathic effects (CPE) consistent with the induction 

of apoptotic pathways [368]. VSV induces apoptosis via distinct mechanisms in a 

cell-dependent manner by activating multiple apoptosis-inducing pathways. VSV 

induces the death-receptor apoptotic pathway or the mitochondrial extrinsic 

pathway. VSV-induced apoptosis via the extrinsic pathway is mediated by FAS, 

PKR and the FAS adaptor protein DAXX rather than FADD [234, 369-370].  

Levels of FAS protein were demonstrated to be elevated in VSV-infected L929 

cells [234]. Activation of FAS signaling, probably through PKR, triggers 

translocation of FAS to the cell surface where it forms the DISC complex. 

Moreover, PKR activation induces translational inhibition and NF-kB activation 

through the IkB kinase complex [370-371]. Caspase-8 is then recruited by the 

death-induced signaling complexes (DISC) dependent on DAXX where it is 

activated [234, 369]. Finally, activated caspase-8 induces activation of caspase-3, 

which promotes activation of several death signals, including DNA fragmentation 

and poly (ADP ribose) polymerase (PARP) cleavage [31, 176, 372]. Cross-talk 

between the extrinsic and intrinsic apoptotic pathway has been shown to occur in 

VSV-infected cells [29]. In this case, sensing of virus by the death receptors 

activates pro-caspase-8 that in turn activates the intrinsic pathway via Bid 

cleavage which activates BAX/BAK promoting their oligomerization at the 

mitochondria membrane. VSV induction of intrinsic apoptosis can also starts at 
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virus recognition by the cytosolic sensor RIG-I which recognizes VSV’s 5′-

triphosphates RNA [373]. Upon virus recognition, RIG-I recruits the adaptor 

protein MAVS. Although actual demonstration of RIG-I/MAVS-induced 

apoptosis in VSV infected cells, this pathway is known to induce the transcription 

of the pro-apoptotic BH3-only protein NOXA in dsRNA virus infected cells, 

which suggests that this mechanism might possibly happen upon VSV infection 

[374]. Induction of NOXA in VSV-infected cells was reported in different studies 

which showed that NOXA is induced independently of p53 but dependent of IRF-

3 [60-61]. In 2000, Heylbroeck et al demonstrated that active IRF-3 can induce 

cell death independent of type I IFN production. The authors showed that IRF-3 

mediates binding to cytosolic BAX to induce BAX activation; however, it 

remained unclear if IRF-3 would displace the pro-survival BCL-2 protein from 

BAX or whether IRF-3 would directly activate BAX [375]. Years later, activation 

of the RIG-I/MAVS pathway was demonstrated to lead to activation of IRF-3 

which binds to the IRFE elements within the NOXA promoter [60-61]. In these 

studies, it was suggested that IRF-3-induced NOXA could bind to BAX leading to 

BAX activation and oligomerization at the mitochondrial membrane. 

Oligomerization of BAX results in its activation on the mitochondrial membrane, 

triggering pore formation and subsequent release of cytochrome c into the cytosol 

[299, 355].  In the cytosol, cytochrome c forms the apoptosome with APAF-1 and 

caspase-9, which is responsible for cleavage of caspase- 3 and consequent 

activation of death signals [30-31, 376]. Interactions among proteins of the BCL-2 
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family are important in maintaining the balance between cell life and death [56, 

299, 377]. In the same way that proapoptotic proteins are important in VSV-

induced cell death [29, 378-379], imbalance of anti-apoptotic proteins, such as 

BCL-2, MCL-1 and BCL-xL, can impair apoptosis in cells infected with VSV 

[39, 379-380]. Virus infection can also lead to intrinsic apoptotic pathway 

mediated by the p53 transcription family (p53, p63 and p73 proteins). p53 up-

regulates pro-apoptotic genes such as BAX and suppress anti-apoptotic genes 

such as BCL-2, by transcriptional activation or repression, thus altering the 

relative quantities of BAX to BCL-2 and shifting the balance towards apoptosis 

[381]. However, evidence of p53-induced apoptosis in VSV-infected cells has yet 

to be clarified as conflicting studies have shown VSV-induced p53-dependent 

apoptosis [382] and that VSV-induced down-regulation of p53, rather than its 

activation, seams to sensitize cells to apoptosis [379, 383]. What becomes clear 

from the available literature on VSV-induced apoptosis is that despite the VSV 

strain and how apoptosis signal is started the intrinsic mitochondrial apoptotic 

pathway is required for full activation of apoptosis by VSV with BAX and BAK 

as the central proteins involved in permeabilization of the mitochondria and 

release of cytochrome c.   

 

BCL-2 OVEREXPRESSION AND CANCER 

The cell death pathway responds to both normal and pathologic stimuli, and 

aberrancies in apoptosis have been associated with human diseases, including 
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autoimmunity, cancer, immune deficiency, and neurodegenerative disorders [40-

44, 295, 303, 384-386]. Elevated expression of prosurvival proteins, such as BCL-

2, is a common deregulator of programmed cell death. BCL-2 overexpression 

inhibits the mitochondrial apoptotic pathway, which can account for drug 

resistance and poor clinical prognosis in several types of cancer, especially B-cell 

malignancies [40, 43-44, 317, 387]. In fetal tissues, BCL-2 is widely expressed in 

the thymus, lymph nodes, and spleen, but decreases in adulthood and becomes 

confined to cells that are rapidly dividing and differentiating [44, 388]. 

 

The B-cell lymphoma 2 (BCL-2) protein was discovered during cloning of the 

t(14;18) translocation breakpoint, which generated unusual high levels of BCL-2 

protein in follicular lymphoma [386, 389]. The first characterization of BCL-2 

overexpression was associated with chromosomal rearrangement t(14:18) in 

human follicular non-Hodgkins lymphoma (NHL) [40, 390]. Overexpression of 

the BCL-2 protein was also associated with exacerbated amplification of the 

BCL-2 gene in small cell lung carcinoma [391] and diffuse large B-cell 

lymphoma [392]. The importance of the relationship between t(14;18) 

translocation and BCL-2 overexpression declined when patients were found who 

presented the translocation, but did not have elevated levels of BCL-2, or who 

presented high levels of BCL-2, but did not have the chromosomal rearrangement. 

High BCL-2 levels has also been attributed to inactivation of the microRNAs 

(miRs), miR15 and miR16, in chronic lymphocytic leukemia (CLL) [40, 393-
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395]. Moreover, the epigenetic modification hypomethylation, in neuroblastoma 

cells, has been reported to cause excessive expression of BCL-2 protein [390, 

396].  

 

The realization that BCL-2 overexpression could both act as an oncogene and was 

associated with impairment of apoptosis led to the hypothesis that defects in 

apoptosis are critical in tumor development and maintenance. Indeed, the role of 

BCL-2 in malignancies has been the focus of many studies. Ikegaki et al 

demonstrated that 80% of small cell lung carcinoma (SCLC) cell lines expressed 

high levels of BCL-2 [391]. High levels of BCL-2 were later associated with 

invasive and metastatic potentials in non-small cell lung carcinoma (NSCLC) 

[397] and melanoma cells [398]. Antiapoptotic BCL-2 was overexpressed in 95% 

of CLL cases [399].  Furthermore, BCL-2 overexpression was related to tumor 

aggressiveness, rate of cell proliferation, and primary resistance to chemotherapy 

[400-402]. The significant relation of BCL-2 and resistance chemotherapy 

supports the postulate that alterations in the BCL-2 pathway may influence 

clinical outcome by deregulation of apoptosis. Therefore, antiapoptotic proteins, 

such as BCL-2, offer an attractive, but challenging, target for the development of 

anticancer agents, which could improve tumor sensitivity to new and current 

treatments. 
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CHRONIC LYMPHOCYTIC LEUKEMIA 

Chronic lymphocytic leukemia (CLL) is one of the most common leukemias in 

adults over 50 years of age in the U.S. and Europe, and is twice as common in 

men as in women [33-34, 403].  Familial occurrence of CLL exists; cases have 

been described in first and second degree relatives of CLL patients [404]. The 

course of this disease differs among individuals: some live for decades after the 

diagnosis and die from non-cancer-related causes; others die rapidly, regardless of 

treatment [403, 405-407]. Median patient survival is 10 to 25 years, but 

aggressive cases have a prognosis of less than 8 years of survival, and only 1-2 

years in some cases [407-408].  

 

CLL is characterized by extensive accumulation of small, mature looking, 

malignant lymphocytes in peripheral blood and bone marrow [33, 38, 405, 409]. 

Immune deficiency and thrombocytopenia commonly develop during the course 

of CLL. Frequent symptoms are erythroderma, adenopathy, peripheral cytopenias, 

fever, weight loss, and night sweats. Later in disease development, neoplastic 

cells infiltrate the bone marrow, and secondary infections develop, such as 

bacteria, herpes zoster, and herpes simplex.  

 

Diagnostic criteria for CLL were formulated independently by the National 

Cancer Institute Working Group (NCI-WG) [410] and by the International 

Workshop on CLL (IWCLL) [411]. The criteria were recently reformulated, 
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reflecting considerable progress in defining new prognostic markers and 

diagnostic parameters [412-413]. Diagnosis of CLL is now based on blood counts 

and immunophenotyping: absolute lymphocytosis in peripheral blood (NCI: >5 x 

10
9
 L

-1
; IWCLL: 10 x10

9
 L

-1
) and characteristic immunophenotype (CD5

+
, 

CD19
+
, CD20

+
, CD23

+
). The majority of lymphocytes usually have a small and 

mature appearance. Bone marrow infiltration is observed, with at least 30% of 

lymphocytes in bone marrow aspirate. CLL does not usually form tumor masses. 

Therefore, diagnosis and prognosis must depend on other information, such as 

laboratory results and imaging tests. Microscopic examination confirms 

lymphocytosis and flow cytometry analyzes clonality. Lymph node biopsy 

differentiates CLL from small lymphocytic leukemia (SLL) [403-404, 412]. 

Although not necessary for the diagnosis or staging of CLL, molecular testing, 

such as chromosomal evaluation, IgVH status, and ZAP-70 and CD38 expression, 

may help predict prognosis or clinical course [408, 414-416].  

 

Classification of CLL follows one of two cytological staging systems, Rai 

Classification [417] and Binet Staging [413, 418]. According to these systems, 

CLL patients can be divided in three main groups. The first group is Binet stage A 

or Rai stage 0, in which patients are asymptomatic, and progress of the illness 

varies among individuals. Patients in this stage are followed by their physicians; 

treatment is not necessary unless progression is noted. The second group is Binet 

stage B or Rai stage I/II, in which patients present an intermediate risk, and 
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treatment is necessary if progression is noted. The third group, Binet stage C or 

Rai stage III/IV, has higher risk. Treatment is immediate, with aggressive 

combination regimens. Allogeneic transplant can be considered as the only 

potentially curative therapy.  

 

MOLECULAR BIOLOGY OF CLL  

 CLL is an incurable disease, and the available treatments are mildly effective to 

ineffective [407-408, 419]. The causes are unknown, but the molecular 

environment of CLL cells plays a crucial role in the development of pathogenesis 

[405, 407]. Typically, CLL cells express the antigens CD19, CD5, and CD23, on 

their surface [33, 403-404]. Low expression or absence of CD22, FMC7, and 

CD79b are also common molecular markers of CLL [33-34, 404, 413, 420-421]. 

Although certain parameters, such as immunoglobulin mutational status, are not 

used for diagnosis they are useful for predicting the clinical course in individual 

cases  

 

A few prognostic markers have been identified in CLL cells: CD38, ZAP-70, and 

mutational status of the immunoglobulin heavy-chain variable region (IgVH) 

have been added to the Rai and Binet staging systems. CD38 is a transmembrane 

glycoprotein with enzymatic activity, which catalyzes the synthesis of cyclic 

ADP-ribose (cADPR) [422-423]. CD38 is engaged by its ligand, CD31, which 

induces a signaling cascade that leads to cell proliferation. CD38/CD31 cross-talk 
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controls a critical activation pathway in CLL proliferation and survival. CD38
+
 

patients have a minimum of 30% of CD38 expression, which is detected by flow 

cytometry [403, 424-425], and progress more rapidly to advanced Rai stages than 

CD38
- 

patients [426]. Positivity for CD38 is associated with a short time from 

diagnosis to treatment and a low survival rate. 

 

ZAP-70 (zeta-associated protein with a molecular weight of 70 kD) is a molecule 

that transmits a signal from a T-cell receptor to downstream pathways. Most B 

cells lack ZAP-70 and use the related spleen tyrosine kinase (Syk) for signal 

transduction [427]. The ZAP-70 gene is the most relevant gene distinguishing the 

mutated and unmutated IgVH subgroups of CLL [428-429]. Ninety-three percent 

of patients could be correctly classified into the subtypes, based on ZAP70 

expression [430]. Expression of ZAP-70 partially determines the capability of 

CLL cells to respond to antigenic stimulation [431-432]. In particular, ZAP-70 

expression is associated with activation of serine/threonine kinase-protein kinase 

B (AKT) and elk-related tyrosine kinase (ERK), and subsequent induction of 

several survival proteins, including BCL-2 and MCL-1 [414, 427]. ZAP70 is a 

strong prognostic indicator in CLL: high presence of ZAP-70 positive cells is 

predictive of more aggressive disease, with low survival compared to patients 

with low ZAP-70 expression [403-404, 408, 414-415, 431, 433].  
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Immunoglobulins (Ig) are B-cell receptors (BCR) present on the surface of B-

cells.  BCRs mediate B-cell signaling and engage any possible antigen. The 

diversity of immunoglobulins enables recognition of the many antigens that a host 

must fight in its lifetime. The immunoglobulin heavy chain (IgV) is the region 

responsible for recognition and binding of antibodies to their target markers. The 

hypervariable (HV) region within the heavy chain accounts for specificity and 

affinity [434]. IgVH genes determine the quality of binding between the antigen 

and the membrane-bound Ig receptor, which is crucial for clonal survival during 

B cell development, and for antigenic stimulation of mature B cells [435]. 

Signaling by the Ig receptor rescues pre-B cells and proliferating mature B cells 

from apoptotic cell death [414, 435]. Somatic mutations in the IgVH gene have 

prognostic significance in CLL: patients with unmutated IgVH genes have higher 

likelihood of early requirement for treatment, greater possibility of resistance to 

therapy, and inferior survival compared to patients with mutated IgVH genes 

[408, 415, 424, 433, 436-437]. 

 

TREATMENT OF CLL 

Physicians first assess a patient’s risk factors to evaluate their need of treatment. 

Although the Rai and Binet stages allow physicians to design therapies based on 

the risk of disease progression, they do not predict treatment outcome [403, 438]. 

Relapse is a common aspect of CLL treatment, and patients with long remissions 

require different approaches [38, 439]. To date, five standard treatments are 
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available to CLL patients: 1) watchful waiting, where patients are closely 

monitored without any treatment until symptoms appear; 2) radiation therapy; 3) 

surgical removal of the spleen; 4) chemotherapy to kill cancer cells or to stop cell 

division; and 5) targeted therapies that identify and attack cancer cells without 

harming normal cells.  

 

Alkylating agents and purine analogues used in chemotherapy regimens are 

among the first choices in treatment of CLL. Properties of sulphur mustards 

observed during the World War II identified alkylating agents as possible therapy 

against cancer [440-442]. Mustard agents caused nausea, vomiting, and 

myelosuppression, associated with high proliferative rates of some organ tissues. 

Malignancies that are highly proliferative, like leukemia and lymphomas, could 

be susceptible to these agents. Alkylating agents add alkyl groups to many 

electronegative groups via three main mechanisms [440, 443]. First, alkylating 

agents can attach alkyl groups to DNA bases, resulting in DNA fragmentation by 

repair enzymes attempting to replace the alkylated bases. Fragmentation prevents 

DNA synthesis and RNA transcription from the affected DNA. Second, alkylating 

agents can cause formation of cross-links between the atoms in DNA, preventing 

separation of the DNA strands during synthesis or transcription. Third, alkylating 

agents can induce nucleotide mispairing and subsequent mutations.  
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Cyclophosphamide (CTX) and chlorambucil (CLB) are two frequently used 

alkylating agents. Both are cytotoxic, forming intra- and inter-strand DNA and 

DNA-protein cross-links, inhibiting DNA replication, and inducing cell death by 

apoptosis. CTX and CLB were the first choice of treatment for CLL starting in the 

early 1950s [403, 439], but the risk of developing secondary acute myeloid 

leukemia, which increases toxicity and reduces effectiveness, showed the need for 

more effective alternatives.  

 

Purine analogues provide significant overall improvement in CLL and are 

currently the first option for treatment [438, 444]. Purine analogues are cytotoxic 

agents with chemical structures similar to adenosine and deoxyadenosine [445-

446]. Uptake by cells is dependent on nucleoside transporters. Purine analogues 

require biological activation by phosphorylation, and their cytotoxicity depends 

on accumulation of the derivative triphosphate forms in the cell. For example, 

fludarabine, the leading drug in this category, is converted to the triphosphate 

form, F-ara-A, which enters proliferating cells and is incorporated into DNA by 

DNA polymerases. Once incorporated, F-ara-A causes inhibition of 

ribonucleotide reductase and DNA polymerase, which decreases DNA synthesis 

[405, 447-450]. Although patient responses to purine analogues as single agents 

can reach 50-60% [403, 405, 444, 447, 451-452], combination regimens, such as 

fludarabine and cyclophosphamide (FC) or fludarabine, rituximab, and 

cyclophosphamide (FCR) provide even better results [438, 447, 451, 453-454].  
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Immunotherapy has recently demonstrated significant potential in CLL treatment 

[419]. Rituximab, a monoclonal antibody, targets the transmembrane protein, 

CD20, of B cells [455]. CD20 is expressed in 90% of mature B-cell leukemias 

[405, 438]. Binding of Rituximab to CD20 leads to significant depletion of 

peripheral B cells [456-459]. CLL patients, Rituximab is associated with TNF-  

release, which causes CLL proliferation and inhibits apoptosis and therefore, has 

poor efficacy against CLL as a single agent [403], but combinations with 

fludarabine or etanercept showed efficient results and favorable safety profiles. 

The F-ara-A form of fludarabine enters proliferating cells and is incorporated into 

DNA as a false nucleotide which inhibits DNA synthesis causing cytotoxicity and 

apoptosis. Incorporation of F-Ara-A into replicating DNA of dividing cells may 

trigger pro-apoptotic signaling mechanisms thus increasing the sensitivity of B-

CLL cells to rituximab-mediated caspase-3 activation (A. Furlan et al 2010). 

Etanercept is a TNF-  antagonist that diminishes Rituximab toxicity by inhibiting 

the effects of Rituximab-induced TNF-induced proliferation of CLL cells [460]. 

 

Alemtuzumab is an anti-CD52 monoclonal antibody approved for the treatment of 

patients with relapsed CLL [405, 461]. Results of clinical trials suggest that 

alemtuzumab therapy results in high response rates and durable remissions [462]. 

A regimen using alemtuzumab and rituximab showed effectiveness for early 

treatment of patients with high risk CLL [463].  
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Although combination of chemotherapy and immunotherapy regimens improves 

the prognosis of CLL, there is a continued need for new, more effective, 

therapies. CLL is characterized by B lymphocytes that accumulate by escaping 

apoptosis, rather than by increased proliferation [35, 438]. Deregulated expression 

of proteins involved in apoptosis, such as BCL-2, leading to increased cell 

survival, is frequently diagnosed in CLL cells. High levels of antiapoptotic 

proteins are associated with poor response to chemotherapy and advanced stages 

of CLL [35, 464-467]. Blockage of BCL-2 activity by molecular-targeted therapy 

may abrogate the survival effect that is conferred by CLL. Thus, small molecule 

BCL-2 inhibitors may provide new and more effective treatment options for CLL, 

with minimal toxicity.  

 

To date, three types of small molecules that might be used to fight overexpression 

of pro-survival proteins have been examined: natural compounds, antisense 

oligonucleotides, and BH3 mimetic agents. Natural compounds, including 

antimycin A which binds to BCL-2 [468-471] and chelerythrine an alkaloid that 

disrupts BCL-xL/BAX interaction [52, 472-475], were reported to induce cell 

death in malignancies, such as mesothelioma and CLL. However, other studies 

showed that cell-death activity of these compounds was independent of BAX and 

BAK [476]. Moreover, weak binding affinity of these compounds to the BCL-2 
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family of proteins suggested that binding to BCL-2 proteins is not related to their 

cytotoxicity. 

 

Antisense oligonucleotides (ASOs) are small-interfering RNA (siRNA) sequences 

that target the open reading frame of BCL-2 and MCL-1 mRNA sequences [477-

480]. Binding of (ASOs) blocks mRNA translation, which inhibits the expression 

of its gene product [481]. Specific down-regulation of expression of antiapoptotic 

proteins leads to increased apoptosis [480, 482-483]. Phase I/II and III clinical 

trials confirmed the effectiveness of this treatment [481, 484-486]. Unfortunaly, 

delivery of ASOs is a major obstacle that must be overcome for successful 

implementation of antisense technology. To date, liposome-based delivery, 

electroporation, cationic liposomes, and receptor-mediated endocytosis have been 

explored, but the efficient delivery of the ASO molecules into target cells remains 

challenging [487-489]. 

 

BH3 mimetic drugs, a relatively new category of small molecule inhibitors that 

act as anti-cancer agents, are gaining recognition due to success in xenograft 

models and clinical trials [476, 490-492]. BH3-only mimetics bind to the surface 

pocket of proapoptotic proteins, such as BCL-2, BCl-xL, and MCL-1, disrupting 

the association between pro- and antiapoptotic proteins [493-495]. HA14-1, the 

first BCL-2 inhibitor described, was identified by computer screening, of a 

chemical library, combined with cell-based assays [496]. HA14-1 binds to the -2 
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surface pocket of BCL-2 [496-497] and MCL-1 [498], disrupting their interaction 

with BAK or BAX. HA14-1 enhances the cytotoxic effects of a number of anti-

cancer agents [49, 499-503]. However, HA14-1 induces apoptosis at relatively 

high concentrations (5-50 μM) compared to recently developed inhibitors, which 

are effective in the nanomolecular range. Furthermore, overexpression of BCL-2 

confers modest resistance to HA14-1 [504]. Therefore, this agent is not a 

therapeutic candidate for malignancies, such as CLL, that overexpress BCL-2. 

 

A small molecule inhibitor, ABT-737, was discovered by Abbott Laboratories 

through screening strategies that used nuclear magnetic resonance, structure-

based design, and combinatorial chemical synthesis [505]. ABT-737 has a high 

affinity for BCL-2 and BCL-xL, but does not bind MCL-1, so that many cell 

types are refractory to its effects [505-506]. ABT-737 disrupts the BCL-2/BAX 

complex and BAK-dependent activation of the intrinsic apoptotic pathway [48], 

and elevated NOXA levels are directly correlated with sensitivity to ABT-737 

[507-508]. Thus, ABT-737 and its orally active analog, ABT-263 [509-510], are 

potent inducers of cell death. In vitro and in vivo experiments demonstrated 

toxicity of ABT-737 as a single agent to leukemias and lymphomas [46, 50, 511-

512]. Preclinical studies demonstrated activity of ABT-263 against acute 

lymphoblastic leukemia (ALL) cell lines, but only limited single agent activity 

against solid tumor cell lines. Combination therapies using ABT-737 

demonstrated high effectiveness against leukemias and non–small cell lung cancer 
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[512-514]. ABT-737 was only partially effective against CLL cells ex vivo: 

upregulation of BCL-xL and BCL-2 induced 1000-fold resistance to 

chemotherapy in CLL cells [515]. However, the use of ABT-737 in combination 

with chemotherapic agents improved response rates in CLL [516]. ABT-737 and 

ABT-263 are currently undergoing Phase I/II clinical trials [495, 517].  

 

Another third molecule inhibitor, obatoclax mesylate (GX15-070), is an indole 

bipyrrole compound and a pan-inhibitor of the prosurvival proteins in the BCL-2 

family. Obatoclax engages at the hydrophobic pocket within the BH3 binding 

groove of BCL-2, facilitating BAX/BAK-dependent apoptosis [53, 517-518]. 

Obatoclax was discovered through a high-throughput screen of natural compound 

libraries. Studies involving solid tumors [519-522] and hematological 

malignancies [45, 58-59, 523] demonstrated that obatoclax is effective as a single 

agent.  Obatoclax also proved to exert clinical activity as single-agent in CLL 

patients [59], and was well tolerated by patients with myelodysplasia [58]. 

Obatoclax has an even more promising ability to augment the effectiveness of 

standard therapies [45, 519-521, 523]. Obatoclax is currently being tested as a 

single agent and in combination with bortezomib and docetaxel in over sixteen 

Phase I and I/II clinical trials for acute myeloid leukemia (AML), myelodysplastic 

syndrome (MDS), chronic myeloid leukemia (CML), CLL, and Hodgkin’s 

lymphoma. (www.geminx.com/en/clinical/active.php). Bortezomib induces 

accumulation of the antiapoptotic protein MCL-1 and combination with 
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Obatoclax overcomes MCL-1-mediated resistance to Bortezomib [45, 522]. 

Docetaxel is a well established anti-mitotic chemotherapeutic drug. Docetaxel 

promoting and stabilize microtubule assembly, while preventing physiological 

microtubule depolymerisation and disassembly which leads to a significant 

decrease in free tubulin, needed for microtubule formation and results in 

inhibition of mitotic cell division. Also, docetaxel leads to BCL-2 

phosphorylation which inhibits apoptosis. Therefore, inhibition of BCL-2 function 

by Obatoclax reverses docetaxel-mediated inhibition of apoptosis [524].  

 

Since overexpression of antiapoptotic proteins is a challenge to therapeutic 

agents, the ability of obatoclax to overcome resistance in malignancies like CLL 

[39, 522] is highly desirable. BCL-2 overexpression in CLL provided an excellent 

model to test the impact of BCL-2 antagonism. Obatoclax was specifically 

designed to inhibit all of the anti-apoptotic members of the BCL-2 protein family, 

and was the first small molecule, pan-inhibitor of BCL-2 proteins tested in 

clinical trials. Therefore, obatoclax might be the compound of choice in 

challenging diseases such as CLL. 
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CHAPTER 2 

Targeting the apoptotic pathway with BCL-2 inhibitors sensitizes primary 

Chronic Lymphocytic Leukemia to VSV-induced oncolysis 

 

Preface to Chapter 2 

 

Previously, study from our group demonstrated that Vesicular Stomatitis Virus is 

not able to induce apoptosis in CLL cells. Defects in the apoptotic pathway, 

specifically, overexpression of the BCL-2 protein has been closely associated 

with resistance to anticancer therapy. As VSV induces cell death through the 

mitochondrial apoptotic pathway, we postulated that the same defects in the 

apoptotic pathway responsible for treatment resistance in CLL could also be 

accountable for the VSV failure in inducing cell death in these cells. Therefore, 

we sought to investigate if a BCL-2 inhibitor would be able to restore the 

apoptotic signal in CLL cells and enable VSV oncolysis.  

 

 

* This article was published in J. Virol. (2008): Tumilasci VF, Olière S, Nguyên 

TL, Shamy A, Bell J, Hiscott J. Targeting the apoptotic pathway with BCL-2 

inhibitors sensitizes primary chronic lymphocytic leukemia cells to vesicular 

stomatitis virus-induced oncolysis. Sep;82(17):8487-99 
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ABSTRACT 

Chronic lymphocytic leukemia (CLL) is characterized by clonal accumulation of 

CD5
+
/CD19

+
 B-lymphocytes that are arrested in the G0/G1 phase of the cell cycle 

and fail to undergo apoptosis because of overexpression of the anti-apoptotic 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 

treatments in primary ex vivo CLL cells (Combination index: CI=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 to dimerize with pro-apoptotic 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 
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hematological malignancies such as CLL, with characterized defects in the 

apoptotic response. 
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INTRODUCTION 

Chronic lymphocytic leukemia (CLL) is one of the most common leukemias in 

the Western hemisphere, accounting for up to 30% of all diagnosed leukemia. 

Characterized by a progressive accumulation of a monoclonal CD5
+
/CD19

+
 B-

lymphocyte population in the peripheral blood, bone marrow, and lymphoid 

organs, as well as low levels of cell surface immunoglobulin, these cells 

ultimately acquire an aggressive and lethal phenotype [420]. 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 [43, 525]. 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 [55, 300, 526].  

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 [34, 55, 

464]. Despite advances in cancer therapeutics, CLL disease remains resistant to 

existing treatments; the majority of therapies are palliative, with only a small 

percentage of patients achieving a complete response [403, 527].  

Viral oncolytic therapy is a promising new strategy for cancer treatment [14, 528], 

involving the use of replication-competent viruses that specifically target and kill 

cancer cells, while sparing normal tissues. This selectivity is achieved by 

exploiting cell surface or intracellular aberrations in gene expression that arise 
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during the development of malignancies, and appear to favor cancer cell 

proliferation at the expense of the host antiviral program [528-530].  Vesicular 

stomatitis virus (VSV) is an enveloped, single stranded RNA virus member of the 

Rhabdoviridae family possessing intrinsic oncolytic properties [11, 13, 528]. 

Aspects of interferon (IFN) 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 [18]. Naturally attenuated VSV 

strains (termed AV1 and AV2) harboring mutations in the Matrix protein have a 

potentially greater therapeutic margin when compared to wild type VSV (49), 

because these attenuated strains fail to block nuclear to cytoplasmic transport of 

host mRNA – including IFN and cytokine mRNA – and therefore generate an 

antiviral response that contributes to a strong protective effect in normal tissue 

[17].  

 

It has been generally accepted that VSV induces apoptosis in a caspase-3 and -9-

dependent manner [11, 30]. Despite discrepancies about the particular 

involvement of either the intrinsic or extrinsic pathway in VSV-induced apoptosis 

[31, 234], the proapoptotic protein BAX represents the convergence point of 

VSV-mediated cell death, triggering mitochondrial membrane potential 

depolarization [29]. We previously reported [27] that primary ex vivo CLL cells 

are resistant to VSV-induced apoptosis; given the importance of mitochondrial 
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pathway in VSV oncolysis, we hypothesized that inhibition of BCL-2 function 

may restore activation of the intrinsic apoptotic pathway in VSV infected 

malignant CLL cells.  Indeed, we demonstrate that primary CLL cells that are 

refractory 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 demonstrates that induction of apoptosis by combination treatment is 

not toxic for normal PBMCs, suggesting that the use of VSV and a BCL-2 

inhibitor constitutes a promising, therapeutic approach for the treatment of 

chronic lymphocytic leukemia. 

 

RESULTS 

Primary CLL cells are resistant to VSV-AV1-induced apoptosis 

Overexpression of the antiapoptotic BCL-2 protein has been associated with an 

apoptosis-resistant phenotype in CLL and other malignances [317, 464-465]. 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 10 MOI, and by 96 h cells were analyzed for virus 

replication and apoptosis. All samples showed high levels of BCL-2 protein 

compared to samples from healthy volunteers (Figure 1a). Despite detectable viral 

replication in all samples (Figure 1c), VSV-AV1 did not induce significant 

apoptosis in the CLL samples assayed by Annexin-V staining (Figure 1b). Indeed, 

infection at higher MOIs of VSV-AV1 (10, 30 and 60 MOI) did not further 
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increase apoptosis (Figures 1d,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 [52, 531] (Figure 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 underway to explore the use of small molecule 

inhibitors as therapeutic agents for the treatment of malignances that overexpress 

BCL-2 [49, 51, 532].  To examine the effect of EM20-25 on VSV oncolysis in 

CLL, primary human CLL cells from 7 different patients (CLL8-11, 13-15) were 

pre-treated with 10 M of EM20-25 (IC50 approximately 20 M – Figure 2b) and 

infected with VSV-AV1 (10 MOI). Pre-treatment with EM20-25 for 30 min 

dramatically diminished the resistance of CLL to VSV-induced apoptosis (Figure 

3a). By 96 h post-infection the combination increased cell death more than 5-fold, 

compared to either VSV-AV1 or EM20-25 alone (1.1- and 1.4-fold respectively) 

(Figure 3b). Importantly, synergism - measured using Combination index: CI=0.5 

- (see Methods) was achieved in all seven samples tested - (p<0.0001, compared 

with VSV-AV1 alone or p<0.001, EM20-25 alone) (Figure 3c). Induction of 

apoptosis by VSV-AV1/EM20-25 in malignant CLL 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 
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with either agent alone (Figure 3d). Analysis of VSV-AV1 replication in 

malignant primary CLL cells - by viral protein production (Figure 3e), viral M 

mRNA synthesis (Figure 3f) and virus titer (Figure 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 apoptosis resistance in 

primary malignant CLL cells without increasing VSV-AV1 replication.  

 

VSV-AV1 in combination with EM20-25 induces apoptosis through the 

intrinsic mitochondrial pathway. 

To further corroborate the data obtained in primary CLL cells, we sought to 

identify cell lines that expressed BCL-2 protein at levels similar to CLL. Among 

12 B-lymphoma cell lines tested, Karpas-422 and Granta-519 naturally 

overexpress BCL-2 to levels comparable to ex vivo PBMCs from CLL patients 

(Figure 4a and Figure 6a). As with CLL cells, both Karpas-422 and Granta-519 

had similar EM20-25 toxicity levels (IC50 values of approximately 20 M) 

(Figure 2b). Karpas-422 cells were treated with EM20-25 (10 M) for 30 min and 

then infected with VSV-AV1 at 10 MOI. The combination led to a 3-fold increase 

in VSV-induced apoptosis when compared to virus alone (p<0,05), as 

demonstrated by Annexin V-APC staining (Figure 4b). By MTT reduction assay, 

viability of Karpas-422 was reduced 3-fold with the combination, while loss of 

viability was only 1.4-fold when Karpas-422 cells were treated with EM20-25 or 
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VSV alone (Figure 4c). Interestingly, VSV replication was not significantly 

affected (Figure 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-induced apoptosis, a Jurkat 

T cell line expressing BCL-2 under the control of doxycycline (DOX), was used 

[293]. In this cell line model, a 4-fold increase in BCL-2 was detected at 24 h 

post-DOX treatment (Figure 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 40-50% (p<0.05; Figure 4f). Pre-

treatment of BCL-2-expressing Jurkat cells with EM20-25 restored VSV-AV1-

induced apoptosis to levels similar to those seen in control Jurkat cells (Figure 4f). 

Confirming our results with Karpas-422 cells, treatment with EM20-25 did not 

affect VSV replication in Jurkat cells (control or BCL-2 expressing cells) (Figure 

4g). 

 

We and others previously reported the importance of the mitochondrial apoptotic 

pathway in VSV-induced oncolysis [29-30]. Loss of mitochondrial trans-

membrane potential is known to trigger cytochrome c release from the 

mitochondria and to promote formation of the apoptosome complex [533-534]. 

Thus, modulation of mitochondrial membrane potential ( m) was examined
 
in 

Karpas-422 and Jurkat-BCL-2 cells. The combination increased mitochondrial 
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membrane depolarization (MMP) in both Karpas-422 (Figure 5a) and Jurkat-

BCL-2 cells (Figure 5b) but not in control Jurkat cells (Figure 5c), indicating the 

ability of EM20-25 to enhance VSV-AV1-induced mitochondria depolarization. 

Furthermore, cytochrome c release in the cytoplasm of Karpas-422 cells was 

observed only with combination treatment (Figure 5d). Taken together, our data 

indicate that inhibition of BCL-2 function using EM20-25 inhibitor augmented 

VSV-AV1-induced 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-3/7 and 

caspase-9. The combined 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 2-3 fold and < 2-

fold (p<0.001), respectively (Figure 5e). Furthermore, caspase-3 cleavage 

detected by immunoblot was 8-fold higher in cells treated with both VSV-

AV1/EM20-25, compared to cells treated with EM20-25 alone, and was 2.5-fold 

higher than cells treated with VSV-AV1 alone (Figure 5f). Similar results were 

also obtained using Granta-519 cells (Figures 6b-g). 
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Combination of VSV-AV1/EM20-25 induces apoptosis by disruption of BCL-

2/BAX interaction. 

BCL-2 inhibits the mitochondrial apoptotic pathway by preventing 

oligomerization of the proapoptotic proteins BAX and BAK at the mitochondria 

membrane, which in turn blocks cytochrome c release, apoptosome formation and 

cleavage of caspase-3 [55, 304, 535]. Thus, disruption of BCL-2 family 

interactions is an important step in triggering mitochondrial apoptosis. As shown 

in Figure 7, combination treatment was able to disrupt BCL-2/BAX interaction in 

Karpas-422 cells (Figures 7a,b). Co-immunoprecipitation of BCL-2 following by 

immunoblot with anti-BAX antibody demonstrated the loss of association 

between BCL-2 and BAX (Figures 7a,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 [536]. To test whether the combination of VSV-

AV1/EM20-25 directly activated the BAX conformational change, cellular 

protein extracts prepared after 36 h treatment were immunoprecipitated with a 

monoclonal anti-BAX antibody (6A7) that recognizes the epitope exposed during 

BAX activation.  As shown in Figure 7b, only cells treated with VSV-

AV1/EM20-25 display the pro-death conformation, indicating that the 

combination promotes conformational changes in BAX that are associated with 

apoptosis. Importantly, the combination did not significantly alter protein 

expression of other antiapoptotic BCL-2 family members or the expression of 

BAX (Figure 7c), suggesting that modulation of BCL-2 levels was not involved in 
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apoptosis induction by the combination. In contrast, EM20-25 alone at 10 M did 

not disrupt BAX/BCL-2 interactions, indicating that inhibition of BCL-2 alone is 

not sufficient to induce apoptosis and the additional stress signal generated by 

VSV infection was required to disrupt BCL-2/BAX interaction and trigger 

downstream apoptosis.  

 

VSV-AV1 and EM20-25 selectively kills CD5
+
/CD19

+
 CLL cells and spare 

normal PBMCs. 

Chemotherapeutic approaches should selectively target cancer cells while leaving 

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 post-infection, 

apoptosis induced by the combination occurred predominantly in the 

CD5
+
/CD19

+ 
population (R1) (Figure 8a), indicating that the combination is 

leukemic cell specific; 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 apoptosis, as 

measured by Annexin-V staining (Figure 8b). Also, the dose used to treat PBMCs 

with the combination did not produce significant cytotoxicity in healthy PBMCs 

(Figure 8c). Importantly, a direct comparison of healthy PBMCs with primary 

malignant CLL cells showed that the combination increased the therapeutic index 

(see Methods) of the two agents by 19-fold (Figure 8d) [537-538]. 
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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. Primary ex vivo malignant CLL cells were largely resistant to VSV-

induced oncolysis, whereas the combination of VSV-AV1/EM20-25 induced 

synergistic killing of primary CLL cells, as well as increased VSV-AV1 oncolysis 

in Karpas-422 and Granta-519 cell lines, disruption of BCL-2/BAX interaction 

and downstream apoptotic events 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 creates an apoptosis 

resistant phenotype in CLL 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 [11, 14, 181, 528]. 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 
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therapeutic strategies that could overcome resistance. In other studies, we 

demonstrated that VSV-AV1 in combination with histone deacetylase inhibitors 

(HDIs) 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 [248]. HDIs have also been reported to increase herpes simplex 

viruses (HSVs) oncolysis in vivo in glioblastoma models [539]. In an elegant 

study aimed at targeting tumor metastasis, Qiao J. et al (2008) used purified 

populations of normal autologous T cells to carry VSV to lymph nodes and other 

lymphoid organs. This strategy generated not only metastatic eradication but also 

antitumor immunity at sites where tumor cell killing occurred [245]. Finally, in 

this present study, we demonstrated that manipulation of the apoptotic pathway 

can also contribute to increased efficacy of oncolytic virus in CLL. Non-toxic 

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 [45, 49, 51, 512]. Remarkably, the combination selectively killed the 

CD5
+
/CD19

+
 CLL population, while sparing the normal PBMC population and 

did not render normal PBMCs susceptible to VSV-induced oncolysis. After VSV-

AV1/EM20-25 treatment of Karpas-422, 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 
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cells may acquire resistance in vivo. Emergence of a resistant population is 

dependent on several factors, including frequency of exposure to virus and drug, 

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 (MMP) plays a major role in the 

apoptosis process [366]. During apoptosis, the outer mitochondrial membrane 

becomes permeable to proteins located in the inter-membrane space, including 

cytochrome c, which supports formation of the apoptosome, activation of initiator 

caspase-9 and cleavage of the effector caspase-3 and ultimately processing 

downstream death substrates [366]. Antiapoptotic 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 stimulate this release.  

Interactions among these pro- and antiapoptotic proteins promote a balance that 

regulates cell fate [540]. VSV induces mitochondrial 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 [16-17, 30], through 

interaction with Rae1/mrnp41 nuclear pore complex proteins [17].  

 

Gaddy and Lyles (2005) showed that the inability of the M mutated VSV-AV1 to 

inhibit host gene expression resulted in the activation of two major initiator 



103 

 

caspases —caspase-8 and caspase-9 - as well as the executioner caspase-3, 

suggesting that VSV-AV1 can induce apoptosis via the extrinsic pathway [31]. 

This cross-talk suggests a mechanism by which VSV-AV1 initially signals 

through the death receptor pathway, but ultimately both wt 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, demonstrating a pre-requisite for the intrinsic pathway to trigger 

efficient apoptosis in VSV-infected cells [29]. The antiapoptotic 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 [464]. 

This study provides further of the importance of BCL-2 and the mitochondrial 

apoptotic pathway in VSV-AV1-induced apoptosis.  Mechanistically, current 

studies are focused on the specific proapoptotic proteins inhibited by BCL-2 in 

CLL, as well as the initiator signal used by VSV-AV1 to activate the 

mitochondrial apoptotic pathway in ex vivo CLL. 

 

Overexpression of antiapoptotic BCL-related proteins is a characteristic shared by 

several malignant diseases [397-398], especially lymphoid malignancies [398, 

525, 541]. Downregulation of BCL-2 thus represents an important clinical target 
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in aggressive CLL. A wide array of BCL-2 inhibitors have been synthesized 

[532], including oligonucleotides such as G3139 that target BCL-2 mRNA [542-

543], and small molecules - EM20-25 [52], ABT-737 [46], HA14-1 [47] and 

GX015-070 [260] - that recognize the surface pocket of BCL-2 or BCL-XL. 

These molecules disrupt interactions between pro- and antiapoptotic 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 

therapy [46, 52, 544]. Conceivably, inhibition of BCL-2 in malignant cells in 

combination with conventional chemotherapeutics could translate to a better 

response [55]. Our current understanding of the mechanisms by which BCL-2 

controls commitment to cell death provides a strong rationale to augment 

apoptosis for clinical benefit. The sensitization to VSV-AV1 oncolysis achieved 

in CLL by agents that increase apoptosis thus identifies a promising therapeutic 

platform for apoptosis-resistant malignancies. 

 

MATERIALS AND METHODS  

Patients and PBMCs isolation  

PBMCs were obtained from healthy individuals and CLL patients at the Jewish 

General Hospital, Montreal, Quebec following written, informed consent, in 

agreement with the Jewish General Hospital and McGill University Research 

Ethics Committee (REC). Blood Mononuclear cells were isolated by blood 

centrifugation (400 g at 20 C for 25 min) on a Ficoll-Hypaque density gradient 



105 

 

(GE Healthcare Bio-Sciences Inc - Oakville, ON, Canada). PBMCs were cultured 

in RPMI 1640 supplemented with 15% heat-inactivated Fetal Bovine Serum 

(FBS, Wisent, St-Bruno, Quebec, Canada) and 100 U/ml penicillin–streptomycin. 

PBMCs were cultured at 37 C in a humidified, 5% CO2 incubator.  

 

CLL patients included in our study were selected on the basis of 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 B-CLL cases with malignant cells positive for both CD5 and 

CD19 markers would be used in this study [403, 420, 527]. According to ―The 

National Cancer Institute-Sponsored Working Group (NCI-WG)‖ 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 PBMCs cells (peripheral blood marrow cells) from CLL patients, 

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 Microorganisms and Cell 

Cultures and were grown in RPMI 1640 medium and Dulbecco's modified Eagle's 

medium (Wisent, St-Bruno, Quebec, Canada), respectively, supplemented with 

10% fetal calf serum, penicillin and streptomycin. All cells were maintained at 
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37°C and 5% CO2. Wild-type and BCL-2-expressing Jurkat T cells were 

maintained in RPMI 1640 (Wisent, St-Bruno, Quebec, Canada) supplemented 

with 10% FCS. The Bcl-2-expressing system was previously described and was a 

gift from Dr. R. Sekaly (University of Montreal, Montreal, Canada) [293].  

 

Virus production, quantification, and infection  

Construction of VSV-AV1 and rVSV- 51-GFP (termed here VSV-AV1-GFP) 

were previously described [11]. Viruses stocks were grown in Vero cells (ATCC, 

Bethesda MD), concentrated from cell-free supernatants and titrated by standard 

plaque assay. Briefly, confluent monolayers of Vero cells in 6-well plates were 

infected with 0.1 ml of serially diluted samples; after 1 h at 37 °C, medium was 

replaced with complete medium containing 0.5% methyl cellulose (Sigma Aldrich 

– Oakville, ON, 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 calculated. VSV-AV1 was used for experiments with primary cells and 

for JC-1 incorporation assay. Primary lymphocytes or lymphoma cell lines were 

infected with VSV-AV1 at MOI 0.1 PFU/cell (Granta-519) and 10 PFU/cell 

(primary PBMCs and Karpas-422) for 1 h in serum-free media at 37 C. The cells 

were then incubated with complete medium at 37 C for the indicated times.  
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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 Diego, CA, USA) 

was dissolved in dimethyl sulfoxide (DMSO) to a stock concentration of 1 mM, 

aliquoted and stored at -20 C. EM20-25 (Calbiochem) was diluted in medium to a 

concentration of 10 M. Cells were cultured at a density of 5x10
6
 cells/ml.  A 

fresh aliquot of EM20-25 was thawed for each experiment and drug added to the 

media at the desired concentrations for 30 min prior infection. After incubation 

with the inhibitor, cells were infected with VSV-AV1 or rVSV-GFP ( 51) at the 

above described MOIs. Mock-infected cells were used as control. After 

incubation at 37 C in 5% CO2 for 1 hour, complete media 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 blot, caspase activity and virus replication by western blot, plaque assay 

and RT-PCR.  

 

Flow cytometry 

Total PBMCs were isolated as indicated. Aliquots (0.5–1.0 x 10
6
 cells), from cells 

treated or not with EM20-25 (10 M) and infected or not with VSV-AV1 (10 

MOI), were washed with PBS and stained with fluorescein isothiocyanate (FITC)-

conjugated CD5; phycoerythrin (PE)-conjugated CD19 for 45 min on ice and 

allophycocyanin (APC)-conjugated Annexin V for 15 min in 1X Annexin V 
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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 (10 and 0,01 

MOI); aliquots (0.5–1.0 x 10
6
 cells) were washed with PBS and stained with 

allophycocyanin (APC)-conjugated Annexin V for 15 min in 1X Annexin V 

binding buffer on ice.  The percentage of apoptotic cells was measured in 

CD5
+
CD19

+
 B-cell population. Flow cytometry (1x10

4
 cells/measurement) was 

performed with a FACSCalibur (Becton-Dickinson - Mississauga, ON, Canada) 

and analyzed with CellQuest software and FCS Express Version 3 (De Novo 

Software, Los Angeles, CA). All antibodies were purchased from BD 

Biosciences. 

 

Semi-quantitative RT-PCR 

Total RNA was extracted from cells using RNase extraction Kit (Qiagen – 

Mississauga, ON, Canada) according to the manufacturer's instructions. RT-PCR 

was performed using 0.3 µg of RNA ressuspended in RNase-free ddH2O and 

Oligo dT12-18 primer (Invitrogen Canada Inc., Burlington, ON, Canada) according 

to the manufacturer's conditions. Reverse transcription was performed using 

Superscript II at 42°C for 1 h. Following the reverse transcription reactions, 

cDNA samples were brought to 100 µl final volumes of which 5µl was used as 

template for each PCR reaction with Taq polymerase. The primer sequences used 

in this study for PCR were: M protein, Forward 5'-

GCGAAGGCAGGCCTTATTTG3' and Reverse 5'-
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CTTTTTCTCGACAATCAGGCC-3'; PCR fragments were amplified at an 

annealing temperature of 55°C for 35 cycles. Products were run on a 1% agarose 

gel and revealed on the Typhoon 9400 phosphoimager (GE Healthcare Bio-

Sciences) and quantification was performed using ImageQuant 5.2 software
 
(GE 

Healthcare Bio-Sciences). 

 

Protein extraction and Western blot analysis 

Cells were washed twice with ice-cold phosphate-buffered saline, and proteins 

were extracted in ice-cold lysis buffer containing PBS, 0.05% NP40, 0.1% 

glycerol, 30 mM NaF, 40 mM -glycerophosphate, 10 mM Na3VO4, and 

protease inhibitor cocktail (Sigma Aldrich) in 1/1000 dilution. Extracts were kept 

on ice for 15 min and centrifuged at 10,000 x g for 25 min (4°C), and 

supernatants were stored at -80°C. Protein concentration was determined with 

Bio-Rad protein assay reagent (BioRad - Hercules, CA). Mitochondrial versus 

cytosol fractions of cells were prepared using a Mitochondria Isolation Kit for 

Cultured Cells (Pierce, Rockford, IL, USA) according to the manufacturer’s 

instructions.  Protein extracts (30 g) were resolved using 12-14% sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred 

to nitrocellulose membrane (Hybond C Super; GE Healthcare Bio-Sciences Inc). 

Membranes were blocked for 1 h in 5% non-fat dried milk in TBST (Tris 

Buffered Saline + 0.5% Tween-20).  Followed by incubation with any of the 

following primary antibodies: anti-rabbit VSV (1:5000), anti-cleaved caspase 3 
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(Cell Signaling - Danvers, MA;  1:2000), anti-rabbit actin (Cell Signaling - 

Danvers, MA; 1:1000) or anti-mouse BCL-2 (Santa Cruz Biotechnology, Santa 

Cruz, CA; 1:2000). The immunocomplexes were detected with horseradish 

peroxidase-conjugated secondary antibodies and enhanced chemiluminescence 

according to manufacturer’s specification (ECL, GE Healthcare Bio-Sciences 

Inc). The cytochrome c was analyzed with anti-rabbit cytochrome c monoclonal 

antibody 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.  

 

Co-immunoprecipitation assay 

Cells were lysed with 1% Chaps lysis buffer [10 mM HEPES (pH 7.4), 150 mM 

NaCl, 1% Chaps – Fisher BioReagents, ON, Canada] containing protease 

inhibitors. Total protein (200 g) was incubated with 2 g of anti-BCL-2 or 2 g 

of anti-BAX (clone 6A7) monoclonal antibodies (Santa Cruz Biotechnology, 

Santa Cruz, CA) 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 loading buffer and analyzed by Western blotting 

using the anti-BAX (clone 6A7) monoclonal antibody.  
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Measurement of mitochondrial potential by JC-1 staining 

The 0,5x10
6
 cells were cultured in six-well plates. After treatment with EM20-25 

and/or VSV-AV1, cells were collected, washed in PBS and ressuspended in 

media containing JC-1 (JC-1; CBIC2(3) (5,5’,6,6’-tetrachloro-1,1’,3,3’- 

tetraethylbenzimidazolyl-carbocyanine iodide - Molecular Probes-Invitrogen 

Canada Inc., Ontario, Canada) at final concentration of 1 mM/L and incubated at 

37 C for 15 min. After incubation cells were subjected to flow cytometry analysis 

on a FACSCalibur (Becton-Dickinson – ON, Canada) and analyzed with 

CellQuest software.  

 

Quantitative measurement of caspase activity 

Cells were lysed in buffer containing 50mM HEPES, pH 7.4, 100mM NaCl, 0.1% 

CHAPS, 0.1mM EDTA and 1mM DTT. The lysates were clarified by 

centrifugation and the supernatants were used for enzyme assays. Enzymatic 

reactions were carried out in 2.5X Pipes buffer containing 20 g of protein lysate 

and 5 M DEVD-AFC or 5 M LEHD-AFC (both from BioMol International, 

Plymouth Meeting, PA). Fluorescent AFC formation was measured at excitation 

390 nm and emission 538 nm for 30 cycles using a BioRad Fluoromark TM 

(BioRad). 
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Viability Assay 

Cell viability was assessed by 3-(4,5-dimethylthiazol)-2,5-diphenyl tetrazolium 

(MTT) dye absorbance according to the manufacturer’s instructions (Chemicon 

International – Billerica, MA). Cells were seeded in 96-well plates at a density of 

5x10
5
 cells per well (PBMCs) or 1 x 10

5
 (Karpas-422 and Granta-519 cells). For 

drug combination studies, cells were incubated with or without EM20-25 (10 g) 

or infected or not with VSV-AV1 10 MOI where indicated. For IC50 assay 

increasing concentrations of EM20-25 (300 nM to 200 M) were used. Plates 

were incubated at 37°C, 5% CO2 for 7 days. Each experimental condition was 

performed in quadruplicate. 

 

Statistical, synergism and therapeutic index analysis 

The statistical analysis was performed using the Student’s t-test. The p-values < 

0.05 were considered statistically significant. Average values were expressed as 

mean  s.d. The following equation was used to determine the combined 

cytotoxic effects of EM20-25 according to the method of [545]: 

CI¼[(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 

combination, (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 CI 

equals 1.0, synergistic when CI is <1.0, and antagonistic when CI is >1.0. 
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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. 

Therapeutic Index was calculated by measuring LD50/ED50, where L and E 

represent lethal (for the normal population) and therapeutically effective (for the 

malignant population) respectively [546] 
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FIGURE LEGENDS 

 

Table 1: Characteristics of CLL patients. Comparative data for CLL donors. 

 

Figure 1: Primary CLL cells are resistant to VSV-AV1 induced apoptosis. (a)  

PBMCs were isolated from CLL patients (CLL1 to CLL6) and from two healthy 

volunteers. WCE were analyzed for BCL-2 protein expression by immunoblot. (b) 

VSV-AV1-induced apoptosis in PBMCs (CLL1 to CLL6) isolated from CLL 

patients. PBMCs from a healthy volunteer were used as BCL-2 expression 

control. At 96 h post-infection, apoptosis was measured using Annexin-V staining 

by flow cytometry. Mock infected cells were used as control (white bars). (c) 

VSV-AV1 replication in PBMCs isolated from CLL patients and from two 

healthy volunteer were examined by western blot. VSV-AV1 viral protein 

expression was monitored by western blot analysis with anti-rabbit VSV 

antibody; L: large protein; G: glycoprotein and N: nucleopcasid. (d-e) PBMCs 

isolated from a CLL patient (CLL3) were infected with VSV-AV1 at different 

MOI (10, 30 and 60 MOI). Mock infected cells were used as control. (d) VSV 

viral protein expression was monitored as above. (e) VSV-AV1-induced apoptosis 

in PBMCs from CLL patient measured by Annexin-V staining. Mock infected 

cells were used as control.  
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Figure 2: EM20-25 toxicity. (a) EM20-25 Structure. b) Primary B-CLL cells, 

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 MTT 

Assay. Each data point represents the mean of quadruplicate wells.  

 

Figure 3: BCL-2 inhibitor EM20-25 sensitizes ex vivo CLL cells to VSV-AV1 

oncolysis. Effect of VSV-AV1/EM20-25 in PBMCs isolated from CLL patients. 

(a) Effect of EM20-25 on VSV-AV1-induced apoptosis. At indicated times post-

infection, apoptosis was measured by Annexin-V staining. Result is reported as 

percentage of viable cells and values represent the mean of seven experiments  

s.d. Non-infected cells were used as control. (b) VSV-AV1/EM20-25 -induced 

cytotoxicity in PBMCs isolated from CLL patient (CLL7).  At 96 h post-infection 

cell viability was assessed by MTT assay. Result is reported as percentage of 

viable cells; values represent the mean of quadruplicate experiments  s.d. P-

values of < 0.0001and < 0.0002 are indicated by * and ** respectively. (c) In 7 

patients (CLL8-11; 13-15), the percentage of apoptotic cells in each condition 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 CLL 

patient (CLL5); a representative of 5 experiments is shown. PBMCs treated with 

VSV-AV1/EM20-25 and cleaved forms of caspase-3 were detected by western 
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blot at the indicate times post-infection. (e) PBMCs isolated from a CLL patient 

were treated with VSV-AV1/EM20-25 and viral replication was measured. VSV-

AV1 Large (L) and Glycoprotein (G) proteins were detected by western blot. (f-g) 

PBMCs isolated from a CLL patient (CLL9) were treated with VSV-AV1/EM20-

25 and viral replication was measured. (f) RT-PCR detection of viral Matrix (M) 

mRNA synthesis and (g) viral titer determined by plaque assay in Vero cells; 

values represent the means of triplicate experiments  s.d. 

 

Figure 4: EM20-25 increases VSV-AV1-induced apoptosis in BCL-2 

overexpressing cells. (a) Expression of BCL-2 protein. Different B-cell cell lines, 

primary CLL cells and PBMCs from a healthy donor were examined by 

immunoblot for BCL-2 expression. (b) Kinetics of VSV-AV1-induced apoptosis 

in Karpas-422 cell line. At the indicated times post-infection, apoptosis was 

measured using Annexin-V staining by flow cytometry; values represent the 

means ± s.d. of triplicate experiments. P-values of < 0.05 are indicated by *. 

Mock infected cells were used as 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. Result is reported as percentage of viable cells; values represent the means 

± s.d. of quadruplicate experiments. 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 post-infection, cultures were evaluated 

for viral replication by flow cytometry. The empty bar represents GFP expression 
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in mock-treated cells and full bar represents VSV-AV1-GFP expression in EM20-

25-treated cells. (e) Expression of BCL-2 protein in Jurkat cells. Wild type Jurkat 

cells and BCL-2-expressing Jurkat cells were treated with doxycycline (DOX) 

and BCL-2 protein was detected by western blot. (f) VSV-AV1-GFP-induced 

apoptosis in control Jurkat (WT) and BCL-2-expressing Jurkat cell lines. At 48 h 

post-infection, apoptosis was measured using Annexin-V staining by flow 

cytometry; values represent the means ± s.d. of triplicate experiments. P-value of 

< 0.05 are indicated by *. (g) Effect of EM20-25 on VSV-AV1-GFP replication in 

control Jurkat (WT) and BCL-2-expressing Jurkat cell lines. At 48 h post-

infection, cultures were evaluated for VSV-AV1-GFP replication by flow 

cytometry. 

 

Figure 5: Combination VSV-AV1/EM20-25 induced apoptosis in a 

mitochondrial-dependent manner. (a) Flow cytometry analysis of Karpas-422 

cells following JC-1 staining showed increase in mitochondrial membrane 

depolarization after treatment with VSV-AV1/EM20-25. Mock infected cells 

were used as control. (b) Flow cytometry analysis of BCL-2-expressing Jurkat 

cells following JC-1 staining showed increase in mitochondrial membrane 

depolarization after treatment with VSV-AV1/EM20-25. Mock infected cells 

were used as control. (c) Pre-treatment with EM20-25 has no effect in VSV-AV1-

induced JC-1 incorporation in control Jurkat cells (WT). Mock infected cells were 

used as control. (d) Cytochrome c release into the cytosol. Karpas-422 cells were 
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treated with VSV-AV1/EM20-25. After 36 h post-infection, cells were collected 

and cytosolic fractions were prepared as described in Materials and methods. 

Cytochrome c was detected by western blotting. (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 post-infection. Values represent means ± s.d. 

of triplicate experiment. P-value of < 0.001 is indicated by *. (f) Cleavage of 

caspase-3. Karpas-422 cells were treated with VSV-AV1/EM20-25. Cleaved 

forms of caspase-3 were detected by western blot after 36 h post-infection. 

 

Figure 6: Resistance of Granta-519 to VSV oncolysis is overcome by EM20-

25. (a) Expression of BCL-2 protein in 6 B-lymphoma cell lines compared with ex 

vivo CLL cells (CLL09) and PBMCs isolated from healthy donors.  Expression of 

BCL-2 was analyzed in WCE extracts by western blot with antibody against 

BCL-2. -Actin was included as loading control. (b) Expression of VSV- 51-

GFP virus in infected cells was determined by FACS. Results are presented as 

percentage of GFP-positive cells in Granta-519. Mock infected cells were used as 

control. (c) Apoptosis was measured by flow cytometry in Granta-519 cells 

treated with EM20-25/VSV- 51-GFP infection. Results are presented in bars 

indicating the percentage of Annexin-V positive cells. Mock infected (control) 

cells or treated with EM20-25 were included as control, P-value of < 0.05 is 

indicated by *. (d) Analysis of cytotoxicity by VSV-AV1/EM20-25 in Granta-519 

cells. Results are presented in bars indicating the percentage of cell viability is 
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shown. P-value of < 0.0001 is indicated by *. (b-d) Data are presented as mean  

s.d. (e) Depolarization of MMP in response to VSV-AV1/EM20-25 treatment 

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 control. (f-g) Granta-519 cells were treated as above. At 36 h 

post-infection, cells were harvested and the enzymatic activity of caspases-3/7 (f) 

and -9 (g) proteases was determined. Results are presented as histograms 

indicating the amount of caspase activity induced compared to the control sample 

(mock infected cells). P-value of < 0.05 is indicated by *. (b-c) Data are presented 

as mean  s.d. 

 

 Figure 7: Combination of VSV-AV1/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 determined times post-

infection, cells were lysed and BCL-2 was immunoprecipitated. BAX interaction 

was revealed by immunoblot using anti-BAX antibody. (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 or anti-BAX (6A7) monoclonal antibodies. 

Immunoprecipitates were subjected to immunoblotting using the anti-BAX 

antibody. (c) Cells were treated as above and pro- and anti-apoptotic proteins 

were detected by immunoblot. Viral replication (L: large protein; G: glycoprotein, 
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N: nucleopcasid, P: phosphoprotein and M: matrix) and cleavage of caspase-3 

were also monitored by western blot analysis. -Actin was added as loading 

control. 

 

Figure 8: VSV-AV1 and EM20-25 selectively kills CD5
+
/CD19

+
 CLL cells 

and spare normal PBMCs.  

 (a) Primary PBMCs isolated from CLL patient were treated or not with the 

combination VSV-AV1/EM20-25. At 96 h post-infection, 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 (R1) and non CLL cells (R2) 

were electronically gated and cell death was assessed, in cells treated with VSV-

AV1/EM20-25 compared to the non-infected controls, using flow cytometry. Data 

are presented as percentage of Annexin-V positive cells measured by FACS in the 

two different populations, R1 and R2. (b) Effect of EM20-25 on VSV-AV1-

induced apoptosis in PBMCs isolated from healthy volunteer. At indicated times 

post-infection apoptosis was measured by Annexin-V staining. A representative 

of three experiments is shown. Mock infected cells were used as control.  (c) 

VSV-AV1/EM20-25 did not induce cytotoxicity in PBMCs isolated from healthy 

volunteer.  At 7 days post-infection cell viability was assessed by MTT assay. 

Results are reported as percentage of viable cells ± s.d.; each experiment was 

performed in quadruplicate. A representative of four experiments is shown. (d) 

Treatment of primary CLL cells with VSV-AV1/EM20-25 increased the 
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therapeutic index compared to PBMCs from healthy volunteers. At 7 days post-

infection cell viability was assessed by MTT assay. Results are reported as 

percentage of viable cells  s.d.; each experiment was performed in quadruplicate. 
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          Table 1. Characteristics of B-CLL patients 
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CHAPTER 3 

VSV oncolysis in combination with the BCL-2 inhibitor obatoclax overcomes 

apoptosis resistance in chronic lymphocytic leukemia  

 

Preface to Chapter 3 

 

Combinations of small-molecule BCL-2 inhibitors with other chemotherapic 

agents have been explored to increase antitumor efficacy and the therapeutic 

index of BCL-2-inhibitors. Our previous study identified that BCL-2 inhibitor is a 

strong enhancer of VSV-mediated cell death in vitro. In this chapter, we sought to 

further understand the regulatory factors involved in synergism between VSV and 

small-molecule BCL-2 inhibitors. Collaboration with GeminX provided us with 

an inhibitor of BCL-2 that is already undergoing clinical trial (Obatoclax). We 

describe here the in vivo anti-cancer properties of the combination of VSV and 

Obatoclax in tumor-bearing mice. Moreover, we further investigated the 

molecular mechanism behind the VSV/BCL-2 inhibitor-induced apoptosis.  

 

 

* This article was published in Mol Ther (2010): Samuel S, Tumilasci VF, Oliere 

S, Liên-Anh Nguyên T, Shamy A, Bell J, Hiscott J. VSV oncolysis in 

combination with the BCL-2 inhibitor obatoclax overcomes apoptosis resistance 

in chronic lymphocytic leukemia. Molecular Therapy 2010, 18:2094-2103. 
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ABSTRACT 

In chronic lymphocytic leukemia (CLL), overexpression of antiapoptotic B-cell 

leukemia/lymphoma 2 (BCL-2) family members contributes to leukemogenesis 

by interfering with apoptosis. BCL-2 expression also impairs oncolysis of primary 

CLL cells by vesicular stomatitis virus (VSV). In the effort to reverse resistance 

to VSV-mediated oncolysis, we combined VSV with obatoclax (GX15-070) - a 

small-molecule BCL-2 inhibitor currently in phase 2 clinical trials - and examined 

the molecular mechanisms governing the in vitro and in vivo antitumor efficiency 

of combining the two agents. In combination with VSV, obatoclax induced cell 

death in primary CLL samples and slowed tumor growth in severe combined 

immunodeficient (SCID) mice-bearing A20 lymphoma tumors. Mechanistically, 

the combination stimulated the mitochondrial apoptotic pathway, as reflected by 

caspase-3 and -9 cleavage, cytochrome c release and BCL2-associated X protein 

(BAX) translocation. Combination treatment triggered the release of BAX from 

BCL-2 and myeloid cell leukemia-1 (MCL-1) from BCL-2 homologous 

antagonist/killer (BAK), whereas VSV infection induced Phorbol-12-myristate-

13-acetate-induced protein 1 (NOXA) expression and increased the formation of a 

novel BAX/NOXA heterodimer. Finally, NOXA was identified as an important 

BCL-2 family member involved in VSV-obatoclax-induced apoptosis via 

knockdown and overexpression of NOXA. Thus small-molecule BCL-2 

inhibitors, such as obatoclax, in combination with oncolytic VSV appear to 

constitute a promising approach to overcoming apoptosis resistance in CLL. 
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INTRODUCTION 

 

Chronic lymphocytic leukemia (CLL) is caused by a defect in apoptosis rather 

than increased proliferation of CD5
+
 B lymphocytes [404, 547]. Resistance to 

cytotoxic treatments in CLL is largely due to the overexpression of antiapoptotic 

B-cell lymphoma-2 (BCL-2) family members BCL-2 and myeloid cell leukemia 

(MCL-1) [38, 548]. High levels of BCL-2 in CLL patients correlates to decreased 

overall survival and chemoresistance, whereas MCL-1 overexpression is 

associated with failure to achieve complete remission [466, 549-550]. BCL-2 

proteins are subdivided into anti- and proapoptotic classes. Prosurvival members 

such as BCL-2, BCL-xL, and MCL-1 block apoptosis by binding to and 

preventing proapoptotic members such as BAX and BAK from oligomerizing and 

forming pores at the mitochondrial membrane that trigger mitochondrial 

depolarization [551-553]. BH-3-only proteins (BIM, tBID, PUMA, NOXA, BAD) 

bind to antiapoptotic members of the BCL-2 family (MCL-1, BCL-2, BCL-xL, 

BCL-w), resulting in the release of proapoptotic BAX and/or BAK [552, 554] or 

directly bind and activate BAX/BAK [551]. 

 

Knowledge that overexpression of BCL-2 proteins leads to resistance in many 

cancers has sparked considerable interest in the development of small molecule 

BCL-2 inhibitors [36, 494]. Encouraging results with BCL-2 inhibitors - either 

alone or in combination with standard chemotherapies - have been demonstrated 
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with various cancers, including CLL [36, 514, 516]. Obatoclax (GX15-070) - one 

of the promising pan BCL-2 inhibitors currently in clinical trials - is an indole-

derived broad-spectrum inhibitor with multiple targets among the BCL-2 proteins. 

Obatoclax binds to the hydrophobic pocket within the BH3 binding groove of 

antiapoptotic proteins such as BCL-2, MCL-1, and BCL-xL, and interferes with 

the ability of these proteins to interact with and negatively regulate pro-apoptotic 

BCL-2 proteins such as BAX and BAK [521-522]. In preclinical studies, 

obatoclax has shown cytotoxic efficacy against a variety of cancers including 

myeloma, breast cancer, mantle cell lymphoma, and non-small cell lung cancer 

cells [260, 390, 522, 555]. 

 

Oncolytic viruses have emerged as a potential treatment of solid tumors and 

hematological malignancies [28, 39, 45]. By exploiting tumor-specific defects in 

the interferon (IFN) signaling pathway, vesicular stomatitis virus (VSV) - a 

prototypical oncolytic virus - infects and replicates specifically within cancerous 

cells, resulting in apoptotic cell death. Initiation of apoptosis by VSV can occur 

through the intrinsic mitochondrial pathway, via induction of the BH3-only, pro-

apoptotic protein NOXA [60-61, 341], or through the extrinsic pathway via 

caspase-8 and BID cleavage [31, 234].  

 

We previously showed that the resistance of CLL cells to VSV-induced oncolysis 

can be overcome using a combination of VSV with small-molecule BCL-2 
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inhibitor [39]. In the present study, we used the pan-BCL-2 family inhibitor 

obatoclax and we characterized the mechanism governing its synergistic effect 

with VSV. Combination therapy triggered intrinsic apoptosis leading to caspase-9 

and-3 activation, BAX translocation and cytochrome c release. The efficacy of the 

VSV-obatoclax combination was further demonstrated in vivo where reduced 

tumor progression in an A20 murine B-lymphoma xenograft model was observed. 

The pro-apoptotic protein NOXA was identified as a central inducer of apoptosis 

that increased the ratio of proapoptotic BAX and BAK containing complexes at 

the mitochondrial membrane.  

 

RESULTS 

VSV-obatoclax combination synergistically induces cell death in primary 

CLL cells.  

To determine the lowest efficient dose of obatoclax that could be used in 

combination with VSV, a dose-dependent killing curve was performed in primary 

CD5
+
 CD19

+
 CLL cells (Figure 1a). Obatoclax had an IC50 of 640 nmol/l, lower 

than the IC50 (1 μmol/l) in peripheral blood mononuclear cells (PBMCs) from 

healthy volunteers; however at 640 nmol/l, obatoclax killed a significant amount 

(30%) of healthy PBMCs (Figure 1a). A lower dose of 100 nmol/l of obatoclax 

was sufficient to synergistically trigger cell death in 72% (P < 0.001) of primary 

CD5+ CD19+ CLL samples infected with VSV (10 multiplicity of infection), but 

did not induce >8% cell death in healthy PBMCs. Each treatment alone showed 
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minimal killing activity in primary CLL cells (5 and 25% for VSV and obatoclax, 

respectively (Figure 1b). The enhanced cytotoxic effect of VSV-obatoclax was 

not prominent with obatoclax doses <100 nmol/l. These results demonstrate 

synergistic cytotoxicity of CD5
+
 CD19

+
 CLL cells using the VSV-obatoclax, 

combination, with minimal cytotoxic effect on healthy PBMCs at 100 nmol/l 

obatoclax. 

 

BCL-2 inhibits apoptosis by binding BAX, thus preventing mitochondrial pore 

formation and membrane permeabilization [552-554]. To determine the effect of 

obatoclax on BCL-2–BAX interaction, anti-BAX coimmunoprecipitations were 

performed in Karpas-422 cells, treated with increasing doses of inhibitor (0—

1,000 nmol/l). Obatoclax inhibited the interaction between BCL-2 and BAX at 

high concentrations (>500 nmol/l), whereas at 100 nmol/l no disruption of BCL-

2/BAX was observed (Figure 1c), thus demonstrating that 100 nmol/l obatoclax 

was suboptimal as a single treatment. 

 

Obatoclax increases VSV-induced oncolysis in A20 B-lymphoma xenograft 

tumors in SCID mice 

After establishing the cytotoxicity of combination therapy on CLL cells in vitro, 

the antitumor effects of VSV-obatoclax were examined in vivo in Fox Chase 

severe combined immunodeficient (SCID) mice-bearing A20 tumors. Like 

Karpas-422 and primary CLL cells, A20 B-lymphoma cells overexpress BCL-2 
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(Figure 2a) and are partially resistant to VSV-induced apoptosis. In vitro, 

obatoclax treatment of A20 cells decreased viability by 10%, whereas VSV 

infection resulted in a 40% decrease; the combination reduced viability by 70% 

(Figure 2b). To determine the effect of the combination in vivo, SCID mice were 

injected with  1 × 10
6
 A20 cells; when tumors were palpable at day 12, animals 

received obatoclax 3 mg/kg/day (intraperitoneal injection) for five consecutive 

days (days 12–16) and two intratumoral injections of 1 × 10
8
 plaque-forming 

units of VSV at days 13 and 16 (Figure 2c). As shown in Figure 2c, tumors grew 

to a diameter of ~2,200 mm
3
 by day 26 without treatment. Treatment with 

obatoclax led to a 40% decrease in tumor size compared to untreated animals. 

Mice receiving VSV alone exhibited 65% suppression of tumor growth compared 

to control animals. Tumor growth was decreased further with the VSV-obatoclax 

combination (80%). 

 

 

VSV-obatoclax activates apoptosis through the intrinsic pathway 

After establishing the efficacy of the combination therapy in vitro and in vivo, the 

mechanism(s) by which the individual and combination treatment induced 

oncolysis was evaluated. Key proteins involved in triggering the extrinsic 

(caspase-8) and intrinsic (caspase-9) apoptotic pathways were examined, as well 

as downstream effectors (BID and caspase-3). The amount of cleaved caspase-3 

was increased three-fold (Figure 3a, lane 4) in CLL cells with the combination 
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compared to obatoclax alone and was increased more than fivefold (Figure 3b, 

lane 4) in Karpas-422 cells compared to VSV or obatoclax, whereas caspase-8 

and BID cleavage were not detected following single or combination treatments 

(Figure 3a,b). Because of the key role for caspase-8 as an initiator of the extrinsic 

pathway [556] and as an activator of BID cleavage [557], we suggest that 

activation of the extrinsic pathway was not involved in VSV-obatoclax induced 

apoptosis. In contrast, VSV-obatoclax treatment effectively induced caspase-9 

cleavage (Figure 3a,b, lane 4), the initiator for the intrinsic mitochondrial pathway 

[366].   

 

NOXA induction is essential for VSV-obatoclax-mediated apoptosis in 

Karpas-422 cells 

Following VSV infection, the BH-3 only proapoptotic protein NOXA is 

transcriptionally induced in an interferon regulatory factor-3 (IRF-3) and p53-

dependent manner [60-61, 341]. To determine whether NOXA contributes to 

VSV-induced apoptosis in CLL, NOXA expression was measured in CLL and 

Karpas-422 cells. VSV infection alone or in combination with obatoclax induced 

NOXA expression equivalently at the RNA and protein levels (Figure 3a–c). 

Whereas VSV infection did not to trigger caspase-3 cleavage (Figure 3a,b) or loss 

of cell viability (Figure 1b), the combination resulted in caspase-3 cleavage and 

decreased cell viability. Silencing of NOXA by introduction of small-interfering 

RNA (siRNA) resulted in reduced caspase-3 cleavage in cells treated with VSV-
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obatoclax (Figure 4a). Furthermore, siRNA knockdown of NOXA impaired the 

VSV-obatoclax-induced apoptotic response by 60% in Karpas-422 cells (Figure 

4b), indicating an important role for VSV-induced NOXA expression in the 

synergic effect of VSV-obatoclax. Furthermore, replacing VSV infection by 

NOXA overexpression demonstrated that the combination of NOXA and 

obatoclax is able to induce caspase-3 cleavage (Figure 4c, lanes 4 and 6) and cell 

killing (Figure 4d) to levels comparable to VSV-obatoclax combination therapy 

(Figure 4c, lanes 8 and Figure 4d), suggesting that NOXA is sufficient for 

induction of apoptosis.  

 

VSV-obatoclax combination triggers BAX translocation and cytochrome c 

release 

To further examine the effect of the VSV-obatoclax combination on the 

stimulation of the intrinsic apoptotic pathway, BAX translocation, 

oligomerization - determined by the detection of the activated form of BAX with 

the conformation-specific antibody 6A7 - cytochrome c release and NOXA 

expression in the mitochondria were examined. Treatment with VSV or obatoclax 

alone did not induce BAX translocation, activation, or cytochrome c release 

(Figure 5, lanes 2, 3, 6, and 7). VSV-obatoclax combination treatment resulted in 

recruitment and activation of BAX at the mitochondrial membrane (Figure 5, lane 

4) and cytochrome c release into the cytoplasm (Figure 5, lane 8). NOXA protein 

expression was induced and localized to the mitochondrial fraction in VSV- and 
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VSV-obatoclax-treated cells (Figure 5, lanes 2 and 4). Although VSV alone 

induced NOXA expression, it was not sufficient to trigger apoptosis, and only the 

VSV-obatoclax combination induced the translocation of activated BAX to the 

mitochondria and cytochrome c release. Further analysis of BCL-2 family 

proteins demonstrated that the levels of MCL-1, BAK, and BCL-2 were not 

altered by VSV or obatoclax single or combination treatments (data not shown). 

 

BCL-2 is overexpressed in primary cells from CLL patients 

It was previously shown that overexpression of different BCL-2 family members - 

predominantly BCL-2 and MCL-1 - correlate with poor prognosis, disease 

progression, and resistance to treatment in CLL patients [466, 549-550]. 

Immunoblot analysis showed that BCL-2 was overexpressed in PBMCs isolated 

from CLL patients, compared with PBMCs from healthy volunteers (Figure 6a). 

Karpas-422 and Granta-519 expressed BCL-2 levels similar to those observed in 

CLL patients, as previously shown [39], whereas other B-cell lines (L428, CRO) 

displayed lower levels of protein (Figure 6), similar to healthy controls. MCL-1 

was not consistently overexpressed in primary CLL cells and levels differed 

between CLL patients and healthy donors (Figure 6a); however, no fold change 

could be assessed between the two groups (Figure 6b). These findings suggest 

that specific targeting of overexpressed BCL-2 by obatoclax might relieve the 

inhibition to apoptosis. 
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Combination treatment abrogates BCL-2/BAX and MCL-1/BAK 

interactions and promotes NOXA/BAX complexes 

To examine interactions between pro- and antiapoptotic proteins following the 

VSV-obatoclax treatment, coimmunoprecipitations experiments were performed 

in Karpas-422 cells. MCL-1 and BAK interacted in non-treated cells (Figure 7a, 

lane 1) and this complex was only slightly disrupted with VSV or obatoclax 

(Figure 7a, lanes 2–3), but was insufficient to induce apoptosis (Figure 5a, lane 

3). VSV-obatoclax however caused complete loss of the MCL-1/BAK complexes 

(Figure 7a). Similarly, BCL-2 and BAX were constitutively present as a 

heterodimeric complex in untreated cells (Figure 7b, lane 1) and VSV or 

obatoclax alone had minimal effect on heterodimer formation (Figure 7b, lanes 2 

and 3); clearly, the VSV-obatoclax combination caused almost complete 

dissociation of the BCL-2/BAX complex (Figure 7b, lane 4). In terms of NOXA-

containing complexes, VSV-induced NOXA interacted with its cognate binding 

partner MCL-1 (Figure 7c, lane 2), whereas obatoclax alone or together with VSV 

disrupted NOXA/MCL-1 interactions (Figure 8c, lanes 3 and 4). The induction of 

NOXA, as well as the disruption of BCL-2/BAX interaction, suggested that 

NOXA and BAX may interact to form heterodimers. Coimmunoprecipitation with 

anti-BAX followed by immunoblot with anti-NOXA confirmed that NOXA 

interacted with BAX in VSV-infected cells (Figure 7d, lane 2) and VSV-

obatoclax increased this interaction by three-fold (Figure 7d, lane 4). The 

reciprocal immunoprecipitation confirmed the identity of this novel NOXA/BAX 
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heterodimer (Figure 7e). Altogether, these experiments argue that the VSV-

obatoclax combination shifts the balance of BCL-2 family complexes toward 

those heterodimers that stimulate mitochondrial-dependent apoptosis in CLL 

cells.  

 

DISCUSSION 

The objective of the present study was to investigate the molecular mechanisms 

involved in VSV-obatoclax-mediated apoptotic synergism in CLL. We 

demonstrate: (i) enhanced cell killing in CLL cell lines, in primary CD5
+
 CD19

+
 

CLL cells ex vivo, and in a murine model of lymphoma with the VSV-obatoclax 

combination; (ii) activation of the intrinsic apoptotic pathway, involving VSV-

induced NOXA expression, BAX activation and translocation to the mitochondria 

and cytochrome c release; and (iii) mechanistically, disruption of BCL-2/BAX 

and MCL-1/BAK complexes and formation of proapoptotic complexes, including 

a novel NOXA/BAX heterodimer. 

 

There are several historical cases where patients with disseminated cancers have 

displayed improved conditions following viral vaccination [64]. Oncolytic 

virotherapy has emerged as an effective treatment for such cancers [28, 558]. We 

and various groups have highlighted the ability of VSV to treat disseminated 

cancers such as CLL [39], adult T-cell leukemia [27] and multiple myeloma [28] 

in preclinical models. Intravenous administration of the virus has been shown to 
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be a successful method of therapy in various animal models and may translate 

well clinically for the treatment of CLL [11, 559], particularly at the stage where 

other treatments for advanced disease have failed. It is well understood that 

disseminated hematological malignancies will be difficult to treat and may require 

modified methods of therapy such as repetitive and carrier-cell based delivery of 

the virus [250, 558]. 

 

CLL is characterized by overexpression of antiapoptotic proteins such as BCL-2 

and MCL-1 [38, 548]. BCL-2 overexpression is a hallmark of this disease and is 

found in most cases [549]; interestingly, high levels of MCL-1 expression 

strongly correlate with aggressive disease, negative clinical outcome and 

resistance to various treatments and is observed in ~30% of patients [466, 549-

550]. Under conditions where MCL-1 levels are high, proapoptotic BAK can be 

sequestered by MCL-1 causing resistance to various therapies [560-561]. 

Although we identified BCL-2 overexpression in PBMCs from CLL patients and 

in Karpas-422 cells, MCL-1 levels, on average, were similar in CLL patients and 

healthy donors. 

 

The effect of obatoclax on the disruption of MCL-1/BAK complexes has been 

characterized previously [45, 560] but only one group investigated the effect of 

obatoclax on MCL-1/BAK interactions in CLL [523]; in this case, treatment was 

used in combination with bortezomib, a proteasome inhibitor that leads to the 
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accumulation of MCL-1 in CLL cells [562],  thus promoting MCL-1/BAK 

interaction and apoptotic resistance. Although MCL-1 overexpression was not 

observed in the CLL samples, Karpas-422 had elevated levels of MCL-1 and 

MCL-1/BAK complexes in resting cells. NOXA binds and inactivates MCL-1 

protein, allowing the release and activation of BAK [561] and this interaction has 

been characterized in primary CLL following induction of NOXA [560]. 

Furthermore, NOXA induction has been observed in primary cells from CLL 

patients following treatment with histone deacetylase inhibitors [560] and aspirin 

[563]  and was involved in regulating apoptosis and cell survival. The present 

study demonstrates that disruption of MCL-1/BAK complexes is the result of 

upregulation of NOXA by VSV and targeting of MCL-1 by obatoclax. 

 

BH-3-only proteins are divisible into two groups: ―sensitizers/ depressors‖ that 

selectively bind antiapoptotic proteins, and ―direct activators‖ that bind to 

antiapoptotic proteins and proapoptotic BAX and BAK [551, 564]. Binding of 

―direct activators‖ BID and BIM to BAX and BAK has been shown to trigger 

conformational change and activation of BAX/BAK followed by mitochondrial 

outer membrane permeabilization [551, 565-566]. NOXA is considered a 

―sensitizer/depressor‖ BH-3-only protein [551, 564], although a previous report 

suggested interaction between NOXA and BAX following double-stranded RNA 

or virus infection [61]. The present study is the first to identify endogenous 

NOXA/BAX heterodimers; NOXA is present at the mitochondria, as is activated 
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BAX, suggesting that NOXA/BAX interactions at the mitochondrial surface 

contribute to membrane permeabilization, cytochrome c release, and apoptosis 

(Figure 8), Combination treatment is likely to affect other BCL-2 family 

members; previous studies demonstrated that obatoclax can induce BIM 

expression and that inhibition of MCL-1 can alter the BAK activity, as well as 

BAX [45, 521-522]. Additionally, other BCL-2 proteins may form apoptosis-

inducing complexes that were not detected in the present study. Moreover, other 

groups have reported that activation of the JAK/STAT pathway can induce 

apoptosis in CLL cells [567]. Further studies will clarify the role of these 

additional proteins in VSV-obatoclax synergism. 

 

Synergism between VSV and obatoclax appears to require three major events: 

NOXA upregulation, BAX release from BCL-2 and BAK release from MCL-1. 

The importance of NOXA in apoptotic induction [60-61, 341] was highlighted by 

the observation that siRNA-mediated knockdown of NOXA decreased apoptosis 

in VSV-obatoclax treated cells and that VSV-mediated NOXA induction can be 

replaced with NOXA expression plasmids to synergistically induce apoptosis with 

obatoclax. VSV alone did not cause significant CLL cell death (Figure 3a, lanes 

1-3), likely due to BAX sequestration by overexpressed BCL-2 [554]. Although, 

NOXA induction by VSV was accompanied by a small increase in NOXA/MCL-

1 interactions and a small decrease in MCL-1/BAK interactions, it was 

insufficient to shift the balance from pro-survival to pro-apoptotic complexes; 
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only in combination with obatoclax did VSV completely relieve BCL-2 and 

MCL-1 mediated inhibition of BAX and BAK, respectively. These results 

strongly suggest NOXA expression is an important element in VSV-obatoclax 

mediated cell death. In summary, we propose VSV-obatoclax therapy in primary 

CLL cells induces apoptosis via a mitochondrial-dependent pathway in which 

cytochrome c release and activation of caspases-9 and -3 are triggered by VSV-

induced NOXA expression and obatoclax-induced release of BAX and BAK 

(Figure 8). 

 

MATERIAL AND METHODS  

 

Patients and PBMC isolation  

PBMCs were obtained from healthy individuals and CLL patients at the Jewish 

General Hospital (Montreal, QC, Canada) following written informed consent, in 

agreement with the Jewish General Hospital and McGill University Research 

Ethics Committee. Patients had a median age of 60. Samples were collected from 

both male and female patients, although a majority was from male donors. The 

absolute lymphocyte counts were typical of CLL patients in general. Patients were 

not receiving treatment at the time of sample collection. PBMCs were isolated as 

previously described [39]. PBMCs were cultured in RPMI 1640 supplemented 

with 15% heat-inactivated fetal bovine serum (Wisent, St-Bruno, Quebec, 

Canada) and 100 U/ml penicillin–streptomycin. PBMCs were cultured at 37 °C in 
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a humidified, 5% CO2 incubator. CLL was confirmed by presence of CD5+ and 

CD19+ markers. Only patients with a 30% or greater CD5+/CD19+ CLL cell 

population were used in this study [403, 527]. 

 

Cell lines 

The human B lymphoma cell line Karpas-422 was purchased from the German 

Collection of Microorganisms and Cell Cultures (Braunschweig, Germany) and 

the A20 mouse B lymphoma cell line was purchased from ATCC collection 

(Manassas, VA). All cell lines were grown in RPMI 1640 medium (Wisent Inc, 

St-Bruno, Canada) supplemented with 10% fetal calf serum, penicillin and 

streptomycin. Cells were maintained at 37°C and 5% CO2.  

 

Virus production, quantification, and infection  

Construction of VSV-AV1 was previously described [11]. Virus stock was grown 

in Vero cells (purchased from ATCC, Bethesda MD), concentrated from cell-free 

supernatants by centrifugation (15000 rpm/4 C/90 min) and titrated in duplicate 

by standard plaque assay as previously described [39]. Primary PBMC isolates 

and Karpas-422 cells were infected with VSV at a MOI of 10 PFU/cell for 1 h in 

serum-free media at 37 C. The cells were then incubated with complete medium 

at 37 C for the indicated times.  
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Viability assay 

Cell viability was assessed by 3-(4,5-dimethylthiazol)-2,5-diphenyl tetrazolium 

(MTT) dye absorbance according to the manufacturer’s instructions (Chemicon 

International, Billerica, MA). PBMCs were seeded in 96-well plates at a density 

of 5x10
5
 cells per well. Cell viability was also analyzed by Annexin V and 

propidium iodide (PI) staining and FACS analysis. For drug combination studies, 

cells were incubated with or without obatoclax (100 nM) and infected or not with 

VSV-AV1 (10 MOI) as indicated. To determine the IC50, increasing 

concentrations of obatoclax (0 to 20 M) were used. Plates were incubated at 

37°C, 5% CO2 and cells analyzed every 24 h for 7 days. Each experimental 

condition was performed in quadruplicate. 

 

Protein extraction and Western blot analysis 

Cells were washed twice with ice-cold phosphate-buffered saline, and proteins 

were extracted as described previously [39]. Briefly, cell pellets were lysed in ice 

cold buffer containing PBS, 0.05% NP40, 0.1% glycerol, 30 mM NaF, 40 mM -

glycerophosphate, 10 mM Na3VO4, and protease inhibitor cocktail (Sigma 

Aldrich, St. Louis, MO) in 1/1000 dilution. Extracts were kept on ice for 15 min 

and centrifuged at 10,000 x g for 25 min (4°C), and supernatants were stored at -

80°C. Protein concentration was determined with Bio-Rad protein assay reagent 

(BioRad, Hercules, CA). Protein extracts were resolved using 14% sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred 
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to nitrocellulose membrane (Hybond C Super; GE Healthcare Bio-Sciences Inc, 

Buckinghamshire, United Kingdom). Membranes were blocked for 1 h in 5% 

non-fat dried milk in TBST (Tris Buffered Saline + 0.5% Tween-20).  Followed 

by incubation with any of the following primary antibodies: cleaved caspase 3,  -

actin and BID (Cell Signaling Technologies, Danvers, MA; 1:2000);  BCL-2 

(Santa Cruz Biotechnology Inc, Santa Cruz, CA; 1:2000), BAX (Santa Cruz 

Biotechnology Inc, Santa Cruz, CA; 1 g/ml) and anti-mouse NOXA 

(Calbiochem, San Diego, CA; 1 g/ml). 

 

Mitochondria isolation 

Mitochondria and cytosolic fractions were prepared from Karpas-422 cells after 

24h of obatoclax and/or VSV-AV1 treatment, using the Pierce Mitochondria 

Isolation Kit for Cultured Cells, Reagent-based method according with the 

manufacturer’s protocol. Fractions were analyzed via Western Blot for 

cytochrome c (BD Biosciences, Franklin Lakes, NJ), BAX 6A7, BAX (Santa 

Cruz Biotechnology Inc, Santa Cruz, CA) and NOXA (Calbiochem, San Diego, 

CA). COXIV is an inner mitochondria membrane protein and was used as a 

measure of mitochondria purity and loading control; -actin was used for 

cytoplasm purity and loading control. 
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Co-immunoprecipitation of BCL-2 family proteins 

2 g of anti-BCL-2, 2 g of anti-BAX, 2 g of anti-MCL-1 monoclonal 

antibodies (Santa Cruz Biotechnology Inc, Santa Cruz, CA,), 2ug of anti BAK 

monoclonal antibody (Millipore, Temecula, CA) or 2ug of anti-NOXA 

monoclonal antibody (Calbiochem, San Diego, CA) were crosslinked to 20 g of 

protein L-agarose beads (Santa Cruz Biotechnology Inc, Santa Cruz, CA) using 

0.2M triethanloanime pH 8.0. Cells were lysed with 1% Chaps lysis buffer (10 

mM HEPES (pH 7.4), 150 mM NaCl, 1% Chaps – Fisher BioReagents – ON, 

Canada) containing protease inhibitors and total protein (500 g) was incubated 

with crosslinked antibody in 1% Chaps lysis buffer at 4°C overnight on a rotator. 

Immunoprecipitates were collected by centrifugation for 1 min. The pellets were 

washed three times with 1% Chaps lysis buffer, beads were boiled in loading 

buffer and bound protein was analyzed by Western blotting. Samples with 

antibody alone (no lysate), lysate alone (no antibody) or with an irrelevant 

isotype-matched IgG antibody were used as negative controls (data not shown). 

Protein input (30 g) was run in 14% sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) and transferred to nitrocellulose membrane 

(Hybond C Super; GE Healthcare Bio-Sciences Inc, Buckinghamshire, United 

Kingdom). Membranes were blocked for 1h in 5% non-fat dried milk in TBST 

(Tris Buffered Saline+ 0.5% Tween-20) followed by incubation with any of the 

following primary antibodies: BCL-2, MCL-1 (Santa Cruz Biotechnology Inc, 
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Santa Cruz, CA; 1:2000), BAX (Sigma, Saint Louis, MO; 1 g/ml), BAK 

(Millipore, Temecula and NOXA (Calbiochem, San Diego, CA; 1 g/ml). 

 

RNA extraction and Real-Time PCR 

Whole RNA from treated cells was extracted using RNase extraction Kit (Qiagen, 

Mississauga, Canada) according to the manufacturer's instructions. RT-PCR was 

performed using 1μg and 200ng (for Karpas-422 and ex vivo CLL cells 

respectively) of RNA ressuspended in RNase-free ddH2O and Oligo dT12-18 

primer (Invitrogen Canada Inc., Burlington, Canada) according to the 

manufacturer's conditions. Reverse transcription was performed using Superscript 

II (Invitrogen Canada Inc., Burlington, Canada) at 42°C for 1h. The PCR primer 

pair specific for NOXA was: Forward 5’-AGTAGCTGGAAGTCGAGTGT -3’ 

and Reverse 5’-AGGTTCCTGAGCAGAAGAGT -3’. All data are presented as a 

relative quantification with efficiency correction based on the relative expression 

of target genes versus -actin as reference gene. cDNA was amplified using 

SyBR Green I PCR master mix (Applied Biosystems, Foster City, CA) and the 

data was collected using the AB 7500 Real-Time PCR System (Applied 

Biosystems) and analyzed by Comparative CT Method using the SDS v1.3.1 

Relative Quantification Software. For semiquantitative RT-PCR, amplification 

products were resolved on an agarose gel and digital image of the ethidium 

bromide stained bands inverted for presentation. 
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In vivo Murine Lymphoma model 

This study was approved by the local animal care and institutional animal ethics 

committee of Jewish General Hospital and McGill University.  A total of 8 

animals per group were used for this study 4-6-week-old female Fox Chase 

Severe Combined Immunodeficient (SCID) mice (Charles River Laboratories, 

Pointe Claire, Canada) were injected subcutaneously (sc) with 1 × 10
6
 A20 cells 

in a 100-µl volume into the hind flanks. Tumors were measured and volume was 

calculated as [½(length × width
2
)] [568]. Once tumors were palpable, animals 

were randomly assigned to treatment groups and received five intraperitoneal 

injections of obatoclax (3mg/day/Kg). At days 2 and 5 following obatoclax 

injection, VSV-AV1 was inoculated intratumorally at 1 × 10
8
 plaque-forming 

units (PFU) of virus each. Animals were evaluated for signs of stress such as 

infection, dehydration, weight loss (>20%) and limb paralysis.  

  

Transient transfection of siRNA NOXA and NOXA expression plasmid 

Control and NOXA-specific RNAi sequences were described previously [60]. 

Transfection of Karpas-422 cells was carried out by electroporation using the 

Nucleofection® system (Amaxa, Köln, Germany), according to the protocols 

proposed by the manufacturer. Briefly, 1x10
6
 Karpas-422 cells were resuspended 

in 100μl of nucleofector V solution (Nucleofector kit V) containing 100 pmol of 

doublestranded siRNAs. After electroporation (program T020), 500μl of pre-

warmed cultured medium were added to the cuvette, and the cells were 
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transferred into cultures plates containing pre-warmed culture medium. At the 

optimal time of gene silencing (24 h post transfection), cells were mock-infected, 

treated or not with 100 nM of obatoclax or infected with VSV 10 MOI. After 24 h 

cells were collected, protein extracted and western blot were performed as 

described. 

 

Transfection of the pcDNA3-NOXA expression vector was carried out as 

described above with some changes. Briefly, 1x10
6
 Karpas-422 cells were 

resuspended in 100 μl of nucleofector V solution (Nucleofector kit V) containing 

increasing amounts of pcDNA3-NOXA complemented with empty vector. Cells 

were treated with obatoclax 24 h after transfection. 48 h post-transfection cells 

were collected, protein was extracted and western blot were performed as 

described. 

  

Statistical analysis 

Graphics and statistical analysis were executed using GraphPad Prism 5 software 

(GraphPad Software Inc, La Jolla, CA). Differences among the treatment groups 

were analyzed by   Paired t-test. P-values <0.05 were considered statistically 

significant. Average values were expressed as mean  standard deviation (s.d.).  
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FIGURE LEGENDS  

 

Figure 1: VSV-obatoclax combination therapy enhances cytotoxicity in CD5
+
 

CD19
+
 CLL cells. (a)The IC50 of obatoclax was determined in PBMCs from CLL 

patients and healthy volunteers; PBMCs were treated with varying concentrations 

of obatoclax (0-20 µM) and cell viability was assessed by MTT assay.  The 

results are reported as percentage of viable cells; values represent the mean of 

quadruplicate experiments  s.d. (b) Cell viability of PBMCs from 5 CLL patients 

and 4 healthy volunteers was assessed by MTT assay. The results are reported on 

a scatter graph as percentage of viable cells (* = p<0.01; ** = p<0.0001); the 

mean value for all patients within a group is indicated by the line. (c). Karpas-422 

cells were treated with different concentrations of obatoclax (100-1000 nM) for 

24 h. Cells were lysed in 1% CHAPS lysis buffer and BAX was 

immunoprecipitated (IP) followed by immunoblotting (IB) with an anti-BCL-2 

antibody. 

 

Figure 2: Obatoclax treatment augments VSV-mediated oncolysis in A20 B-

lymphoma xenografts in SCID mice. (a) BCL-2 expression. Proteins from 6 

different B-lymphoma cell lines were isolated using 1% CHAPS buffer. BCL-2 

expression in A20 cells compared to Grantas-519 and Karpas-422 cells was 

analyzed by Western blot with anti-BCL-2 antibody. (b) Viability of A20. Cells 

were treated with or without VSV and obatoclax. At 72 h post-infection, cell 
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viability was assessed by MTT assay. Results are reported as percentage of viable 

cells ± s.d.; each experiment was performed in quadruplicate. (* = p<0.01) (c) 

A20 murine B-lymphoma cells were inoculated into the flank of SCID mice on 

day 0. Mice bearing A20 xenograft tumors received five intra-peritoneal 

injections of obatoclax and two intra-tumoral VSV injections, beginning on day 

12, through day 16. The star sindicate P < 0.01 (*) and P < 0.001 (**) comparing 

tumor size between the single and combination treatment groups. Tumor volumes 

were calculated as ½(length × width
2
) and values are expressed as the mean ± s.d. 

of tumor volume (n=8). 

 

Figure 3: VSV-obatoclax combination activates the intrinsic apoptotic 

pathway. The effect of VSV and obatoclax single or combination treatments on 

cleavage of caspase-3, -8, -9 and BID and NOXA expression in (a) PMBCs 

isolated from CLL patients and (b) Karpas-422 cells was analyzed by Western 

blot. Cells were lysed in 1% CHAPS lysis buffer. Protein lysates were subjected 

to immunoblot analysis with antibodies that recognize NOXA, cleaved caspase-3 

and both cleaved and uncleaved forms of caspase-8, 9 and BID. The CLL patient 

blots were performed in n=3 patients and a representative CLL patient is shown. 

(c) Primary PBMCs isolated from CLL patients were pre-treated in the presence 

or absence of VSV-obatoclax. NOXA and -actin mRNA levels were determined 

by real time PCR. The scatter graphic shows level of NOXA mRNA expression in 
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PBMCs from CLL patients; the line demonstrates the mean value for all patients 

(n=4). 

 

Figure 4: Induction of NOXA expression is necessary and sufficient to 

synergistically induce apoptosis with obatoclax. (a-b) Karpas-422 B-lymphoma 

cells were transiently transfected with siRNA targeting human NOXA (siNOXA) 

or the nontargeting control pool (siControl). At 24 h post-transfection, cells were 

treated with obatoclax followed or not by VSV infection. (a) At 24 h post-

infection, cells were lysed and NOXA silencing was analyzed by immunoblot 

using anti-NOXA antibody. Caspase-3 cleavage was also determined using an 

anti-caspase 3 antibody. (b) Cell viability analysis by Annexin V/PI staining was 

performed on cells treated as described in a. Black bars represent Karpas-422 

cells treated with siNOXA and grey bars represent cells treated with siControl. 

The data shown are the mean ± s.d (n = 3). (c-d) Karpas-422 B-lymphoma cells 

were transiently transfected with human pcDNA3-NOXA or empty vector. At 24 

h post-transfection, cells were treated with obatoclax (a). At 24 h post-treatment, 

cells were lysed and NOXA expression, caspase-3 cleavage and VSV replication 

were analyzed by immunoblot. G, glycoprotein; N, nucleocapsid. M, matrix. (b) 

Cell viability was determined by FACS analysis after Annexin V/PI staining. (d) 

Black bars represent non-treated Karpas-422 cells and grey bars represent cells 

treated with obatoclax. The data shown are the mean ± s.d (n = 3). 
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Figure 5: VSV-obatoclax induces BAX translocation to the mitochondria and 

cytochrome c release into the cytoplasm. Following 24 h VSV-obatoclax 

treatment Karpas-422 cells were harvested and mitochondria were isolated using 

the Pierce mitochondria isolation kit, reagent-based method. The mitochondria-

free cytosolic fraction was analyzed for cytochrome c release by immunoblotting 

using specific antibodies for cytochrome c. The mitochondrial fraction was 

analyzed for NOXA expression, BAX 6A7 oligomerization and BAX 

translocation using anti-NOXA, -6A7 and -BAX antibodies. COX IV and -actin 

were used as a loading control for mitochondrial and cytosolic fractions 

respectively.  

 

Figure 6: Expression of antiapoptotic BCL-2 family proteins. (a) Cells from 

four different B-lymphoma cell lines (L428, Granta-519, CRO and Karpas-422), 

primary CLL cells and PBMCs from healthy donors were examined by 

immunoblotting for BCL-2 and MCL-1 expression. Protein lysate was isolated 

using 1% CHAPS buffer and BCL-2 and MCL-1 proteins were analyzed by 

western blot with anti-BCL-2 and –MCL-1 antibodies. -actin was evaluated as a 

loading control. (b) The ratio of MCL-1 protein (black bars) in B-lymphoma lines 

and CLL patients (n=12) was compared to MCL-1 levels in healthy volunteers 

(n=4) respectively. Protein expression levels were quantified and normalized to -

actin level. The data shown are the mean   s.d. 
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Figure 7: Combination treatment disrupts BCL-2/BAX and MCL-1/BAK 

interactions and promotes NOXA/BAX heterodimer formation. (a-e) Karpas-

422 cells were treated with obatoclax (100nM) and VSV (10MOI) for 24h. 

Protein lysates were prepared using 1% CHAPS buffer. (a) MCL-1 was 

immunoprecipitated (IP) from protein lysate and BAK interaction was revealed by 

Western blot using anti-BAK antibody. Protein inputs for BAK and MCL-1 are 

shown as separate bands at the bottom of the panel. (b) BCL-2 protein was 

immunoprecipitated with anti-BCL-2 antibody and co-immunoprecipitated 

proteins were detected using anti-BAX specific antibody. Protein inputs for BAX 

and BCL-2 are shown as separate bands at the bottom of the panel. (c) MCL-1 

protein was immunoprecipitated with MCL-1 antibody. MCL-1 

immunoprecipitation was performed and bound fractions were analyzed by 

Western blot for NOXA protein. Input proteins for NOXA and MCL-1 are shown 

as separate bands at the bottom of the panel. (d) BAX protein was 

immunoprecipitated, and co-immunoprecipitated NOXA protein was detected by 

Western Blot using a specific antibody for NOXA. Input proteins for NOXA and 

BAX are shown as separate bands at the bottom of the panel. (e) The reverse co-

immunoprecipitation was performed in VSV and obatoclax treated cells. NOXA 

protein was immunoprecipitated with NOXA antibody. Co-immunoprecipitated 

proteins were detected by immunoblot using specific antibody for BAX. Input 
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proteins for NOXA and BAX are shown as separate bands at the bottom of the 

panel. 

 

Figure 8: A proposed model of VSV-obatoclax synergism.  

In CLL cells, the proapoptotic activity of BAX and BAK are inhibited via 

association with the antiapoptotic BCL-2 and MCL-1 respectively. Obatoclax 

occupies the BH3 binding groove of pro-survival BCL-2 and MCL-1 to disrupt 

BCL-2/BAX and MCL-1/BAK heterodimers, thus restoring the ability of the 

intrinsic apoptotic pathway to respond to VSV apoptotic stimuli. In response to 

VSV infection, the BH3-only protein NOXA is induced at the transcriptional 

level, additionally contributing to the abrogation of MCL-1/BAK complexes. 

Activated NOXA protein may also directly induce a conformational change in 

BAX that subsequently promotes translocation to the mitochondria outer 

membrane. The VSV-obatoclax combination therapy leads to the activation and 

oligomerization of BAX and BAK homo- and heterodimers and thus membrane 

permeabilization, cytochrome c formation of the apoptosome and activation of the 

caspase cascade.  
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GENERAL DISCUSSION 

Oncolytic viruses, such as VSV, have the remarkable capacity to specifically 

infect and destroy tumor tissues in animal and human cancer cells, while doing 

little or no damage to non-cancerous tissues [11, 13, 18, 20, 27-28, 101, 238, 264-

265]. Unfortunately, resistance to VSV-induced oncolysis occurs in vivo [6, 62-

63, 72, 246]. Although VSV is able to replicate and sustain infection within tumor 

cells, largely due to defects in the interferon pathway, efficient oncolysis by VSV 

requires induction of apoptosis [11, 18, 20, 60, 234, 378-379]. Blockage of the 

mitochondrial apoptotic pathway plays a significant role in resistance to VSV 

virotherapy [63, 245, 247]. Current understanding of the mechanisms of VSV-

induced apoptosis allows development of new strategies to overcome resistance to 

VSV-induced apoptosis in malignancies such as CLL.  

 

Apoptosis is a fundamental cellular process in multicellular organisms. Strict 

regulation of cell death is essential to the selection and elimination of 

unnecessary, aging, mutated, or infected cells. Apoptosis also provides a 

genetically scheduled suicide program that is essential for embryogenesis and 

homeostasis. When apoptosis is turned on or off unexpectedly, due to genetic 

mutations, external stimuli, or viral infection, harmful consequences can occur, 

such as cancer or neurodegenerative diseases [40-44, 295, 303, 384].  
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The mechanism of the apoptotic pathways is well known. Loss of membrane 

potential in the mitochondria is one of the earliest events during apoptosis. BCL-2 

in the mitochondria inhibits loss of membrane potential, preventing the release of 

cytochrome c into the cytosol and activation of downstream caspases [569-570]. 

Cell death via the intrinsic pathway is highly dependent on multidomain pro-

apoptotic proteins, such as BAX, which permeabilize the outer mitochondrial 

membrane [55, 354, 356]. BAX is usually expressed constitutively at relatively 

constant levels, and is mainly regulated post-translationally by other BCL-2 

proteins [357-360]. Anti-apoptotic proteins, such as BCL-2, MCL-1, and BCL-

xL, bind directly to BAX, inhibit its activity, and prevent it from permeabilizing 

the outer mitochondrial membrane. The goal of the present study was to 

determine whether overexpression of BCL-2 and consequent sequestration of 

BAX, were responsible for resistance of ex vivo CLL cells and B-lymphoma cell 

lines to VSV-induced apoptosis.  

 

Results presented in this dissertation demonstrated that treatment of CLL 

malignancies with a combination of small molecule BCL-2 inhibitors and VSV 

virotherapy can induce cell death and tumor regression in ex vivo CLL cells and 

B-lymphomas, such as Karpas-422 and Granta-519. BCL-2 and BAX were shown 

to exist as a complex in Karpas-422 cells, and the BCL-2 inhibitor, Obatoclax, 

used as single agent disrupted the BCL-2/BAX complex, but only when used at 

high concentrations. VSV infection alone did not affect overall expression of 



173 

 

BCL-2, MCL-1, or BAX proteins,  induce cell death, or disrupt the BCL-2/BAX 

complex in CLL cells. Therefore, BCL-2 inhibitors were used in combination 

with virotherapy to sensitize cells to VSV-induced cell death. Obatoclax or 

EM20-25 used in combination with VSV disrupted the BCL-2/BAX interaction 

and activated the pro-apoptotic protein BAX, as evidenced by the appearance of 

6A7, the activated form of BAX  [536]. Cytochrome c was released into the 

cytosol, caspases-9 and -3 were activated, and cell viability was lost. These results 

demonstrated that resistance to VSV virotherapy can be reversed by re-

establishment of the intrinsic apoptotic pathway.  

 

Results of the present study led to three major conclusions. The first conclusion is 

that, when VSV-infected CLL cells are treated with small molecule BCL-2 

inhibitors, a suboptimal dose of BCL-2 primes the mitochondrial apoptotic 

pathway to VSV-induced oncolysis. Inhibition of BCL-2 was crucial for VSV-

induced cell death, not only in ex vivo CLL cells, but also in the B-lymphoma cell 

lines, Karpas-422 and Granta-519, which naturally overexpress the BCL-2 

protein. Jurkat cells that expressed high levels of BCL-2 also presented resistance 

to VSV-induced apoptosis. Pre-treatment of all of these cell types with BCL-2 

inhibitors proved to be effective in overcoming resistance to VSV oncolysis. 

While the use of BCL-2 inhibitors alone produced only marginal cytotoxicity, 

pre-treatment of cells with 10 µM of EM20-25 or 100 nM of Obatoclax for 30 

min, followed by 10 MOI of VSV, resulted in a significant increase in cell death 
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in CLL cells (Chapter 2, Figure 3a; Chapter 3, Figure 1b). Cell death promoted by 

the combination treatment was associated with typical apoptotic characteristics, 

such as caspase-9 cleavage, caspase-3 activation, and loss of cell viability. These 

results emphasize the importance of the mitochondrial pathway in VSV-induced 

apoptosis, despite a requirement for activation of the extrinsic apoptotic pathway 

in VSV-induced cell death that was demonstrated previous research [234, 369-

370].  

 

A lack of suitable animal models for CLL presented a major challenge in linking 

in vitro effects of combined VSV virotherapy and small molecule BCL-2 

inhibitors to clinical efficacy. Although a CLL mouse model has been described 

[571-572] efforts to obtain such animals were unsuccessful. Therefore, in vivo 

data were generated by using murine A20 B-lymphoma cells to produce tumors in 

SCID mice. A20 cells originated from a BALB/c B cell lymphoma line derived 

from a spontaneous reticulum cell neoplasm found in an old BALB/cAnN mouse 

[573]. These cells express high levels of the BCL-2 protein.  

 

Similar to CLL cells, VSV infection alone did not effectively induce cell death in 

A20 cells in vivo, and treatment of affected mice with Obatoclax alone was 

insufficient to decrease tumor growth. However, as observed in Karpas-422 and 

CLL cells ex vivo, pre-treatment of in vivo A20 cells with Obatoclax increased the 

effect of VSV. Mice treated with either VSV alone or in combination with 
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Obatoclax exhibited slowed tumor growth than untreated animals, and animals 

treated with combination therapy had slightly slower tumor growth than mice 

treated with VSV alone (Chapter 3, Figure 2c). However, slower tumor 

progression in treated mice did not ultimately result in eradication of the cancer; 

the tumors grew back in both treatment groups. The partial success of 

combination therapy in comparison to single treatment underscores the need for 

further experiments to determine if multiple doses or longer treatment periods 

could improve the outcome of the combination therapy. 

 

The second conclusion of the research reported in this dissertation is that binding 

of a small molecule BCL-2 inhibitor to BCL-2 releases BAX protein into the 

cytoplasm, allowing translocation of BAX protein to the mitochondria. BCL-2 is 

known to shield cells against apoptosis in response to diverse stimuli, such as 

ionizing radiation or chemotherapeutic agents [400-401, 574-577]. Results of the 

present study established that BCL-2 overexpression also confers protection 

against VSV-induced apoptosis. Induction of apoptosis in leukemias and 

lymphomas depends on the balance between pro- and anti-apoptotic proteins [40, 

43, 464, 578-579]. Failure to activate pro-apoptotic proteins, such as BAX, 

represents a major barrier to the stimulation of cell death in these cells. Results of 

the present study showed that the ability of Obatoclax to enhance VSV-induced 

apoptosis was due to its interaction with BCL-2, which displaces BAX from the 

BCL-2/BAX complex. The release of BAX allowed its activation and 
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translocation to the mitochondria (Chapter 2, Figure 5). These results are 

consistent with previous reports that activation of BAX requires oligomerization, 

which exposes a hidden epitope recognized by the anti-conformational antibody, 

6A7, a marker of BAX activation [362, 536, 580]. Combined treatment with VSV 

and Obatoclax also triggered the release of cytochrome c into the cytoplasm, 

which is an important marker of the activation of the intrinsic apoptotic pathway. 

 

The third major conclusion of the present study is that the BH3-only protein, 

NOXA, plays a critical role in VSV/Obatoclax-induced apoptosis. NOXA 

expression was markedly up-regulated after VSV infection, due to enhanced 

transcription of NOXA mRNA. This observation agrees with previous studies 

which found that transcriptional induction of NOXA was involved in virus-

mediated apoptosis [60-61, 341, 374]. Furthermore, silencing of NOXA protected 

Karpas-422 cells against VSV/Obatoclax-induced apoptosis, attenuating the 

cytotoxic effect of the combination treatment and blocking cleavage of caspase-3. 

NOXA preferentially binds to anti-apoptotic proteins, particularly MCL-1 [343-

344, 561], but might also bind to the pro-apoptotic protein, BAX [61]. Results of 

the present study showed that NOXA interacted with BAX, following exposure to 

VSV, and that this interaction was increased in cells that received combination 

treatment with Obatoclax. NOXA was previously reported to be involved in 

mitochondrial dysfunction, and NOXA insertion into the mitochondrial 

membrane was found to result in release of cytochrome c [581-582]. Results 
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presented herein demonstrated that treatment with VSV alone caused substantial 

upregulation of NOXA in Karpas-422 cells. This upregulation might explain the 

partial response to VSV observed in these cells, as well as the small difference 

between VSV and VSV/Obatoclax treatments observed in vivo.  

 

Overall, the research presented in this dissertation provides evidence that the 

intrinsic pathway of apoptosis is highly important for effective VSV virotherapy, 

especially in malignancies with high expression of anti-apoptotic protein. The 

results suggest that Obatoclax functionally inactivates BCL-2, causing 

displacement of BAX. The displaced protein might then bind to VSV-induced 

NOXA, causing direct activation of the mitochondrial apoptotic pathway. 
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Figure 1. Selective viral oncolysis. In normal cells, VSV infection is controlled 

by the induction of antiviral cytokines such as type I IFN which block cell and 

viral transcription thus, inhibiting viral replication. In cancer cells, defects in the 

IFN antiviral pathway enable VSV to replicate within the cancer cell triggering 

viral replication and spread and apoptosis as well. Apoptosis induced by VSV in 

cancer cells is a strong oncolytic mechanism. However, high levels of 

proapoptotic proteins, such as BCL-2 and MCL-1, in many cancer cells types 

blocks VSV-induced apoptosis resulting in resistance to VSV oncolysis. The use 

of BCL-2 inhibitors, such as Obatoclax, overcomes resistance to VSV-induced 

apoptosis which allows for full activation of the mitochondrial apoptotic pathway 

by VSV.  
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CONCLUSIONS AND FUTURE PERSPECTIVES  

CLL is a type of small B cell lymphoma for which no effective treatment 

protocols exist; current treatment is either ―wait and see‖ or monochemotherapy. 

Success of monochemotherapy for CLL is limited by the development of 

resistance to the chemotherapeutic agents. Because the connection between cancer 

and deregulation of apoptosis is strong in CLL, therapeutic strategies that trigger 

apoptosis in the cancer cells have great potential. The main goal of the present 

study was to determine the efficacy of small molecule BCL-2 inhibitors in 

decreasing resistance to VSV-induced virotherapy in CLL cells. The results 

inarguably established the promise of this novel approach for treatment of 

malignancies with high levels of anti-apoptotic proteins. The results also raised 

questions that need to be addressed by future research: 

 

First, a better understanding of the mechanisms of VSV-induced apoptosis in CLL 

is needed. An endogenous NOXA/BAX interaction is involved in activating the 

intrinsic apoptotic pathway, but how those proteins trigger apoptosis remains 

unclear. Moreover, the mechanism that triggers NOXA upregulation by VSV in 

CLL cells must be determined. Although activation through the p53 pathway has 

been well studied [343, 347, 352], recent research showed that VSV can induce 

NOXA-dependent apoptosis in a p53-independent manner [60-61]. To confirm 

the coordinated actions of NOXA, BAX and IRF-3 or p53 in CLL cells, the 

ability of p53 and/or IRF-3 to bind to the NOXA promoter should be verified in 
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primary CLL cells upon VSV infection by EMSA and/or CHIP assays. In 

addition, BAX/NOXA interaction should be further evaluated by oligomerization 

assays. Also, BAX/NOXA complexes could be extracted by chromatography for 

characterization of the complex. Confocal microscopy would help to visualize the 

co-localization of these two proteins at the mitochondria, upon VSV-infection of 

CLL cells.  

 

Second, further studies of VSV virotherapy and combined therapies in vivo are 

essential. Information about modulation of BAX, and NOXA expression in mice 

would elucidate the function of these proteins in VSV infected animals. If the 

presence of NOXA and BAX is important to the activation of apoptosis, silencing 

these proteins would obstruct the ability of cells to engage cell death. Knock-out 

mice for NOXA or BAX and double knock-out would demonstrate if one of these 

proteins can be activated in VSV--infected mice in the absence of the other 

protein.  

Finally, an animal model of CLL, such as the TCL-1 mice model,  is needed to 

further validate the effectiveness of combination therapy with BCL-2 inhibitors 

and VSV. The transformed lymphocytes from the TCL-1 mice are G0-1 arrested, 

clonal, and express CD19
+
/CD5

+
, as seen in human CLL. Studies performed in 

these animals would increase significantly the value of the determination of 

optimal inhibitors, viral doses, administration routes, etc., using imaging and 

serological studies of cells in vivo.  
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Future research should also investigate MCL-1, another important protein, and its 

interactions with BH3-only proteins in CLL. The ability of Obatoclax to 

neutralize MCL-1, in particular, the ability of Obatoclax to displace BAK from its 

interaction with MCL-1, has been clearly demonstrated [48, 521-522, 579]. The 

viral strain, VSV-wt, is capable of rapidly eliminating MCL-1, but the matrix 

protein-mutated strain, AV1, is not [583]. The present study found no MCL-1 

degradation in cells infected with AV1 alone or in combination with Obatoclax, 

but did find disruption of the MCL-1/NOXA interaction. Together, these results 

strongly suggest that induction of apoptosis by VSV, with or without Obatoclax, 

depends on cell type. Further research is needed to determine whether MCL-1 

plays a role in VSV/Obatoclax-induced apoptosis in CLL cells. As for 

NOXA/BAX interaction, MCL-1/NOXA and BCL-2/BAX interactions should be 

further evaluated with silencing of each or both genes in order to determine the 

importance of each pathway or a possible redundancy of pathways in inhibition of 

VSV-induced apoptosis in CLL cells. 

 

Virotherapy with VSV has great promise for treating tumors. The relationship 

between deregulation of apoptosis and resistance to therapy, including 

virotherapy, is strong, and any therapeutic strategy aimed at triggering apoptosis 

in cancer cells has potential. Therefore, identification of the apoptotic pathways 

involved in OV-induced cell death is a key step in the continuing development of 
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virotherapy. Results of the research presented in this dissertation further our 

understanding of those pathways and provide a platform for future investigations 

of the anti-tumor potential of combination therapies with OVs and small molecule 

BCL-2 inhibitors. Furthermore, the research described herein presents 

opportunities for investigating the association between BAX and NOXA, 

particularly how BAX/NOXA triggers mitochondrial apoptosis.  

 

 

 

 

 



183 

 

REFERENCES 

 

1. Raguz, S, and Yague, E (2008). Resistance to chemotherapy: new 

treatments and novel insights into an old problem. Brit J Cancer 99: 

387-391. 

2. Schmidt, C (2008). Resistance revisited: looking back at 10 years of 

multidrug resistance research. JNCI - News 100: 1428-1429. 

3. Hu, X, and Xuan, Y (2008). Bypassing cancer drug resistance by 

activating multiple death pathways – A proposal from the study of 

circumventing cancer drug resistance by induction of necroptosis. 

Cancer Lett 259: 127-137. 

4. Bonavida, B (2007). Rituximab-induced inhibition of antiapoptotic 

cell survival pathways: implications in chemo/immunoresistance, 

rituximab unresponsiveness, prognostic and novel therapeutic 

interventions. Oncogene 26: 3629-3636. 

5. Liu, TC, and Kirn, D (2008). Gene therapy progress and prospects 

cancer: oncolytic viruses. Gene Ther 15: 877-884. 

6. Vaha-Koskela, MJV, Heikkila, JE, and Hinkkanen, AE (2007). 

Oncolytic viruses in cancer therapy. Cancer Lett 254: 178-216. 

7. Chiocca, EA (2002). Oncolytic viruses. Nat Rev Cancer 2: 938-950. 

8. Norman, KL, Hirasawa, K, Yang, A-D, Shields, MA, and Lee, PWK 

(2004). Reovirus oncolysis: The Ras/RalGEF/p38 pathway dictates 

host cell permissiveness to reovirus infection. Proc Natl Acad Sci 101: 

11099-11104. 

9. Barber, GN (2004). Vesicular stomatitis virus as an oncolytic vector. 

Viral Immunol 17: 516-527. 

10. Lin, E, and Nemunaitis, J (2004). Oncolytic viral therapies. Cancer 

Gene Ther 11: 643-664. 

11. Stojdl, DF, et al. (2003). VSV strains with defects in their ability to 

shutdown innate immunity are potent systemic anti-cancer agents. 

Cancer Cell 4: 263-275. 

12. Farassati, F, Yang, A-D, and Lee, PWK (2001). Oncogenes in Ras 

signalling pathway dictate host-cell permissiveness to herpes simplex 

virus 1. Nat Cell Biol 3: 745-750. 

13. Stojdl, DF, et al. (2000). Exploiting tumor-specific defects in the 

interferon pathway with a previously unknown oncolytic virus. Nat 

Med 6: 821-825. 

14. Lichty, BD, Power, AT, Stojdl, DF, and Bell, JC (2004). Vesicular 

stomatitis virus: re-inventing the bullet. Trends Mol Med 10: 210-216. 

15. Letchworth, GJ, Rodriguez, LL, and Barrera, JDC (1999). Vesicular 

Stomatitis. Vet J 157: 239-260. 



184 

 

16. Fontoura, BM, Faria, PA, and Nussenzveig, DR (2005). Viral 

interactions with the nuclear transport machinery: discovering and 

disrupting pathways. IUBMB Life 57: 65-72. 

17. Faria, PA, et al. (2005). VSV disrupts the Rae1/mrnp41 mRNA 

nuclear export pathway. Mol Cell 17: 93-102. 

18. Wollmann, G, Robek, MD, and van den Pol, AN (2007). Variable 

deficiencies in the interferon response enhance susceptibility to 

vesicular stomatitis virus oncolytic actions in glioblastoma cells but 

not in normal human glial cells. J Virol 81: 1479-1491. 

19. Balachandran, S, and Barber, GN (2004). Defective translational 

control facilitates vesicular stomatitis virus oncolysis. Cancer Cell 5: 

51-65. 

20. Balachandran, S, Porosnicu, M, and Barber, GN (2001). Oncolytic 

activity of vesicular stomatitis virus is effective against tumors 

exhibiting aberrant p53, Ras, or myc function and involves the 

induction of apoptosis. J Virol 75: 3474-3479. 

21. Balachandran, S, et al. (2000). Essential role for the dsRNA-

dependent protein kinase PKR in innate immunity to viral infection. 

Immunity 13: 129-141. 

22. Stojdl, DF, et al. (2000). The murine double-stranded RNA-dependent 

protein kinase PKR is required for resistance to vesicular stomatitis 

virus. J Virol 74: 9580-9585. 

23. Critchley-Thorne, RJ, et al. (2009). Impaired interferon signaling is a 

common immune defect in human cancer. Proc Natl Acad Sci 106: 

9010-9015. 

24. Critchley-Thorne, RJ, Yan, N, Nacu, S, Weber, J, Holmes, SP, and 

Lee, PP (2007). Down-Regulation of the interferon signaling pathway 

in T lymphocytes from patients with metastatic melanoma. PloS 

Medicine 4: e176. 

25. Ahmed, M, Cramer, SD, and Lyles, DS (2004). Sensitivity of prostate 

tumors to wild type and M protein mutant vesicular stomatitis 

viruses. Virology 330: 34-49. 

26. Everts, B, and Poel, HGvd (2005). Replication-selective oncolytic 

viruses in the treatment of cancer. Cancer Gene Ther 12: 141-161. 

27. Cesaire, R, et al. (2006). Oncolytic activity of vesicular stomatitis virus 

in primary adult T-cell leukemia. Oncogene 25: 349-358. 

28. Lichty, BD, et al. (2004). Vesicular stomatitis virus: a potential 

therapeutic virus for the treatment of hematologic malignancy. Hum 

Gene Ther 15: 821-831. 

29. Sharif-Askari, E, et al. (2007). Bax-dependent mitochondrial 

membrane permeabilization enhances IRF3-mediated innate immune 

response during VSV infection. Virology 15; 365(1): 20-33. 



185 

 

30. Gadaleta, P, Perfetti, X, Mersich, S, and Coulombie, F (2005). Early 

activation of the mitochondrial apoptotic pathway in Vesicular 

Stomatitis virus-infected cells. Virus Res 109: 65-69. 

31. Gaddy, DF, and Lyles, DS (2005). Vesicular stomatitis viruses 

expressing wild-type or mutant M proteins activate apoptosis through 

distinct pathways. J Virol 79: 4170-4179. 

32. Gadaleta, P, Vacotto, M, and Coulombie, F (2002). Vesicular 

Stomatitis Virus induces apoptosis at early stages in the viral cycle 

and does not depend on virus replication. Virus Research 86: 87–92. 

33. Carlucci, F, Marinello, E, Tommassini, V, Pisano, B, Rosi, F, and 

Tabucchi, A (2009). A 57-gene expression signature in B-cell chronic 

lymphocytic leukemia. Biomed Pharmacother 63: 663-671. 

34. Guipaud, O, et al. (2003). B-cell chronic lymphocytic leukaemia: a 

polymorphic family unified by genomic features. . Lancet Oncol 4: 

505-514. 

35. Nückel, H, et al. (2007). Association of a novel regulatory 

polymorphism (–938C>A) in the BCL2 gene promoter with disease 

progression and survival in chronic lymphocytic leukemia. Blood 109: 

290-297. 

36. Campas, C, et al. (2006). Bcl-2 inhibitors induce apoptosis in chronic 

lymphocytic leukemia cells. Exp Hematol 34: 1663-1669. 

37. Hallaert, D, et al. (2007). Crosstalk among Bcl-2 family members in B-

CLL: seliciclib acts via the Mcl-1/Noxa axis and gradual exhaustion of 

Bcl-2 protection. Cell Death and Differ 14: 1958-1967. 

38. Inamdar, KV, and Bueso-Ramos, CE (2007). Pathology of chronic 

lymphocytic leukemia: an update. Ann Diagn Pathol 11: 363-389. 

39. Tumilasci, VF, Oliere, S, Nguyên, TL-A, Shamy, A, Bell, J, and 

Hiscott, J (2008). Targeting the apoptotic pathway with BCL-2 

inhibitors sensitizes primary chronic lymphocytic leukemia to VSV-

induced oncolysis J Virol 82: 8487–8499. 

40. Yip, K, and Reed, J (2008). Bcl-2 family proteins and cancer. 

Oncogene 27: 6398-6406. 

41. Weinstein, IB, and Joe, A (2008). Oncogene Addiction. Cancer Res 68: 

3077-3080. 

42. Thomadaki, H, and Scorilas, A (2006). BCL2 family of apoptosis-

related genes: functions and clinical implications in cancer. Crit Rev 

Clin Lab Sci 43: 1-67. 

43. Sorenson, CM (2004). Bcl-2 family members and disease. Biochim 

Biophys Acta 1644: 169-177. 

44. Kirkin, V, Joos, S, and Zornig, M (2004). The role of Bcl-2 family 

members in tumorigenesis. Biochim Biophys Acta 1644: 229-249. 

45. Perez-Galan, P, Roue, G, Villamor, N, Campo, E, and Colomer, D 

(2007). The BH3-mimetic GX15-070 synergizes with bortezomib in 



186 

 

mantle cell lymphoma by enhancing Noxa-mediated activation of Bak. 

Blood 109: 4441-4449. 

46. Kline, MP, et al. (2007). ABT-737, an inhibitor of Bcl-2 family 

proteins, is a potent inducer of apoptosis in multiple myeloma cells. 

Leukemia 21(7): 1549-1560. 

47. Wlodkowic, D, Skommer, J, and Pelkonen, J (2007). Brefeldin A 

triggers apoptosis associated with mitochondrial breach and enhances 

HA14-1- and anti-Fas-mediated cell killing in follicular lymphoma 

cells. Leuk Res 31(12): 1687-1700. 

48. Konopleva, M, et al. (2006). Mechanisms of apoptosis sensitivity and 

resistance to the BH3 mimetic ABT-737 in acute myeloid leukemia. 

Cancer Cell 10: 375-388. 

49. Lickliter, JD, et al. (2003). HA14-1 selectively induces apoptosis in 

Bcl-2-overexpressing leukemia/lymphoma cells, and enhances 

cytarabine-induced cell death. Leukemia 17: 2074-2080. 

50. Chauhan, D, et al. (2007). A novel Bcl-2/Bcl-X(L)/Bcl-w inhibitor 

ABT-737 as therapy in multiple myeloma. Oncogene 26: 2374-2380. 

51. Lickliter, JD, et al. (2007). Small-molecule Bcl-2 inhibitors sensitise 

tumour cells to immune-mediated destruction. Br J Cancer 96: 600-

608. 

52. Milanesi, E, et al. (2006). The mitochondrial effects of small organic 

ligands of BCL-2: sensitization of BCL-2-overexpressing cells to 

apoptosis by a pyrimidine-2,4,6-trione derivative. J Biol Chem 281: 

10066-10072. 

53. Shore, GC, and Viallet, J (2005). Modulating the Bcl-2 family of 

apoptosis suppressors for potential therapeutic benefit in cancer. 

Hematology 226-230. 

54. Qi, B, and Hardwick, JM (2008). Bcl-2 turns deadly. Nat Chem Biol 4: 

722-723. 

55. Adams, JM, and Cory, S (2007). The Bcl-2 apoptotic switch in cancer 

development and therapy. Oncogene 26: 1324–1337. 

56. Walensky, L (2006). BCL-2 in the crosshairs: tipping the balance of 

life and death. Cell Death Differ 13: 1339-1350. 

57. Ghobrial, IM, Witzig, TE, and Adjei, AA (2005). Targeting apoptosis 

pathways in cancer therapy. CA Cancer J Clin 55: 178-194. 

58. Schimmer, AD, et al. (2008). A phase I studyof the pan Bcl-2 family 

inhibitor Obatoclax Mesylate in patients with advanced hematologic 

malignancies. Clin Cancer Res 14: 8295-8301. 

59. O'Brien, SM, et al. (2009). Phase I study of obatoclax mesylate (GX15-

070), a small molecule pan Bcl-2 family antagonist, in patients with 

advanced chronic lymphocytic leukemia. Blood 113: 299-305. 

60. Lallemand, C, Blanchard, B, Palmieri, M, Lebon, P, May, E, and 

Tovey, M (2007). Single-stranded RNA viruses inactivate the 

transcriptional activity of p53 but induce NOXA-dependent apoptosis 



187 

 

via post-translational modifications of IRF-1, IRF-3 and CREB. 

Oncogene 26: 328-338. 

61. Sun, Y, and Leaman, DW (2005). Involvement of Noxa in cellular 

apoptotic responses to interferon, double-stranded RNA, and virus 

infection. J Biol Chem 280: 15561-15568. 

62. Cattaneo, R, Miest, T, Shashkova, EV, and Barry, MA (2008). 

Reprogrammed viruses as cancer therapeutics: targeted, armed and 

shielded. Nat Rev Microbiol 6: 529-540. 

63. Liu, T-C, Galanis, E, and Kirn, D (2007). Clinical trial results with 

oncolytic virotherapy: a century of promise, a decade of progress. Nat 

Clin Pract Oncol 4: 101-117. 

64. Kelly, E, and Russell, SJ (2007). History of oncolytic viruses: genesis 

to genetic engineering. Mol Ther 15: 651-659. 

65. Moore, AE (1952). Viruses with oncolytic properties and their 

adaptation to tumors. Ann N Y Acad Sci 54: 945-952. 

66. Freeman, AI, et al. (2006). Phase I/II trial of intravenous NDV-HUJ 

oncolytic virus in recurrent glioblastoma multiforme. Mol Ther 13: 

221-228. 

67. Stoeckel, J, and Hay, JG (2006). Drug evaluation: Reolysin - wild-type 

reovirus as a cancer therapeutic. Curr Opin Mol Ther 8: 249-260. 

68. Advani, SJ, Weichselbaum, RR, and Chmura, SJ (2007). Enhancing 

radiotherapy with genetically engineered viruses. J Clin Oncol 25: 

4090-4095. 

69. Norman, KL, Farassati, F, and Lee, PW (2001). Oncolytic viruses and 

cancer therapy. Cytokine Growth F R 12: 271-282. 

70. Sinkovics, JG, and Horvath, JC (2008). Natural and genetically 

engineered viral agents for oncolysis and gene therapy of human 

cancers. Arch Immunol Ther Exp 56: 3s–59s. 

71. Cervantes-García, D, Ortiz-López, R, Mayek-Pérez, N, and Rojas-

Martínez, A (2008). Oncolytic virotherapy. Annals of Hepatol 7: 34-45. 

72. Davis, JJ, and Fang, B (2005). Oncolytic virotherapy for cancer 

treatment: challenges and solutions. J Gene Med 7: 1380-1389. 

73. Ring, CJA (2002). Cytolytic viruses as potential anti-cancer agents. J 

Gen Virol 83: 491-502. 

74. Sadler, AJ, and Williams, BRG (2007). Structure and function of the 

Protein Kinase R. CTMI 316: 253-292. 

75. Lau, KS, and Haigis, KM (2009). Non-redundancy within the RAS 

oncogene family: insights into mutational disparities in cancer. Mol 

Cell 28: 315-320. 

76. Smith, KD, et al. (2006). Activated MEK suppresses Activation of 

PKR and enables efficient replication and in vivo oncolysis by delta-

gama1 34.5 mutants of Herpes Simplex virus. J Virol 80: 1110-1120. 



188 

 

77. Elankumaran, S, Rockemann, D, and Samal, SK (2006). Newcastle 

disease virus exerts oncolysis by both intrinsic and extrinsic caspase-

dependent pathways of cell death. J Virol 80: 7522-7534. 

78. Alexander, DJ (2001). Newcastle disease. British Poultry Science 42: 5-

22. 

79. Sinkovics, JG, and Horvath, JC (2000). Newcastle disease virus 

(NDV): brief history of its oncolytic strains. J Clin Virol 16: 1-15. 

80. Villar, E, and Barroso, IM (2006). Role of sialic acid-containing 

molecules in paramyxovirus entry into the host cell: A minireview. 

Glycoconj J 23: 5-17. 

81. Morrison, TG (2003). Structure and function of a paramyxovirus 

fusion protein. Biochem Biophys Acta 1614: 73-84. 

82. Dortmans, JCFM, Rottier, PJM, Koch, G, and Peeters, BPH (2010). 

The viral replication complex is associated with virulence of 

Newcastle disease virus (NDV). J Virol 84: 10113-10120. 

83. Römer-Oberdörfer, A, O Veits J, W, and Mettenleiter, TC (2006). 

Enhancement of pathogenicity of Newcastle disease virus by alteration 

of specific amino acid residues in the surface glycoproteins F and HN. 

Avian Dis 50: 259-263. 

84. Leeuw, OSd, Hartog, L, Koch, G, and Peeters, BPH (2003). Effect of 

fusion protein cleavage site mutations on virulence of Newcastle 

disease virus: non-virulent cleavage site mutants  revert to virulence 

after one passage in chicken brain. J Gen Virol 84: 475-484. 

85. Randall, RE, and Goodbourn, S (2008). Interferons and viruses: an 

interplay between induction, signalling, antiviral responses and virus 

countermeasures. J Gen Virol 89: 1-47. 

86. Janke, M, et al. (2007). Recombinant newcastle disease virus (NDV) 

with inserted gene coding for GM-CSF as a new vector for cancer 

immunogene therapy. Gene Ther 14: 639-649. 

87. Sui, H, et al. (2010). The anti-tumor effect of Newcastle disease virus 

HN protein is infuenced by differential subcellular targeting. Cancer 

Immunol Immunother 59. 

88. Jarahian, M, et al. (2009). Activation of natural killer cells by 

Newcastle Disease Virus hemagglutinin-neuraminidase. J Virol 83: 

8108-8121. 

89. Zeng, J, Fournier, P, and Schirrmacher, V (2002). Induction of 

interferon-alpha and tumor necrosis factor-related apoptosis-inducing 

ligand in human blood mononuclear cells by hemagglutinin-

neuraminidase but not F protein of Newcastle Disease Virus. Virology 

297: 19-30. 

90. Ravindra, PV, et al. (2009). Time course of Newcastle disease virus-

induced apoptotic pathways. Virus Res 144: 350-354. 



189 

 

91. Molouki, A, Hsu, Y-T, Jahanshiri, F, Rosli, R, and Yusoff, K (2010). 

Newcastle Disease virus infection promotes Bax redistribution to 

mitochondria and cell death in HeLa cells. Intervirology 53: 87-94. 

92. Ravindra, PV, Tiwari, AK, Ratta, B, Chaturvedi, U, Palia, SK, and 

Chauhan, RS (2009). Newcastle disease virus-induced cytopathic 

effect in infected cells is caused by apoptosis. Virus Res 141: 13-20. 

93. Miyashita, T, and Reed, JC (1995). Tumor suppressor p53 is a direct 

transcriptional activator of the human bax gene. Cell 80: 293-299. 

94. Lei, Y, et al. (2009). MAVS-mediated apoptosis and its inhibition by 

viral proteins. PloS One 4: e5466. 

95. Yaacov, B, et al. (2008b). Selective oncolytic effect of an attenuated 

Newcastle disease virus (NDV-HUJ) in lung tumors. Cancer Gene 

Ther 15: 795-807. 

96. Pecora, AL, et al. (2002). Phase I trial of intravenous administration 

of PV701, an oncolytic virus, in patients with advanced solid cancers. 

J Clin Oncol 20: 2251-2266. 

97. Laurie, SA, et al. (2006). A phase 1 clinical study of intravenous 

administration of PV701, an oncolytic virus, using two-step 

desensitization. Clin Cancer Res 12: 2555-2562. 

98. Hosen, L (1960). Serologic grouping of Reoviruses by 

hemagglutination-inhibition Am J Hyo 71: 242-249. 

99. Jiang, J, Hermann, L, and Coombs, KM (2006). Genetic 

characterization of a new mammalian reovirus, type 2 Winnipeg 

(T2W). Virus Genes 33: 193-204. 

100. Hermann, L, Embree, J, Hazelton, P, Wells, B, and Coombs, RT 

(2004). Reovirus type 2 isolated from cerebrospinal fluid. Pediatr 

Infect Dis J 23: 373-375. 

101. Thirukkumaran, C, Russell, J, Stewart, D, and Morris, D (2007). 

Viral purging of haematological autografts: should we sneeze on the 

graft? Bone Marrow Transpl 40: 1-12. 

102. Norman, KL, and Lee, PWK (2005). Not all viruses are bad guys: the 

case for reovirus in cancer therapy. Drug Discov Today 10: 847-855. 

103. Kirchner, E, Guglielmi, KM, Strauss, HM, Dermody, TS, and Stehle, 

T (2008). Structure of Reovirus s1 in complex with its receptor 

Junctional Adhesion Molecule-A. PLoS Pathogens 4: 1-12. 

104. Forrest, JC, and Dermody, TS (2003). Reovirus receptors and 

pathogenesis. J Virol 77: 9109-9115. 

105. Antar, AAR, et al. (2009). Junctional Adhesion Molecule-A is required 

for hematogenous dissemination of Reovirus. Cell Host Microbe 5: 59-

71. 

106. Gutiérrez, M, et al. (2010). Different rotavirus strains enter MA104 

cells through different endocytic pathways: The role of clathrin-

mediated endocytosis J Virol 84: 9161-9169. 



190 

 

107. Guglielmi, KM, Johnson, EM, Stehle, T, and Dermody, TS (2006 ). 

Attachment and cell entry of mammalian Orthoreovirus. CTMI 309: 

1-38. 

108. Ebert, DH, Deussing, J, Peters, C, and Dermody, TS (2002). Cathepsin 

L and cathepsin B mediate Reovirus disassembly in murine fibroblast 

cells. J Biol Chem 277: 24609-24617. 

109. Shepard, DA, Ehnstrom, JG, and Schiff, LA (1995). Association of 

Reovirus outer capsid proteins s3 and m1 causes a conformational 

change that renders s3 protease sensitive. J Virol 69: 8180-8184. 

110. Sturzenbecker, LJ, Nibert, M, Furlong, D, and Fields, BN (1987). 

Intracellular digestion of Reovirus particles requires a low pH and is 

an essential step in the viral infectious cycle. J Virol 61: 2351-2361. 

111. Zhang, L, Agosto, MA, Ivanovic, T, King, DS, Nibert, ML, and 

Harrison, SC (2009). Requirements for the formation of membrane 

pores by the Reovirus myristoylated m1N peptide. J Virol 83: 7004-

7014. 

112. Zhang, L, Chandran, K, Nibert, ML, and Harrison, SC (2006). 

Reovirus m1 structural rearrangements that mediate membrane 

penetration. J Virol 80: 12367-12376. 

113. Joklik, WK (1985). Recent progress in Reovirus research Ann Rev 

Genet 19: 537-575. 

114. Joklik, WK (1980). Virus synthesis and replication: Reovirus vs. 

Vaccinia virus. YJBM 53: 27-39. 

115. Silverstein, SC (1976). The Reovirus replicative cycle Annu Rev 

Biochem 45: 375-408. 

116. Kelly, K, Nawrocki, S, Mita, A, Coffey, M, Giles, FJ, and Mita, M 

(2009). Reovirus-based therapy for cancer. Expert Opin Biol Ther 7: 

817-830. 

117. Yap, T, Brunetto, A, Pandha, H, Harrington, K, and Debono, J 

(2008). Reovirus therapy in cancer: has the orphan virus found a 

home? Expert Opin Investig Drugs 17: 1925-1935. 

118. Saxena, N, Lahiri, SS, Hambarde, S, and Tripathi, RP (2008). RAS: 

target for cancer therapy. Cancer Invest 26: 948-955. 

119. Bos, JL (1989). ras oncogenes in human cancer: a review. Cancer Res 

49: 4682-4689. 

120. Marcato, P, Dean, CA, Giacomantonio, CA, and Lee, PW (2009). 

Oncolytic reovirus effectively targets breast cancer stem cells. Mol 

Ther 17: 972-979. 

121. Errington, F, et al. (2008). Inflammatory tumor cell killing by 

oncolytic reovirus for the treatment of melanoma. Gene Ther 15: 

1257-1270. 

122. Etoh, T, et al. (2003). Oncolytic viral therapy for human pancreatic 

cancer cells by reovirus. Clin Cancer Res 9: 1218-1223. 



191 

 

123. Fielding, AK (2005). Measles as a potential oncolytic virus. Rev Med 

Virol 15: 135-142. 

124. Yanagi, Y, Takeda, M, and Ohno, S (2006). Measles virus: cellular 

receptors, tropism and pathogenesis. J Gen Virol 87: 2767–2779. 

125. Naniche, D, et al. (1993). Human membrane cofactor protein (CD46) 

acts as a cellular receptor for measles virus. J Virol 67: 6025-6032. 

126. Dorig, RE, Marcil, A, Chopra, A, and Richardson, CD (1993). The 

human CD46 molecule is a receptor for Measles virus (Edmonston 

strain). Cell 75: 295-305. 

127. Tatsuo, H, Ono, N, Tanaka, K, and Yanagi, Y (2000). SLAM 

(CDw150) is a cellular receptor for measles virus. Nature 406: 893-

897. 

128. Navaratnarajah, CK, et al. (2008). Dynamic interaction of the Measles 

virus hemagglutinin with Its receptor Signaling Lymphocytic 

Activation Molecule (SLAM, CD150). J Biol Chem 283: 11763-11771. 

129. Smith, EC, Popa, A, Chang, A, Masante, C, and Dutch, RE (2009). 

Viral entry mechanisms: the increasing diversity of paramyxovirus 

entry. Febs J 276: 7217-7227. 

130. Navaratnarajah, CK, Leonard, VHJ, and Cattaneo, R (2009). Measles 

virus glycoprotein complex assembly, receptor attachment, and cell 

entry. Curr Top Microbiol Immunol 329: 59-76. 

131. Ludlow, M, Allen, I, and Schneider-Schaulies, J (2009). Systemic 

spread of measles virus: Overcoming the epithelial and endothelial 

barriers. Thromb Haemost 102: 1050-1056. 

132. Nakamura, T, and Russell, SJ (2004). Oncolytic measles viruses for 

cancer therapy. Expert Opin Biol Ther 4: 1685-1692. 

133. Yanagi, Y, Ono, N, Tatsuo, H, Koji Hashimoto, and Minagawa, H 

(2002). Measles virus receptor SLAM (CD150). Virology 299: 155-161. 

134. Ong, HT, et al. (2006). Oncolytic measles virus targets high CD46 

expression on multiple myeloma cells. Exp Hematol 34: 713-720. 

135. Anderson, BD, Nakamura, T, Russell, SJ, and Peng, K-W (2004). 

High CD46 receptor density determines preferential killing of tumor 

cells by oncolytic Measles virus. Cancer Res 64: 4919-4926. 

136. Liu, C, Hasegawa, K, Russell, SJ, Sadelain, M, and Peng, K-W (2009). 

Prostate-specific membrane antigen retargeted measles virotherapy 

for the treatment of prostate cancer. Prostate 69: 1128-1141. 

137. Liu, C, et al. (2008). Heat shock protein inhibitors increase the 

efficacy of measles virotherapy. Gene Ther 15: 1024-1034. 

138. Gauvrit, A, Brandler, S, Carole Sapede-Peroz, Boisgerault, N, Tangy, 

F, and Gregoire, M (2008). Measles virus induces oncolysis of 

mesothelioma cells and allows dendritic cells to cross-prime tumor-

specific CD8 response. Cancer Res 68: 4882-4892. 

139. Galanis, E, et al. (2010). Phase I trial of intraperitoneal administration 

of an oncolytic Measles Virus strain engineered to express 



192 

 

carcinoembryonic antigen for recurrent ovarian cancer. Cancer Res 

70: 875-882. 

140. Msaouel, P, Dispenzieri, A, and Galanis, E (2009). Clinical testing of 

engineered oncolytic measles virus strains in the treatment of cancer: 

An overview. Curr Opin Mol Ther 11: 43-53. 

141. Russell, WC (2009). Adenoviruses: update on structure and function. 

J Gen Virol 90: 1-20. 

142. Fuller, AO, and Perez-Romero, P (2002). Mechanisms of DNA virus 

infection: Entry and early events. Front Biosci 7: d390-406. 

143. Puntener, D, and Greber, UF (2009). DNA-tumor virus entry—From 

plasma membrane to the nucleus. Semin Cell Dev Biol 20: 631-642. 

144. Kasamatsu, H, and Nakanishi, A (1998). How do animal DNA viruses 

get to the nucleus? . Annu Rev Microbiol 52: 627-686. 

145. Alemany, R (2007). Cancer selective adenoviruses. Mol Aspects Med 

28: 42-58. 

146. Ries, S, and Korn, W (2002). ONYX-015: mechanisms of action and 

clinical potential of a replication-selective adenovirus. Brit J Cancer 

86: 5-11. 

147. Kirn, D (2000). Replication-selective oncolytic adenoviruses: 

virotherapy aimed at genetic targets in cancer. Oncogene 19: 6660-

6669. 

148. Heise, C, Sampson-Johannes, A, Williams, A, McCormick, F, Hoff, 

DDv, and Kirn, DH (1997). ONYX-015, an E1B gene-attenuated 

adenovirus, causes tumor-specific cytolysis and antitumoral efficacy 

that can be augmented by standard chemotherapeutic agents. Nat 

Med 3: 639-645. 

149. Shirakawa, T (2008). The current status of adenovirus-based cancer 

gene therapy. Mol Cells 25: 462-466. 

150. Wildner, O (2005). The sensitizing side of Onyx-015. Gene Ther 12: 

386-387. 

151. Post, LE (2002). Selectively replicating adenoviruses for cancer 

therapy: An update on clinical development. Curr Opin Investig Drugs 

3: 1768-1772  

152. Kirn, D (2001). Oncolytic virotherapy for cancer with the adenovirus 

dl1520 (Onyx-015): results of phase I and II trials. Expert Opin Biol 

Ther 1: 525-538. 

153. Nemunaitis, J, and O'Brien, J (2000). Biological approaches to 

treatment of head and neck cancer. BioDrugs 13: 359-372. 

154. Kirn, D, Hermiston, T, and McCormick, F (1998). ONYX-015: 

Clinical data are encouraging. Nat Med 4: 1341-1342. 

155. Jiang, H, et al. (2005). Comparative effect of oncolytic adenoviruses 

with E1A or E1B-55 kDa deletions in malignant gliomas. Neoplasia 7: 

48-56. 



193 

 

156. Heise, C, et al. (2000). An adenovirus E1A mutant that demonstrates 

potent and selective systemic anti-tumoral efficacy. Nat Med 6: 1134-

1139. 

157. Garber, K (2006). China approves world’s first oncolytic virus 

therapy for cancer treatment. J Natl Cancer I 98: 298-300. 

158. Taylor, TJ, Brockman, MA, McNamee, EE, and Knipe, DM (2002). 

Herpes Simplex Virus. Front Biosci 7: d752-764. 

159. Spear, PG (2004). Herpes simplex virus: receptors and ligands for cell 

entry. Cell Microbiol 6: 401-410. 

160. Heldwein, EE, and Krummenacher, C (2008). Entry of herpesviruses 

into mammalian cells. Cell Mol Life Sci 65: 1653-1668. 

161. Boehmer, PE, and Lehman, IR (1997). Herpes Simplex Virus DNA 

replication. Annu Rev Biochem 66: 347-384. 

162. Martuza, RL, Malick, A, Markert, JM, Ruffner, KL, and Coen, DM 

(1991). Experimental therapy of human glioma by means of a 

genetically engineered virus mutant. Science 252: 854-856. 

163. Guo, ZS, Thorne, SH, and Bartlett, DL (2008). Oncolytic virotherapy: 

Molecular targets in tumor-selective replication and carrier cell-

mediated delivery of oncolytic viruses. Biochimica et Biophysica Acta 

1785: 217-231. 

164. Kelly, K, et al. (2008). Attenuated multimutated herpes simplex virus-

1 effectively treats prostate carcinomas with neural invasion while 

preserving nerve function. Faseb J 22: 1839-1848. 

165. Fu, X, Nakamori, M, Tao, L, Amato, R, and Zhang, X (2007). 

Antitumor effects of two newly constructed oncolytic herpes simplex 

viruses against renal cell carcinoma. Int J Oncol 30: 1561-1567. 

166. Hu, JCC, et al. (2006). A phase I study of onco VEXGM-CSF, a 

second-generation oncolytic herpes simplex virus expressing 

granulocyte macrophage colony-stimulating factor. Clin Cancer Res 

12: 6737-6747. 

167. Kemeny, N, et al. (2006). Phase I, open-label, dose-escalating study of 

a genetically engineered herpes simplex virus, NV1020, in subjects 

with metastatic colorectal carcinoma to the liver. Hum Gene Therap 

17: 1214-1224. 

168. Smith, GL, Murphy, BJ, and Law, M (2003). Vaccinia virus motility 

Annu Rev Micro 57: 323-342. 

169. Buller, RML, and Palumbo, GJ (1991). Poxvirus pathogenesis. 

Microbiol Rev 55: 80-122. 

170. McFadden, G (2005). Poxvirus tropism. Nat Rev Microbiol 3: 201-213. 

171. Broyles, SS (2003). Vaccinia virus transcription. J Gen Virol 84: 2293-

2303. 

172. Smith, GL, and Law, M (2004). The exit of Vaccinia virus from 

infected cells. Virus Res 106: 189-197. 



194 

 

173. Thorne, SH, and Kirn, DH (2004). Future directions for the field of 

oncolytic virotherapy: a perspective on the use of vaccinia virus. 

Expert Opin Biol Ther 4: 1307-1321. 

174. Park, B-H, et al. (2008). Use of a targeted oncolytic poxvirus, JX-594, 

in patients with refractory primary or metastatic liver cancer: a phase 

I trial. Lancet Oncol 9: 533–542. 

175. Liu, T-C, Hwang, T, Park, B-H, Bell, J, and Kirn, DH (2008). The 

targeted oncolytic poxvirus JX-594 demonstrates antitumoral, 

antivascular, and anti-HBV activities in patients with hepatocellular 

carcinoma. Mol Ther 16: 1637-1642. 

176. Licata, JM, and Harty, RN (2003). Rhabdoviruses and Apoptosis Int 

Rev Immunol 22: 451-476. 

177. Martinez, I, and Wertz, GW (2005). Biological differences between 

vesicular stomatitis virus Indiana and New Jersey serotype 

glycoproteins: identification of amino acid residues modulating pH-

dependent infectivity. J Virol 79: 3578-3585. 

178. Cartwright, B, and Brown, F (1972). Serological relationships between 

different strains of vesicular stomatis virus. J Gen Virol 16: 391-398. 

179. Bennett, KE, Hopper, JE, Stuart, MA, West, M, and Drolet, BS 

(2008). Blood-feeding behavior of Vesicular Stomatitis Virus infected 

Culicoides sonorensis (Diptera: Ceratopogonidae). J Med Entomol 45: 

921-926. 

180. Mead, DG, Ramberg, FB, Besselsen, DG, and Mar, CJ (2000). 

Transmission of Vesicular Stomatitis Virus from infected to 

noninfected black flies co-feeding on nonviremic deer mice. Science 

287. 

181. Barber, GN (2005). VSV-tumor selective replication and protein 

translation. Oncogene 24: 7710-7719. 

182. Schlegel, RA, and Williamson, P (2007). P.S. to PS 

(phosphatidylserine) pertinent proteins in apoptotic cell clearance. Sci 

STKE 408: pe57. 

183. Vance, JE, and Steenbergen, R (2005). Metabolism and functions of 

phosphatidylserine. Prog Lipid Res 44: 207-234. 

184. Roche, S, Albertini, AAV, Lepault, J, Bressanelli, S, and Gaudin, Y 

(2008). Structures of vesicular stomatitis virus glycoprotein: 

membrane fusion revisited. Cell Mol Life Sci 65: 1716-1728. 

185. Carneiro, FA, et al. (2006). Probing the interaction between vesicular 

stomatitis virus and phosphatidylserine. Eur Biophys J 35: 145-154. 

186. Coil, DA, and Miller, AD (2004). Phosphatidylserine is not the cell 

surface receptor for vesicular stomatitis virus. J Virol 78: 10920-

10926. 

187. Cureton, DK, Massol, RH, Saffarian, S, Kirchhausen, TL, and 

Whelan, SPJ (2009). Vesicular Stomatitis Virus enters cells through 



195 

 

vesicles incompletely coated with clathrin that depend upon actin for 

internalization. PLoS Pathogens 5. 

188. Banerjee, AK (1987). The transcription complex of Vesicular 

Stomatitis Virus. Cell 48: 363-364. 

189. Lazzarini, RA, Chien, I, Yang, F, and Keene, JD (1982). The 

metabolic fate of independently initiated VSV mRNA transcripts. J 

Gen Virol 58: 429-441. 

190. Connor, JH, McKenzie, MO, and Lyles, DS (2006). Role of residues 

121 to 124 of Vesicular stomatitis virus matrix protein in virus 

assembly and virus-host interaction. J Virol 80: 3701-3711. 

191. Beck, M, and Medalia, O (2008). Structural and functional insights 

into nucleocytoplasmic transport. Histol Histopathol 23: 1025-1033. 

192. Sorokin, AV, Kim, ER, and Ovchinnikov, LP (2007). 

Nucleocytoplasmic transport of proteins. Biochemistry (Mosc) 72: 

1439-1457. 

193. Chaplin, DD (2010). Overview of the immune response. J Allergy Clin 

Immunol 125. 

194. Turvey, SE, and Broide, DH (2010). Innate immunity. J Allergy Clin 

Immunol 125: S24-32. 

195. Bonilla, FA, and Oettgen, HC (2010). Adaptive immunity. J Allergy 

Clin Immunol 125: S33-40. 

196. Eberl, G, and Boneca, IG (2010). Bacteria and MAMP-induced 

morphogenesis of the immune system. Curr Opin Immunol 22: 448-

454. 

197. Mogensen, TH (2009). Pathogen recognition and inflammatory 

signaling in innate immune defenses. Clin Microbiol Rev 22: 240-273. 

198. Wheeler, DS, Chase, MA, Senft, AP, Poynter, SE, Wong, HR, and 

Page, K (2009). Extracellular Hsp72, an endogenous DAMP, is 

released by virally infected airway epithelial cells and activates 

neutrophils via Toll-like receptor (TLR)-4. Respiratory Res 10. 

199. Endo, Y, et al. (2008). Virus-mediated oncolysis induces danger signal 

and stimulates cytotoxic T-lymphocyte activity via proteasome 

activator upregulation. Oncogene 27: 2375-2381. 

200. Hober, D, and Sauter, P (2010). Pathogenesis of type 1 diabetes 

mellitus: interplay between enterovirus and host. Nat Rev Endocrinol 

6: 279-289. 

201. Kawai, T, and Akira, S (2010). The role of pattern-recognition 

receptors in innate immunity: update on Toll-like receptors. Nat 

Immunol 11: 373-384. 

202. Takeuchi, O, and Akira, S (2010). Pattern recognition receptors and 

inflammation. Cell 140: 805-820. 

203. Wilkins, C, and Jr, MG (2010). Recognition of viruses by cytoplasmic 

sensors. Curr Opin Immunol 22: 41-47. 



196 

 

204. Ranjan, P, Bowzard, JB, Schwerzmann, JW, Jeisy-Scott, V, Fujita, T, 

and Sambhara, S (2009). Cytoplasmic nucleic acid sensors in antiviral 

immunity. Trends in Molecular Medicine 15: 359-368. 

205. Koyama, S, Ishii, KJ, Coban, C, and Akira, S (2008). Innate immune 

response to viral infection Cytokine 43: 336-341. 

206. Kanneganti, T-D (2010). Central roles of NLRs and inflammasomes in 

viral infection. Nat Rev Immunol 10. 

207. Mondini, M, Costa, S, Sponza, S, Gugliesi, F, Gariglio, M, and 

Landolfo, S (2010). The interferon-inducible HIN-200 gene family in 

apoptosis and inflammation: Implication for autoimmunity. 

Autoimmunity 43: 226-231. 

208. Fernandes-Alnemri, T, Yu, J-W, Wu, J, Datta, P, and Alnemri, ES 

(2009). AIM2 activates the inflammasome and cell death in response 

to cytoplasmic DNA Nature 458: 509-513. 

209. Hornung, V, et al. (2009). AIM2 recognizes cytosolic dsDNA and 

forms a caspase-1 activating inflammasome with ASC. Nature 458: 

514-518. 

210. McIntire, CR, Yeretssian, G, and Saleh, M (2009). Inflammasomes in 

infection and inflammation. Apoptosis 14: 522-535. 

211. Poeck, H, et al. (2010). Recognition of RNA virus by RIG-I results in 

activation of CARD9 and inflammasome signaling for interleukin 1b 

production. Nat Immunol 11: 63-70. 

212. Kato, H, et al. (2005). Cell type-specific involvement of RIG-I in 

antiviral response. Immunity 23: 19-28. 

213. Lund, JM, et al. (2004). Recognition of single-stranded RNA viruses 

by Toll-like receptor 7. Proc Natl Acad Sci U S A 101: 5598-5603. 

214. tenOever, BR, et al. (2004). Activation of TBK1 and IKK epsilon 

kinases by vesicular stomatitis virus infection and the role of viral 

ribonucleoprotein in the development of interferon antiviral 

immunity. J Virol 78: 10636-10649. 

215. Ishikawa, H, and Barber, GN (2008). STING an endoplasmic 

reticulum adaptor that fcilitates innate immune signaling. Nature 455: 

674-678. 

216. Gilliet, M, Cao, W, and Liu, Y-J (2008). Plasmacytoid dendritic cells: 

sensing nucleic acids in viral infection and autoimmune diseases. Nat 

Rev Immunol 8: 594-606. 

217. Takahasi, K, et al. (2010). Ser386 phosphorylation of transcription 

factor IRF-3 induces dimerization and association with CBP⁄p300 

without overall conformational change. Genes Cells 15: 901-910. 

218. Sharma, S, tenOever, BR, Grandvaux, N, Zhou, GP, Lin, R, and 

Hiscott, J (2003). Triggering the interferon antiviral response through 

an IKK-related pathway. Science 300: 1148-1151. 



197 

 

219. Servant, MJ, tenOever, B, and Lin, R (2002). Overlapping and 

distinct mechanisms regulating IRF-3 and IRF-7 function. J 

Interferon Cytokine Res 22: 49-58. 

220. Sato, M, et al. (2000). Distinct and Essential Roles of Transcription 

Factors IRF-3 and IRF-7 in Response to Viruses for IFN-alpha/beta 

Gene Induction. Immunity 13: 539-548. 

221. Lin, R, Heylbroeck, C, Pitha, PM, and Hiscott, J (1998). Virus-

dependent phosphorylation of the IRF-3 transcription factor regulates 

nuclear translocation, transactivation potential, and proteasome-

mediated degradation. Mol Cell Biol 18: 2986-2996. 

222. Honda, K, and Taniguchi, T (2006). IRFs: master regulators of 

signalling by Toll-like receptors and cytosolic pattern-recognition 

receptors. Nat Rev Immunol 6: 644-658. 

223. Honda, K, et al. (2005). Spatiotemporal regulation of MyD88–IRF-7 

signalling for robust type-I interferon induction. Nature 434: 1035-

1040. 

224. Lin, R, Genin, P, Mamane, Y, and Hiscott, J (2000). Selective DNA 

binding and association with the CREB binding protein coactivator 

contribute to differential activation of alpha/beta interferon genes by 

interferon regulatory factors 3 and 7. Mol Cell Biol 20: 6342-6353. 

225. Marie, I, Durbin, JE, and Levy, DE (1998). Differential viral 

induction of distinct interferon-alpha genes by positive feedback 

through interferon regulatory factor-7. Embo J 17: 6660-6669. 

226. Mankan, AK, Lawless, MW, Gray, SG, Kelleher, D, and McManus, R 

(2009). NF- B regulation: the nuclear response. J Cell Mol Med 13: 

631-643. 

227. Vallabhapurapu, S, and Karin, M (2009). Regulation and function of 

NF-κB transcription factors in the immune system. Annu Rev 

Immunol 27: 693-733. 

228. Sadler, AJ, and Williams, BRG (2008). Interferon-inducible antiviral 

effectors. Nat Rev Immunol 8: 559-568. 

229. Shi, H-X, et al. (2010). Positive regulation of interferon regulatory 

factor 3 activation by Herc5 via ISG15 modification. Mol Cell Biol 30: 

2424-2436. 

230. Fensterl, V, and Sen, GC (2009). Interferons and viral infections. 

BioFactors 35: 14-20. 

231. Russell, SJ (2002). RNA viruses as virotherapy agents. Cancer Gene 

Ther 9: 961-966. 

232. Noser, JA, et al. (2007). The RAS/Raf1/MEK/ERK signaling pathway 

facilitates VSV-mediated oncolysis: implication for the defective 

interferon response in cancer Cells. Mol Ther 15: 1531–1536. 

233. Lia, Y, et al. (2009). ISG56 is a negative-feedback regulator of virus-

triggered signaling and cellular antiviral response. Proc Natl Acad Sci 

106: 7945-7950. 



198 

 

234. Gaddy, DF, and Lyles, DS (2007). Oncolytic vesicular stomatitis virus 

induces apoptosis via signaling through PKR, Fas, and Daxx. J Virol 

81: 2792–2804. 

235. Ostertag, D, Hoblitzell-Ostertag, TM, and Perrault, J (2007). 

Overproduction of double-stranded RNA in vesicular stomatitis virus-

infected cells activates a constitutive cell-type-specific antiviral 

response. J Virol 81: 503-513. 

236. Baltzis, D, et al. (2004). Resistance to Vesicular Stomatitis Virus 

infection requires a functional cross talk between the eukaryotic 

translation initiation factor 2alpha kinases PERK and PKR. J Virol 

78: 12747-12761. 

237. Durbin, RK, Mertz, SE, Koromilas, AE, and Durbin, JE (2002). PKR 

protection against intranasal vesicular stomatitis virus infection is 

mouse strain dependent. Viral Immunol 15: 41-51. 

238. Balachandran, S, and Barber, GN (2000). Vesicular stomatitis virus 

(VSV) therapy of tumors. IUBMB Life 50: 135-138. 

239. Enninga, J, Levy, DE, Blobel, G, and Fontoura., BM ( 2002). Role of 

nucleoporin induction in releasing an mRNA nuclear export block. 

Science 295 1523-1525. 

240. Kobbe, Cv, et al. (2000). Vesicular Stomatitis Virus matrix protein 

inhibits host cell gene expression by targeting the nucleoporin Nup98. 

Mol Cell 6: 1243-1252. 

241. Francoeur, AM, Poliquin, L, and Stanners, CP (1987). The isolation of 

interferon-inducing mutants of Vesicular Stomatitis Virus with 

altered viral P function for the inhibition of total protein synthesis. 

Virology 160: 236-245. 

242. Stanners, CP, Francoeur, AM, and Lam, T (1977). Analysis of VSV 

mutant with attenuated cytopathogenicity: mutation in viral function, 

P, for inhibition of protein synthesis. Cell 11: 173-181. 

243. Farmilo, AJ, and Stanners, CP (1972). Mutant of Vesicular Stomatitis 

Virus which allows deoxyribonucleic acid synthesis and division in 

cells synthesizing viral ribonucleic acid. J Virol 10: 605-613. 

244. Power, AT, and Bell, JC (2008). Taming the Trojan horse: optimizing 

dynamic carrier cell/oncolytic virus systems for cancer biotherapy. 

Gene Ther 15: 772–779. 

245. Qiao, J, et al. (2008). Purging metastases in lymphoid organs using a 

combination of antigen-nonspecific adoptive T cell therapy, oncolytic 

virotherapy and immunotherapy. Nat Med 14: 37-44. 

246. Nguyen, TL-A, Tumilasci, VF, Singhroy, D, Arguello, M, and Hiscott, 

J (2009). The emergence of combinatorial strategies in the 

development of RNA oncolytic virus therapies. Cell Microbiol 11: 889-

897. 

247. Carey, BL, Ahmed, M, Puckett, S, and Lyles, DS (2008). Early steps of 

the virus replication cycle are inhibited in prostate cancer cells 



199 

 

resistant to oncolytic vesicular stomatitis virus. J Virol 82: 12104-

12115. 

248. Nguyên, TL-A, et al. (2008). Chemical targeting of the innate antiviral 

response by histone deacetylase inhibitors renders refractory cancers 

sensitive to viral oncolysis Proc Natl Acad Sci 105: 14981-14986. 

249. Power, AT, and Bell, JC (2007). Cell-based delivery of oncolytic 

viruses: a new strategic alliance for a biological strike against cancer. 

Mol Ther 15: 660-665. 

250. Power, AT, et al. (2007). Carrier cell-based delivery of an oncolytic 

virus circumvents antiviral immunity. Mol Ther 15: 123-130. 

251. Munguia, A, Ota, T, Miest, T, and Russell, S (2008). Cell carriers to 

deliver oncolytic viruses to sites of myeloma tumor growth. Gene Ther 

15: 797–780. 

252. Raykov, Z, and Rommelaere, J (2008). Potential of tumour cells for 

delivering oncolytic viruses. Gene Ther 15: 704–710. 

253. Russell, SJ, and Peng, KW (2008). The utility of cells as vehicles for 

oncolytic virus therapies. Curr Opin Mol Ther 10: 380-386. 

254. Iankov, ID, et al. (2007). Infected cell carriers: a new strategy for 

systemic delivery of oncolytic measles viruses in cancer virotherapy. 

Mol Ther 15: 114-122. 

255. Ong, HT, Hasegawa, K, Dietz, AB, Russell, SJ, and Peng, KW (2007). 

Evaluation of T cells as carriers for systemic measles virotherapy in 

the presence of antiviral antibodies. Gene Ther 14: 324-333. 

256. Qiao, J, et al. (2008). Loading of oncolytic vesicular stomatitis virus 

onto antigen-specific T cells enhances the efficacy of adoptive T-cell 

therapy of tumors. Gene Ther 15: 604-616. 

257. Kottke, T, et al. (2008). Use of biological therapy to enhance both 

virotherapy and adoptive T-cell therapy for cancer. Mol Ther 16: 

1910-1918. 

258. Shin, EJ, et al. (2007). Interleukin-12 expression enhances vesicular 

stomatitis virus oncolytic therapy in murine squamous cell carcinoma. 

Laryngoscope 117: 210-214. 

259. Kutuk, O, and Letai, A (2008). Alteration of the mitochondrial 

apoptotic pathway is key to acquired paclitaxel resistance and can be 

reversed by ABT-737. Cancer Res 68: 7985-7994. 

260. Trudel, S, Li, Z, Rauw, J, Tiedemann, R, Wen, X, and Stewart, K 

(2007). Pre-clinical studies of the pan-Bcl inhibitor obatoclax (GX015-

070) in multiple myeloma. Blood 15;109(12): 5430-5438. 

261. Clercq, Ed, II, WES, and Somer, Pd (1973). Increased toxicity of 

double-stranded ribonucleic acid in virus-infected animals. Infect 

Immun 7: 167-172. 

262. Oliere, S, et al. (2008). Vesicular stomatitis virus oncolysis of T 

lymphocytes requires cell cycle entry and translation initiation. J Virol 

82: 5735-5749. 



200 

 

263. Lun, X, et al. (2006). Effects of intravenously administered 

recombinant vesicular stomatitis virus (VSV ΔM51 ) on multifocal 

and invasive gliomas. J Natl Cancer Inst 98: 1546-1557. 

264. Ozduman, K, Wollmann, G, Piepmeier, JM, and Pol, ANvd (2008). 

Systemic vesicular stomatitis virus selectively destroys multifocal 

glioma and metastatic carcinoma in brain. J Neurosci 28: 2882-2893. 

265. Wollmann, G, Tattersall, P, and Pol, ANvd (2005). Targeting human 

glioblastoma cells: comparison of nine viruses with oncolytic 

potential. J Virol 79: 6005-6022. 

266. Galluzzi, L, Brenner, C, Morselli, E, Touat, Z, and Kroemer, G 

(2008). Viral Control of Mitochondrial Apoptosis. PLoS Pathogens 4: 

1-16. 

267. Guicciardi, ME, and Gores, GJ (2009). Life and death by death 

receptors. Faseb J 23: 1625-1637. 

268. Benedict, CA (2003). Viruses and the TNF-related cytokines, an 

evolving battle. Cytokine Growth Factor Rev 14: 349-357. 

269. Rahman, MM, and McFadden, G (2006). Modulation of tumor 

necrosis factor by microbial pathogens. PLoS Pathogens 2: 0066-0077. 

270. Falschlehner, C, Schaefer, U, and Walczak, H (2009). Following 

TRAIL’s path in the immune system. Immunology 127: 145-154. 

271. Strasser, A, Jost, PJ, and Nagata, S (2009). The many roles of FAS 

receptor signaling in the immune system. Immunity 30: 180-192. 

272. Jin, Z, and El-Deiry, WS (2005). Overview of cell death signaling 

pathways. Cancer Biol Ther 4: 139-163. 

273. Fadeel, B, and S. Orrenius. (2005). Apoptosis: a basic biological 

phenomenon with wide-ranging implications in human disease. . J 

Intern Med 258: 479-517. 

274. Ward, T, et al. (2008). Biomarkers of apoptosis. Brit J Cancer 99. 

275. Bruin, ECd, and Medema, JP (2008). Apoptosis and non-apoptotic 

deaths in cancer development and treatment response. Cancer Treat 

Rev 34: 737-749. 

276. Schimmer, AD (2008). Apoptosis in leukemia: From molecular 

pathways to targeted therapies. Best Pract Res Cl Ha 21: 5-11. 

277. Valmiki, MG, and Ramos, JW (2009). Death Effector Domain-

Containing Proteins. Cell Mol Life Sci 66: 814-830. 

278. Yu, J, and Shi, Y (2008). FLIP and the death effector domain family. 

Oncogene 27: 6216-6227. 

279. Plati, J, Bucur, O, and Khosravi-Far, R (2008). Dysregulation of 

apoptotic signaling in cancer: molecular mechanisms and therapeutic 

opportunities. J Cell Biochem 104: 1124-1149. 

280. Peter, ME (2004). The flip side of FLIP. Biochem J 382: e1-3. 

281. Schütze, S, Tchikov, V, and Schneider-Brachert, W (2008). Regulation 

of TNFR1 and CD95 signalling by receptor compartmentalization. 

Nat Rev Mol Cell Bio 9: 655-662. 



201 

 

282. Micheau, O, and Tschopp, J (2003). Induction of TNF receptor I-

mediated apoptosis via two sequential signaling complexes. Cell 114: 

181-190. 

283. Chaigne−Delalande, B, Moreau, JF, and Legembre, P (2008). 

Rewinding the DISC. Arch Immunol Ther Exp 56: 9-14. 

284. Chowdhury, I, Tharakan, B, and Bhat, GK (2008). Caspases — An 

update. Comp Biochem Phys B 151: 10-27. 

285. Zhao, Y, Sui, X, and Ren, H (2010). From procaspase-8 to caspase-8: 

revisiting structural functions of caspase-8. J Cell Physiol 225: 316-

320. 

286. Keller, N, Mares, J, Zerbe, O, and Grutter, MG (2009). Structural 

and biochemical studies on procaspase-8: new insights on initiator 

caspase activation. Structure 17. 

287. Stennicke, HR, et al. (1998). Pro-caspase-3 is a major physiologic 

target of caspase-8. J Biol Chem 273: 27084–27090. 

288. Lamkanfi, M, Festjens, N, Declercq, W, Berghe, TV, and 

Vandenabeele, P (2007). Caspases in cell survival, proliferation and 

differentiation. Cell Death and Differ 14: 44-55. 

289. Cullen, S, and Martin, S (2009). Caspase activation pathways: some 

recent progress. Cell Death and Differ 16: 935-938. 

290. Fan, T, Han, L, Cong, R, and Liang, J (2005). Caspase family 

proteases and apoptosis. Acta Bioch Bioph Sin 37: 719–727. 

291. Cohen, GM (1997). Caspases: the executioners of apoptosis. Biochem 

J 326: 1-16. 

292. Timmer, J, and Salvesen, G (2007). Caspase substrates. Cell Death 

and Differ 14: 66-72. 

293. Aouad, SM, Cohen, LY, Sharif-Askari, E, Haddad, EK, Alam, A, and 

Sekaly, RP (2004). Caspase-3 is a component of Fas death-inducing 

signaling complex in lipid rafts and its activity is required for 

complete caspase-8 activation during Fas-mediated cell death. J 

Immunol 172: 2316-2323. 

294. Li, J, and Yuan, J (2008). Caspases in apoptosis and beyond. 

Oncogene 27: 6194-6206. 

295. Opferman, JT, and Korsmeyer, SJ (2003). Apoptosis in the 

development and maintenance of the immune system. Nat Immunol 4: 

410-415. 

296. Movassagh, M, and Foo, RS-Y (2008). Simplified apoptotic cascades. 

Heart Fail Rev 13: 111-119. 

297. Kroemer, G, Galluzzi, L, and Brenner, C (2007). Mitochondrial 

membrane permeabilization in cell death. Physiol Rev 87: 99-163. 

298. Er, E, Oliver, L, Cartron, P-F, Juin, P, Manon, S, and Vallette, FM 

(2006). Mitochondria as the target of the pro-apoptotic protein Bax. 

Biochem Biophys Acta 1757: 1301-1311. 



202 

 

299. Delft, MFv, and Huang, DC (2006). How the Bcl-2 family of proteins 

interact to regulate apoptosis. Cell Res 16: 203-213. 

300. O'Neill, J, Manion, M, Schwartz, P, and Hockenbery, DM (2004). 

Promises and challenges of targeting Bcl-2 anti-apoptotic proteins for 

cancer therapy. Biochim Biophys Acta 1705: 43-51. 

301. Breckenridge, DG, and Xue, D (2004). Regulation of mitochondrial 

membrane permeabilization by BCL-2 family proteins and caspases. 

Curr Opin Cell Biol 16: 647-652. 

302. Cory, S, and Adams, JM (2002). The Bcl2 family: regulators of the 

cellular life-or-death switch. Nat Rev Cancer 2: 647-656. 

303. Cory, S, Huang, DC, and Adams, JM (2003). The Bcl-2 family: roles 

in cell survival and oncogenesis. Oncogene 22: 8590-8607. 

304. Adams, JM, and Cory, S (2007). Bcl-2-regulated apoptosis: 

mechanism and therapeutic potential. Curr Opin Immunol 19: 488–

496. 

305. Boyd, JM, et al. (1995). Bik, a novel death-inducing protein shares a 

distinct sequence motif with Bcl-2 family proteins and interacts with 

viral and cellular survival-promoting proteins. Oncogene 11: 1921-

1928. 

306. Chittenden, T, et al. (1995). A conserved domain in Bak, distinct from 

BH1 and BH2, mediates cell death and protein binding functions. 

Embo J 14: 5589-5596. 

307. O’Connor, L, et al. (1998). Bim: a novel member of the Bcl-2 family 

that promotes apoptosis. Embo J 17: 384-395. 

308. Wang, K, Yin, XM, Chao, DT, Milliman, CL, and Korsmeyer, SJ 

(1996). BID: a novel BH3 domain-only death agonist. Genes Dev 10: 

2859-2869. 

309. Hsu, SY, Lin, P, and Hsueh, AJW (1998). BOD (Bcl-2-related ovarian 

death gene) Is an ovarian BH3 domain-containing proapoptotic Bcl-2 

protein capable of dimerization with diverse antiapoptotic Bcl-2 

members. Mol Endocrinol 12: 1432-1430. 

310. Inohara, N, Ding, L, Chen, S, and Nunez, G (1997). Harakiri, a novel 

regulator of cell death, encodes a protein that activates apoptosis and 

interacts selectively with survival-promoting proteins Bcl-2 and Bcl-

XL. Embo J 16: 1686-1694. 

311. Imaizumi, K, Tsuda, M, Imai, Y, Wanakai, A, Takagi, T, and 

Tohyama, M (1997). Molecular cloning of a novel polypeptide, DP5, 

induced during programmed neuronal death. J Biol Chem 272: 

18842–18848. 

312. Charo, J, Finkelstein, SE, Grewal, N, Restifo, NP, Robbins, PF, and 

Rosenberg, SA (2005). Bcl-2 overexpression enhances tumor-specific 

T-cell survival. Cancer Res 65: 2001-2008. 



203 

 

313. Hockenbery, D, Nunez, G, Milliman, C, Schreiber, RD, and 

Korsmeyer, SJ (1990). Bcl-2 is an inner mitochondrial membrane 

protein that blocks programmed cell death. Nature 348: 334-336. 

314. Vaux, DL, Cory, S, and Adams, JM (1988). Bcl-2 gene promotes 

haemopoietic cell survival and cooperates with c-myc to immortalize 

pre-B cells. Nature 335: 440-442. 

315. Zhang, Z, et al. (2004). Bcl-2 homodimerization involves two distinct 

binding surfaces, a topographic arrangement that provides an 

effective mechanism for Bcl-2 to capture activated Bax. J Biol Chem 

279: 43920-43928. 

316. Petros, AM, Olejniczak, ET, and Fesik, SW (2004). Structural biology 

of the Bcl-2 family of proteins. Biochem Biophys Acta 1644: 83-94. 

317. Letai, A, Sorcinelli, MD, Beard, C, and Korsmeyer, SJ (2004). 

Antiapoptotic BCL-2 is required for maintenance of a model 

leukemia. Cancer Cell 6: 241-249. 

318. Otter, I, et al. (1998). The binding properties and biological activities 

of Bcl-2 and Bax in cells exposed to apoptotic stimuli. J Biol Chem 

273: 6110-6120. 

319. Sattler, M, et al. (1997). Structure of Bcl-xL–Bak peptide complex: 

recognition between regulators of apoptosis. Science 275: 983-986. 

320. Diaz, J-L, et al. (1997). A common binding site mediates 

heterodimerization and homodimerization of Bcl-2 family members. J 

Biol Chem 272: 11350-11355. 

321. Zhang, J, Ghio, AJ, Chang, W, Kamdar, O, Rosen, GD, and Upadhya, 

D (2007). Bim mediates mitochondria-regulated particulate matter-

induced apoptosis in alveolar epithelial cells. FEBS Letters 581: 4148-

4152. 

322. Kurinna, SM, Tsao, CC, Nica, AF, Jiffar, T, and Ruvolo, PP (2004). 

Ceramide promotes apoptosis in lung cancer-derived A549 cells by a 

mechanism involving c-Jun NH2-terminal kinase. Cancer Res 64: 

7852-7856. 

323. Bouillet, P, et al. (1999). Proapoptotic Bcl-2 relative Bim required for 

certain apoptotic responses, leukocyte homeostasis, and to preclude 

autoimmunity. Science 286: 1735-1738. 

324. Shelton, SN, Shawgo, ME, and Robertson, JD (2009). Cleavage of Bid 

by executioner caspases mediates feed forward smplification of 

mitochondrial outer membrane permeabilization during genotoxic 

stress-induced apoptosis in Jurkat cells. J Biol Chem 284: 11247-

11255. 

325. Maret, M, et al. (2009). A role for Bid in eosinophil apoptosis and in 

allergic airway reaction. J Immunol 182: 5740-5747. 

326. Landshamer, S, et al. (2008). Bid-induced release of AIF from 

mitochondria causes immediate neuronal cell death. Cell Death and 

Differ 15: 1553-1563. 



204 

 

327. Zhang, H, Zhong, C, Shi, L, Guo, Y, and Fan, Z (2009). Granulysin 

induces cathepsin B release from lysosomes of target tumor cells to 

attack mitochondria through processing of Bid leading to necroptosis. 

J Immunol 182: 6993-7000. 

328. Anguissola, S, et al. (2009). Bid and calpains cooperate to trigger 

Oxaliplatin-induced apoptosis of cervical carcinoma HeLa cells. Mol 

Pharmacol 76: 998-1010. 

329. Droga-Mazovec, G, et al. (2008). Cysteine cathepsins trigger caspase-

dependent cell death through cleavage of Bid and antiapoptotic Bcl-2 

homologues. J Biol Chem 283: 19140-19150. 

330. Sandes, E, Lodillinsky, C, Cwirenbaum, R, Arguelles, C, Casabe, A, 

and Eljan, AM (2007). Cathepsin B is involved in the apoptosis 

intrinsic pathway induced by Bacillus Calmette-Guérin in transitional 

cancer cell lines. Int J Mol Med 20: 823-828. 

331. Waterhouse, NJ, Sedelies, KA, and Trapani, JA (2006). Role of Bid-

induced mitochondrial outer membrane permeabilization in 

granzyme B-induced apoptosis. Immunol Cell Biol 84: 72-78. 

332. Gross, A, et al. (1999). Caspase cleaved BID targets mitochondria and 

is required for cytochrome c release, while BCL-XL prevents this 

release but not tumor necrosis factor-R1/Fas death. J Biol Chem 274: 

1156-1163. 

333. Yin, X-M, et al. (1999). Bid-deficientmice are resistant to Fas-induced 

hepatocellular apoptosis. Nature 400: 886-891. 

334. Bossy-Wetzel, E, and Green, DR (1999). Caspases induce cytochrome 

c release from mitochondria by activating cytosolic factors. J Biol 

Chem 274: 17484-17490. 

335. Chou, JJ, Li, H, Salvesen, GS, Yuan, J, and Wagner, G (1999). 

Solution structure of BID, an intracellular amplifier of apoptotic 

signaling. Cell 96: 615-624. 

336. Li, H, Zhu, H, Xu, C-j, and Yuan, J (1998). Cleavage of BID by 

caspase 8 mediates the mitochondrial damage in the FAS pathway of 

apoptosis. Cell 94: 491-501. 

337. Luo, X, Budihardjo, I, Zou, H, Slaughter, C, and Wang, X (1998). Bid, 

a Bcl2 interacting protein mediates cytochrome c release from the 

mitochondria in response to activation of cell surface death receptors. 

Cell 94: 481-490. 

338. Wang, K, Yin, X-M, Chao, DT, Milliman, CL, and Korsmeyer, SJ 

(1996). BID: a novel BH3 domain-only death agonist. Genes Dev 10: 

2859-2869. 

339. Hijikata, M, Kato, N, Sato, T, Kagami, Y, and Shimotohno, K (1990). 

Molecular cloning and characterization of a cDNA for a novel 

Phorbol-12-myristate-13-acetate-responsive gene that is highly 

expressed in an adult T-cell leukemia cell line. J Virol 64: 4632-4639. 



205 

 

340. Oda, E, et al. (2000). Noxa, a BH3-only member of the Bcl-2 family 

and candidate mediator of p53-induced apoptosis. Science 288: 1053-

1058. 

341. Goubau, D, et al. (2009). Transcriptional re-programming of primary 

macrophages reveals distinct apoptotic and anti-tumoral functions of 

IRF-3 and IRF-7. Eur J Immunol 39: 527-540. 

342. Okumura, K, Huang, S, and Sinicrope, FA (2008). Induction of Noxa 

Sensitizes Human Colorectal Cancer Cells Expressing Mcl-1to the 

Small-Molecule Bcl-2/Bcl-xL Inhibitor, ABT-737. Clin Cancer Res 14: 

8132-8142. 

343. Day, CL, Smits, C, Fan, FC, Lee, EF, Fairlie, WD, and Hinds, MG 

(2008). Structure of the BH3 domains from the p53-inducible BH3-

only proteins Noxa and Puma in complex with Mcl-1. J Mol Biol 380: 

958-971. 

344. Mei, Y, Xie, C, Xie, W, Tian, X, Li, M, and Wu, M (2007). Noxa/Mcl-1 

balance regulates susceptibility of cells to camptothecin-induced 

apoptosis. Neoplasia 9: 871-881. 

345. Weber, A, Kirejczyk, Z, Potthoff, S, Ploner, C, and Häcker, G (2009). 

Endogenous Noxa determines the strong proapoptotic synergism of 

the BH3-mimetic ABT-737 with chemotherapeutic agents in human 

melanoma cells. Translational Oncology 2: 73-83. 

346. Hassan, M, et al. (2008). The BH3-only member Noxa causes apoptosis 

in melanoma cells by multiple pathways. Oncogene 27: 4557-4568. 

347. Shibue, T, et al. (2003). Integral role of Noxa in p53-mediated 

apoptotic response. Genes & Development 17: 2233–2238. 

348. Wooa, H-N, et al. (2009). Effects of the BH3-only protein human Noxa 

on mitochondrial dynamics. FEBS Letters 583: 2349-2354. 

349. Ploner, C, Kofler, R, and Villunger, A (2009). Noxa: at the tip of the 

balance between life and death. Oncogene 27: S84-92. 

350. Willis, SN, et al. (2005). Proapoptotic Bak is sequestered by Mcl-1 and 

Bcl-xL, but not Bcl-2, until displaced by BH3-only proteins. Genes & 

Dev 19: 1294-1305. 

351. Lin, Y, et al. (2006). Androgen and its receptor promote Bax-mediated 

apoptosis. Mol Cell Biol 26: 1908-1916. 

352. Schuler, M, et al. (2003). p53 triggers apoptosis in oncogene-

expressing fibroblasts by the induction of Noxa and mitochondrial 

Bax translocation. Cell Death and Differ 10: 451-460. 

353. Lomonosova, E, and Chinnadurai, G (2009). BH3-only proteins in 

apoptosis and beyond: an overview. Oncogene 27: S2-19. 

354. Ow, Y-LP, Green, DR, Hao, Z, and Mak, TW (2008). Cytochrome c: 

functions beyond respiration. Nat Rev Mol Cell Bio 9: 532-542. 

355. Häcker, G, and Weber, A (2007). BH3-only proteins trigger 

cytochrome c release, but how? Arch Biochem Biophus 462 150–155. 



206 

 

356. Willis, SN, and Adams, JM (2005). Life in the balance: how BH3-only 

proteins induce apoptosis. Curr Opin Cell Biol 17: 617-625. 

357. Letai, A (2009). Puma strikes Bax. J Cell Biol 185: 181-191. 

358. Gallenne, T, et al. (2009). Bax activation by the BH3-only protein 

Puma promotes cell dependence on antiapoptotic Bcl-2 family 

members. J Cell Biol 185: 279-290. 

359. Yee, KS, and Vousden, KH (2008). Contribution of membrane 

localization to the apoptotic activity of PUMA. Apoptosis 13: 87-95. 

360. Cartron, P-F, et al. (2004). The First  Helix of Bax Plays a Necessary 

Role in Its Ligand-Induced Activation by the BH3-Only Proteins Bid 

and PUMA Mol Cell 16: 807-818. 

361. Antignani, A, and Youle, RJ (2006). How do Bax and Bak lead to 

permeabilization of the outer mitochondrial membrane? Curr Opin 

Cell Biol 18: 685-689. 

362. Lalier, L, et al. (2007). Bax activation and mitochondrial insertion 

during apoptosis. Apoptosis 12: 887-896. 

363. Leber, B, Lin, J, and Andrews, DW (2007). Embedded together: The 

life and death consequences of interaction of the Bcl-2 family with 

membranes. Apoptosis 12: 897-911. 

364. George, NM, Evans, JJD, and Luo, X (2007). A three-helix homo-

oligomerization domain containing BH3 and BH1 is responsible for 

the apoptotic activity of Bax. Genes & Dev 21: 1937-1948. 

365. Annis, MG, et al. (2005). Bax forms multispanning monomers that 

oligomerize to permeabilize membranes during apoptosis. Embo J 24: 

2096-2103. 

366. Riedl, S, and Salvesen, G (2007). The apoptosome: signalling platform 

of cell death. Nat Rev Mol Cell Biol 8: 405-413. 

367. Green, DR (2005). Apoptotic pathways: ten minutes to dead. Cell 121: 

671-674. 

368. Koyama, AH (1995). Induction of apoptotic DNA fragmentation by 

the infection of vesicular stomatitis virus. Virus Res 37: 285-290. 

369. Balachandran, S, et al. (2000). Alpha/beta interferons potentiate virus-

induced apoptosis through activation of the FADD/Caspase-8 death 

signaling pathway. J Virol 74: 1513-1523. 

370. Balachandran, S, Kim, CN, Yeh, WC, Mak, TW, Bhalla, K, and 

Barber, GN (1998). Activation of the dsRNA-dependent protein 

kinase, PKR, induces   apoptosis through FADD-mediated death 

signaling. EMBO Journal 17: 6888-6902. 

371. Gil, J, and Esteban, M (2000). The interferon-induced protein kinase 

(PKR), triggers apoptosis through FADD-mediated activation of 

caspase 8 in a manner independent of Fas and TNF-a receptors. 

Oncogene 19: 3665-3674. 

372. Hobbs, JA, Hommel-Berrey, G, and Brahmi, Z (2003). Requirement 

of caspase-3 for efficient apoptosis induction and caspase-7 activation 



207 

 

but not viral replication or cell rounding in cells infected with 

vesicular stomatitis virus. Hum Immunol 64: 82-92. 

373. Cui, S, et al. (2008). The C-terminal regulatory domain is the RNA 50-

triphosphate sensor of RIG-I. Mol Cell 29: 169-179. 

374. Besch, R, et al. (2009). Proapoptotic signaling induced by RIG-I and 

MDA-5 results in type I interferon–independent apoptosis in human 

melanoma cells. J Clin Invest 119: 2399-2411. 

375. Heylbroeck, C, et al. (2000). The IRF-3 transcription factor mediates 

Sendai virus-induced apoptosis. J Virol 74: 3781-3792. 

376. Kopecky, SA, Willingham, MC, and DS, DSL (2001). Matrix protein 

and another viral component contribute to induction of apoptosis in 

cells infected with vesicular stomatitis virus. J Virol 75: 12169-12181. 

377. Labi, V, Erlacher, M, Kiessling, S, and Villunger, A (2006). BH3-only 

proteins in cell death initiation, malignant disease and anticancer 

therapy. Cell Death and Differ 13: 1325-1338. 

378. Pearce, AF, and Lyles, DS (2009). Vesicular stomatitis virus induces 

apoptosis primarily through Bak rather than Bax by inactivating Mcl-

1 and Bcl- XL. J Virol 83: 9102-9112. 

379. Megyeri, K, Orosz, L, and Kemeny, L (2007). Vesicular stomatitis 

virus infection triggers apoptosis associated with decreased DNp63a 

and increased Bax levels in the immortalized HaCaT keratinocyte cell 

line Biomed Pharmacother 61: 254-260. 

380. Kopecky, SA, and Lyles, DS (2003). Contrasting Effects of Matrix 

Protein on Apoptosis in HeLa and BHK Cells Infected with Vesicular 

Stomatitis Virus Are due to Inhibition of Host Gene Expression. J 

Virol 77: 4658-4669. 

381. Chipuk, JE, et al. (2004). Direct activation of Bax by p53 mediates 

mitochondrial membrane permeabilization and apoptosis. Science 

303: 1010-1014. 

382. Takaoka, A, et al. (2003). Integration of interferon-a/b signalling to 

p53 responses in tumour suppression and antiviral defence. Nature 

424: 516-523. 

383. Marques, JT, et al. (2005). Down-regulation of p53 by double-

stranded RNA modulates the antiviral response. J Virol 79: 11105–

11114. 

384. Fulda, S (2008). Tumor resistance to apoptosis. Int J Cancer 124: 511-

515. 

385. Jagus, R, Joshi, B, and Barber, GN (1999). PKR, apoptosis and 

cancer. Int J Biochem Cell B 31: 123-138. 

386. Korsrneyer, SJ (1992). Bcl-2 Initiates a New Category of Oncogenes: 

Regulators of Cell Death. Blood 80: 879-886. 

387. Fischer, U, and Schulze-Osthoff, K (2005). Apoptosis-based therapies 

and drug targets. Cell Death Differ 12: 942-961. 



208 

 

388. LeBrun, DP, Warnke, RA, and Cleary, ML (1993). Expression of bcl-

2 in fetal tissues suggests a role in morphogenesis. Am J Pathol 142: 

743-753. 

389. McDonnell, TJ, et al. (1993). The bcl-2 oncogene: apoptosis and 

neoplasia. Radiat Res 136: 307-312. 

390. Reed, JC, and Pellecchia, M (2005). Apoptosis-based therapies for 

hematologic malignancies. Blood 106: 408-418. 

391. Ikegaki, N, Katsumata, M, Minna, J, and Tsujimoto, Y (1994). 

Expression of bcl-2 in Small Cell Lung Carcinoma Cells. Cancer Res 

54: 6-8. 

392. Monni, O, Joensuu, H, Franssila, K, Klefstrom, J, Alitalo, K, and 

Knuutila, S (1997). BCL2 overexpression associated with 

chromosomal amplification in diffuse large B-cell lymphoma. Blood 

90: 1168-1174. 

393. Calin, GA, Garzon, R, Cimmino, A, Fabbri, M, and Croce, CM 

(2006). MicroRNAs and leukemias: how strong is the connection? 

Leukemia Res 30: 653-655. 

394. Cimmino, A, et al. (2005). miR-15 and miR-16 induce apoptosis by 

targeting BCL2. Proc Natl Acad Sci 102: 13944-13949. 

395. Calin, GA, et al. ( 2005). A microRNA signature associated with 

prognosis and progression in chronic lymphocytic leukemia. N Engl J 

Med 353: 1793-1801. 

396. Hanada, M, et al. (1993). Regulation of Bcl-2 oncoprotein levels with 

differentiation of human neuroblastoma cells. Cancer Res 53: 4978-

4986. 

397. Choi, J, et al. (2005). Bcl-2 Promotes Invasion and Lung Metastasis by 

Inducing Matrix Metalloproteinase-2. Cancer Res 65: 5554-5560. 

398. Trisciuoglio, D, et al. (2005). Bcl-2 overexpression in melanoma cells 

increases tumor progression-associated properties and in vivo tumor 

growth. J Cell Physiol 205: 414-421. 

399. Hanada, M, Delia, D, Aiello, A, Stadtmauer, E, and Reed, JC (1993). 

bcl-2 gene hypomethylation and high-level expression in B-cell 

chronic lymphocytic leukemia. Blood 82: 1820-1828. 

400. Michaud, WA, et al. (2009). Bcl-2 blocks cisplatin-induced apoptosis 

and predicts poor outcome following chemoradiation treatment in 

advanced oropharyngeal squamous cell carcinoma. Clin Cancer Res 

15: 1645-1654. 

401. Kassim, SK, et al. (1999). Increased bcl-2 expression is associated with 

primary resistance to chemotherapy in human epithelial ovarian 

cancer. Clin Biochem 32: 333-338. 

402. Herod, JJO, Eliopoulos, AG, Warwick, J, Niedobitek, G, Young, LS, 

and Kerr, DJ (1996). The prognostic significance of Bcl-2 and p53 

expression in ovarian carcinoma. Cancer Res 56: 2178-2184. 



209 

 

403. Abbott, BL (2006). Chronic lymphocytic leukemia: recent advances in 

diagnosis and treatment. Oncologist 11: 21-30. 

404. Herishanu, Y, and Polliack, A (2005). Chronic lymphocytic leukemia: 

A review of some new aspects of the biology, factors influencing 

prognosis and therapeutic options. Transfusion Apheresis Sci 32: 85-

97. 

405. Tam, CS, and Keating, MJ (2007). Chemoimmunotherapy of chronic 

lymphocytic leukemia. Best Pract Res Cl Ha 20: 479-498. 

406. Zenz, T, Dohner, H, and Stilgenbauer, S (2007). Genetics and risk-

stratified approach to therapy in chronic lymphocytic leukemia. Best 

Pract Res Cl Ha 20: 439-453. 

407. Chiorazzi, N, Hatzi, K, and Albesiano, E (2005). B-Cell Chronic 

Lymphocytic Leukemia, a Clonal Disease of B Lymphocytes with 

Receptors that Vary in Specificity for (Auto)antigens. Ann NY Acad 

Sci 1062: 1-12. 

408. Montserrat, E (2006). New prognostic markers in cll. Hematology Am 

Soc Hematol Educ Program: 279-284. 

409. Chiorazzi, N (2007). Cell proliferation and death: Forgotten features 

of chronic lymphocytic leukemia B cells. Best Pract Res Cl Ha 20: 399-

413. 

410. Cheson, BD, et al. (1988). Guidelines for clinical protocols for chronic 

lymphocytic leukemia: recommendations of the National Cancer 

Institute-sponsored working group. Am J Hematol 29: 152-163. 

411. Cheson, BD, et al. (1996). National Cancer Institute-sponsored 

Working Group guidelines for chronic lymphocytic leukemia: revised 

guidelines for diagnosis and treatment. Blood 87: 4990-4997. 

412. Hallek, M, et al. (2008). Guidelines for the diagnosis and treatment of 

chronic lymphocytic leukemia: a report from the 

InternationalWorkshop on Chronic Lymphocytic Leukemia updating 

the National Cancer Institute–Working Group 1996 guidelines. Blood 

111: 5446-5456. 

413. Binet, J-L, et al. (2006). Perspectives on the use of new diagnostic tools 

in the treatment of chronic lymphocytic leukemia. Blood 107: 859-861. 

414. Vroblová, V, et al. (2009). Biological prognostic markers in chronic 

lymphocytic leukemia. ACTA MEDICA (Hradec Králové) 52: 3-8. 

415. Moreno, C, and Montserrat, E (2008). New prognostic markers in 

chronic lymphocytic leukemia. Blood Rev 22: 211-219. 

416. Durig, J, et al. (2002). CD38 expression is an important prognostic 

marker in chronic lymphocytic leukaemia. Leukemia 16: 30-35. 

417. Rai, K, Sawitsky, A, Cronkite, E, Chanana, A, Levy, R, and 

Pasternack, B (1975). Clinical staging of chronic lymphocytic 

leukemia. Blood 46: 219-234. 



210 

 

418. Binet, JL, et al. (1981). A new prognostic classification of chronic 

lymphocytic leukemia derived from a multivariate survival analysis. 

Cancer 48: 198-206. 

419. Chanan-Khan, A, and Porter, CW (2006). Immunomodulating drugs 

for chronic lymphocytic leukaemia. Lancet Oncol 7: 480-488. 

420. Chiorazzi, N, and Ferrarini, M (2006). Evolving view of the in-vivo 

kinetics of chronic lymphocytic leukemia B cells. Hematology 273-278. 

421. Chiorazzi, N, Rai, KR, and Ferrarini, M (2005). Chronic lymphocytic 

leukemia. N Engl J Med 352: 804-815. 

422. Deaglio, S, Vaisitti, T, Aydin, S, Ferrero, E, and Malavasi, F (2006). 

In-tandem insight from basic science combined with clinical research: 

CD38 as both marker and key component of the pathogenetic network 

underlying chronic lymphocytic leukemia. Blood 108: 1135-1144. 

423. Howard, M, et al. (1993). Formation and hydrolysis of cyclic ADP-

ribose catalyzed by lymphocyte antigen CD38. Science 12: 1056-1059. 

424. Gribben, JG (2008). Molecular profiling in CLL. Hematology Am Soc 

Hematol Educ Program 444-449. 

425. Giovanni D’Arena, et al. (2007). Prognostic significance of combined 

analysis of ZAP-70 and CD38 in chronic lymphocytic leukemia. Am J 

Hematol 82: 787-791. 

426. Poeta, GD, et al. (2001). Clinical significance of CD38 expression in 

chronic lymphocytic leukemia. Blood 98: 2633-2639. 

427. Dal-Bo, M, et al. (2009). Intrinsic and extrinsic factors influencing the 

clinical course of B-cell chronic lymphocytic leukemia: prognostic 

markers with pathogenetic relevance. J Transl Med 7: 76-90. 

428. Bockstaele, FV, Verhasselt, B, and Philippe, J (2009). Prognostic 

markers in chronic lymphocytic leukemia: A comprehensive review. 

Blood Rev 23: 25-47. 

429. Hamblin, TJ (2007). Prognostic markers in chronic lympocytic 

leukaemia. Best Pract Res Cl Ha 20: 455-468. 

430. Wiestner, A, et al. (2003). ZAP-70 expression identifies a chronic 

lymphocytic leukemia subtype with unmutated immunoglobulin 

genes, inferior clinical outcome, and distinct gene expression profile. 

Blood 101: 4944-4951. 

431. Efremov, DG, Gobessi, S, and Longo, PG (2007). Signaling pathways 

activated by antigen-receptor engagement in chronic lymphocytic 

leukemia B-cells. Autoimmun Rev 7: 102-108. 

432. Chen, L, et al. (2002). Expression of ZAP-70 is associated with 

increased B-cell receptor signaling in chronic lymphocytic leukemia. 

Blood 100: 4609-4614. 

433. Robak, T (2007). Recent progress in the management of chronic 

lymphocytic leukemia. Cancer Treat Rev 33: 710– 728. 



211 

 

434. Butler, JE, Zhao, Y, Sinkora, M, Wertz, N, and Kacskovics, I (2009). 

Immunoglobulins, antibody repertoire and B cell development. Dev 

Comp Immunol 33: 321-333. 

435. Müller-Hermelink, HK, and Greiner, A (1998). Molecular analysis of 

human immunoglobulin heavy chain variable genes (IgVH) in normal 

and malignant B cells. Am J Pathol 153: 1341-1346. 

436. Kern, W, Dicker, F, Schnittger, S, Haferlach, C, and Haferlach, T 

(2009). Correlation of flow cytometrically determined expression of 

ZAP-70 using the SBZAP antibody with IgVH mutation status and 

cytogenetics in 1,229 patients with chronic lymphocytic leukemia. 

Cytometry B Clin Cytom 76: 385-393. 

437. Oscier, DG, Thompsett, A, Zhu, D, and Stevenson, FK (1997). 

Differential rates of somatic hypermutation in V(H) genes among 

subsets of chronic lymphocytic leukemia defined by chromosomal 

abnormalities. Blood 89: 153-160. 

438. Dighiero, G, and Hamblin, TJ (2008). Chronic lymphocytic 

leukaemia. Lancet 371: 1017-1029. 

439. Montserrat, E (2004). Treatment options in chronic lymphocytic 

leukemia. Hematol J 5 Suppl 1: S2-9. 

440. Hurley, LH (2002). DNA and its associated processes as target for 

cancer therapy. Nat Rev Cancer 2: 188-200. 

441. Gilman, A, and Philips, FS (1946). The biological actions and 

therapeutic applications of the b-chloroethyl amines and sulfides. 

Science 103: 409-436. 

442. Ward, K (1935). The chlorinated ethylamines - a new type of vesicant. 

J Am Chem Soc 57: 914-916. 

443. Warwick, GP (1963). The mechanism of action of alkylating agents. 

Cancer Res 23: 1315-1333. 

444. Catovsky, D, et al. (2007). Assessment of fludarabine plus 

cyclophosphamide for patients with chronic lymphocytic leukaemia 

(the LRF CLL4 Trial): a randomised controlled trial. Lancet 370: 

230-239. 

445. Pettitt, AR (2003). Mechanism of action of purine analogues in 

chronic lymphocytic leukaemia Br J Hematol 121: 692-702. 

446. Plunkett, W, and Saunders, PP (1991). Metabolism and action of 

purine nucleoside analogs. Pharmac Ther 49: 239-268. 

447. Ricci, F, Tedeschi, A, Morra, E, and Montillo, M (2009). Fludarabine 

in the treatment of chronic lymphocytic leukemia: a review. Ther Clin 

Risk Manag 5: 187-207. 

448. Gandhi, V, and Plunkett, W (2002). Cellular and clinical 

pharmacology of fludarabine. Clin Pharmacol 41: 93-103. 

449. Huang, P, Sandoval, A, Neste, EVD, Keating, M, and Plunkett, W 

(2000). Inhibition of RNA transcription: a biochemical mechanism of 



212 

 

action against chronic lymphocytic leukemia cells by fludarabine. 

Leukemia 14: 1405-1413. 

450. Rodriguez, G (1994). Fludarabine phosphate. Invest New Drugs 12: 

75-92. 

451. Flinn, IW, et al. (2007). Phase III trial of fludarabine plus 

cyclophosphamide compared with fludarabine for patients with 

previously untreated chronic lymphocytic leukemia: US intergroup 

trial E2997. J Clin Oncol 25: 793-798. 

452. Montserrat, E, and Rozman, C (1993). Chronic lymphocytic 

leukaemia treatment. Blood Rev 7: 164-175. 

453. Hayat, A, et al. (2009). Fludarabine, Cyclophosphamide and 

Rituximab: an effective chemoimmunotherapy combination with high 

remission rates for chronic lymphocytic leukaemia. Ir J Med Sci 178: 

441-446. 

454. Eichhorst, BF, et al. (2006). Fludarabine plus cyclophosphamide 

versus fludarabine alone in first-line therapy of younger patients with 

chronic lymphocytic leukemia. Blood 107: 885-891. 

455. Gürcan, HM, Keskin, DB, Stern, JNH, Nitzberg, MA, Shekhani, H, 

and Ahmed, AR (2009). A review of the current use of rituximab in 

autoimmune diseases. Int Immunopharmaco 9: 10-25. 

456. Du, J, et al. (2007). Structural bBasis for recognition of CD20 by 

therapeutic antibody Rituximab. J Biol Chem 282: 15073-15080. 

457. Taylor, RP, and Lindorfer, MA (2007). Drug insight: the mechanism 

of action of rituximab in autoimmune disease—the immune complex 

decoy hypothesis. Nat Clin Pract Rheumatol 3: 86-95. 

458. Pescovitz, MD (2006). Rituximab, an anti-CD20 monoclonal antibody: 

history and mechanism of action. Am J Transplant 6: 859-866. 

459. Reff, M, et al. (1994). Depletion of B cells in vivo by a chimeric mouse 

human monoclonal antibody to CD20. Blood 83: 435-445. 

460. Woyach, J, et al. (2009). A phase I/II study of rituximab and 

etanercept in patients with chronic lymphocytic leukemia and small 

lymphocytic lymphoma. Leukemia 23: 912-918. 

461. Tsimberidou, A-M, and Keating, MJ (2009). Treatment of 

fludarabine-refractory chronic lymphocytic leukemia. Cancer 115: 

2824–2836. 

462. Karlsson, C, et al. (2008). Phase II study of subcutaneous 

alemtuzumab without dose escalation in patients with advanced-stage, 

relapsed chronic lymphocytic leukaemia. Br J Hematol 144: 78-85. 

463. Zent, CS, et al. (2008). Early treatment of high-risk chronic 

lymphocytic leukemia with Alemtuzumab and Rituximab. Cancer 

113: 2110-2118. 

464. Packham, G, and Stevenson, FK (2005). Bodyguards and assassins: 

Bcl-2 family proteins and apoptosis control in chronic lymphocytic 

leukaemia. Immunology 114: 441-449. 



213 

 

465. Pepper, C, Thomas, A, Hidalgo de Quintana, J, Davies, S, Hoy, T, and 

Bentley, P (1999). Pleiotropic drug resistance in B-cell chronic 

lymphocytic leukaemia - the role of Bcl-2 family dysregulation. Leuk 

Res 23: 1007-1014. 

466. Kitada, S, et al. (1998). Expression of apoptosis-regulating proteins in 

chronic lymphocytic leukemia: correlations with in vitro and in vivo 

chemoresponses. Blood 91: 3379-3389. 

467. Robertson, LE, W, WP, McConnell, K, Keating, MJ, and McDonnell, 

TJ (1996). Bcl-2 expression in chronic lymphocytic leukemia and its 

correlation with the induction of apoptosis and clinical outcome. 

Leukemia 10: 456-459. 

468. Park, WH, Han, YW, Kim, SH, and Kim, SZ (2007). An ROS 

generator, Antimycin A, inhibits the growth of HeLa cells via 

apoptosis. J Cell Biol 102: 98-109. 

469. Park, W-H, Han, Y-W, Kim, S-W, Kim, S-H, Cho, K-W, and Kim, S-

Z (2007). Antimycin A induces apoptosis in As4.1 juxtaglomerular 

cells. Cancer Lett 251: 68-77. 

470. Tzung, S-P, et al. (2001). Antimycin A mimics a cell-death-inducing 

Bcl-2 homology domain 3. Nat Cell Biol 3: 183-191. 

471. Kim, KM, et al. (2001). Biophysical Characterization of Recombinant 

Human Bcl-2 and Its Interactions with an Inhibitory Ligand, 

Antimycin A. Biochemistry 40: 4911-4922. 

472. Wan, KF, Chan, S-L, Sukumaran, SK, Lee, M-C, and Yu, VC (2008). 

Chelerythrine induces apoptosis through a Bax/Bak-independent 

mitochondrial mechanism. J Biol Chem 283: 8423-8433. 

473. Simonis, G, et al. (2008). Chelerythrine treatment influences the 

balance of pro- and anti-apoptotic signaling pathways in the remote 

myocardium after infarction. Mol Cell Biochem 310: 119-128. 

474. Zhang, Y-H, et al. (2006). Chelerythrine and Sanguinarine dock at 

distinct sites on BclXL that are not the classic BH3 binding cleft. J 

Mol Biol 364. 

475. Chan, S-L, et al. (2003). Identification of Chelerythrine as an inhibitor 

of BclXL function. J Biol Chem 278: 20453-20456. 

476. Lessene, G, Czabotar, PE, and Colman, PM (2008). BCL-2 family 

antagonists for cancer therapy. Nature Reviews Drug Discovery 7: 989-

1000. 

477. Wacheck, V, et al. (2006). Mcl-1 is a relevant molecular target for 

antisense oligonucleotide strategies in gastric cancer cells. Cancer Biol 

Ther 5: 1348-1354. 

478. Sieghart, W, et al. (2006). Mcl-1 overexpression in hepatocellular 

carcinoma: A potential target for antisense therapy J Hepatol 44: 151-

157. 



214 

 

479. Tolcher, AW (2005). Targeting Bcl-2 protein expression in solid 

tumors and hematologic malignancies with antisense oligonucleotides. 

Clin Adv Hematol Oncol 3: 635-642. 

480. Chanan-Khan, A (2005). Bcl-2 antisense therapy in B-cell 

malignancies. Blood Rev 19: 213-221. 

481. Tamm, I (2006). Antisense therapy in malignant diseases: status quo 

and quo vadis? Clin Sci 110: 427-442. 

482. Kim, R, Emi, M, Tanabe, K, and Toge, T (2004). Therapeutic 

potential of antisense Bcl-2 as a chemosensitizer for cancer therapy. 

Cancer 101: 2491-2502. 

483. Piro, LD (2004). Apoptosis, Bcl-2 antisense, and cancer therapy. 

Oncology (Williston Park) 18: 5-10. 

484. Moulder, SL, et al. (2008). Phase I/II Study of G3139 (Bcl-2 antisense 

oligonucleotide) in combinationwith doxorubicin and docetaxel in 

breast cancer. Clin Cancer Res 14: 7909-7916. 

485. O’Brien, S, et al. (2007). Randomized phase III trial of fludarabine 

plus cyclophosphamide with or without oblimersen sodium (Bcl-2 

antisense) in patients with  relapsed or refractory chronic lymphocytic 

leukemia. J Clin Oncol 25: 1114-1120. 

486. O’Brien, SM, Cunningham, CC, Golenkov, AK, Turkina, AG, Novick, 

SC, and Rai, KR (2005). Phase I to II multicenter study of oblimersen 

sodium, a Bcl-2 antisense oligonucleotide, in patients with advanced 

chronic lymphocytic leukemia. J Clin Oncol 23: 7697-7702. 

487. Skoblov, MY (2009). Prospects of antisense therapy technologies. Mol 

Biol 43: 917-929. 

488. Oh, Y-K, and Park, TG (2009). siRNA delivery systems for cancer 

treatment. Adv Drug Deliv Rev 61: 850-862. 

489. Juliano, R, Bauman, J, Kang, H, and Ming, X (2009). Biological 

barriers to therapy with antisense and siRNA oligonucleotides. Mol 

Pharm 6: 686-695. 

490. Letai, A (2005). BCL-2: found bound and drugged! Trends Mol Med 

11: 442-444. 

491. Letai, A, Bassik, MC, Walensky, LD, Sorcinelli, MD, Weiler, S, and 

Korsmeyer, SJ (2002). Distinct BH3 domains either sensitize or 

activate mitochondrial apoptosis, serving as prototype cancer 

therapeutics. Cancer Cell 2: 183-192. 

492. Enyedy, IJ, et al. (2001). Discovery of small-molecule inhibitors of Bcl-

2 through structure-based computer screening. J Med Chem 44: 4313-

4324. 

493. Vogler, M, Dinsdale, D, Dyer, M, and Cohen, G (2009). Bcl-2 

inhibitors: small molecules with a big impact on cancer therapy. Cell 

Death and Differ 16: 360-367. 

494. Vogler, M, et al. (2009). Different forms of cell death induced by 

putative BCL2 inhibitors. Cell Death Differ 16: 1030-1039. 



215 

 

495. Mohammad, R, Giri, A, and Goustin, A-S (2008). Small-molecule 

inhibitors of Bcl-2 family proteins as therapeutic agents in cancer. 

Recent Pat Anticancer Drug Discov 3: 20-30. 

496. Wang, J-L, et al. (2000). Structure-based discovery of an organic 

compound that binds Bcl-2 protein and induces apoptosis of tumor 

cells. Proc Natl Acad Sci 97: 7124-7129. 

497. Manero, F, et al. (2006). The small organic compound HA14-1 

prevents Bcl-2 interaction with Bax to sensitize malignant glioma cells 

to induction of cell death. Cancer Res 66: 2757-2764. 

498. Simonin, K, et al. (2009). Mcl-1 is an important determinant of the 

apoptotic response to the BH3-mimetic molecule HA14-1 in cisplatin-

resistant ovarian carcinoma cells. Mol Cancer Ther 8: 3162-3170. 

499. Arisan, ED, Kutuk, O, Tezil, T, Bodur, C, Telci, D, and Basaga, H 

(2010). Small inhibitor of Bcl-2, HA14-1, selectively enhanced the 

apoptotic effect of cisplatin by modulating Bcl-2 family members in 

MDA-MB-231 breast cancer cells. Breast Cancer Res Treat 119: 271-

281. 

500. Mohana, N, Karmakara, S, Choudhurya, SR, Banikb, NL, and Raya, 

SK (2009). Bcl-2 inhibitor HA14-1 and genistein together adeptly 

down regulated survival factors and activated cysteine proteases for 

apoptosis in human malignant neuroblastoma SK-N-BE2 and SH-

SY5Y cells. Brain Res 1283: 155-166. 

501. Moon, D-O, Kim, M-O, Kang, S-H, Choi, YH, Park, SY, and Kim, G-

Y (2010). HA14-1 sensitizes TNF-alpha-induced apoptosis via 

inhibition of the NF-kappaB signaling pathway: Involvement of 

reactive oxygen species and JNK. Cancer Lett 292: 111-118. 

502. Sinicrope, FA, and Penington, RC (2005). Sulindac sulfide–induced 

apoptosis is enhanced by a small-molecule Bcl-2 inhibitor and by 

TRAIL in human colon cancer cells overexpressing Bcl-2. Mol Cancer 

Ther 4: 1475-1483. 

503. Pei, X-Y, Dai, Y, and Grant, S (2004). The small-molecule Bcl-2 

inhibitor HA14-1 interacts synergistically with flavopiridol to induce 

mitochondrial injury and apoptosis in human myeloma cells through 

a free radical–dependent and Jun NH2-terminal kinase–dependent 

mechanism. Mol Cancer Ther 3: 1513-1524. 

504. An, J, Chen, Y, and Huang, Z (2004). Critical upstream signals of 

cytochrome c release induced by a novel Bcl-2 inhibitor. J Biol Chem 

279: 19133-19140. 

505. Oltersdorf T, ES, Shoemaker AR, Armstrong RC, Augeri DJ, Belli 

BA, et al (2005). An inhibitor of Bcl-2 family proteins induces 

regression of solid tumours. Nature 435: 677-681. 

506. Delft, MFv, et al. (2006). The BH3 mimetic ABT-737 targets selective 

Bcl-2 proteins and efficiently induces apoptosis via Bak/Bax if Mcl-1 

is neutralized. Cancer Cell 10: 389-399. 



216 

 

507. Hauck, P, Chao, BH, Julie Litz, and Krystal, GW (2009). Alterations 

in the Noxa/Mcl-1 axis determine sensitivity of small cell lung cancer 

to the BH3 mimetic ABT-737. Mol Cancer Ther 8: 883-892. 

508. Miller, LA, et al. (2009). BH3 mimetic ABT-737 and a proteasome 

inhibitor synergistically kill melanomas through Noxa-dependent 

apoptosis. J Invest Dermatol 129: 964-971. 

509. Tse, C, et al. (2008). ABT-263: a potent and orally bioavailable Bcl-2 

family inhibitor. Cancer Res 68: 3421-3428. 

510. Park, C-M, et al. (2008). Discovery of an orally bioavailable small 

molecule inhibitor of prosurvival B-Cell Lymphoma 2 proteins. J Med 

Chem 51: 6902-6915. 

511. Lock, R, et al. (2008). Initial Testing (Stage 1) of the BH3 Mimetic 

ABT-263 by the Pediatric Preclinical Testing Program. Pediatr Blood 

Cancer 50: 1181-1189. 

512. Trudel, S, et al. (2007). The Bcl-2 family protein inhibitor, ABT-737, 

has substantial antimyeloma activity and shows synergistic effect with 

dexamethasone and melphalan. Clin Cancer Res 13: 621-629. 

513. Kim, KW, Moretti, L, Mitchell, LR, Jung, DK, and Lu, B (2009). 

Combined Bcl-2/mammalian target of rapamycin inhibition leads to 

enhanced radiosensitization via induction of apoptosis and autophagy 

in non–small cell lung tumorxenograft model. Clin Cancer Res 15: 

6096-6105. 

514. High, LM, et al. (2010). The BH3-mimetic ABT-737 targets the 

apoptotic machinery in acute lymphoblastic leukemia resulting in 

synergistic in vitro and in vivo interactions with established drugs. 

Mol Pharmacol 77: 483-494. 

515. Vogler, M, et al. (2009). Concurrent up-regulation of BCL-XL and 

BCL2A1 induces approximately 1000-fold resistance to ABT-737 in 

chronic lymphocytic leukemia. Blood 113: 4403-4413. 

516. Mason, K, et al. (2009). The BH3 mimetic compound, ABT-737, 

synergizes with a range of cytotoxic chemotherapy agents in chronic 

lymphocytic leukemia. Leukemia 23: 2034-2041. 

517. Azmi, AS, and Mohammad, RM (2009). Non-peptidic small molecule 

inhibitors against Bcl-2 for cancer therapy. J Cell Physiol 218: 13-21. 

518. Marzo, I, and Naval, J (2008). Bcl-2 family members as molecular 

targets in cancer therapy. Biochem Pharmacol 76: 939-946. 

519. Huang, S, Okumura, K, and Sinicrope, FA (2009). BH3 mimetic 

Obatoclax enhances TRAIL-mediated apoptosis in human pancreatic 

cancer cells. Clin Cancer Res 15: 150-159. 

520. Mott, JL, Bronk, SF, Mesa, RA, Kaufmann, SH, and Gores, GJ 

(2008). BH3-only protein mimetic obatoclax sensitizes 

cholangiocarcinoma cells to Apo2L/TRAIL-induced apoptosis. Mol 

Cancer Ther 7: 2339-2347. 



217 

 

521. Li, J, Viallet, J, and Haura, EB (2008). A small molecule pan-Bcl-2 

family inhibitor, GX15-070, induces apoptosis and enhances cisplatin-

induced apoptosis in non-small cell lung cancer cells. Cancer 

Chemother Pharmacol 61: 525-534. 

522. Nguyen, M, et al. (2007). Small molecule obatoclax (GX15-070) 

antagonizes MCL-1 and overcomes MCL-1-mediated resistance to 

apoptosis. Proc Natl Acad Sci 104: 19512–19517. 

523. Perez-Galan, P, et al. (2008). BCL-2 phosphorylation modulates 

sensitivity to the BH3 mimetic GX15-070 (Obatoclax) and reduces its 

synergistic interaction with bortezomib in chronic lymphocytic 

leukemia cells. Leukemia 22: 1712-1720. 

524. Haura, EB, et al. (2008). A phase I trial of the small molecule pan-bcl-

2 inhibitor obatoclax (GX15–070) in combination with docetaxel in 

patients with relapsed non-small cell lung cancer (NSCLC). J Clin 

Oncol 26: 19035. 

525. Danilov, AV, Klein, AK, Lee, HJ, Baez, DV, and Huber, BT (2005). 

Differential control of G0 programme in chronic lymphocytic 

leukaemia: a novel prognostic factor. Br J Hematol 128: 472-481. 

526. Reed, JC (2006). Proapoptotic multidomain Bcl-2/Bax-family 

proteins: mechanisms, physiological roles, and therapeutic 

opportunities. Cell Death Differ 13: 1378-1386. 

527. Abbott, BL (2006). Recent advances in chronic lymphocytic leukemia. 

Cancer Invest 24: 302-309. 

528. Nakhaei, P, Paz, S, Oliere, S, Tumilasci, V, Bell, JC, and Hiscott, J 

(2005). Oncolytic virotherapy of cancer with vesicular stomatitis 

virus. GTMB 9: 269-280. 

529. Parato, KA, Senger, D, Forsyth, PA, and Bell, JC (2005). Recent 

progress in the battle between oncolytic viruses and tumours. Nat Rev 

Cancer 5: 965-976. 

530. Aghi, M, and Martuza, RL (2005). Oncolytic viral therapies - the 

clinical experience. Oncogene 24: 7802-7816. 

531. Rasola, A, and Bernardi, P (2007). The mitochondrial permeability 

transition pore and its involvement in cell death and in disease 

pathogenesis. Apoptosis 12: 815–833. 

532. Zhai, D, Jin, C, Satterthwait, AC, and Reed, JC (2006). Comparison 

of chemical inhibitors of antiapoptotic Bcl-2-family proteins. Cell 

Death Differ 13: 1419-1421. 

533. Danial, NN, and Korsmeyer, SJ (2004). Cell death: critical control 

points. Cell 116: 205-219. 

534. Green, DR, and Kroemer, G (2004). The pathophysiology of 

mitochondrial cell death. Science 305: 626-629. 

535. Dlugosz, PG, et al. (2006). Bcl-2 changes conformation to inhibit Bax 

oligomerization. The EMBO Journal 25: 2287–2296. 



218 

 

536. Hsu, Y-T, and Youle, RJ (1997). Nonionic detergents induce 

dimerization among members of the Bcl-2 family. J Biol Chem 272: 

13829–13834. 

537. Banerjee, S, et al. (2007). In vitro and In vivo Molecular Evidence for 

Better Therapeutic Efficacy of ABT-627 and Taxotere Combination in 

Prostate Cancer. Cancer Res 67(8): 3818–3826. 

538. Chun, PY, Feng, FY, Scheurer, AM, Davis, MA, Lawrence, TS, and 

Nyati, MK (2006). Synergistic Effects of Gemcitabine and Gefitinib in 

the Treatment of Head and Neck Carcinoma. Cancer Res 66(2): 981-

988. 

539. Liu, T-C, Castelo-Branco, P, Rabkin, SD, and Martuza, RL (2008). 

Trichostatin A and Oncolytic HSV Combination Therapy Shows 

Enhanced Antitumoral and Antiangiogenic Effects. Molecular 

Therapy 16: 1041–1047. 

540. Brenner, C, Bras, ML, and Kroemer, G (2003). Insights into the 

Mitochondrial Signaling Pathway: What Lessons for Chemotherapy? 

Journal of Clinical Immunology 23: 73-80. 

541. Irish, JM, et al. (2007). Flt3 Y591 duplication and Bcl-2 

overexpression are detected in acute myeloid leukemia cells with high 

levels of phosphorylated wild-type p53. Blood 109: 2589-2596. 

542. Rheingold, SR, et al. (2007). Phase I Trial of G3139, a bcl-2 antisense 

oligonucleotide, combined with doxorubicin and cyclophosphamide in 

children with relapsed solid tumors: a Children's Oncology Group 

Study. J Clin Oncol 25: 1512-1518. 

543. Kim, R, Emi, M, Matsuura, K, and Tanabe, K (2007). Antisense and 

nonantisense effects of antisense Bcl-2 on multiple roles of Bcl-2 as a 

chemosensitizer in cancer therapy. Cancer Gene Ther 14: 1-11. 

544. An, J, Chervin, AS, Nie, A, Ducoff, HS, and Huang, Z (2007). 

Overcoming the radioresistance of prostate cancer cells with a novel 

Bcl-2 inhibitor. Oncogene 26: 652-661. 

545. Chou, TC, and Talalay, P (1984). Quantitative analysis of dose-effect 

relationships: the combined effects of multiple drugs or enzyme 

inhibitors. Adv Enzyme Regul 22: 27-55. 

546. Chou, T (2006). Theoretical Basis, Experimental Design, and 

Computerized Simulation of Synergism and Antagonism in Drug 

Combination Studies. Pharmacological Reviews 58: 621–681. 

547. Caligaris-Cappio, F, and T, JH (1999). B-cell chronic lymphocytic 

leukemia: a bird of a different feather. J Clin Oncol 17: 399-408. 

548. Craig, RW (2002). MCL1 provides a window on the role of the BCL2 

family in cell proliferation, differentiation and tumorigenesis. 

Leukemia 16: 444-454. 

549. Pepper, C, et al. (2008). Mcl-1 expression has in vitro and in vivo 

significance in chronic lymphocytic leukemia and is associated with 

other poor prognostic markers. Blood 112: 3807-3817. 



219 

 

550. Johnston, JB, et al. (2004). Role of myeloid cell factor-1 (Mcl-1) in 

chronic lymphocytic leukemia. Leuk Lymphoma 45: 2017-2027. 

551. Chipuk, JE, Moldoveanu, T, Llambi, F, Parsons, MJ, and Green, DR 

(2010). The BCL-2 family reunion. Mol Cell 37: 299-310. 

552. Kang, MH, and Reynolds, CP (2009). Bcl-2 inhibitors: targeting 

mitochondrial apoptotic pathways in cancer therapy. Clin Cancer Res 

15: 1126-1132. 

553. Brunelle, JK, and Letai, A (2009). Control of mitochondrial apoptosis 

by the Bcl-2 family. J Cell Sci 122: 437-441. 

554. Willis, SN, et al. (2007). Apoptosis Initiated When BH3 Ligands 

Engage Multiple Bcl-2 Homologs, Not Bax or Bak. Science 315: 856-

859. 

555. Witters, LM, Witkoski, A, Planas-Silva, MD, Berger, M, Viallet, J, 

and Lipton, A (2007). Synergistic inhibition of breast cancer cell lines 

with a dual inhibitor of EGFR-HER-2/neu and a Bcl-2 inhibitor. 

Oncology Reports 17: 465-469. 

556. Riedl, SJ, and Shi, Y (2004). Molecular mechanisms of caspase 

regulation during apoptosis. Nature Rev Mol Cell 5: 897-907. 

557. Billen, L, Shamas-Din, A, and Andrews, D (2009). Bid: a Bax-like 

BH3 protein. Oncogene 27: S93-104. 

558. Liu, C, Russell, SJ, and Peng, KW (2010). Systemic therapy of 

disseminated myeloma in passively immunized mice using measles 

virus-infected cell carriers. Mol Ther 18: 1155-1164. 

559. Ebert, O, Harbaran, S, Shinozaki, K, and Woo, SL (2005). Systemic 

therapy of experimental breast cancer metastases by mutant vesicular 

stomatitis virus in immunecompetent mice. Cancer Gene Ther 12: 350-

358. 

560. Inoue, S, Riley, J, Gant, TW, Dyer, MJ, and Cohen, GM (2007). 

Apoptosis induced by histone deacetylase inhibitors in leukemic cells 

is mediated by Bim and Noxa. Leukemia 21: 1773-1782. 

561. Gomez-Bougie, P, et al. (2007). Noxa up-regulation and Mcl-1 

cleavage are associated to apoptosis induction by bortezomib in 

multiple myeloma. Cancer Res 67: 5418-5424. 

562. Nencioni, A, et al. (2005). Evidence for a protective role of Mcl-1 in 

proteasome inhibitor-induced apoptosis. Blood 105: 3255-3262. 

563. Iglesias-Serret, D, et al. (2010). Aspirin induces apoptosis in human 

leukemia cells independently of NF-kappaB and MAPKs through 

alteration of the Mcl-1/Noxa balance. Apoptosis 15: 219-229. 

564. Kuwana, T, et al. (2005). BH3 domains of BH3-only proteins 

differentially regulate Bax-mediated mitochondrial membrane 

permeabilization both directly and indirectly. Mol Cell 17: 525-535. 

565. Lovell, JF, et al. (2008). Membrane binding by tBid initiates an 

ordered series of events culminating in membrane permeabilization 

by Bax. Cell 135: 1074-1084. 



220 

 

566. Gavathiotis, E, et al. (2008). BAX activation is initiated at a novel 

interaction site. Nature 455: 1076-1082. 

567. Liang, X, et al. (2010). Toll-like receptor 9 signaling by CpG-B 

oligodeoxynucleotides induces an apoptotic pathway in human 

chronic lymphocytic leukemia B cells. Blood 115: 5041-5052. 

568. Jensen, MM, Jørgensen, JT, Binderup, T, and Kjær, A (2008). Tumor 

volume in subcutaneous mouse xenografts measured by microCT is 

more accurate and reproducible than determined by 18F-FDG-

microPET or external caliper. BMC Medical Imaging 8: 16. 

569. Graaf, AOd, et al. (2004). Bcl-2 prevents loss of mitochondria in 

CCCP-induced apoptosis. Exp Cell Res 299: 533-540. 

570. Shimizu, S, et al. (1996). Bcl-2 blocks loss of mitochondrial membrane 

potential while ICE inhibitors act at a different step during inhibition 

of death induced by respiratory chain inhibitors. Oncogene 13: 21-29. 

571. Johnson, AJ, et al. (2006). Characterization of the TCL-1 transgenic 

mouse as a preclinical drug development tool for human chronic 

lymphocytic leukemia. Blood 108: 1334-1338. 

572. Bichi, R, et al. (2002). Human chronic lymphocytic leukemia modeled 

in mouse by targeted TCL1 expression. Proc Natl Acad Sci 99: 6955-

6960. 

573. Kim, KJ, Kanellopoulos-Langevin, C, Merwin, RM, Sachs, DH, and 

Asofsky, R (1979). Establishment and characterization of BALB/c 

lymphoma lines with B cell properties. J Immunol 122: 549-554. 

574. Sekine, I, Shimizu, C, Nishio, K, Saijo, N, and Tamura, T (2009). A 

literature review of molecular markers predictive of clinical response 

to cytotoxic chemotherapy in patients with breast cancer. Int J Clin 

Oncol 14: 112-119. 

575. Moon, D-O, Kim, M-O, Choi, YH, Kim, ND, Chang, J-H, and Kim, G-

Y (2008). Bcl-2 overexpression attenuates SP600125-induced 

apoptosis in human leukemia U937 cells. Cancer Lett 264: 316-325. 

576. Zhang, L, and Fang, B (2005). Mechanisms of resistance to TRAIL-

induced apoptosis in cancer. Cancer Gene Ther 12: 228-237. 

577. Belka, C, and Budach, W (2002). Anti-apoptotic Bcl-2 proteins: 

structure, function and relevance for radiation biology. Int J Radiat 

Biol 78: 643-658. 

578. Liu, F-T, Goff, LK, Hao, J-H, Newland, AC, and Jia, L (2004). 

Increase in the ratio of mitochondrial Bax/Bcl-XL induces Bax 

activation in human leukemic K562 cell line. Apoptosis 9: 377-384. 

579. Jia, L, et al. (2001). Bax translocation is crucial for the sensitivity of 

leukaemic cells to etoposide-induced apoptosis. Oncogene 20: 4817-

4826. 

580. Hsu, Y-T, and Youle, RJ (1998). Bax in murine thymus is a soluble 

monomeric protein that displays differential detergent-induced 

conformations. J Biol Chem 273: 10777-10783. 



221 

 

581. Seo, Y-W, et al. (2009). The cell death–inducing activity of the peptide 

containing Noxa mitochondrial-targeting domain Is associated with 

calcium release. Cancer Res 69: OF1-10. 

582. Seo, Y-W, et al. (2003). The molecular mechanism of Noxa-induced 

mitochondrial dysfunction in p53-mediated cell death. J Biol Chem 

278: 48292-48299. 

583. Schache, P, et al. (2009). VSV virotherapy improves chemotherapy by 

triggering apoptosis due to proteasomal degradation of Mcl-1. Gene 

Ther 16: 849-861. 

 

 


	Tumilasci, PhD 2010 1. Parte
	Vanessa Tumilasci, PhD candidate October 2010 - bliblio formated

