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Newcastle disease virus (NDV) is a negative-sense RNA virus that has been shown to possess oncolytic
activity. NDV’s selective replication in tumor cells has been previously suggested to be due to the lack of
a proper antiviral response in these cells. Here we demonstrate that NDV possesses oncolytic activity in
tumor cells capable of a robust type I interferon (IFN) response, suggesting that another mechanism
underlies NDV’s tumor specificity. We show that the oncolytic selectivity of NDV for tumor cells is
dependent upon tumor cell resistance to apoptosis. Utilizing the human non-small-cell lung cancer cell
line A549 overexpressing the antiapoptotic protein Bcl-xL, we show significant enhancement of oncolytic
activity and NDV replication. Interestingly, while the Bcl-xL-overexpressing cells were resistant to apop-
totic stimuli induced by chemotherapeutic agents and early viral replication, during the subsequent viral
cycles, we observed a paradoxical increase in apoptosis in response to NDV. The increased oncolytic
activity seen was secondary to enhanced viral replication and syncytium formation. The induction of a type
I IFN response was enhanced in Bcl-xL cells. Overall, these findings propose a new mechanism for cancer
cell specificity for NDV, making it an attractive anticancer agent for chemoresistant tumors with enhanced

antiapoptotic activity.

Newcastle disease virus (NDV) is a negative-sense single-
stranded RNA virus of the Paramyxoviridae family that causes
severe disease in several avian species (36). NDV has been
shown to possess oncolytic properties (27, 32) and has been
used as a cancer vaccine and also as an oncolytic agent in
several clinical trials in different human cancers (14, 16, 21, 34).
The selectivity of NDV and other oncolytic viruses to cancer
cells has been proposed to be due to defects in the type I
interferon (IFN) response of cancer cells (13, 38). These de-
fects enhance the replication of NDV in cancer cells and hence
increase their destruction.

Programmed cell death or apoptosis occurs naturally during
development and aging and as a homeostatic mechanism for
the survival of cell populations in tissues. Apoptosis is charac-
terized by certain morphological and biochemical changes that
are well described (9). The B-cell lymphoma 2 (Bcl-2) family of
proteins is one of the most extensively studied regulators of
apoptosis. Members of this family are either proapoptotic
(Bax, Bak, and Bok) or antiapoptotic (Bcl-2, Bcl-xL, Bcl-W,
and Mcl-10) or induce apoptosis by binding to antiapoptotic
members of the family (Bid, Bim, Noxa, and PUMA) (46).
Therapeutically, apoptosis is important, as many antineoplastic
agents cause cellular damage by activating the apoptosis path-
way. Resistance to these agents has been attributed to the
overexpression of antiapoptotic proteins of the Bcl-2 family,
especially Bel-xL (22).

NDV has been shown to mediate its oncolytic effects
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through apoptosis induction in infected cells (19). Like many
viruses, NDV induces apoptosis by activating the mitochon-
drial pathway (8, 31). This causes opening of mitochondrial
permeability transition pores and loss of mitochondrial mem-
brane potential, leading to release of SMAC/DIABLO and
cytochrome ¢. SMAC/DIABLO causes suppression of inhibi-
tory apoptosis proteins (IAP), while cytochrome ¢ binds to
apoptotic protease activator factor 1 (APAF-1) and procaspase
9, forming the apoptosome which activates apoptosis (9). This
self-sacrifice of cells is an attempt to prevent further spread of
the virus to neighboring cells. This defense may prove effective
if cell death occurs before the assembly of more NDV progeny
(36). It limits the spread of infection and hinders the oncolytic
effects of NDV, especially if the virus is present at low con-
centrations.

Influenza virus NS1 protein is a strong antagonist of the type
I IFN response and has been shown to possess antiapoptotic
properties (51). In our previous studies, we demonstrated that
NDV expressing influenza virus NS1 protein is an enhanced
oncolytic agent that showed efficient replication in different
cancer cells possessing a robust IFN response (44). NS1-ex-
pressing NDV, in addition, demonstrated enhanced syncytium
formation in infected cancer cells. These findings were sug-
gested to be due to the anti-IFN and possibly antiapoptotic
effect of NS1 which helped prolong the survival of cancer cells
and allowed the virus to replicate freely in the absence of an
antiviral response. A similar mechanism was suggested in an-
other recent study which showed enhanced oncolytic activity of
NDV-HUI in therapy-resistant melanoma specimens express-
ing the IAP Livin (20). These melanoma cells also have an
intact IFN response. This raises questions about NDV’s selec-
tivity. Is the selective replication of NDV in cancer cells due in
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part to defective apoptotic signaling in those cells? Can selec-
tive replication of NDV be independent of the IFN response?

In our current studies, we addressed these questions by
utilizing human non-small-cell lung cancer (NSCLC) cell line
A549 overexpressing the antiapoptotic protein Bcl-xL. We
show that the oncolytic activity of NDV is significantly en-
hanced in apoptosis-resistant cells and is independent of the
induction of a type I IFN response.

MATERIALS AND METHODS

Cell lines, antibodies, and reagents. A549-neo and A549-Bcl-xL cells were
generated as described previously (48). 293-null and 293-Bcl-xL cells were pur-
chased from Invivogen. A549-neo, A549-Bcl-xL, 293-null, 293-Bcl-xL, MDA-
MB-468, MDA-MB-231, and Vero cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal bovine serum
(JM Bioscience, San Diego, CA), penicillin, and streptomycin (Gibco). Mono-
clonal Bel-xL antibody for Western blotting was from Pharmingen. NDV poly-
clonal rabbit serum was described previously (24, 49). B-Actin and tubulin mono-
clonal antibodies were from Sigma (St. Louis, MO). Alexa Fluor 488 dye-labeled
anti-rabbit secondary antibody was from Molecular Probes (Eugene, OR). Z-
VAD-FMK was from Sigma (St. Louis, MO).

Viruses. All of the viruses used in our studies were generated in our labora-
tory. NDV V (—)/NSlwas generated by inserting a DNA fragment encoding the
influenza virus A/PR8/34 NS1 protein between the HN and L genes as described
previously (24). NDV V (—)/NS1, used in apoptosis studies, is in the NDV
Hitchner B1 strain background and lacks expression of the V gene. For the rest
of the studies, the NDV LaSota strain expressing green fluorescent protein
(GFP) [NDV (LS)-GFP] was generated by inserting a DNA fragment encoding
GFP between the P and M genes of NDV LaSota. NDV (LS)-GFP was used for
easy detection of viral replication by GFP expression.

Caspase 3 assay. A549-neo and A549-Bcl-xL cells were infected with NDV
(LS)-GFP at a multiplicity of infection (MOI) of 0.01 in 6-well plates. At specific
time points, cells were washed with 1 ml phosphate-buffered saline (PBS) and
collected by spinning at 1,500 rpm for 5 min at 4°C. The resulting pellet was
flash-frozen and stored at —80°C until all samples were collected. Caspase 3
activity in the cells was measured using a Roche caspase 3 activity assay kit
according to the instructions provided by the manufacturer. Caspase 3 activities
in both cell lines are presented as absolute values. Results are from triplicate
experiments.

Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end label-
ing (TUNEL) staining and fluorescence-activated cell sorter (FACS) analysis.
A549-neo and A549-BclxL cells infected with NDV (LS)-GFP at an MOI of
0.01 were labeled using the APO-BrdU TUNEL assay kit (Invitrogen) according
to the manufacturer’s instructions. Briefly, cells were fixed using 1% paraformal-
dehyde for 15 min on ice and then permeabilized overnight using 70% ethanol.
Cells were then stained for 1 h at 37°C with DNA labeling solution containing
terminal deoxynucleotidyltransferase and bromodeoxyuridine (BrdU). Alexa
Fluor 488 dye-labeled anti-BrdU antibody was used for secondary staining, and
propidium iodide was used as a counterstain. Signals were then detected using an
FC-500 flow cytometer from Beckman Coulter, and data were analyzed using
FlowJo (Tree Star, Ashland, OR). Apoptosis was induced in both cell lines using
staurosporine for positive controls, negative controls were noninfected cells, and
a nonstained control was used to detect the baseline fluorescence in infected
cells. All experiments were performed in triplicate.

LDH cytotoxicity assay. A549-neo cells, A549-neo cells pretreated with 20 nM
Z-VAD-FMK, and A549-Bcl-xL cells were infected with NDV (LS)-GFP at an
MOI of 0.01 in 6-well plates. At 24, 48, 72, and 96 h postinfection (hpi), cells were
washed with 1 ml PBS and incubated with 1% Triton X for 20 min at 37°C.
Lactate dehydrogenase (LDH) activity was measured using the Promega Cyto-
Tox 96 assay kit according to the instructions provided by the manufacturer.
LDH assay results are presented as the ratio of infected to noninfected cell
measurements. Results are from triplicate experiments.

Infections and virus titers. All cell lines were plated on 6-well plates at 24 h
prior to infection. 293-null and 293-Bcl-xL cells were plated on poly-D-lysine-
coated 6-well plates. On the day of infection, NDV (LS)-GFP was diluted to the
required concentration in a solution of PBS, bovine serum albumin (BSA),
calcium/magnesium, penicillin, and streptomycin. The virus was then added to
the cells at the required MOI in a final volume of 200 pl, and the mixture was
incubated for 1 h at room temperature. After 1 h, 2 ml of DMEM containing
0.3% BSA was added to the cells and the mixture was incubated at 37°C. The
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medium was supplemented with 1 pg/ml of tosylsulfonyl phenylalanyl chlorom-
ethyl ketone (TPCK) trypsin to activate NDV’s fusion protein. Supernatants
were collected at 24, 48, 72, and 96 hpi, and immunofluorescent labeling was used
to determine virus titers in Vero cells.

Fluorescence microscopy. A549-neo and A549-Bcl-xL cells were cultured on
10-mm glass slides for 24 h prior to infection. Cells were then infected with NDV
(LS)-GFP at an MOI of 0.01. After 20 h, cells were fixed using 5% formaldehyde
and then permeabilized using 1% Triton X. Cells were then incubated with
anti-NDV polyclonal serum for 2 h. An Alexa Fluor 488 dye-labeled anti-rabbit
secondary antibody from Molecular Probes (Eugene, OR) was used to visualize
NDYV proteins. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPT).

IFN induction bioassay. To detect IFN induction in A549-neo and AS549-
Bel-xL cells, we used the bioassay previously described (25, 29). Briefly, A549-
neo and A549-Bcl-xL cells were infected with NDV (LS)-GFP at an MOI of 0.01
and supernatants were collected every 3 h for 24 h. Viruses in the supernatant
were UV inactivated by two pulses of 9,000 mJ/cm? using a Stratagene
Stratalinker. Vero cells in 96-well plates were incubated overnight with the
inactivated supernatants. Supernatants from uninfected cells and cells treated
with 1,000 units of universal type I IFN (PBL, NJ) were used as negative and
positive controls, respectively. Vero cells were then washed and subsequently
infected with NDV (B1)-GFP at an MOI of 1. Eighteen hours later, GFP
expression was visualized using an Olympus fluorescence microscope. Incubation
of Vero cells with supernatants containing antiviral cytokines activates an anti-
viral state, causing inhibition of viral replication. Therefore, GFP expression is
inversely proportional to the amount of IFN produced. Results were confirmed
using quantitative real-time PCR (qRT-PCR) with human IFN-B (hIFN-B)-
specific primers. For the IFN bioassay experiments with 293-null, 293-Bcl-xL,
MDA-MB-231, and MDA-MB-468 cells, supernatants were collected at 24 h and
serially diluted after UV inactivation. All bioassay experiments were performed
in triplicate and repeated to confirm the results.

RNA extraction and qRT-PCR. qRT-PCR was performed as described before
(12). Briefly, A549-neo and A549-Bcl-xL cells were infected with NDV (LS)-
GFP at an MOI of 2. Cells were trypsinized, washed with PBS, and pelleted at
the indicated time points. RNA was isolated and treated with DNase using the
RNeasy minikit (Qiagen). RNA samples were quantified using a NanoDrop
spectrophotometer (NanoDrop Technologies). RNA yields were approximately
50 to 100 pg per sample. qRT-PCR was performed using Brilliant II SYBR green
(Stratagene) in a Bio-Rad CFX96 thermal cycler. Each transcript in each sample
was assayed 3 times, and the mean cycle threshold was used to calculate the
n-fold change and control changes for each gene. The 18S rRNA gene was used
as a housekeeping gene. Data were analyzed as previously described (26).

siRNA design. Small interfering RNA (siRNA) targets were identified using
the siRNA Selection Server (http://jura.wi.mit.edu/bioc/siRNAext/) (47). The
targets used were CAGCUGGAGUCAGUUUAGU (siRNA 66), GAUGCAG
GUAUUGGUGAGU (siRNA 473), and GGAACUCUAUGGGAACAAU
(siRNA 575). Double-stranded siRNA was synthesized from DNA oligonucleo-
tides using the Silencer siRNA construction kit (Ambion) according to the man-
ufacturer’s instructions. Cells were transfected with 5 nM Bcl-xL siRNA using
Lipofectamine RNAiMax transfection reagent (Invitrogen). After 18 h, cells
were infected with NDV (LS)-GFP at an MOI of 0.1. Supernatants were col-
lected at 24, 48, and 72 hpi, and NDV titers were assessed. Results shown are
from three independent experiments.

RESULTS

Expression of influenza virus NS1 protein by NDV delays
apoptosis induction in infected cancer cells. NDV-NSI is a
recombinant NDV expressing influenza virus NS1 protein. We
have previously demonstrated that NDV-NS1 possesses im-
proved oncolytic activity both in vitro and in vivo and enhances
syncytium formation, compared to that obtained with wild-type
NDV (49). We hypothesized that the observed oncolytic en-
hancement could be in part due to antiapoptotic properties of
NS1. To determine whether NS1 protein inhibits apoptosis in
the context of NDV infection, we infected A549 cells with
NDV-B1 and an NDV strain with a defective V protein ex-
pressing influenza virus NS1 protein [NDV V (—)/NS1] at an
MOI of 0.01 and assessed the time course of apoptosis induc-
tion by caspase 3 activity assay (Fig. 1). Results showed lower
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FIG. 1. NDV-NSI delays apoptosis induction in A549 cells. A549
cells were infected with NDV V (—)/NS1 at an MOI of 0.01. NDV-B1
was used as a control. Cells were collected and flash-frozen, and
caspase 3 activity was measured at 9, 12, 24, and 48 hpi. Caspase

activity is presented as relative fluorescence units. *, P < 0.05; #*, P <
0.01.

caspase 3 activity in cells infected with NDV V (—)/NS1 at
earlier time points, which significantly increased at 48 h, con-
sistent with the observed enhancement of cell death. We sus-
pect that the early inhibition of apoptosis by NS1 may be
responsible for the enhancement of the oncolytic activity of
NDV due to increased viral replication and hypothesized that
apoptosis resistance of cancer cells in general may be respon-
sible for their susceptibility to NDV-mediated oncolysis.

A549-Bcl-xL cells are resistant to Bak overexpression and
antineoplastic agents. To test our hypothesis, we utilized hu-
man NSCLC cell line A549 stably overexpressing the antiapop-
totic protein Bcl-xL (A549-Bcl-xL). Overexpression is shown
(Fig. 2A) by Western blotting for Bel-xL in A549-Bcl-xL cells
compared to control A549 cells expressing the gene encoding
neomycin resistance (A549-neo). To demonstrate the resis-
tance of A549-Bcl-xL cells to apoptosis, we transfected the
cells with the gene for Bak or treated them with several anti-
neoplastic agents (paclitaxel at 20 wM and etoposide at 150
wM) conventionally used in NSCLC treatment. As shown in
Fig. 2B, overexpression of Bcl-xL dramatically reduced apop-
tosis induction in A549 cells by antineoplastic agents and Bak
overexpression.

NDV induces efficient oncolysis in Bcl-xL-overexpressing
cells. To compare the oncolytic effects of NDV in A549-neo
and A549-Bcl-xL cells, we infected both cell lines with the
NDV LaSota strain expressing GFP (LS-GFP) at an MOI of
0.01. Cytotoxicity was monitored at 24, 48, 72, and 96 hpi by
LDH cytotoxicity assay (Fig. 3). As a control, A549-neo cells
pretreated for 1 h with Z-VAD-FMK were also infected with
LS-GFP. Interestingly, despite the resistance to apoptosis, we
observed superior oncolytic activity in A549-Bcl-xL cells and
A549-neo cells pretreated with Z-VAD-FMK compared to
that in A549-neo cells.
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FIG. 2. A549 cells overexpressing Bcl-xL are resistant to apoptosis
induction. (A) Bcl-xL overexpression in A549-Bcl-xL cells is shown by
Western blotting (WB). (B) A549 and A549-Bcl-xL cells were either
transfected with 500 ng of a Bak plasmid or treated with 20 pM
paclitaxel or 150 uM etoposide, and caspase 3 activity was measured at
24 h (%, P <0.01; *%, P < 0.005; #**, P < 0.004) and 48 h (*, P < 0.04;
x%, P < 0.016; %%, P < 0.015).

NDV overcomes resistance to apoptosis in Bcl-xL-overex-
pressing cells. As the apoptosis-resistant cells were more sus-
ceptible to NDV oncolysis, we questioned whether this sensi-
tivity parallels our findings with NDV V (—)/NS1, where early
inhibition of apoptosis may be responsible for the enhanced
viral replication, syncytium formation, and eventual cell killing
seen. To compare apoptosis induction in A549-neo and A549—
Bcl-xL cells, both cell lines were infected with NDV(LS)-GFP
at an MOI of 0.01 and caspase 3 activity was measured at
different time points postinfection (Fig. 4A). Similar to our
findings with NDV V (—)/NS1, at early time points, caspase 3
activity was higher in A549-neo cells. Interestingly, at 36 hpi,
A549-Bcl-xL cells show a dramatic increase in caspase 3 ac-
tivity, with a peak at 48 hpi and then a decrease due to apop-
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FIG. 3. NDV (LS)-GFP induces enhanced oncolysis in A549-
Bel-xL cells. A549-neo cells, A549-neo cells pretreated with Z-VAD-
FMK, and A549-Bcl-xL cells were infected at an MOI of 0.01, and
percentages of viable cells were determined by measuring LDH at 24,
48, 72, and 96 hpi. Values were normalized to noninfected A549 and
A549-Bcl-xL cells (P < 0.004).

totic cell death. To determine whether the increased caspase 3
activity correlated with an increased number of cells undergo-
ing apoptosis, we measured the percentage of apoptotic cells
by TUNEL staining and flow cytometry analysis (Fig. 4B).
There were significantly more AS549-Bcl-xL than AS549-neo
cells undergoing apoptosis at 72 h, indicating that the in-
creased number of apoptotic A549-Bcl-xL cells was responsi-
ble for the observed increase in caspase 3 activity. The ob-
served delayed peak of apoptotic activity detected by TUNEL
assay is likely a reflection of differences between the assays,
with the TUNEL assay detecting later events in apoptosis
induction (9).

The dramatic increase in caspase 3 activation and the num-
ber of apoptotic cells in the A549-Bcl-xLL group were sugges-
tive of a higher number of cells infected in the second and
subsequent cycles of viral replication. In support of this, when
a higher MOI was used, we observed an earlier peak of caspase
3 activation, but the relative levels of caspase 3 activity always
remained higher in A549-neo than in A549-Bcl-xL cells (Fig.
4C). These data suggested that at a low MOI, inhibition of
apoptosis in A549-Bcl-xL cells during the first cycle of repli-
cation may lead to the generation of higher viral titers, leading
to a higher number of infected cells on the subsequent cycles
and the observed increase in the number of apoptotic cells and
caspase 3 activity.

Enhanced replication of NDV in Bcl-xL-overexpressing
cells. To test this hypothesis, viral titers in A549-neo and
A549-BclxL cells were measured and compared (Fig. 5A).
NDV (LS)-GFP showed significantly enhanced replication in
A549-Bcl-xL cells, with a 2-log increase over that in A549-neo
cells. This was coupled with enhanced syncytium formation by
NDV (LS)-GFP in A549-Bcl-xL cells (Fig. 5B). Consistent
with enhanced viral replication, as shown in Fig. 5C, NDV NP
protein was detected at an earlier time point in A549-Bcl-xL.
than in A549-neo cells. These findings were confirmed in 293
cells overexpressing Bcel-xL (293-Bcl-xL), with a 2-log en-
hancement of NDV replication seen in 293-Bcl-xL cells com-
pared to that of 293-null cells (Fig. SD). To demonstrate that
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FIG. 4. NDV overcomes resistance to apoptosis in Bcl-xL-overex-
pressing cells. A549 and A549-Bcl-xL cells were infected at an MOI of
0.01. (A) Cells were collected and flash-frozen, and caspase 3 activity was
measured at 24, 36, 48, 60, and 72 hpi. Caspase activity is presented as
relative fluorescence units. *, P < 0.03. (B) TUNEL staining of infected
cells analyzed by FACS showing percentages of apoptotic cells. *, P <
0.05. (C) Caspase 3 activity was measured in A549-neo and A549-Bcl-xL
cells at different times postinfection at an MOI of 1.

the enhanced replication seen in A549-Bcl-xL cells is not due
to enhanced cellular permissibility to initial NDV inoculation,
both cell lines were infected with NDV (LS)-GFP at an MOI
of 0.01. At the end of first replication cycle (18 hpi), cells were
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FIG. 5. Enhanced replication of NDV in A549-Bcl-xL cells is associated with enhanced syncytium formation. (A) A549-neo and A549-Bcl-xL
cells were infected with NDV(LS)-GFP at an MOI of 0.01, and titers in the supernatants were measured at 24, 48, 72, and 96 h. Note that the 96-h
time point value for A549-neo cells was below the detection level. *, P < 0.04; **, P < 0.002. (B) A549-neo and A549-Bcl-xL cells were infected
with NDV (LS)-GFP at an MOI of 0.01, fixed, stained for NDV (green), and assessed for syncytium formation by confocal microscopy. Nuclei were
stained with DAPI (blue). (C) Time course of NDV NP expression in A549-neo and A549-Bcl-xL cells. Cells were infected at an MOI of 2 and
immunoblotted against anti-tubulin and NDV NP. (D) 293-null and 293-xL cells were infected with NDV (LS)-GFP at an MOI of 0.01, and titers
were assessed at 24, 48, and 72 h. %, P < 0.05; #*, P < 0.02. (E) A549-neo and A549-Bcl-xL cells were infected at an MOI of 0.01. Eighteen hours
later, cells were fixed and incubated with anti-NDV antibody. Infected cells were counted under a fluorescence microscope. P = 0.49.

fixed and counted using immunofluorescence. No significant
difference in the number of infected cells between the cell lines
was found, indicating that enhanced permissibility to NDV
does not play a role in the enhanced oncolytic activity seen in
A549-Bcl-xL cells (Fig. 5SE). Again, these findings were similar
to those we obtained with NDV-NS1 (Fig. 1) (49). As tumor-
selective replication of NDV has been associated with defects
in the antiviral response (13), we proceeded to determine
whether induction of type I IFN played a role in the enhanced
oncolytic activity seen in A549-Bcl-xL cells.

NDV activates a type I IFN response in A549-Bcl-xL cells.
NDV replication has been linked to defects in the antiviral
response of cancer cells. However, in our previous studies and

other recent studies, many cancer cell lines have been shown to
have a functional and intact IFN response after NDV infection
(20, 28, 45, 49). To detect IFN induction in A549-neo and
A549-Bcl-xL cells and to demonstrate that the IFN produced
inhibits NDV replication, we performed the IFN induction
bioassay (Fig. 6A) as previously described (25, 29). Results
shown indicate that A549-Bcl-xL cells produce IFN in re-
sponse to NDV infection that inhibits NDV replication (Fig.
6B). Interestingly, when relative hIFN-B mRNA levels in
A549-neo and A549-Bcl-xL cells were compared after NDV
infection (Fig. 6C), the amount of IFN-B induced in A549-
Bel-xL cells was significantly higher than that in A549-neo
cells, likely secondary to enhanced viral replication. To confirm
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FIG. 6. NDV activates the type I IFN response in both A549-neo and A549-Bcl-xL cells. (A) Schematic diagram of the bioassay for IFN production.
Briefly, A549-neo and A549-Bcl-xL cells were infected with NDV at an MOI of 0.1, supernatants were collected at appropriate time points, and then
any virus present was UV inactivated. Fresh Vero cells were treated with the inactivated supernatants and then infected with NDV (B1)-GFP at an MOI
of 1. (B) Antiviral activity in A549-neo and A549-Bcl-xL cells after NDV infection. Supernatants were collected every 3 h after infection and used in IFN
bioassays. (C) hIFN-B mRNA levels in NDV-infected A549-neo and A549-Bcl-xL cells relative to those in noninfected cells measured by qRT-PCR at
3,18. and 21 hpi. *, P < 0.03. (D) A549-neo and A549-Bcl-xL cells were incubated with medium containing 1,000 U of hIFN-. After 18 h of incubation,
cells were washed and infected with NDV (LS)-GFP at an MOI of 0.01 and the GFP signal was assessed at 48 h.

that both cell lines respond to induced IFN, we incubated
A549-neo and A549-Bcl-xL cells with medium containing
1,000 U of hIFN-B. After 18 h of incubation, cells were
washed and infected with NDV (LS)-GFP at an MOI of
0.01. Pretreatment of cells with hIFN-B inhibited NDV rep-
lication, suggesting that the IFN signaling pathway is intact
in both A549-neo and A549-Bcl-xL cells (Fig. 6D). Thus,

the enhanced oncolytic activity observed in A549-Bcl-xL
cells was not secondary to inhibition of type I IFN. On the
contrary, enhancement of the type I IFN response was ob-
served in those cells, likely secondary to viral replication to
higher titers.

Bcl-xL knockdown inhibits viral replication and syncytium
formation in A549-Bcl-xL cells. Our results show that en-
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FIG. 7. siRNA knockdown of Bcl-xL in NDV-infected cells reduces oncolytic activity. (A) Western blotting of Bel-xL knockdown using different
amounts of siRNA. (B) A549-Bcl-xL cells were transfected with 5 nM Bcl-xL siRNA or scrambled siRNA and then infected with NDV (LS)-GFP
24 h later. Images were acquired by fluorescence microscopy to assess syncytium formation. (C) Bel-xL siRNA 575-transfected cells were infected
with NDV at an MOI of 0.1, and titers were assessed at 24, 48, and 72 h. *, P < 0.01. (D) MDA-MB-231 and MDA-MB-468 cells were transfected
with 5 nM Bcl-xL siRNA and infected with NDV (LS)-GFP at an MOI of 0.1. Titers were assessed at the indicated time points. MDA-MB-231:
*, P < 0.004; #%, P < 0.002; %%, P <7 X 107% MDA-MB-468: %, P < 0.02; %%, P < 0.001; %%, P < 0.0009.

hanced oncolytic activity of NDV in A549-Bcl-xL is due to the
antiapoptotic activity of Bcl-xL. To demonstrate that the ob-
served results were due solely to Bel-xL overexpression and not
to another genetic modification of AS549-Bcl-xL cells, we
knocked down Bcl-xL and analyzed viral replication and syn-
cytium formation. Bcl-xLL was knocked down using siRNAs
targeting different regions of the Bcl-xLL mRNA. Three differ-
ent siRNAs were tested and demonstrated equivalent inhibi-
tory effects, with representative siRNA 575 shown in Fig. 7A.
Syncytium levels were significantly reduced at 48 hpi in A549-
Bcl-xL cells after Bel-xL knockdown relative to those in scram-
bled-siRNA-transfected and nontransfected controls (Fig. 7B).
As expected, this decrease in syncytium formation was accom-
panied by a decrease in the NDV titer in A549-Bcl-xL cells
transfected with scrambled siRNA. NDV-infected A549-
Bcl-xL cells transfected with Bel-xL siRNA showed titers sim-
ilar to those of A549-neo cells transfected with scrambled
siRNA, approximately 1,000-fold lower than the peak NDV

titer (Fig. 7C). Overall, these findings suggest that overexpres-
sion of Bel-xLL was responsible for enhanced NDV replication
and oncolytic activity of NDV and that knockdown of Bel-xL
returns the replication to lower levels. Similar results were
observed when endogenous Bcl-xL was knocked down in apop-
tosis-resistant and chemoresistant breast cancer cell lines
MDA-MB-231 and MDA-MB 468 (Fig. 7D) (4). Of note, both
cell lines produced IFN in response to viral infection, as de-
termined by IFN bioassay (data not shown).

DISCUSSION

The selectivity of NDV for cancer cells was previously sug-
gested to be due to defects in their antiviral response. How-
ever, several studies have shown effective oncolytic activity in
cancer cell lines possessing a robust IFN response (20, 28, 39,
40, 49). The ability of NDV to infect IFN-competent cells
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suggested that another factor may be responsible for this se-
lectivity.

In our previous study, engineered NDV (F3aa)-NS1 showed
enhanced oncolytic activity, which was suggested to be due to
IFN antagonism activity of NS1. The antagonism of the innate
immune response enhanced NDV replication, in turn making
it a more efficient oncolytic agent. In addition, NDV (F3aa)-
NS1 demonstrated significant syncytium formation compared
to that of NDV (F3aa) not expressing NS1. We proposed that
this enhanced syncytium formation was due to the antiapop-
totic properties of NS1 brought about by IFN antagonism (49).
Enhanced fusogenicity has been shown to improve the onco-
Iytic activity of NDV and vesicular stomatitis virus (1, 7, 35,
40). In NDV-infected cells, syncytia are formed by the accu-
mulation of newly synthesized viral F glycoprotein causing
fusion with neighboring cells (17). We postulated that apopto-
sis resistance may delay the apoptotic death of NDV-infected
cells, allowing fusion with an increased number of neighboring
cells and thus enhanced syncytium formation. The aim of the
present study was to determine the role that cellular resistance
to apoptosis may play in the oncolytic activity of NDV.

Bcl-xL is an antiapoptotic protein that in some cancers has
been shown to confer resistance to antineoplastic agents (6, 22,
23, 43). By utilizing A549-Bcl-xL cells (Fig. 2), we showed that
NDV-mediated cytolysis and fusogenicity are enhanced com-
pared to those in A549-neo cells (Fig. 3 and 5). We confirmed
this observation by utilizing a different method of apoptosis
inhibition with the use of pan-caspase inhibitor Z-VAD-FMK
(Fig. 3). Viral proteins were detected earlier in the infected
cells, and viral titers in A549-Bcl-xL cells were significantly
higher than in A549-neo cells (Fig. 5), suggesting that en-
hanced viral replication in the apoptosis-resistant cells was
responsible for these findings.

The oncolytic activity in A549-Bcl-xL cells infected with
NDV (LS)-GFP was still mediated through apoptosis, though
apoptosis was delayed compared to that of infected A549-neo
cells (Fig. 4A). We propose that the late apoptosis activation
may be due to a combination of overwhelming virus infection
during the later cycles, generating cellular stress and activating
receptor-mediated apoptosis pathways (8, 31), the RIG-I-acti-
vated apoptosis pathway (2), and the proapoptotic activity of
IFN (3). In support of the latter, NDV replication in A549-
Bel-xL cells induced a strong type I IFN response (Fig. 6). We
suspect that due to Bcl-xL overexpression, activation of apop-
tosis by antiviral signaling is deficient in A549-Bcl-xL cells,
allowing continuous viral replication and type I IFN produc-
tion, which would explain the elevated levels of type I IFN
produced in those cells. This enhancement of early viral rep-
lication, in turn, likely translated into a higher number of cells
being infected during the subsequent viral replication cycles,
which would explain the marked increase in caspase 3 activity
and the number of apoptotic cells demonstrated in Fig. 4. This
may also provide an explanation for the observed therapeutic
activity of the virus in actual tumors, where even a small initial
viral inoculum may generate a significant number of viral par-
ticles, allowing deeper tumor penetration and oncolysis.

Apoptosis is part of the cellular innate antiviral response
(10, 11), and its early activation in infected cells allows rapid
elimination of the cell prior to the production of infectious
viral progeny. Many viruses have evolved different strategies to
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inhibit or delay apoptosis induction in order to allow comple-
tion of the viral replication cycle and the production of new
viruses (15, 33). NDV is no exception; its V protein exhibits
antiapoptotic activity in avian cells by blocking IFN (24, 25).
To explain the observed oncolytic specificity of NDV, we pro-
pose it to be secondary to enhanced replication of NDV in
cancer cells, many of which have known defects in apoptotic
pathways or overexpress antiapoptotic proteins. After initial
virus entry, noncancerous cells quickly undergo apoptosis, re-
sulting in nonproductive infection, while apoptosis-resistant
cancer cells survive longer, producing more virus particles and
initiating new rounds of infection.

The ability of NDV to induce type I IFN may be an addi-
tional benefit for its oncolytic activity. Type I IFN has many
tumor suppressor effects that are not fully understood (37),
some of which are mediated through the enhancement of
apoptosis induction in cancer cells (5) and cell cycle arrest (30).
Anticancer properties are mediated either by many IFN-stim-
ulated genes (ISG) or through host-dependent mechanisms
that include upregulated expression of major histocompatibil-
ity complex class I and II molecules, antigen presentation,
memory T cell survival, and CD8" T cell recruitment (3, 37).
Many of these mechanisms have been shown to occur during
NDV infection (40, 42, 49, 50).

Our results suggest that NDV may prove to be an attractive
oncolytic agent for cancers resistant to multiple chemothera-
peutic agents. As mentioned above, many chemoresistant tu-
mors have been associated with apoptosis resistance (6, 22, 23,
43). A recent study demonstrated NDV-HUIJ-induced oncoly-
sis in chemoresistant malignant melanoma specimens (20),
where chemoresistance has been associated with the IAP Livin
(41). NDV may be utilized in the treatment of such tumors
either by itself or to sensitize them to chemotherapeutic
agents. By activating apoptosis pathways, NDV would also
increase the tumor cells’ susceptibility to conventional treat-
ment, as a synergistic relationship between oncolytic viruses
and chemotherapeutic agents has been described for many
viruses (18). In addition, our findings will be useful in the
future design of oncolytic NDV vectors, especially ones ex-
pressing proteins with antiapoptotic activity. This will move us
a step forward in the development of an oncolytic viral vector
that is effective against resistant tumors.
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