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Abstract: Lung cancer stem cells (CSCs) have recently been isolated from lung cancer patient samples and have 
been reported to be responsible for tumor initiation, treatment resistance and tumor recurrence. We have previous-
ly shown that oncolytic Newcastle disease virus (NDV), strain FMW (NDV/FMW) induces apoptosis in drug-resistant 
lung cancer cells. However, how NDV exerts its oncolytic effect on lung CSCs remains to be investigated. Here we 
show that NDV/FMW replicates in, and lyses CSC-enriched lung cancer spheroids and inhibits the 3D growth poten-
tial of lung cancer spheroid and agar colonies. We demonstrate that NDV/FMW triggers caspase-dependent apopto-
sis in lung cancer spheroids as shown by increased caspase-3 processing and Poly (ADP-ribose) polymerase (PARP) 
cleavage. Notably, NDV/FMW infection results in the degradation of microtubule-associated protein 1 light chain 3 
(LC3) II and P62, two hallmarks of autophagy maturation, indicating that NDV/FMW promotes autophagy flux in lung 
cancer cell spheroids. This was further confirmed by the appearance of an increased number of double-membrane 
vesicles as detected by transmission electron microscopy. We also show that NDV/FMW promotes autophagy degra-
dation in lung cancer spheroids via inhibition of the AKT/mTOR pathway. In addition, treatment of spheroids with the 
autophagy inhibitor, chloroquine increases NDV/FMW-induced cytotoxicity. Collectively, our data show that oncolytic 
NDV/FMW may be a potential strategy in targeting lung CSCs.
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Introduction

Lung cancer is the leading cause of cancer-
related mortality worldwide with a 5-year sur-
vival rate of less than 20% [1]. Although some-
what controversial, it is generally accepted that 
a subpopulation of lung cancer cells, referred 
to as lung cancer stem cells (CSCs) or tumor-
initiating cells (TICs), contributes to lung tumor 
initiation and growth [2]. Lung CSCs or TICs 
have been isolated from human cell lines and 
patient samples [3-10], and are known to con-
fer resistance to both radiotherapy and chemo-
therapy [11]. Therefore, novel treatment strate-
gies such as oncolytic viruses (OVs) targeting 

lung CSCs or TICs are urgently required as OVs 
kill cancer cells through mechanisms distinct 
from conventional therapeutics [12]. A recent 
study has indicated that gene-armed oncoly- 
tic adenovirus may be a potential treatment 
approach for lung cancer through targeting of 
this CSC subpopulation within a tumor [13].

CSC eradication is critical from a clinical per-
spective. However, it has been recently recog-
nized that tumors can harbor multiple pheno-
typically and/or genetically distinct CSCs and 
that the CSC phenotype may vary greatly bet- 
ween patients [14]. Such complexities hinder 
the direct study of CSC lysis. Accumulating evi-
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dence indicates that CSCs form multicellular 
three-dimensional (3D) spheres in vitro when 
grown in non-adherent serum-free conditions 
[15, 16]. As such, 3D sphere cultures have 
been used to enrich for lung CSC populations 
[3, 4, 6, 8, 10].

The oncolytic Newcastle Disease Virus (NDV), 
an avian paramyxovirus, can replicate in multi-
ple tumor types and exert strong cytotoxic 
effects [17-23]. In particular, NDV may be effec-
tive in the treatment of lung cancers, as its 
natural tropism is the respiratory tract of avian 
species. In support of this, several naturally 
occurring strains of NDV, such as 73-T, NDV-
HUJ, Italien and Ulster, have displayed strong 
oncolytic effects on lung cancers in pre-clinical 
and clinical trials [24-27]. In addition, oncolytic 
NDV induces oncolysis in human lung adeno-
carcinoma A549 cells over-expressing the anti-
apoptotic protein, Bcl-xL [28]. We have previ-
ously shown that the oncolytic NDV strain, FMW 
(NDV/FMW) induces apoptosis in both A549 
wild-type and cisplatin-resistant (A549/DDP) 
cells in vitro and in vivo [29, 30]. We have also 
shown that NDV/FMW-mediated oncolysis in 
cisplatin- or paclitaxel-resistant lung cancer 
cells is enhanced by pharmacological modula-
tion of autophagy [30].

In this study, we report that NDV/FMW repli-
cates in, and lyses lung CSC-enriched spher-
oids. Moreover, we have shown that NDV/FMW 
induces apoptosis and subsequent autophagy 
in 3D spheroids. Taken together, our study sug-
gests a potential role of oncolytic NDV in the 
lysis of lung cancer cells with stem cell-like 
properties and may be used as a novel strategy 
to target lung CSCs.

Materials and methods

Cell lines

The human large cell lung cancer cell line NCI-
H460, the human adenocarcinoma MOR cell 
line MOR and chicken embryo fibroblast cell 
line DF1 were obtained from the American Type 
Culture Collection (ATCC). H460 and MOR cells 
were cultured in Roswell Park Memorial Insti- 
tute (RPMI-1640) medium supplemented with 
10% heat-inactivated fetal bovine serum (FBS), 
penicillin (100 U/ml) and streptomycin (100 μg/
ml) at 37°C and 5% CO2. DF1 cells were grown 
in Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 10% FBS. H460 and MOR 
cells were seeded (1 × 103/well) in ultra-low 

attachment 96-well plates and maintained in 
serum-free DMEM/F12 medium supplemented 
with 10 ng/ml basic fibroblast growth factor 
(bFGF), 20 ng/ml epidermal growth factor (EGF) 
and B27 (B27 and medium at a 1:50 volume 
ratio). Seven days after seeding, the propagat-
ed spheroid bodies were collected and digest-
ed by StemPro Accutase to single cell suspen-
sions to generate a second generation of 
spheroids.

Antibodies, reagents and virus

The polyclonal rabbit anti-microtubule-associ-
ated protein 1A/1B-light chain 3 (LC3), mono-
clonal β-actin antibody, and rabbit polyclonal 
anti-P62 (SQSTM1) antibodies were obtained 
from Sigma-Aldrich. Anti-Nanog, anti-SOX2 and 
anti-Oct4 primary antibodies were purchased 
from Abcam. The following antibodies from Cell 
Signaling Technology were used: cleaved cas-
pase-3, cleaved PARP, in addition to the phos-
pho-specific antibodies, mTOR (Ser2448), Akt 
(Ser473) and p70 ribosomal protein S6 kinase 
(S6K) (Thr389). Rapamycin and chloroquine 
(CQ) were purchased from Sigma-Aldrich. The 
pan-caspase peptide inhibitor Z-VAD-FMK was 
purchased from Promega and prepared with 
dimethyl sulfoxide (DMSO). The propagation 
and titration of the oncolytic NDV strain, NDV/
FMW, was performed as previously described 
[31]. Virus titer was expressed as log10 of 50% 
the infective dose (TCID50) in culture.

Virus infection

Spheroid cultures were infected as intact 3D 
cultures with NDV/FMW at a multiplicity of 
infection (MOI) of 10, or sham-infected with 
phosphate-buffered saline (PBS) in serum-free 
DMEM/F12 at 37°C for 1 h, after which time 
the virus was removed by centrifugation.

Cell death and colony formation assays

H460 and MOR spheroids were infected with 
NDV/FMW for the indicated times and stained 
with propidium iodide (PI) at 10 μg/ml. Sub- 
sequently, cells were visualized by a fluores-
cence microscopy where red fluorescencing 
cells were indicative of cell death. For colony 
formation assays, H460 and MOR spheroids 
were digested by accutase to single cell sus-
pensions and seeded at a density of 500 cells 
per well in 6-well plates for 10 days. Colonies 
were photographed and expressed as the num-
ber of colonies ± SD.
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Flow cytometry analysis

H460 and MOR sphere cells were treated with 
NDV/FMW for the indicated times, collected 
and dissociated into single cell suspensions. 
Apoptosis was assessed by flow cytometric 
analysis of membrane re-distribution of phos-
phatidylserine using Annexin V and propidium 
iodide (PI) double-staining [29].

Immunoblotting

Immunoblotting was carried out as previously 
described [32]. Briefly, spheroids were treated 
with NDV/FMW and harvested for the indicated 
times.

Animal experiments

BALB/c nude mice (female, 4-6 weeks old) 
were purchased from the Experimental Animal 
Center of Dalian Medical University (Dalian, 
China) and all procedures involving animals and 
their care complied with the China National 
Institutes of Health Guidelines for the Care and 
Use of Laboratory Animals. Ethical approval for 
the study was granted by the Ethics Committee 
of Dalian Medical University. For tumorigenicity 
assays, a total of 1 × 104 lung cancer cells or 
lung cancer spheroids/mouse were subcutane-
ously injected into the left rear back of mice. 
Cells (1 × 104) were injected in 100 μl of PBS 
per mouse (n = 3/group). Tumor growth was 
recorded weekly in two dimensions using a digi-
tal caliper. Tumor volume was calculated as 
[(length × width × width)/2] and compared as 
cubic millimeter.

Statistical analysis

The results are expressed as average ± stan-
dard deviation (SD). When data distribution 
approximated normality and two groups were 
compared, a Student’s t-test was used. Multi- 
ple comparisons between treatment groups 
and controls were evaluated using a one-way 
ANOVA. All statistical tests were performed 
using Prism GraphPad 5 software. P ≤ 0.05 was 
considered statistically significant.

Results

Oncolytic NDV/FMW replicates in lung CSC-
enriched spheroid cultures

To establish multicellular spheroid cultures, 
lung cancer H460 and MOR cells were seeded 

in ultra-low attachment plates. Both H460 and 
MOR spheroids (≥ 100 μm in diameter) form- 
ed within 7 days of anchorage-independent  
culture (Figure 1A). To avoid the formation  
of aggregates, sub-cultured spheroids were 
used throughout the study. To examine whether 
H460 and MOR spheroids exhibit CSC-like 
properties, the expression of several transcrip-
tion factors markers associated with stemness 
were examined. As shown in Figure 1B, the 
expression levels of Nanog, Sox2 and Oct4 
were markedly increased in both H460 and 
MOR spheroid cultures compared to 2D cul-
tured cells, suggesting that spheroids derived 
from these cells have the potential to self-
renew, an important characteristic of CSCs. 
Furthermore, larger tumors were observed in 
nude mice inoculated with H460 or MOR spher-
oids relative to those formed in mice inoculated 
with H460 or MOR 2D cultures, respectively 
(Figure 1C), demonstrating that H460 and MOR 
spheroids display stronger tumor-initiating abil-
ity than their 2D counterparts. These data indi-
cate that H460 and MOR spheroids display 
CSC-like properties.

The oncolytic NDV strain FMW (NDV/FMW), 
which has been shown to be cytotoxic in lung 
cancer cells [29-31], was used throughout this 
study. To examine whether NDV/FMW repli-
cates in these CSC-enriched spheroid cultures, 
H460 and MOR spheroids were infected with 
NDV/FMW at the multiplicity of infection (MOI) 
of 0.01 and multi-step viral growth curves were 
determined. A time-dependent increase in virus 
yield in NDV/FMW-infected spheroids was obs- 
erved, indicating that NDV/FMW replicates in 
CSC-enriched spheroid cultures. Interestingly, 
virus yield in 3D spheroid cultures was gener-
ally lower than that in 2D cultures at all time-
points examined (Figure 1D).

NDV/FMW lyses lung CSC-enriched spheroid 
cultures

We first examined the ability of NDV/FMW to 
abrogate the 3D, CSC-like growth potential of 
lung cancer cells. Cultures (3D) of H460 and 
MOR cells were infected with NDV/FMW (MOI = 
1) or mock-infected and examined for spheroid 
formation at 7 days post infection (p. i.), respec-
tively. NDV/FMW-infected H460 and MOR cells 
did not grow under these conditions compared 
to mock-infected cells (Figure 2A). Similarly, 
NDV/FMW infection completely significantly ab- 
rogated the clonogenic survival ability of both 
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cell lines when cultured in soft agar (Figure 2B). 
These findings indicate that NDV/FMW has the 
ability to prevent lung cancer growth under 3D 
conditions, including the formation of spher-
oids and agar colonies.

To determine whether oncolytic NDV/FMW 
lyses lung cancer sphere cells, H460 and MOR 
spheroids were infected with different MOIs 
(0.1, 1, 10) or mock-infected with phosphate-
buffered saline (PBS). Cell death in response to 
infection was then examined by staining with 

propidium iodide (PI) and imaged by light micro- 
scopy (Figure 2C). The majority of cells within 
the spheroids infected with NDV/FMW at an 
MOI of 1 or 10 showed significant staining with 
PI at 48 h p. i., thereby indicating cell death.

NDV/FMW induces apoptosis of 3D spheroid 
cultures

We have previously shown that NDV/FMW in- 
duces apoptosis of lung cancer cells grown as 
2D cultures [33]. To address the mechanism by 

Figure 1. Oncolytic NDV/FMW replicates in lung CSC-enriched spheroid cultures. A. H460 and MOR cells cultured as 
monolayers and spheroids. Cells formed spheroid bodies following 7 days culture in serum-free medium (scale bar 
= 200 μm). B. Human embryonic stem cell makers, Nanog, SOX2 and Oct4, were up-regulated in spheroid cells (3D) 
relative to cells grown in culture (2D). All IB experiments were performed twice. C. Tumorigenicity of monolayer and 
spheroid cells in female BALB/c mice (1 × 104 cells per mouse). Spheroid cells initiated tumors earlier and formed 
larger xenografts than that observed with monolayer cells. The number of mice in each group was three. D. Mono-
layer cells and spheroid cells were infected with NDV/FMW (MOI = 0.01) for 48 h and viral titers were determined in 
DF-1 cells by TCID50 quantification assay. Data presented are mean ± SD calculated from three independent experi-
ments (*P < 0.05; **P < 0.01; ***P < 0.001).



NDV lyses lung cancer spheroids

3616 Am J Cancer Res 2015;5(12):3612-3623

which NDV/FMW exerts its oncolytic effect on 
lung cancer spheroids, H460 and MOR spher-
oid cultures were infected with NDV/FMW (MOI 
= 10) for 48 h or mock-infected. Spheroids 
were then dissociated and analyzed by flow 
cytometry with FITC-conjugated Annexin V and 
PI double staining. NDV/FMW infection signifi-
cantly increased the percentages of both early 

and late apoptotic cells in H460 and MOR 
spheroids, indicating apoptotic induction by 
NDV/FMW (Figure 3A). Consistently, two classi-
cal markers of apoptosis, caspase-3 and Poly 
(ADP-ribose) polymerase (PARP) cleavage, were 
detected in NDV/FMW-treated cells at 48 h p. i. 
as indicated by immunoblot (Figure 3B). To con-
firm that NDV/FMW-induced apoptosis in these 

Figure 2. NDV/FMW exhibits oncolytic activity in lung cancer spheroid cultures. 3D cultures of H460 and MOR cells 
were mock-infected or infected with NDV/FMW (MOI = 1; 48 h) and examined for spheroid (A) and colony formation 
(B). Results are expressed as number of spheroids/1000 cells and colonies ± SD from three independent experi-
ments (scale bar = 100 μm). H460 and MOR spheroids were mock-infected or infected with NDV/FMW (MOI = 10, 
1, or 0.1) and stained with PI (C). Spheroids mock-infected or infected with NDV/FMW at MOIs (0.1, 1 and 10) were 
stained with PI at 48 h and imaged under phase contrast and red fluorescence microscopy (scale bar = 50 μm).
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cells is caspase-dependent, H460 and MOR 
spheroids were pre-treated with the broad-
specificity caspase inhibitor, Z-VAD-FMK, and 

subsequently infected with NDV/FMW (MOI = 
1) for 72 h. Pre-treatment with Z-VAD-FMK de- 
creased both caspase-3 processing and PARP 

Figure 3. NDV induces apoptosis of 3D spheroid cultures. A and B. H460 and MOR spheroid cells were mock-treated 
or infected with NDV/FMW (MOI = 10; 48 h) and double-stained with Annexin V and propidium iodide (PI) and ana-
lyzed by flow cytometry. A. The cell population in the right lower quadrant (PI-negative, Annexin V-positive) and the 
right upper quadrant (Annexin V/PI positive) are represented. Data shown are representative of three independent 
experiments (**P < 0.01). B. Spheroid cells were mock-infected or infected with NDV/FMW (MOI = 10; 48 and 72 h). 
Activation of caspase-3 and cleaved poly (ADP-ribose) polymerase (PARP) was examined by immunoblot analysis (n 
= 2). To control for loading, β-actin was used. C. Spheroid cells were mock-infected or infected with NDV/FMW (MOI 
= 1; 72 h) in the absence or presence of the pan-caspase inhibitor Z-VAD-FMK (100 μm). Total protein lysates were 
separated by SDS-PAGE and probed with antibodies against cleaved and total caspase-3 and PARP. All IB experi-
ments were performed twice. D. Apoptosis was also assessed by flow cytometry. The percentage of apoptotic cells 
are represented as mean ± SD from three independent experiments (**P < 0.01, ***P < 0.001).
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cleavage in virus-infected cells compared to 
virus-infected cells only (Figure 3C). Inhibition 
with Z-VAD-FMK significantly decreased the 
number of apoptotic cells in NDV/FMW-infected 
spheroids (Figure 3D). These data indicate a 
role for caspase activity in NDV/FMW-induced 
apoptosis of H460 and MOR lung spheroids.

NDV/FMW promotes autophagy flux in 3D 
spheroid cultures via inhibition of the AKT/
mTOR pathway

Recent work in our laboratory has shown that 
NDV/FMW triggers autophagy of lung cancer 
cells [31]. To investigate whether NDV/FMW 
perturbs the autophagic machinery in 3D sphe- 
roid cultures, the conversion of LC3I (cytosolic 
form) to LC3II (autophagosome-bound lipidated 
form) together with the expression of P62/
SQSTM1, two well-known autophagy markers, 
was examined in H460 and MOR spheroids. 
NDV/FMW reduced both LC3I and LC3II levels 
in H460 spheroid cultures at 48 and 72 h p. i., 
while P62 levels was strongly reduced at 72 h 
p. i. (Figure 4A). Interestingly, while expression 
of LC3II was not observed in NDV/FMW-infected 
MOR spheroid cultures over time, LC3I and  
P62 levels were reduced in virus-infected MOR 
spheroid cultures (Figure 4A). This was most 
pronounced at 72 h. These findings suggest 
that NDV/FMW can promote autophagy flux in 
lung cancer spheroids. This was further sup-

ported by TEM-based ultra-structural analy- 
sis of H460 and MOR spheroids in response  
to NDV/FMW, where several autophagosomes 
were detected in NDV/FMW spheroids, but to a 
lesser extend in mock-treated cells (Figure 4B).

To explore the mechanism underlying NDV/
FMW-activated autophagy in H460 and MOR 
spheroids, the phosphorylation status of the 
class I PI3K/AKT/mTOR/p70S6K pathway was 
examined. This has been reported to negatively 
regulate autophagosome formation [34, 35]. 
NDV/FMW infection reduced the phosphoryla-
tion levels of AKT, mTOR and p70S6K in H460 
and MOR spheroids (Figure 4C), indicating an 
inhibition of this regulatory pathway in the auto- 
phagy of these cells. No changes in the levels 
of total AKT, mTOR and p70S6K were found 
(data not shown). Based on these observa-
tions, down-regulation of the class I PI3K/AKT/
mTOR/p70S6K signaling pathway plays a criti-
cal role in NDV/FMW-induced autophagy in 
H460 and MOR spheroids.

Pharmacological inhibition of autophagy en-
hances NDV/FMW-induced cytotoxicity of 3D 
spheroid cultures

Pharmacological modulation of autophagy en- 
hances NDV/FMW-mediated oncolysis in drug-
resistant lung cancer cells [30]. To investigate 
whether autophagy plays a role in NDV/FMW-

Figure 4. NDV/FMW promotes autophagy 
flux in 3D spheroid cultures via inhibition of 
the AKT/mTOR pathway. Spheroid cells were 
mock-infected or infected with NDV/FMW at 
an MOI of 10 at the indicated time points. Ac-
tivation of P62, LC3I to LC3II conversion. (A)
And phosphorylated Akt, mTOR and p70S6K 
were analyzed by immunoblot analysis using 
β-actin as a loading control. All IB experiments 
were performed twice (C). Transmission elec-
tron microscopy analysis of cells infected with 
NDV/FMW for 72 h (B).
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mediated oncolysis of lung cancer spheroids, 
rapamycin (Rapa), an autophagy inducer, and 
the autophagy inhibitor chloroquine (CQ) were 
used to elucidate this potential effect. We and 
others have shown that these compounds and 
their analogs, RAD001 and hydroxychloroquine, 
respectively, can be used to potentiate the anti-
tumor effects of several oncolytic viruses in the 
pre-clinical setting [30, 36, 37]. In this study, 
both compounds had no cytotoxic effect on 
H460 and MOR spheroids at concentrations 
used in preliminary studies. However, pre-treat-
ment with CQ increased further caspase-3 pro-
cessing and PARP cleavage induced by NDV/
FMW, whereas treatment with Rapa decreased 
NDV/FMW-induced caspase-3 processing and 
PARP cleavage in H460 and MOR 3D spheroid 
cultures (Figure 5A). Levels of apoptosis in 
NDV/FMW-infected spheroids were increased 
following treatment with CQ, while on the con-
trary, apoptosis was decreased in response to 
Rapa (Figure 5B).

The effect of Rapa and CQ on NDV/FMW- 
induced autophagy flux was examined in 3D 
spheroid cultures. The pre-treatment of H460 
spheroids with CQ resulted in enhanced LC3II 
accumulation and increased P62 levels upon 
NDV/FMW infection compared with virus-infect-
ed cells only (Figure 5A). Similarly, increased 
levels of LC3I were detected in MOR spheroids 
pre-treated with CQ and infected with NDV/
FMW relative to with virus-infected cells only. 
These would suggest that autophagy may play 
a pro-survival role in NDV/FMW-induced oncol-
ysis of 3D spheroid cultures.

Discussion

To our knowledge, this is the first report show-
ing that oncolytic NDV exerts a robust cytotoxic 
effect in lung CSC-enriched spheroids. Recent 
studies have reported that lung cancer 3D 
sphere cultures are enriched with CSCs [10]. In 
this study, when cultured in 3D conditions, the 
lung cancer cell lines, H460 and MOR, formed 
spheres and were shown to exhibit more stem-

cell like properties than when cultured in 2D 
conditions. Although some 3D cancer cultures 
are known to resist oncolytic viral therapy owing 
to reduced virus penetration and spread [38-
40], in this study oncolytic NDV/FMW replicated 
efficiently in lung cancer spheroids. Further- 
more, NDV/FMW showed substantial oncolytic 
activity in CSC-enriched lung cancer 3D cul-
tures. In addition to lysing CSC-enriched cul-
tures, NDV/FMW inhibited the 3D growth poten-
tial of H460 and MOR cells, highlighting the use 
of oncolytic NDV as a promising therapeutic 
strategy for lung cancer, via targeting of the 
CSC subpopulation.

Our previous work indicated that apoptosis is 
the main cell death pathway involved in NDV/
FMW-mediated oncolytic effects in cisplatin-
resistant lung cancer cells and parental cell 
[29]. In this study, NDV/FMW also induced 
apoptosis of lung cancer 3D spheroid cultures. 
Interestingly, we observed that autophagy is 
induced following the induction of apoptosis  
in response to NDV/FMW infection. These find-
ings are in line with our previous observations 
that NDV/FMW triggers autophagy in U251  
glioma cells and A549 lung cancer cells [30, 
31]. Further analysis of the signaling pathways 
involved in autophagy induction indicates that 
NDV/FMW promotes autophagy flux in lung  
cancer 3D spheroids via inhibition of the AKT/
mTOR pathway, consistent with our previous 
observations in lung cancer 2D cultures [30].

We have previously demonstrated that the 
autophagy inhibitor, CQ, increases NDV-medi- 
ated oncolysis of cisplatin-resistant A549 cells 
both in vitro and in vivo [30]. In the current 
study, CQ enhanced NDV/FMW-mediated cyto-
toxicity in lung cancer 3D spheroids, suggesting 
that NDV/FMW in combination with autophagy 
inhibitors may be a strategy to enhance NDV/
FMW oncolytic activity in lung cancer 3D spher-
oids. Autophagy has been shown to be involved 
in OV-mediated lysis of cancer 3D cultures [41]. 
Colunga et al. reported that the oncolytic virus 
ΔPK, induces LC3II accumulation and P62 clea- 

Figure 5. Inhibition of autophagy enhances NDV/FMW mediated oncolysis of lung cancer spheroid cultures. Spher-
oid cells were mock-infected or infected with NDV/FMW (MOI = 1; 72 h) in the absence or presence of the autophagy 
inducer, Rapamysin (Rapa, 200 nM) and the autophagy inhibitor, chloroquine (CQ, 10 μM). Protein lysates were 
electrophoresed on SDS-PAGE gels and probed with antibodies to caspase-3, PARP, LC3I, LC3II and p62. All IB ex-
periments were performed twice (A). Apoptosis of control and infected cells in response to treatment with CQ and 
Rapa was analyzed by flow cytometry (B). Data are representative of mean ± SD from three independent experi-
ments (**P < 0.01).
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rance in melanoma 3D cultures with enriching 
CSCs [41]. The authors demonstrated that cal-
pain-dependent clearance of p62 contributes 
to ΔPK oncolytic activity in breast and melano-
ma 3D sphere cells [41]. These observations 
and ours highlight that targeting autophagy 
could enhance OV-induced oncolysis.

In conclusion, our data show that oncolytic NDV 
has the ability to kill lung cancer 3D spheroids 
and may provide a compelling rationale for the 
clinical translation of oncolytic NDV in the treat-
ment of lung cancer patients.
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