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Abstract: In addition to direct oncolysis, oncolytic viruses trigger immunogenic cell death (ICD) and primes an- 
titumor immunity. We have previously shown that oncolytic Newcastle disease virus (NDV), strain FMW (NDV/FMW), 
induces apoptosis and/or autophagy in cancer cells. In this study, we investigated whether oncolytic NDV can in-
duce ICD in lung cancer cells and whether apoptosis or autophagy plays a role in NDV-triggered ICD. To this end, 
we examined cell surface expression of calreticulin (CRT) on NDV-infected lung cancer cells and measured ICD 
determinants, high mobility group box 1 (HMGB1), heat shock protein 70/90 (HSP70/90) and ATP in supernatants 
following viral infection. Flow cytometric analysis using anti-CRT antibody and PI staining of NDV-infected lung can-
cer cells showed an increase in the number of viable (propidium iodide-negative) cells, suggesting the induction of 
CRT exposure upon NDV infection. In addition, confocal and immunoblot analysis using anti-CRT antibody showed 
that an enhanced accumulation of CRT on the cell surface of NDV-infected cells, indicating the translocation of 
CRT to the cell membrane upon NDV infection. We further demonstrated that NDV infection induced the release of 
secreted HMGB1 and HSP70/90 by examining the concentrated supernatants of NDV-infected cells. Furthermore, 
pre-treatment with either the pan-caspase inhibitor z-VAD-FMK or the necrosis inhibitor Necrostain-1, had no impact 
on NDV-induced release of ICD determinants in lung cancer cells. Rather, depletion of autophagy-related genes in 
lung cancer cells significantly inhibited the induction of ICD determinants by NDV. Of translational importance, in 
a lung cancer xenograft model, treatment of mice with supernatants from NDV-infected cells significantly inhibited 
tumour growth. Together, these results indicate that oncolytic NDV is a potent ICD-inducer and that autophagy con-
tributes to NDV-mediated induction of ICD in lung cancer cells.
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Introduction

Oncolytic viruses (OVs) have been emerging as 
novel anti-cancer immunotherapeutic agents 
as they induce immunogenic cell death (ICD) in 
addition to direct tumor cell lysis [1-4]. In gen-
eral, tumor cells undergoing OV-induced ICD 
release tumor-associated antigens (TAAs) ac- 
companied by diverse danger-associated mo- 
lecular patterns (DAMPs) and inflammatory 
cytokines to restore the immunosuppressive 
tumor microenvironment. In addition, they can 

trigger TAA-specific antitumor immunity [1, 2]. 
The three major ICD determinants include the 
release of ATP, high-mobility group box B1 pro-
tein (HMGB1) and the pre-apoptotic cell surface 
exposure of calreticulin (CRT). Heat shock pro-
teins (HSP) HSP70/90, which are exposed on 
the membrane of cells undergoing severe 
stress, act as danger signals thereby contribut-
ing to the stimulation of antigen-presenting 
cells. In preclinical studies, several OVs such as 
adenoviruses, herpes simplex virus, measles 
virus, parvovirus and vesicular stomatitis virus 
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have been shown to trigger ICD-like features in 
a variety of cancers [5-12], activating dendritic 
cell (DC) and increasing levels of inflammatory 
cytokines, natural killer (NK) cells and CD8+ 
T-cell responses [3]. These observations would 
suggest a potential role for OVs as anti-cancer 
immunotherapeutic modalities that may be 
used in combination with pharmacologic or 
other immunotherapeutic agents to further 
enhance anti-tumor immunity and overall thera-
peutic efficacy [4]. 

Oncolytic Newcastle disease virus (NDV) has 
displayed potent anti-tumor activities both in 
preclinical investigations and in clinical trials 
[13-18]. In addition to inducing apoptosis, 
autophagy-related cell death and necroptosis 
in a range of cancers, a recent study demon-
strated that NDV induced ICD in gliomas [19]. In 
line with these findings in NDV-infected glio-
mas, our previous study showed that oncolytic 
NDV triggered the release of HMGB1 in drug-
resistant lung cancer cells [20], suggesting that 
NDV may induce ICD-like features in different 
cancer cell types. However, the mechanism(s) 
by which NDV induces ICD in infected cancer 
cells remains largely unknown.

The aim of the current study was to establish 
whether (i) oncolytic NDV triggers the release of 
CRT, ATP, HMGB1 and HSP70/90 in human 
lung cancer cells, thereby inducing ICD; (ii) if 
apoptosis and autophagy play a critical role in 
this NDV-induced ICD. 

Materials and methods

Cell culture and viral infection

Human lung cancer cell lines A549 (ATCC® 
Number: CRM-CCL-185TM), H1650 (ATCC® Nu- 
mber: CRL-5883TM) and H460 (ATCC® Number: 
HTB-177TM) were purchased from the American 
Type Culture Collection (ATCC). A549 cells was 
cultured in DMEM and H1650 and H460 cell 
were cultured in Roswell Park Memorial In- 
stitute (RPMI-1640) medium, supplemented 
with 10% fetal bovine serum (FBS) at 37°C and 
5% CO2. Oncolytic NDV strain NDV/FMW, which 
has been previously shown to induce cytotoxic 
effects in lung cancer cells [21, 22], was used 
throughout the study. The propagation and 
titration of NDV/FMW were performed as previ-
ously described [21, 22]. Lung cancer cells 
were infected with NDV/FMW at a multiplicity of 

infection (MOI) of 1 and recovered at several 
time-points post-infection. To inactivate NDV/
FMW, the virus was ultraviolet-irradiated for 60 
min at intensity of 0.15 mW cm-2.

Antibodies and reagents 

The following antibodies from Cell Signaling 
Technology were used: cleaved caspase-3 
(#9662S), HMGB1 (#3935), HSP70 (#4876), 
poly (ADP-ribose) polymerase (PARP) (#9532S). 
Anti-microtubule-associated protein 1 light ch- 
ain 3 (LC3) (#L7543) and anti-a-tubulin (#T6- 
074) were purchased from Sigma. Anti-cal- 
reticulin (CRT) (#ab2907) and anti-E-cadherin 
(#ab40772) antibodies were purchased fr- 
om Abcam. Anti-hemagglutinin–neuraminidase 
protein (HN) (#sc-53562) and anti-HSP90 (#sc-
69703) antibodies were purchased from Santa 
cruz. Anti-β-actin (#66009-1-Ig) and goat anti-
rabbit antibody (#SA00001-2) were purchased 
from Proteintech. Goat anti-mouse antibody 
(#bs12478) was obtained from Bioworld. Alexa 
488 (#A11070) and Alexa 568 (#A11031) were 
obtained from Invitrogen. Anti-ATG5 antibody 
(#NB110-53818) was purchased from NOVUS. 
DAPI (#C1002) was purchased from Beyotime. 
Mitoxantrone (MTX) (#S1889), Necrostain-1 
(Nec-1) (#S8037) and Z-VAD-FMK (#S7083) 
were purchased from Selleckchem. Drugs were 
dissolved in dimethyl sulfoxide (DMSO) as  
stock solutions and stored at -20°C. Mem-
PERTMPlus Membrane Protein Extraction Kit 
(#89842) and Pierce®Protein Concentrator PES 
(#88517) were obtained from Thermo Scientific. 
ENLITEN®ATP Assay System Bioluminescence 
Detection Kit for ATP Measurement (#FF2000) 
was obtained from Promega. HMGB1 ELISA Kit 
II (#L534) was purchased from SHINO-TEST 
CORPORATION. 

Lentiviral constructs and stable cell lines 

A549 cell lines stably depleted of ATG5 or LC3 
were established, as described in our previous 
studies [23]. The following lentiviral constructs 
were purchased from Santa Cruz: ATG5 shRNA 
(#sc-41445-V), MAP LC3β shRNA (#sc-433- 
90-V) and noncoding shRNA (#sc-108080). 

Membrane protein extraction and preparation 
of concentrated supernatants

Cell lysates of virus-infected cells were collect-
ed and membrane proteins were extracted 
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using the Mem-PERTMPlus Membrane Protein 
Extraction Kit, according to the manufacturer’s 
instructions. The supernatants (5 ml) of infect-
ed cells were collected and concentrated to 
100 μl using Pierce®Protein Concentrator 2-6 
ml/10K filters, according to the manufacturer’s 
instructions.

Confocal microscopy

For the detection of CRT on the cell surface, 
virus-infected cells were subjected to confocal 
laser microscopy analysis as previously de- 
scribed [23]. Briefly, cells were fixed and incu-
bated with a rabbit monoclonal antibody 
against CRT, following incubation with Alexa 
Fluor 488 goat anti-rabbit IgG. Nuclei were 
stained with 5 μg/mL DAPI (Sigma) in PBS. 
Images were obtained using a confocal laser 
microscope (Leica TCS SP5) with a ×60 oil 
objective. Data were analyzed using the open 
source ImageJ (64 Bit for Windows) imaging 
platform.

Apoptosis

Cell death was assessed by double staining 
with fluorescein isothiocyanate (FITC)-coupled 
annexin-V (AnnexinV-FITC, BD Bioscience, #C3- 
4554) and propidium iodide (PI) staining as pre-
viously described [21]. The cell population in 
the lower right quadrant (PI-negative, Annexin 
V-positive) corresponding to apoptotic cells 
were quantified.

Flow cytometric analysis 

Ecto-CRT detection was performed as previ-
ously documented by Khou et al. [24]. Briefly, 
cells were incubated with an anti-CRT antibody, 
followed by incubation with AlexaFluor 488-con-
jugates. PI was added to the final concentration 
of 1 μg/ml, and samples were analyzed by flow 
cytometry analysis. CRT-positive cells were 
gated on live (PI-negative) cells.

ATP and enzyme-linked immunosorbent assays

The cell-free supernatants of NDV-infected lung 
cancer cells and mock-infected control cells 
were collected. Secreted extracellular ATP in 
the supernatants was measured using the 
ENLITEN ATP assay (Promega, Madison, WI, 
USA) using a multifunctional enzyme labeling 
instrument (Enspire2300, Perkin Elmer, USA). 
Supernatants were also used to detect HMG- 
B1 using the HMGB1 ELISA Kit II (Shino-Test, 

Kanagawa, Japan). Enzyme-linked immunosor-
bent assays (ELISA) were performed using a 
luminometer.  

Immunoblot analysis

Immunoblot (IB) analysis was carried out as 
previously described [25]. For detection of CRT 
on the cell surface, cell membrane fractions of 
NDV/FMW-infected lung cancer cells were iso-
lated and subjected to SDS-PAGE and analyzed 
by immunoblotting. E-cadherin was used as a 
positive control for membrane protein expres-
sion. To examine secreted HMGB1 and HSP- 
70/90, the concentrated cell-free supernatants 
of virus-treated cells were subjected to IB 
analysis. 

Animal experiments 

BALB/c nude mice (female, 6 weeks old) we- 
re purchased from the Experimental Animal 
Center of Dalian Medical University. Briefly, cul-
tured A549 and H460 cells were injected sub-
cutaneously into the right flank of mice. Mice 
were divided into four groups and ten mice 
were included in each treatment group. (a) PBS 
control, (b) concentrated cell-free supernatants 
from NDV/FMW-infected cells (the superna-
tants were ultraviolet-irradiated for 60 min at 
intensity of 0.15 mW cm-2), (c) NDV/FMW (1×107 
TCID50 per dose), (d) inactivated NDV/FMW. 
When tumors reached 200 mm3, tumors re- 
ceived an intratumoral injection every three 
days. Tumor-bearing mice were also treated 
with either NDV/FMW or inactivated NDV/FMW 
for control. Tumor growth and survival was 
monitored every 5 days by digital calipers. After 
40 days, mice were sacrificed under anesthe-
sia. Euthanasia: Treat mice in an inhalation 
anesthesia machine with 5% isoflurane; 2.4 L/
min N2O; 1.2 L/min O2. Observe the mice (The 
depth of anesthetization is sufficient when the 
following vital criteria are reached: regular 
spontaneous breathing. No reflex after setting 
of pain stimuli between toes, and no response 
to pain). Carotid after anesthesia mice was 
killed off. The animals were tested in a biosafe-
ty cabinet of the SPF laboratory animal center 
of the Dalian Medical University (Dalian, China), 
all procedures involving animals and their care 
complied with the China National Institutes of 
Healthy Guidelines for the Care and Use of 
Laboratory Animals. Ethical approval for the 
study was granted by the Ethics Committee of 
Dalian Medical University. Mouse experiments 
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Figure 1. Induction of apoptosis by oncolytic NDV/FMW in lung cancer cells. A. H460 cells were infected with or 
without (mock-infected) NDV/FMW (MOI = 1) for the indicated time-points. Cells at 24 and 48 h post-infection (hpi) 
were double-stained with Annexin V and propidium iodide (PI) and analyzed by flow cytometry. 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<0.001). B. Cells at 12, 24 
and 48 hpi were lysed and activation of caspase-3 and cleaved poly (ADP-ribose) polymerase (PARP) was examined 
by immunoblot analysis (n = 2). Replication of NDV/FMW was detected by examination of the expression of hemag-
glutinin-neuraminidase protein (HN) protein. To control for loading, a-tubulin was also used. Immunoblots shown are 
representative of two independent experiments. C. Cells were pre-treated with either Z-VAD-FMK (Z-VAD, 100 μM) or 
Necrostain-1 (Nec-1, 20 μM) or mock-treated, following infection of NDV/FMW for 48 h. Apoptosis was analyzed by 
flow cytometry. Data are representative of three independent experiments (**P<0.01, n.s = not significant). 

were carried out as described previously [21, 
26]. 

Statistical analysis

Statistical analyses were performed using the 
Student’s t-test with Microsoft Excel (Microsoft, 

Redmond, WA, USA). Results were expressed 
as the Mean ± SD of at least three independent 
experiments. To assess the in vivo oncolytic 
effects, statistical significance between groups 
was calculated using LSD test and SPSS 11.0 
software (SPSS Inc., Chicago, IL, USA). Diffe- 
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Figure 2. NDV induces calreticulin (CRT) exposure in response to NDV. A. A549 and H460 cells were infected or 
mock-infected with NDV/FMW (MOI = 1) for 24 and 48 h. Cells were subjected to surface immunofluorescence 
staining to detect CRT in viable, PI-negative cells. Representative dot plots (left panel) and quantification data (right 
panel) are shown. Data are shown as Mean ± S.D. for three independent replicates (*P<0.05). B. Translocation of 
calreticulin (CRT) was assessed by immunofluorescence staining. The ICD inducer, mitoxantrine (MTX), was used as 
a positive control. DAPI was used for nuclear staining. NDV was detected based on the expression of hemagglutinin-
neuraminidase protein (HN). Images were obtained using confocal microscopy (scale bar = 25 μm), arrowheads in-
dicate positive area. Images are representative of three independent experiments. C. Cell membranes was isolated 
and subjected to immunoblot (IB) analysis while E-cadherin was used as a membrane marker. Immunoblots shown 
are representative of two independent experiments.

rences with a p value of P<0.05 were consid-
ered statistically significant.

Results

Oncolytic NDV induces apoptosis in lung can-
cer cells 

Our previous work showed that oncolytic NDV, 
strain FMW (NDV/FMW), induced apoptosis in 
human lung cancer A549 cells [21, 27, 28]. We 

determined the apoptotic effects of NDV/FMW 
on lung H460 cells. NDV/FMW was inoculated 
at an MOI of 1 for different times and apoptosis 
was analyzed by flow cytometry with FITC-
conjugated Annexin V and PI double staining. 
Relative to controls, NDV/FMW infection trig-
gered a significant increase in the percentage 
of apoptotic cells in H460 cells at 48 h post-
infection (hpi) (Figure 1A). Moreover, we 
observed a profound cleavage of caspase-3 



NDV triggers immunogenic cell death

1519 Am J Cancer Res 2018;8(8):1514-1527

and poly (ADP-ribose) polymerase (PARP), two 
classical markers of apoptosis, in NDV/FMW-
infected H460 cells at 24 and 48 hpi as 
assessed by immunoblot analysis (Figure 1B). 
These data indicate that NDV/FMW induces 
apoptosis in H460 cells. To further examine the 
apoptotic effect of NDV/FMW on H460 lung 
cancer cells, cells were pre-treated with either 
the broad specificity caspase inhibitor, Z-VAD-
FMK, the necrosis inhibitor, Necrostain-1, or 
mock-treated. Pre-treatment with Z-VAD-FMK 
(but not Necrostain-1) significantly decreased 
the number of apoptotic cells in NDV/FMW-
infected H460 cells (Figure 1C), further con-
firming the induction of apoptosis in NDV/FMW-
treated H460 cells. In addition, marked ex- 
pression of NDV HN protein in H460 cells was 
detected at 12, 24 and 48 hpi (Figure 1B), indi-
cating viral replication. These findings are in 
agreement with our previous observations  
[21, 27] whereby NDV/FMW infection trigger- 
ed apoptosis and expression of HN protein in 
A549 cells (data not shown).

NDV induces CRT exposure in lung cancer cells 

Oncolytic NDV was shown to induce ICD in glio-
mas and to trigger the release of HMGB1 in 
drug-resistant lung cancer cells [19, 20]. We 
hypothesized that NDV/FMW induces ICD in 
lung cancer cells. Ecto-CRT is the most impor-
tant determinant of ICD [1-3]. Following the trig-
gering of immunogenic apoptosis, CRT translo-
cates from the lumen of the endoplasmic 
reticulum to the surface of dying cells where it 
functions as an ‘eat-me’ signal for professional 
phagocytes [29, 30]. FACS analysis following 
co-staining of NDV/FMW-infected A549 and 
H460 cells with anti-CRT antibody and PI, 
showed a significant increase in the number of 
PI-negative cells at 24 and 48 hpi (Figure 2A), 
suggesting that NDV infection may trigger CRT 
translocation to the cell surface. To examine 
whether NDV/FMW induced ecto-CRT, NDV/
FMW-infected lung cancer cells were stained 
with an anti-CRT antibody and analyzed by con-
focal imaging. Mitoxantrine (MTX) [31], a bona 
fide ICD inducer, was used as a positive control. 
Increased accumulation of CRT (Green) on the 
cell surface was observed in NDV/FMW-
infected A549 and H460 cells at 48 hpi com-
pared to mock-infected cells by immunofluores-
cence (Figure 2B). As expected, MTX treatment 
of A549 and H460 cells induced greater expo-

sure of CRT (Green) (Figure 2B). The NDV enve-
lope protein, HN (Red), was evident in NDV-
infected cells but not in mock-infected or 
MTX-treated cells by immunostaining with anti-
HN antibody (Figure 2B). To further corroborate 
the above findings, we analyzed the expression 
levels of CRT on the cell plasma membrane by 
immunoblotting. NDV/FMW infection indeed 
triggered an increase in membrane-fractioned 
CRT levels in both A549 and H460 cells com-
pared to mock-infected cells (Figure 2C), indi-
cating that NDV/FMW induces ecto-CRT in lung 
cancer cells.

NDV infection of lung cancer cells triggers 
release of HMGB1and HSP70/90

We next investigated the release of secreted 
DAMPs such as ATP, HMGB1 and HSP70/90 in 
NDV/FMW-infected lung cancer cells. Immu- 
noblot analysis of the concentrated superna-
tants of NDV-infected A549 and H460 cells 
demonstrated that extracellular HMGB1 levels 
were markedly increased after 48 h incubation 
compared to mock-infected cells (Figure 3A 
and 3B). Surprisingly, marked induction of 
HMGB1 was detected in the whole cell lysates 
of NDV-infected H460 cells but not in A549 
cells (Figure 3B). Consistently, a significant 
increase in HMGB1 levels was observed in the 
supernatants of NDV/FMW-infected lung can-
cer cells compared to mock-infected cells as 
detected by ELISA (Figure 3C). Furthermore, 
extracellular HSP70/90 levels were found in 
concentrated supernatants of A549 cells from 
12 h to 48 h following NDV/FMW infection 
(Figure 3A), but were only detectable in H460 
cells at 48 hpi (Figure 3B). In addition, no extra-
cellularly secreted ATP was found in NDV/FMW-
infected lung cancer cells at 12, 24 and 48 hpi 
(data not shown).

Inhibition of apoptosis does not affect NDV-
induced ICD in lung cancer cells

We sought to test whether apoptosis plays a 
role in NDV/FMW-induced ICD in lung cancer 
cells. Pretreatment of A549 (Figure 4A) and 
H460 (Figure 4B) cells with either Z-VAD-FMK 
or necrostain-1 had no effect in decreasing 
ecto-CRT on the cell surface in NDV/FMW-
infected cells at 24 hpi compared to virus-only-
treated cells. In addition, Z-VAD-FMK and ne- 
crostain-1 showed no inhibitory effect on the 
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Figure 3. Release of immunologic signals upon NDV infection. A, B. Cell-free supernatants (concentrated) and whole 
cell lysates were collected from A549 and H460 cells infected with NDV/FMW (MOI = 10) for distinct periods of 
12, 24 and 48 h. Immunoblot (IB) analysis of HMGB1 and HSP70/90 in either whole cell lysates or concentrated 
supernatants of A549 and H460 cells. Data shown are representative of two independent experiments. C. Enzyme-
linked immunosorbent (ELISA) detection of HMGB1 release in NDV/FMW cell supernatants compared to uninfected 
control cells (***P<0.001, n = 4). 

release of HMGB1 or HSP70/90 in NDV/FMW-
infected A549 and H460 cells (data not shown).

Depletion of key autophagy gene decreases 
the induction of ICD in lung cancer cells upon 
NDV infection 

We and others previously reported that onco-
lytic NDV/FMW triggers autophagy in infected 
cells [19, 20, 32-35]. Given that autophagy may 
contribute to the induction of ICD [36, 37], we 
examined whether depletion of the autophagy-
related gene (Atg) would impact on NDV/FMW-
mediated ICD in lung cancer cells. To test this, 
lentiviruses expressing different short hairpin 
RNAs (shRNAs) against either ATG5 or microtu-
bule associated protein 1 light chain 3 (LC3), 
two key autophagy genes in autophagosome 
formation, were used to stably deplete ATG5 
and LC3 in A549 cells. Lentiviruses expressing 

the scrambled shRNAs were used as controls. 
Depletion of ATG5 and LC3 was confirmed by 
immunoblot analysis (Figure 5A). FACS analy- 
sis indicated that NDV/FMW-induced CRT expo-
sure, which was significantly suppressed in 
ATG5- and LC3-depleted A549 cells at 24 hpi 
compared to A549-scrambled controls (Figure 
5B). It was reported that the human lung ade-
nocarcinoma H1650 cell line, which has lost 
Atg7 expression, is deficient in Atg7-dependent 
autophagy [38]. Interestingly, we did not ob- 
serve any CRT exposure in H1650 cells upon 
NDV/FMW infection at 24 and 36 hpi (Figure 
5C). Consistently, confocal analysis of NDV/
FMW-infected cells at 36 hpi showed that 
depletion of either ATG5 or LC3 markedly abol-
ished the induction of CRT exposure compared 
to scrambled control cells (Figure 5D). Mo- 
reover, immunoblot analysis of concentrated 
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Figure 4. Effects of pharmacological modulation of apoptosis and necroptosis on NDV-induced CRT exposure. A549 
(A) and H460 (B) lung cancer cells were pre-treated with either Z-VAD-FMK (100 μM) or Necrostain-1 (Nec-1, 20 μM), 
and subsequently infected or mock-infected with NDV/FMW (MOI = 1) for 24 h. Cells were stained for the detection 
of CRT in viable, PI-negative cells (Figure 2A). Representative dot plots (top panel) and quantification data (lower 
panel) are shown for three independent experimental replicates (***P<0.001, n.s = not significant). 

supernatants from NDV/FMW-infected A549 
cells at 48 hpi demonstrated that depletion of 
either ATG5 or LC3 profoundly decreased the 
release of HMGB1 (Figure 5E). In addition, we 
did not observe the release of HMGB1 in NDV-
infected H1650 cells (data not shown). We fur-
ther examined whether pharmacological modu-
lation of autophagy could affect NDV-mediated 
induction of ICD in lung cancer cells. As shown 
in Figure 5F, pretreatment with two well known 
autophagy inducers, Rapamycin and BEZ235, 
significantly increased NDV/FMW-induced CRT 

exposure in lung cancer cells compared with 
NDV/FMW alone.

Supernatants derived from NDV-infected cells 
reduce tumor growth in mice

We explored the potential of supernatants from 
NDV/FMW-infected lung cancer cells to sup-
press tumor growth in vivo. Mice with A549 or 
H460-derived tumors were injected with con-
centrated supernatants from NDV/FMW-in- 
fected A549 and H460 cells every three days. 
The supernatants were irradiated with UV to 
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Figure 5. Effects of depletion of autophagy-related genes on NDV-triggered ICD determinants. (A) Confirmation of 
the depletion efficiency in A549 cells stably depleted of ATG5 (shATG5) or LC3 (shLC3) by immunoblot analysis. 
β-actin was used as a loading control. ATG5- or LC3-depleted A549 cells (B) and H1650 cells (C) were infected 
or mock-infected with NDV/FMW (MOI = 1) for 24 in A549 cells and 24 and 36 h in H1650 cells. Flow-cytometric 
analysis of CRT exposure was performed (Figure 2A). Data are shown as Mean ± S.D. for three independent ex-
periments (*P<0.05, n.s = not significant). (D) ATG5- or LC3-depleted A549 cells and control cells were infected or 
mock-infected with NDV/FMW (MOI = 1) for 36 h. Confocal analysis of CRT exposure was carried out (Figure 2B). 
MTX was used as a positive control, arrowheads indicate positive area. Representative images are shown for three 
independent experiments. (E) IB analysis of released HMGB1 in whole cell lysates and concentrated supernatants 
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inactivate the infectious virus. The growth of 
supernatant-injected tumors was significantly 
reduced compared to PBS-injected tumors 
(Figure 6A). As expected, injection with NDV/
FMW, but not UV-inactivated virus, significantly 
decreased tumor growth (Figure 6A). In addi-
tion, the CRT exposure in mice tumor samples 
in NDV/FMW-treated group and comparative 
control group were assessed by Immunohis- 
tochemistry. Figure 6B shows that the CRT 
exposure was evidently observed in tumor sam-
ples of mice treated with NDV/FMW and with 
the supernatants. 

Discussion

In this study, we show that oncolytic NDV/FMW 
triggers CRT exposure and HMGB1 and HS- 

P70/90 release in human lung cancer cells in 
vitro, while supernatants from NDV-infected 
cells reduced tumor formation in a xenograft 
model indicating that NDV-induced lung cancer 
cell death is immunogenic and associated with 
the release of the major ICD determinants. 
Notably, we demonstrate that autophagy plays 
a role in NDV-induced ICD in lung cancer cells. 
Thus, to our knowledge, this is the first study 
describing the induction of ICD by NDV in lung 
cancer cells and a potential mechanism by 
which NDV induces ICD in this cancer type.

A growing number of oncolytic viruses such as 
coxsackie B3 virus, herpes simplex virus type 
1, measles virus, parvovirus, vaccinia virus 
have been shown to induce ICD in a variety of 
cancer cells [8, 11, 39-42]. Recently Koks et al. 

of NDV/FMW-infected A549, ATG5- and LC3-depleted A549 cells. Blots shown are representative of two indepen-
dent experiments. (F) A549 cells were treated with vehicle, Rapamycin (1 μM) or BEZ235 (1 μM), then they were 
infected with vehicle or NDV/FMW (1 MOI) for 24 h. Flow-cytometric analysis for CRT exposure. Representative im-
ages are shown for three independent experiments.

Figure 6. Tumor growth in response to supernatants from NDV-infected lung cancer cells. A. A549 and H460 cells 
were injected subcutaneously into the right flanks of mice to establish tumors. When tumors reached approximately 
200 mm3, mice received an intratumoral injection of either PBS, the concentrated cell-free supernatants of NDV/
FMW (50 μl), NDV or inactivated NDV every three days. Tumor volumes were measured at 5-day intervals for 40 days 
after injections and expressed as the Mean ± SD (n = 10) and represented as tumor volume-time curves to show 
any differences in tumor regression (*P<0.05, **P<0.01). B. Immunohistochemistry assay for expressions of CRT 
protein in four groups of mice model, arrowheads indicate positive area. Scale bar = 50 μm. 
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reported that NDV induced ICD accompanying 
the release and surface exposure of DAMPs in 
glioma cells [19]. However, whether oncolytic 
NDV triggers ICD in other cancer types has yet 
to be reported. In the present study, we identi-
fied the ICD markers HMGB1, HSP70/90 and 
ATP in cell culture supernatants following viral 
infection and examined cell surface of infected 
lung cancer cells for CRT expression. We found 
that NDV infection of lung cancer cells triggered 
the release or expression of several DAMPs, 
including ecto-CRT, HMGB1and HSP70/90, 
consistent with the observation by Koks et al. 
in glioma GL261 cells [19]. Thus, our data indi-
cate that NDV induces ICD in lung cancer cells. 
It has been shown that ATP is an important ICD 
determinant [43]. Interestingly, similar to the 
study in NDV-infected glioma cells [19], no 
change was observed in the levels of secreted 
ATP in NDV-infected lung cancer cells. Never- 
theless, this study and work by others strongly 
suggest that induction of ICD in cancer cells 
may be a common feature for NDV during 
infection.

Recent studies have highlighted the role of the 
immune response, initiated by NDV, to mediate 
antitumor effects in addition to direct oncoly-
sis. Zamarin et al. reported that localized thera-
py with oncolytic NDV induces inflammatory 
immune infiltrates in distant melanoma [17]. 
Studies by Schwaiger et al. showed that NDV 
mediates pancreatic tumor rejection via NK cell 
activation and prevents cancer relapse by 
prompting an adaptive immune response [44]. 
Thus, the induction of ICD by NDV in cancer 
cells may induce antitumor immune response 
in vivo. Remarkably, a reduction in tumor for-
mation in xenografts injected with concentrat-
ed supernatants of NDV-infected lung cancer 
cells was observed, suggesting that non-infec-
tious molecules including the DAMPs in the 
supernatants of NDV-infected cells inhibited 
the growth of tumors via tumor immunity. 
However, whether NDV-triggered ICD could ex- 
ert direct effects on the activation and matura-
tion of immune cells such as DCs and cytotoxic 
T lymphocytes (CTLs), as well as the release of 
inflammatory cytokines in lung cancers, has 
not been determined in the current study. 
However, previous reports have shown that 
NDV-induced ICD can prime adaptive antitumor 
immunity in an orthotopic, syngeneic murine 

glioma model [19]. Of interest, immune check-
point blockade of PD-1/PD-L1 in conjunction 
with oncolytic NDV-mediated therapy have 
been recently investigated [17, 45]. Therefore, 
it will be interesting to explore whether and how 
the induction of ICD by NDV affects the antitu-
mor response using these combinatorial ap- 
proaches in pre-clinical studies and subse-
quent clinical trials.

Several forms of cell death such as apoptosis, 
autophagic cell death, necroptosis and endo-
plasmic reticulum stress, play a role in the 
induction of ICD in response to different stimuli 
[2, 43]. Given the importance of ICD in NDV-
mediated antitumor immune response, we in- 
vestigated whether NDV-induced apoptosis 
and/or autophagy contribute to the induction of 
ICD in infected lung cancer cells. Our data dem-
onstrate that pharmacological inhibition of ei- 
ther apoptosis or necroptosis does not display 
any inhibitory effect on NDV-triggered release 
or expression of ecto-CRT, HMGB1 and HS- 
P70/90 in lung cancer cells, indicating that, in 
addition to apoptosis and necroptosis, other 
cell death pathways may be involved in NDV-
mediated induction of ICD. This finding is, at 
least in part, consistent with that observed in 
NDV-infected gliomas, indicating that NDV-
induced ICD is blocked by inhibition of necrop-
tosis and is independently of caspase signaling 
[19]. However, we demonstrate that depletion 
of Atg genes in lung cancer cells suppressed 
the induction of NDV-triggered release of 
DAMPs, revealing the contribution of autopha-
gy to NDV-induced ICD. Together, our data indi-
cate that the induction of ICD by NDV in lung 
cancer cells, to some extent, relies on autopha-
gy. In this regard, strategies targeting autopha-
gy may modulate NDV-triggered ICD and there-
by affect the NDV-mediated immune response 
in lung cancer.

In conclusion, our data show that oncolytic NDV 
infection of lung cancer cells triggers the 
release of ICD determinants including ecto-
CRT, HMGB1 and HSP70/90. Furthermore, we 
demonstrate in this study that autophagy con-
tributes to NDV-mediated induction of ICD. 
Further studies are however warranted in vivo 
to validate these data, which may have poten-
tial implications as NDV-based virotherapy in 
combination with conventional cancer treat-
ments in the clinical setting.
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