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Newcastle disease virotherapy induces long-term survival and
tumor-specific immune memory in orthotopic glioma through
the induction of immunogenic cell death
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The oncolytic features of several naturally oncolytic viruses have been shown on Glioblastoma Multiforme cell lines and in
xenotransplant models. However, orthotopic glioma studies in immunocompetent animals are lacking. Here we investigated
Newcastle disease virus (NDV) in the orthotopic, syngeneic murine GL261 model. Seven days after tumor induction, mice
received NDV intratumorally. Treatment significantly prolonged median survival and 50% of animals showed long-term sur-
vival. We demonstrated immunogenic cell death (ICD) induction in GL261 cells after NDV infection, comprising calreticulin sur-
face exposure, release of HMGB1 and increased PMEL17 cancer antigen expression. Uniquely, we found absence of secreted
ATP. NDV-induced ICD occurred independently of caspase signaling and was blocked by Necrostatin-1, suggesting the contri-
bution of necroptosis. Autophagy induction following NDV infection of GL261 cells was demonstrated as well. /n vivo, elevated
infiltration of IFN-y* T cells was observed in NDV-treated tumors, along with reduced accumulation of myeloid derived sup-
pressor cells. The importance of a functional adaptive immune system in this paradigm was demonstrated in immunodeficient
Rag2~/~ mice and in CD8* T cell depleted animals, where NDV slightly prolonged survival, but failed to induce long-term
cure. Secondary tumor induction with GL261 cells or LLC cells in mice surviving long-term after NDV treatment, demonstrated
the induction of a long-term, tumor-specific immunological memory response by ND virotherapy. For the first time, we describe
the therapeutic activity of NDV against GL261 tumors, evidenced in an orthotopic mouse model. The therapeutic effect relies
on the induction of ICD in the tumor cells, which primes adaptive antitumor immunity.

Glioblastoma Multiforme (GBM) is a WHO grade IV neo- resection of the tumor, radiochemotherapy and maintenance
plasm and the most frequent primary brain tumor in adults."  chemotherapy. Despite great advances in these fields, the
Current multimodal treatment consists of maximal surgical prognosis of GBM patients remains dismal and relapse
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What’s new?

Newcastle disease virotherapy induces antitumor immunity

Glioblastoma multiforme has a particularly grim prognosis. One potential treatment is “oncolytic virotherapy” (OVT), which
relies on viruses that specifically infect and lyse tumor cells. In this study, the authors found that mice whose gliomas were
injected with Newcastle-disease virus (NDV) survived significantly longer than controls. Many researchers have assumed that,
in order for OVT to work, the immune system must be suppressed. Here, however, NDV actually stimulated “immunogenic cell
death” (ICD) and “necroptosis” (rather than apoptosis). OVT may thus be a promising therapeutic approach in combination

with therapies that stimulate the immune response.

universal.>* Therefore, much of the contemporary (pre)clini-
cal research is focused on developing novel long-term and
tumor-targeted treatments. One such emerging strategy is
oncolytic virotherapy (OVT).* This approach employs
viruses, which infect and lyse tumor cells, while leaving non-
transformed cells unharmed, thereby helping in tumor
eradication.

Within the broad group of oncolytic viruses (OVs), natu-
rally occurring oncolytic strains, such as Newcastle disease
virus (NDV), are particularly interesting as they show antitu-
mor activity against a broad spectrum of malignancies and
possible side toxicities are relatively easily predicted and
addressed. Contrary to genetically engineered strains, these
viruses are not human pathogens and safety databases con-
cerning their use in humans are available.” Furthermore,
NDV represents one of very few OVs that have completed
the first phase I/II clinical trials in glioma patients to date,
demonstrating appreciable evidence of antiglioma activity.®
Preclinically, most in vivo studies performed to date have
focused on the direct tumor cell killing capacity of NDV in
(subcutaneous) xenotransplant models.” However, utilizing
OVT solely for tumor eradication, as in this setting, does not
validate the recent “oncolytic paradigm,” which entails that
OVT-mediated tumor cell death should be accompanied by
elicitation of antitumor immunity that improves the efficacy
of OVT.*

When considering the host immune system, earlier
research in the glioma field mostly speculated it to be a
strong hurdle to successful OVT and aimed to improve ther-
apeutic efficacy with immunosuppressive co-treatments.*’
Recently, however, OVT efficacy was also shown in fully
immunocompetent animals.'”'" Evidence from other cancer
models has further led to the suggestion that OVs might trig-
ger antitumor immune reactivity relatively independent of
viral replication. In this concept, the immune system is criti-
cal to mediating the efficacy of OVT and immunosuppression
would actually reduce tumor therapy. In orthotopic glioma
research, the data presented here is the first investigation into
this hypothesis.

An OV may fulfill the “oncolytic paradigm” by inducing
an emerging form of cancer cell death called immunogenic
cell death (ICD).">"* While most anticancer therapies induce
non-immunogenic cell death, which induces tolerance toward
tumor cells, certain therapies can induce a cell death mecha-
nism that is actively immunostimulatory because it is associ-

ated with the exposure/emission of potent danger signals,
thereby leading to activation of antitumor immunity."> The
in vitro molecular determinants of ICD include danger sig-
nals like surface-exposed calreticulin (ecto-CRT), secretion of
ATP and passive release of heat shock proteins (HSPs)—70/
90 or high mobility group box 1 (HMGBI1) protein.'>"* The
in vivo immunological signatures include increased infiltra-
tion of IFN-y" CD4"/CD8" T cells into the treated tumor
microenvironment and the ability to induce tumor-rejecting
immunity."” Moreover, it has been recently proposed that an
ideal ICD-inducing therapy should also principally lead to
decreased sustenance of pro-tumorigenic immune cells like
myeloid derived suppressor cells (MDSCs)."?

Until now, as a standalone therapy, two naturally occur-
ring OVs (i.e., measles and coxsackie B3 virus) have been
shown to elicit molecular signatures in vitro that may suggest
induction of ICD (e.g., ecto-CRT or passively released
HMGB1) and to cause stimulation of immune cells.'*"
However, neither of these were shown to induce concomitant
tumor-rejecting anticancer immunity in an immunocompe-
tent syngeneic animal model—an absolute prerequisite of
bona fide ICD induction."?

Material and Methods

Animals, cell lines and viruses

Female 10-weeks-old C57BL/6] mice were purchased from
Harlan (The Netherlands). Male 20-weeks-old Rag2 ™'~ mice
were kindly provided by Dr. Guy Boeckxstaens (KU Leuven).
All animal experiments were approved by the bioethics com-
mittee of the KU Leuven.

Methylcholanthrene-induced murine C57BL/6] syngeneic
GL261 glioma cells were obtained from Dr. Ilker Eyupoglu
(University of Erlangen, Germany). GL261 and Lewis Lung
Carcinoma (LLC) cells were maintained in DMEM supple-
mented with 10% heat-inactivated FCS, 2 mM I-glutamine,
100 U ml™" penicillin, 100 mg ml™' streptomycin, and
100 mg ml ! gentamycin sulfate (Lonza, Belgium). Primary
murine astrocyte cultures were kindly provided by Dr. Mat-
thew Holt (KU Leuven) and were maintained in DMEM/F12
(Lonza) supplemented with FCS, penicillin and streptomycin
as described above. All cells were cultured in a humidified
atmosphere containing 5% CO, at 37°C.

The lentogenic Hitchner Bl strain of NDV was kindly
provided by Dr. Christian Grund (Friedrich-Loeffler Institut,
Riems, Germany). It was propagated in embryonated eggs
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from specific-pathogen free chicken and purified by sucrose
gradient centrifugation as described.'® Quantitative PCR for
titer determination was performed on a Light Cycler 480 II
(Roche, Germany). Primer sequences: BIS 5CGAG AAT
TCA GAA TCG TCC CGT TAC3C (sense) and BIA 5CTCT
TGA TGT CGC AGA AGA TAG GTG AT3C (antisense).
Conditions: 15 min reverse transcription at 50°C, initial
denaturation at 95°C, 40 denaturation cycles at 95°C for 8
sec and annealing and extension at 60°C for 45 sec.

In vitro cell death
GL261 cells were infected with NDV and harvested 24, 72
and 96 hr post-infection.

To investigate NDV-induced cytotoxicity, cells were
infected with multiplicities of infections (MOIs) ranging from
4 to 1,000 and viability was analyzed via MTT assays, as
described."”

To investigate the cell death pathways involved, GL261
cells were infected with NDV at MOI 125. Pan-caspase inhib-
itor Z-Val-Ala-DL-Asp(OMe)-fluoromethylketone (zVAD)
(Bachem, Switzerland) and receptor-interacting protein kinase
(RIPK) 1 inhibitor Necrostatin-1 (Sigma-Aldrich) were added
45 min prior to virus addition in some conditions and cell
viability was measured using MTS, rather than MTT.
This allows omitting cell lysis with DMSO and the resulting
one-step protocol decreases intraexperimental variability.

Alternatively, cells were harvested, washed and stained for
FITC-coupled Annexin V (Becton Dickinson (BD), Erembo-
degem, Belgium) and Propidium Iodide (PI) (Sigma-Aldrich)
for 15 min at RT in the dark. Acquisition and analysis was
performed using the Cellquest software on a FACSort flow
cytometer (BD).

Also, whole cell lysates were prepared, followed by immu-
noblotting with anti-caspase-3 and anti-PARP antibodies
(Cell Signaling Technology, USA), as described previously.'®

Imaging analysis of cell death morphology was carried out
in phase-contrast mode using the Leitz© Fluovert Inverted
Microscope (fitted with the Leica DC200 camera) utilizing
the NPL Fluotar L25/0.35 PHACO1 objective with 25X
magnification.

Orthotopic glioma model and Newcastle disease

virotherapy

Mice were injected intracranially with 5 X 10° GL261
tumor cells as previously described.'” Some animals received
CD8" T cell depleting antibody intraperitoneally 1 day be-
fore (200 pg) and 1 day after (100 pg) intracranial tumor
induction.

For intratumoral virotherapy 5 X 10° U of NDV were
injected into the preexisting burr hole using the same injec-
tion procedure as described above. After treatment mice were
weighed three times per week. Animals were considered
long-term survivors after 80 days (i.e., approximately three-
fold the median survival of control animals). Long-term sur-
viving animals received a second intracranial tumor cell
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injection with 5 X 10° GL261 cells 100 days after the initial
tumor induction and at this time naive mice of the same age
were used as age-matched controls. To demonstrate the spec-
ificity for GL261 of the NDV-induced antitumor immune
memory response, other long-term survivors and age-
matched controls were (re)challenged subcutaneously with 5
X 10° LLC cells at this time.

Magnetic resonance imaging

MR images were recorded on the 9.4 T Biospec small animal
MR system (Bruker Biospin, Germany) using a 7 cm linearly
polarized resonator for transmission and an actively-decoupled
dedicated mouse brain surface coil for receiving (Rapid Bio-
medical, Germany). For localization purposes, two-
dimensional axial T2-weighted images (spin echo, TEeft = 48
ms, TR=3,500 ms) and two-dimensional coronal T2-
weighted images were obtained. Image processing and analysis
were performed with Paravision 5.0 (Bruker BioSpin).

Immunogenic cell death

GL261 cells were treated with NDV at MOI 125 and recov-
ered at several time-points post-infection. For ecto-CRT
detection cells were incubated for 1 hr with primary anti-
CRT rabbit antibody (Abcam, UK), diluted in 1% BSA, 2%
FBS, at 4°C. This was followed by washing and 1 hr incuba-
tion with Alexa Fluor 488-conjugated anti-rabbit antibody
(Invitrogen, Belgium). Thereafter the cells were washed and
incubated with the viability detection/exclusion dye 7-
aminoactinomycin D (7AAD) (Sigma-Aldrich). The samples
were analyzed by Attune Acoustic Focusing Cytometer (Life
Technologies, France). The fluorescent intensity of CRT posi-
tive cells was gated on 7AAD negative cells (thus detecting
ecto-CRT rather than total CRT).

Extracellular ATP was measured in the conditioned media
while intracellular ATP was determined after saponin-based
lysis via an ATP assay mix (Sigma-Aldrich) based on
luciferin-luciferase conversion, as described.'"® Biolumines-
cence was assessed by optical top reading via a FlexStation 3
microplate reader (Molecular Devices, USA).

For detection of released HMGB1 and HSP70/90 the
conditioned culture media (5-8 ml) were collected and con-
centrated to 200-500 pl via centrifugation (2,000g for 5
min) using Pierce Concentrator 7 ml/9K filters (Pierce),
according to the manufacturer’s instructions. Simultaneously
the treated cells were collected and whole cell lysates were
prepared as described.'® Lysates and media were analyzed
by immunoblotting with antibodies against HMGB1, HSP90
(Cell Signaling Technology) and HSP70 (Santa Cruz Bio-
technology, USA).

For analysis of GL261-associated antigen levels immuno-
blotting was performed on whole cell lysates with antibodies
against premelanosome protein 17 (PMEL17) (Novus Bio-
logicals, USA) and tyrosinase-related protein 2 (TRP-2)
(Abcam).
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Figure 1. NDV-induced cell death in GL261 cells occurs through necroptosis. (a) Cell viability of GL261 cells and freshly isolated murine
astrocytes 24 (), 72 (M) and 96 (®) hr post-NDV infection. OD of uninfected control conditions was set to 100%. Data is pooled from
three independent experiments. (b) Phase-contrast microscopy images depicting GL261 monolayers 24, 72 and 96 hr post-NDV infection.
Magnification: X25. (i) Annexin V / PI staining on GL261 cells, analyzed by flow cytometry, 24 and 96 hr post-NDV infection. Data is
pooled from three independent experiments. (d) Western blot analysis demonstrating absence of cleaved caspase-3 and PARP in GL261
cells 24, 72 and 96 hr post-NDV infection, as in uninfected control cultures. Blots were cropped to improve clarity. One representative of
two independent experiments is shown. E: Cell viability of GL261 cells untreated, NDV-treated, NDV-treated with zZVAD pre-treatment or
NDV-treated with Necrostatin-1 pre-treatment. One representative of three independent experiments is shown. These conditions are visual-
ized in (b).
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Figure 2. NDV therapy improves survival of glioma-bearing mice. (a) Kaplan—-Meier curve depicting survival of glioma-bearing mice treated
intratumorally with NDV (n = 21, black line) or PBS (n =17, dotted line). Median survival after ND virotherapy was 64 days, as compared to
28 days for the controls (p < 0.0001). (b) Representative MR images from a control and a NDV-treated glioma-bearing mouse, obtained on

day 7, 14 and 100 after tumor induction.

Autophagy analysis

GL261 cells were treated with NDV at MOI 125 and whole
cell lysates were prepared 24 and 96 hr post-infection. Immu-
noblotting was performed using antibodies against LC3-1/
LC3-II, p62, AMP-activated protein kinase (AMPK) and
phosphorylated AMPK (pAMPK) (Cell Signaling Technol-
ogy), as described.'” To confirm active autophagic flux,

Int. J. Cancer: 00, 00-00 (2014) © 2014 UICC

autophagosome-lysosome fusion inhibitor Chloroquine (CQ)
(5 pM) was added in some conditions.

Ex vivo immunomonitoring

Brain mononuclear cells were isolated as described.'” Diges-
tion medium consisted of preheated culture medium supple-
mented with 2.5 mg ml~"' collagenase D and 5 U ml™'
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DNase (Roche). Subsequently, surface staining was performed
for 30 min at 4°C using specific antibodies to CD45, CD3,
CD8, CD4, CD11b, Ly6C and Ly6G (BD). Intracellular IFN-
v staining was performed after 4 hr in vitro restimulation of
the cells with 100 ng ml~" phorbol 12-myristate 13-acetate, 1
pg ml~' Tonomycin and 0.7 pg ml~' Monensin (Sigma-
Aldrich). After restimulation, surface staining was performed
and cells were washed with a 0.5% Saponin, 0.5% BSA
(Sigma-Aldrich) containing permeabilisation buffer. The
intracellular staining was then performed for 30 min at 4°C
using an IFN-y specific antibody (BD). Acquisition and anal-
ysis was performed using the Cellquest software on a FAC-
Sort flow cytometer (BD).

Spleens were isolated and single cell suspensions were pre-
pared by passage through a cell strainer (BD). Next, nylon
wool fiber (Polysciences, Germany) was used to enrich the T
cell fraction within the splenocyte population.”® These
responder cells were co-cultured with mature dendritic cells
that were either unloaded (DCm) or loaded with GL261
lysate; 200 pg/10° DC (DCm-GL261), synthetic PMEL17 and
TRP2 peptides; 10 pg ml~' (DCm-pep) or LLC cell lysate;
200 pg/ 10° DC (DCm-LLC), at a 5:1 ratio, for 5 days. DCm
were generated and loaded as described.* PMEL17 and
TRP2 peptides were ordered from LifeTein (South Plainfield,
USA). The supernatant was then harvested and analyzed for
secreted IFN-vy levels using a CBA kit (BD) according to the
manufacturer’s instructions.

Statistical methods

All data was analyzed using GraphPad Prism 5 (USA). Survival
analysis was performed using the Log-rank test and groups
were compared using the student ¢ test or one-way ANOVA.

Results
NDV-treated glioma cells undergo necroptotic cell death
To characterize the in vitro cytopathic effect (CPE) of NDV we
inoculated monolayers of GL261 cells with NDV at MOI rang-
ing from 4 to 1,000 and quantified cell viability 24, 72 and 96
hr post-infection. GL261 cells were sensitive to cytotoxic killing
by NDV in a time- and dose-dependent manner (Fig. 1a). The
LDs5, dose was found to be 62.5 MOJ, reached following 96 hr
of NDV treatment. In contrast, NDV did not decrease healthy
astrocyte viability, even at the high MOI of 1,000 (Fig. 1a).
Next, we decided to probe into the cell death mechanics
behind this NDV-induced CPE. Phase-contrast microscopy
analysis showed that NDV treatment induced GL261 cell kill-
ing, predominantly with necrosis-like characteristics such as
extensive membrane and cell disintegration, cellular swelling,
extensive karyolysis and the presence of large amounts of cel-
lular debris (Fig. 1b). Thus, NDV-mediated GL261 cell death
was not associated with morphological traits of apoptosis. To
confirm the lack of apoptosis on the molecular level we ana-
lyzed the presence of bona fide apoptosis markers after NDV
treatment i.e. externalization of phosphatidylserine (PS; an
early marker) and activation of executioner caspase-3 (a late

Newcastle disease virotherapy induces antitumor immunity

marker). For PS externalization we analyzed the staining for
Annexin-V (a PS-binding protein) and propidium iodide (PI;
an agent that stains permeabilized cells) via flow cytometry.
We found absence of Annexin-V staining in PI negative cells
(early apoptotic cells) but a strong staining pattern for
Annexin-V staining in PI positive cells (necrotic cells) at both
early (24 hr) as well as late (96 hr) time-points after NDV
infection (Fig. 1c). Presence of Annexin-V ' PI" cells without
appreciable amounts of Annexin-V PI™ cells at different
time-points is a typical characteristic of necrosis. This point
was further substantiated by analysis of caspase-3 activation.
Following NDV treatment, we found no major evidence for
caspase-3 or PARP cleavage (PARP being the downstream tar-
get of activated caspase-3) (Fig. 1d). To confirm the dispens-
ability of caspase activity for the pro-death effects of NDV we
pretreated the cells with the pan-caspase chemical inhibitor
zVAD. As expected, pretreatment with zVAD did not strongly
affect the NDV-induced CPE (Figs. 1b and 1e).

Altogether, these results clearly show that NDV treatment
induces necrotic cell death in GL261 cells evidently devoid of
typical apoptotic characteristics. However, the NDV-induced
cell death did not develop in an unordered, accidental man-
ner, as primary necrosis typically does. Rather, we saw a pro-
gressive decrease in survival from 24 to 96 hr post-treatment
(Fig. la), which is a possible property of programmed cell
death routines like apoptosis or necroptosis. Indeed, pretreat-
ment with Necrostatin-1, a well-established in vitro chemical
inhibitor of RIPK1-mediated necroptosis,”* significantly res-
cued the NDV-induced CPE, both at 24 and at 96 hr post-
NDV treatment, suggesting that NDV causes glioma cell
demise through necroptosis in this model (Figs. 10 and 1le).

Newcastle disease virotherapy significantly prolongs
survival of glioma-bearing mice

To analyze the efficacy of OVT in vivo, we challenged
C57BL/6] mice intracranially with GL261 cells. After 7 days,
groups of glioma-bearing animals received a single intratu-
moral injection of NDV. Control animals received an injec-
tion consisting of PBS only. In the group of NDV-treated
animals 50% reached long-term survival versus none in the
placebo-treated control group (Fig. 2a). Median survival was
also significantly improved from 28 to 64 days. Surviving
mice were followed for 100 days and showed no external
signs of tumor recurrence or virus-related toxicity.

To explore signs of toxicity after NDV injection, we sub-
jected healthy mice to a single intracranial dose of 5 X 10°
copies NDV. On T2-weighted MR images of the brain taken
1 and 2 weeks after the injection, no signs of edema were
present (data not shown). Brain water content measurements,
often used as a measure for edema formation in the brain,*
also showed no differences between treated and naive mice
(data not shown). We further analyzed infiltration of immune
cell into the brain after intracranial virus injection but found
no influx of macrophages or CD4" and CD8" T cells after
NDV injection (data not shown).

Int. J. Cancer: 00, 00-00 (2014) © 2014 UICC
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Figure 3. NDV induces immunogenic cell death in GL261 cells. (a) Flow cytometric analysis of ecto-CRT staining on GL261 cells 24, 72 and
96 hr post-NDV infection. Relative mean fluorescence intensities are shown, with values for uninfected control conditions set to 1. Data is
pooled from two independent experiments. (b) Western blot analysis detecting HMGB1 and HSP70/90 expression in GL261 cell lysates and
conditioned media 24, 72 and 96 hr post-NDV infection. Blots were cropped to increase clarity. One representative of two independent
experiments is shown. (c) Relative amounts of extracellular and intracellular ATP levels, measured in GL261 conditioned media and cell
lysates, respectively. Bioluminescence intensities for uninfected control conditions were set to 1. Data is pooled from two independent
experiments (d) Western blot detection of PMEL17 and TRP-2 expression on the surface of GL261 cells 24, 72 and 96 hr post-NDV infection.
Blots were cropped to improve clarity. One representative of two independent experiments is shown.

As a long-term follow up for tumor recurrence, MR images
were obtained immediately prior to NDV treatment, 1 week
after treatment and 100 days after tumor induction (Fig. 2b).
Images taken 1 week after tumor cell injection showed a devel-
oping tumor mass. In control animals the tumor continued to
develop, by day 14 after tumor challenge starting to show dis-
tortion of the ventricles and shifting of the midline in some
cases. In a subset of NDV-treated animals however, the tumor
mass was reduced at day 14. On the long-term follow up MRI
of these animals the needle tract was still visible in an other-
wise normal, healthy murine brain.

Newcastle disease virus-treated glioma cells undergo
immunogenic cell death

On the basis of the strong antiglioma effects induced by
NDV as described above, we found it important to assess
whether antitumor immune activities might be involved in
the therapeutic effect of ND virotherapy, next to the direct

Int. J. Cancer: 00, 00-00 (2014) © 2014 UICC

tumor cell killing capacities we demonstrated in vitro. To see
if NDV could validate this “oncolytic paradigm” we investi-
gated the induction of molecular ICD determinants in GL261
cells after NDV infection.

First, we checked ecto-CRT, the most important determi-
nant of ICD."*> GL261 glioma cells treated with NDV exposed
ecto-CRT actively (i.e., in absence of plasma membrane per-
meabilization, tested by 7-AAD exclusion) in a time-
dependent fashion (Fig. 3a4). NDV-induced ecto-CRT
emerged as early as 24 hr post-treatment, albeit in a small
but significant amount. Thereafter ecto-CRT increased con-
siderably reaching a saturation level at 72 hr and remaining
at similar levels until 96 hr post-treatment.

Second, we checked for released or secreted danger signals
like HMGB1 and HSP70/90. GL261 cells treated with NDV
released HMGBI passively in the conditioned media (i.e., in
presence of plasma membrane permeabilization) at 96 hr post-
treatment (Fig. 3b). This was accompanied by a considerable
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Figure 4. NDV induces autophagy in GL261 cells. Western blot
analysis detecting (a,b) LC3-1/Il, p62 and (c) AMPK, pAMPK protein
levels in GL261 cell lysates 2, 6, 24 and 96 hr post-NDV infection.
In (b) CQ was added to some conditions. Blots were cropped to
improve clarity. One representative of two independent experi-
ments is shown.

intracellular drop in HMGBI levels (analyzed in the cell
lysate)—a surrogate marker of ICD.'? Moreover, we found that
NDV therapy was not associated with passive release of chap-
erones like HSP70/90—in line with previous instances advocat-
ing that depending on the anticancer therapy, the release of
HMGBI and HSP70/90 is interchangeable."®****

Next, we looked at extracellularly secreted/released ATP
after NDV therapy. We did not find any palpable presence of
extracellulary secreted/released ATP—both at early time-points
(2-18 hr) as well as late time-points (24 and 96 hr) post-NDV
treatment of GL261 cells (Fig. 3c). This lack of extracellular
ATP secretion from stressed/dying GL261 cells after NDV
treatment was accompanied by a significant drop in intracellu-
lar ATP levels in the cells relatively early after NDV infection
(as early as 2 hr post-treatment). This was followed by a brief
period of recovery of intracellular ATP (between 12 and 24 hr
post-treatment); finally culminating in a strong drop in intra-
cellular ATP levels at 96 hr post-treatment possibly owing to
significant cell death in these conditions.

Last but not least, we also checked the effects of NDV
treatment on the antigenicity of GL261 cancer cells by ana-
lyzing the effect of this therapy on levels of GL261-associated
cancer antigens ie. PMEL17 and TRP-2.*” We found that
NDV treatment increased the levels of PMELL7 protein in a

Newcastle disease virotherapy induces antitumor immunity

time-dependent fashion (Fig. 3d). However NDV treatment
did not strongly affect the levels of TRP-2. Thus, NDV treat-
ment, apart from inducing various ICD determinants in the
glioma cells, also led to (at least partial) overexpression of
tumor-associated antigens.

Newcastle disease virus treatment induces autophagy in
GL261 cells

The decreased intracellular ATP levels, observed following
NDV treatment of GL261 cells, implied that autophagy might
be triggered as a stress-response in this set-up.”” On the
other hand, the demonstrated lack of ATP secretion during
NDV-induced ICD might suggest that NDV blocks autoph-
agy induction, as autophagy is known to be crucial for ATP
secretion during ICD.*®

Immunoblotting analysis demonstrated the induction of
active autophagy in GL261 cells as early as 2 hr post-infection
(Fig. 4a). This was evident from an increased emergence of
the autophagosome-associated, lipidated form of LC3, i.e.
LC3-II (a well-established marker of autophagy induction)
and a decrease in the p62 protein levels (a marker of active
autophagic degradation). Autophagy induction was also pres-
ent at 24 hr post-infection, but diminished towards the 96 hr
time-point, as NDV-induced necroptosis reached a peak. Co-
treatment with the autophagosome-lysosome fusion inhibitor
CQ confirmed that NDV treatment induced an active auto-
phagic flux (Fig. 4b).

Drastic drop in intracellular ATP levels can induce AMPK
activation/phosphorylation, which can in turn induce autoph-
agy.”® However, immunoblotting analysis to detect the phos-
phorylation status of AMPK after NDV treatment did not
reveal significant changes (Fig. 4c), suggesting the drop in
intracellular ATP levels caused by NDV treatment is prob-
ably not sufficient to activated AMPK in our set-up.

Newcastle disease virotherapy primes adaptive antitumor
immunity

As the in vitro hallmarks of ICD were clearly present in GL261
cells after NDV infection, we further analyzed the presence of
the in vivo ICD characteristics, which include increased infiltra-
tion of IEN-y" CD4"/CD8™" T cells into the tumor microenvir-
onment, along with a decreased sustenance of pro-tumorigenic
MDSCs and the ability to induce tumor-rejecting immunity.'?
To investigate the presence of these features we isolated the
mononuclear cells from the brain of glioma-bearing animals
treated intratumorally with NDV and from control animals, 3
weeks after tumor induction. The percentage of IEN-y* cells
within the CD8" and CD4 ™ T cell populations was significantly
increased in the brains of NDV-treated animals as compared to
placebo-treated controls (Fig. 5a). Furthermore, the tumor-
infiltrating lymphocyte population contained a significantly
higher percentage of CD4" T cells and significantly lower per-
centages of CD45"CDI11b*Ly6G"  granulocytic  and
CD45"CD11b"Ly6C" monocytic MDSC subsets in NDV-
treated animals, as compared to controls (Fig. 5b). We saw a
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Figure 5. NDV therapy modulates the immunological tumor microenvironment. Flow cytometry on the mononuclear brain-infiltrating lympho-
cytes from NDV- and PBS-treated glioma-bearing mice (n =3 per group). (a) Percentage of IFN-y* cells in the CD4" and CD8™ T cell frac-

tions in the brain of treated (n = 3, white bar) and control (n =3, blac
data as well as representative dot plots are shown. (b) Percentages of

k bar) animals, analyzed by intracellular IFN-y staining. Summary
CD4™ T cells, CD8™ T cells, granulocytic macrophages and monocytic

macrophages within the population of brain-infiltrating lymphocytes from treated (n = 3, white bars) and control (n = 3, black bars) animals,
analyzed by cell surface staining for CD45, CD4, CD8, CD11b, Ly6C and Ly6G. summary data as well as representative dot plots are shown.

clear trend toward a higher percentage of CD8™ T cells as well,
although this was not significant. This shift towards more
immune activation and less immune suppression within the
local tumor microenvironment after ND virotherapy confirms
presence of the first in vivo hallmark of ICD.

To investigate the importance of these activated T cell pop-
ulations in the therapeutic effect of ND virotherapy, we first
analyzed NDV-mediated tumor suppression after intratumoral
injection in immunocompetent C57BL/6] mice and in immu-
nodeficient Rag2™'~ mice lacking functional B and T cells
(Fig. 6a). Without treatment, immunocompetent animals sur-
vived significantly longer than their immunodeficient counter-
parts, demonstrating that the GL261 tumor is immunogenic
and capable of eliciting a limited endogenous antitumor
immune response, which prolongs survival of glioma-bearing
mice but is insufficient to induce cure. This confirms data pre-
viously published by our group.”’ NDV treatment cured 50%
of immunocompetent animals of established glioma. On the
contrary, in immunodeficient animals no long-term survival
was induced, although NDV treatment could prolong median
survival slightly. This demonstrates that although NDV can
slow tumor growth by direct killing of tumor cells, a func-
tional adaptive immune system is essential to allow cure by
ND virotherapy. The effects seen in Rag2™'~ animals could
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also be induced in immunocompetent C57BL/6] mice by
CD8" T cell depletion, identifying the CD8" T cell fraction as
the main player in the observed adaptive antitumor immunity
following ND virotherapy (Fig. 6b).

The antitumor immune reactivity induced by Newcastle
disease virotherapy is tumor-specific

Having identified the T cell fraction of the immune system as
the main mediator of the NDV-induced antitumor immunity,
we next investigated the presence of an activated T cell popu-
lation in vivo that specifically recognizes GL261 cells follow-
ing ND virotherapy. Thereto, we challenged mice with
GL261 tumor cells and treated them with NDV after 7 days.
On day 21 post-tumor challenge T cell-enriched splenocytes
were restimulated with either DCm, DCm-GL261, DCm-pep
(a mixture of PMEL17 and TRP2 immunodominant pep-
tides) or DCm-LLC. T cell-enriched splenocytes from NDV-
treated animals produced significantly more IFN-y upon
restimulation with DCm-GL261 or DCm-pep, as compared
to restimulation with DCm or DCm-LLC (Fig. 6c). IFN-y
production did not differ following restimulation with DCm
or DCm-LLC. This indicates the presence of a T cell popula-
tion after ND virotherapy, which specifically recognizes
GL261 tumor material and not presented tumor antigens
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Figure 6. Efficient ND virotherapy requires functional adaptive immunity and induces tumor-specific immune memory. (a,b) Kaplan—Meier
curves depicting survival of immunocompetent (black lines) mice—untreated (n =8, W) or treated with NDV (n = 18/9, ¢)—and immunodefi-
cient (dotted lines) mice—untreated (n = 8, M) or treated with NDV (n = 14, A). Immunodeficient mice are either Rag2~/~ (a) or CD8-
depleted (b). C: Concentration of IFN-y, measured in the supernatant of co-cultures consisting of T cell-enriched splenocytes from NDV-
treated animals (n = 10) and DCm, DCm-LLC, DCm-GL261 or DCm-pep. D: Tumor incidence in long-term survivors following ND virotherapy

and age-matched controls implanted with GL261 or LLC cells.

from an irrelevant tumor source (i.e., LLC). IFN-y produc-
tion did not differ significantly after restimulation with
DCm-GL261 or DCm-pep, indeed indicating PMEL17/TRP2
as the immunodominant epitopes of the GL261 tumor. This
GL261-specific population was not present in control animals
(data not shown).

Newcastle disease virotherapy primes tumor-specific
immune memory

To investigate whether the NDV-induced antitumor immune
reactivity also led to the establishment of antitumor immune
memory long-term survivors, cured of their primary glioma
through NDV treatment, received a second orthotopic tumor
cell injection 100 days after the initial tumor induction.
Whereas all age-matched controls developed rapidly growing
gliomas, NDV-cured animals resisted secondary glioma
development without additional treatment (Fig. 6d). Intracra-
nial tumor growth, or lack thereof, was confirmed on MRI
(data not shown). To investigate the specificity of the NDV-
induced immune response for GL261, we challenged other
groups of long-term survivors subcutaneously with LLC cells.

Contrary to GL261 rechallenge, challenge with LLC cells
resulted in the establishment of rapidly growing tumors in all
mice (Fig. 6d).

Discussion
Here, we show the antiglioma activity of NDV in the murine
orthotopic immunocompetent GL261 glioma model. NDV
exerts a direct cytotoxic effect on the murine glioma cells.
However, the curative effect of NDV depends mainly on the
elicited cellular tumor-specific immune response. NDV  treat-
ment ameliorates the endogenous antitumor immune response
resulting in immunological antitumor memory. The capability
to trigger antitumor immunity may be supported by the
induction of ICD by viral infection in the GL261 tumor cells.
A relatively small number of studies exist that have tried to
analyze the cell death pathways responsible for cancer cell
demise following NDV treatment. Uncovering the mechanisms
behind NDV-induced tumor cell death and its immune compo-
nents is important, however, as NDV is presently under clinical
consideration for cancer therapy.>*® While the use of
replication-competent OVs in recurrent GBM patients was
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demonstrated by initial clinical trials to be safe,**'* the moder-

ate clinical efficacy has not yet matched the encouraging preclin-
ical results. After NDV treatment, 1 patient (9%) showed
complete remission, coinciding with a significant improvement
in neurological status.® Trials using other OVs have shown simi-
lar response rates, along with lymphocytic cell infiltrates in the
tumor and radiological and neurological improvements.”"** The
moderate clinical success obtained thus far indicates a strong
need to explore the reasons behind, and ways of improving, the
limited efficacy of OVT in cancer patients. Most preclinical
studies performed to date employ cell culture systems or xeno-
transplant models to evaluate the efficacy of OVT. These studies
focused on (improving) the direct cytotoxic effect of viral strains
but did not take into consideration the role of the host immune
system in limiting or enhancing the efficacy of OVT. An increas-
ing amount of evidence from other tumor fields now demon-
strates the induction of antitumor immunity by OVT, which
greatly contributes to the oncosuppressive effect of certain OVs.
Therefore, we found it important to analyze the immunological
aspects of ND virotherapy in a fully immunocompetent, ortho-
topic model.

In vitro we demonstrated NDV-induced cytotoxicity towards
the GL261 cells in a dose- and time-dependent manner, though
about 50% of cells remained viable at the highest MOI tested.
The in vitro cytotoxicity of NDV towards human GBM cell lines
and primary cell cultures has been established as well.”

In vivo we showed a significant increase in median sur-
vival of glioma-bearing animals treated with a single intratu-
moral injection of NDV, as compared to placebo-treated
controls. Furthermore, a substantial percentage (50%) of
glioma-bearing mice became long-term survivors after treat-
ment, showing no signs of tumor recurrence for up to 100
days. Taken together this data demonstrated a highly benefi-
cial safety-efficacy profile of NDV treatment in this model.
These results compare favorably to those obtained with
genetically engineered oncolytic strains in the intracranial
GL261 model to date. Recombinant forms of vaccinia virus
(JX-594m) and adenovirus (Ad24TYR) were previously
shown to improve median survival and induce 20-25% long-
term survival in this model, respectively.'"**

To uncover the role of the immune system in the thera-
peutic activity of NDV we investigated the ability of NDV to
induce ICD in glioma cells. It is noteworthy that ICD so far
has been reported to be of apoptotic nature.’®> However, con-
ventional cell death concepts have limited applicability in
case of OVT because, following infection, OVs typically take
over and control molecular cell death machinery allowing
induction of multimodal cell death sub-routes only after
available cellular resources (like ATP) have been maximally
exploited for production of new virions.* Accordingly,
depending on the context and cancer type, NDV has been
shown to induce both caspase-dependent as well as -inde-
pendent cell death routes.’**® There is no information avail-
able on NDV-induced cell death pathways in glioma cells.
Here NDV infection induced necroptosis in GL261 glioma
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cells. Furthermore, NDV-infection induced the in vitro char-
acteristics of ICD in GL261 cells, including ecto-CRT and
release of HMGBI, and led to accentuation of their antigenic-
ity. Remarkably, we could not detect any secreted ATP after
NDV infection in the cells.

ATP secretion has been reported to be mediated by two
main mechanisms; via secretory pathway or via autoph-
agy.'®*® As evident by active exposure of ecto-CRT (which is
established to mandatorily require secretory pathway'®) fol-
lowing NDV infection, NDV does not seem to compromise
this mechanism. Interestingly, we also observed the induction
of autophagy following NDV treatment. Together, this indi-
cates that the induction of autophagy during ICD may not
guarantee ATP secretion in all conditions/contexts. Further-
more, though neither of the two mechanisms which can
mediate ATP secretion is compromised, we fail to observe
ATP secretion following NDV infection (though intracellular
levels decrease in a cyclic pattern post-treatment). We specu-
late this to be due to increased ATP utilization in the cell
during viral replication. Indeed, several papers describe
declining ATP levels due to increased consumption in cells
undergoing active viral infection®®** and the existence of
ATP-dependent replication initiator (Rep) proteins has been
described for several viruses.*"** This suggests that OVs, as
ICD-inducing therapeutics, might bend the presently existing
definition of ICD due to their interactions with the host cell
for their own replication.

The in vivo hallmarks of ICD, being increased infiltration of
IFN-y"CD4"/CD8" T cells, decreased sustenance of pro-
tumorigenic immune cells and induction of tumor-rejecting
immunity,'” were clearly present in this model as well, further
demonstrating the induction of ICD. To demonstrate the
important antitumoral role of the activated T cells present
within the brain after NDV therapy, we used Rag2 /™ animals,
specifically defected in their B- and T-cell responses. Here
NDV was able to prolong median survival slightly, but failed to
induce any long-term survival, suggesting the involvement of
the T cell arm of the immune system in conjunction with
NDV. The CD8" T cells were identified as prime players in
this effect, as demonstrated in a CD8™ T cell depletion experi-
ment in immunocompetent C57BL/6] animals, where the
effects seen in Rag2™’~ animals were recapitulated. These
results suggest that NDV-infected tumor cells might activate
the immune system, which then takes over from the direct
oncolytic effect to allow for full tumor regression in a situation
where either component alone is not efficient.

Research within the field has also focused on the potential
of natural killer (NK) cells to diminish OVT efficacy by ini-
tiating antiviral immunity. Conflicting results were however
obtained. Although NK cells are rapidly recruited to sites of
viral infection and mediate viral clearance,” they also possess
strong tumor cell killing capacities, which can be increased
by OV infection.**** In our model the presence of functional
NK cells in mice lacking B/T cell responses (i.e., Rag2™'")
was not sufficient to establish successful OVT. However, the
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effect of NK cell depletion as a potential benefit to NDV
therapy has not been studied in this model.

Long-term surviving animals after ND virotherapy were
able resist glioma outgrowth after a second GL261 cell injec-
tion. This strongly indicates the induction of immunological
antitumor memory by OVT. We have furthermore demon-
strated—following both initial tumor challenge and tumor
rechallenge—that the induced antitumor immune reactivity is
directed specifically towards the GL261 tumor antigens.

To our knowledge this is the first description of an
immune response as part of the antitumoral activity of OVs
in an orthotopic glioma model. GBM is an immunogenic
tumor and clinical evidence has been reached that tumor
control can be induced by immunostimulatory approaches.
ND virotherapy seems to represent a unique approach that
combines tumor cell eradication with activation of adaptive

Newcastle disease virotherapy induces antitumor immunity

antitumor immune responses and modulation of the immu-
nosuppressive tumor microenvironment. Therefore, we
hypothesize that OVT might work synergistically with other
immunostimulatory approaches. In the future, this model will
allow us to study ND virotherapy combination regimes. Fur-
thermore, our results suggest studies are needed to investigate
optimal schedules for combining OVT with immunosuppres-
sive therapeutics such as corticosteroids, Temozolomide and
radiation therapy, which form the present standard of care
for GBM patients.

In conclusion, we report successful OVT using NDV in
an orthotopic, immunocompetent GBM model. This is the
first report demonstrating the induction of a long-term,
tumor-specific immune memory response after OVT in this
model. This immune response is likely promoted by ICD
after viral infection of the tumor cells.
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