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therapy. A biologic agent with
potential to break therapy
resistance

Volker Schirrmacher
Immunological and Oncological Center (I0ZK), Tumor Immunology, Cologne, Germany

Introduction: Oncolytic viruses (OVs) selectively replicate in tumor cells and
cause cancer cell death. Most OVs in clinical studies are genetically engi-
neered. In contrast, the avian Newcastle disease virus (NDV) is a naturally
oncolytic RNA virus. While anti-viral immunity is considered a major problem
in achieving maximal tumor cell killing by OVs, this review discusses the
importance of NDV immunogenic cell death (ICD) and how anti-viral immune
responses can be integrated to induce maximal post-oncolytic T-cell-mediated
anti-tumor immunity. Since replication of NDV is independent of host cell
DNA replication (which is the target of many cytostatic drugs and radiother-
apy) and because of other findings, oncolytic NDV is a candidate agent to
break therapy resistance of tumor cells.

Areas covered: Properties of this avian paramyxovirus are summarized with
special emphasis to its anti-neoplastic and immune-stimulatory properties.
The review then discusses prospective anti-cancer therapies, including treat-
ments with NDV alone, and combinations with an autologous NDV-modified
tumor cell vaccine or with a viral oncolysate pulsed dendritic cell vaccine.
Various combinatorial approaches between these and with other modalities
are also reviewed.

Expert opinion: Post-oncolytic anti-tumor immunity based on ICD is in the
expert’'s opinion of greater importance for long-term therapeutic effects
than maximal tumor cell killing. Of the various combinatorial approaches
discussed, the most promising and feasible for clinical practice appears to be
the combination of systemic NDV pre-treatment with anti-tumor vaccination.

Keywords: anti-tumor immunity, bispcciﬁc antibodies, dendritic cells, memory T cells,

oncolysis
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1. Introduction

Oncolytic viruses (OVs) selectively replicate in tumor cells and kill them. Such
oncolysis is mostly an immunogenic type of cancer cell death (ICD) 1. This
includes immunogenic apoptosis, necrosis and autophagic cell death. This is impor-
tant because post-oncolytic anti-tumor activity induced by OVs is considered a key
factor for an efficient therapeutic activity [2.3]. Until now, more than 20 viruses have
been characterized with oncolytic activity [4]. Many have been genetically engineered
to obtain their tumor selectivity, for example, the human DNA viruses Adenovirus
and Herpes simplex virus. Other viruses have been armed with additional trans-
genes, for example, the RNA viruses measles virus (MV) and vesicular stomatitis
virus (VSV). Some viruses have the advantage to be naturally oncolytic, for example,

10.1517/14712598.2015.1088000 © 2015 Informa UK, Ltd. ISSN 1471-2598, e-ISSN 1744-7682 1

All rights reserved: reproduction in whole or in part not permitted



Downloaded by [Volker Schirrmacher] at 06:51 25 November 2015

V. Schirrmacher

Article highlights.

¢ The bird virus Newcastle disease virus (NDV) is described
with its immunostimulatory properties in man and its
selective replication in human tumor cells.

Following virus replication, tumor cells are killed, a
process called oncolysis which is characterized by
immunogenic cell death (ICD).

Vaccines containing virus-infected tumor cells (e.g.,
ATV-NDV) and viral oncolysate (e.g., VOL and VOL-DC)
are described to be highly immunogenic and to provide
to the immune system information about the tumor
(tumor antigens) and about immunological danger
(foreign viral RNA).

Two tables summarize clinical studies with
NDV-modified tumor vaccines.

Vaccination leads immediately to innate immunity
activation and later to induction of adaptive
tumor-specific immune responses with establishment of
specific T-cell-mediated immunological memory.
Post-oncolytic anti-tumor immunity based on ICD and
on reactivation of a broad reservoir of cancer-reactive
memory T cells is in the expert’s opinion of greater
importance for long-term therapeutic effects than
maximal tumor cell killing.

The article proposes several combinatorial approaches of
NDV, of which one, the combination of systemic NDV
application with anti-tumor active specific vaccination,
has already entered one clinical practice in Germany.
For the future, it is suggested among others to use
oncolytic NDV to break tumor resistances to therapy,
including resistance to immune checkpoint inhibitors.

This box summarizes key points contained in the article.

the avian viruses Newcastle disease virus (NDV) and Sindbis
virus, minute virus of mice, parvovirus of rats and the mam-
malian reovirus. It is of interest that three clinically promising
oncolytic RNA viruses (NDV, VSV, MV) belong to the same
family of viruses (5]. These paramyxoviruses have a similar
genome, a single strand RNA of negative orientation
(-ssRNA). This review focuses on the bird virus NDV, of
which various strains (MTHG8/H (6], Ulster (71, NDV-HU]J
i8]) have been and are being used for application in cancer
patients.

The first report about the antineoplastic activity of NDV
appeared about 50 years ago 9. The many observations
made since then, either /# vitro or in vive, in animal tumor
models as well as in cancer patients, demonstrate the special
anti-neoplastic and immunostimulatory properties of this
avian paramyxovirus. Its high safety profile in cancer patients
suggests to use NDV as a new biological agent against
cancer [10,11].

2. Properties of NDV

2.1 Taxonomy and structure
NDV is an enveloped virus of 100 - 300 nm diameter with a
negative-sense single stranded (ss)RNA genome of roughly

16,000 nucleotides. It is classified as an avian
paramyxovirus-1 (APMV-1) in the Avulavirus genus of the
family Paramyxoviridae [12]. The RNA contains six genes
coding for the viral proteins NP, P, M, F, HN and L.

2.2 Virus infection and replication

Infection of permissive avian cells can be divided into two
sequential steps: i) binding, fusion, transduction of the viral
genome and transcription of viral genes, ii) viral replication
using (+) strand full-length template for viral genome
amplification, viral encapsulation and budding and finally
host cell lysis.

Step (i) of infection takes place in a broad range of cell
types from permissive and non-permissive hosts. Target cell
binding occurs through viral HN protein and sialic acid-
containing host cell receptors. This triggers F protein confor-
mational changes and releases fusion peptides to fuse the viral
and cellular membranes. NDV penetrates target cells mostly
by endocytosis. In non-permissive hosts, step (ii) occurs only
in tumor cells since it is stopped rapidly in normal cells
through a defense mechanism involving IFN-ot and -B 3.
In comparison to normal cells, tumor cells often have a
weaker type I IFN response and a weaker sensitivity to type
I TFN-receptor (IFNR)-mediated signaling [14].

2.3 The cellular anti-viral response

The anti-viral response of normal cells is initiated by the
recognition of foreign viral RNA containing 5" phosphate 15).
Mammalian mRNA is either capped or contains base modifi-
cations. Single-stranded (ss) and double-stranded (ds) viral
RNA is recognized by two types of pathogen recognition
receptors (PRR): 1) Toll-like receptors (TLRs), especially
TLR3, 7, 8, 9 and ii) RIG-like receprors (RLRs). Among
the RLRs, RIG-I was demonstrated to be a cytoplasmic
receptor for NDV RNA in mammalian cells [16].

2.4 Pathology in birds, safety in man

NDV strains are separated into lentogenic, mesogenic or
velogenic strains depending on their virulence in birds. Like
other viruses, NDV has developed immune escape mecha-
nisms in its natural host, the bird. It uses for this purpose
the viral protein V, which interferes with signal transducer
and activator of transcription-mediated type I IFN signals.
This immune evasion mechanism is species-restricted and
functions only in birds [17]. Mesogenic and velogenic strains
can induce fatal respiratory disease in birds (e.g., chicken
pest) [18].

The avian virus NDV is not a pathogen in man. The
majority of the human population is seronegative for NDV.
This avoids the problem of pre-existing immunity seen with
many human candidate OVs 19). When applied to humans,
NDV induces only mild fever for a day or conjunctivitis.
This virus shows a high tolerability in man. In rodent and
mammalian normal (non-malignant) cells, the NDV-induced
type I IFN response is very strong and capable of preventing
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viral replication. In a non-permissive host such as man, NDV
shows tumor selectivity with respect to virus replication and
oncolysis. This tumor selectivity is due to tumor cell defects
in anti-viral and apoprotic pathways [20. The ubiquitous
nature of the NDV receptor allows use of NDV against a large
variety of cancers. The high safety profile in man [10,11,21 and
the tumor selectivity [20) may obviate the need for specific
tumor targeting.

There are other advantageous characteristics of ND'V which
are related to its molecular biology: The modular nature of
gene transcription, the undetectable rate of recombinartion,
the lack of a DNA phase in the replication cycle 1221, the
robust virus production and a manufacturing system based
on eggs or cell culture.

2.5 Oncolysis, tumor selectivity and ICD
NDV has been demonstrated to mediate its oncolytic effect by
both intrinsic and extrinsic caspase-dependent pathways of cell
death (23, NDV-induced apoptosis is dependent on up-
regulation of TNF-related apoptosis-inducing ligand (TRAIL)
and caspase activation [24]. This causes opening of mitochon-
drial permeability transition pores and loss of mitochondrial
membrane potential, leading to activation of the apoptosis
process [25]. MAPK and endoplasmic reticulum (ER) stress
pathways also play important roles in NDV-mediated oncoly-
sis [2023]. Interestingly, NDV can exert oncolytic activity also
against hypoxic cancer cells, which is of clinical relevance and
corroborates its potency as therapeutic agent [26].

Identified mechanisms of selectivity of NDV for tumor
cells in non-permissive hosts have been summarized [20) and
include the following:

1) Defects in activation of anti-viral signaling
pathways [27-30];

2) Defects in type I IFN signaling pathways [27.31,523;

3) Defects in apoptotic pathways [33,34];

4) Activation of Ras signaling and expression of
Racl protein (35).

NDV interacts with Rac-1 upon viral entry, syncytium
induction and actin reorganization of the infected cell as
part of the replication process. These findings support the
proposition to use NDV as a novel biological agent to specif-
ically target aberrant signaling (proliferation and invasion
pathways) in glioblastoma multiforme (GBM) (z6]. It is in
this context that the question of immune suppression during
OV therapy of GBM is being discussed [37.

An important new paradigm of oncolytic virus-mediated
immunotherapy is the concept of ICD [1-3]. Classical physio-
logical apoptosis is non-immunogenic. It is characterized by
membrane integrity, cell shrinkage, membrane blebbing,
release of small apoptotic bodies, nuclear condensation and
DNA fragmentation. Immunogenic modes of cell death
include immunogenic apoptosis, necrosis and pyroptosis.
Immunogenic apoptosis differs from classical apoptosis by

translocation to the plasma membrane of calreticulin and
heat shock proteins (HSPs) prior to apoptosis. Such changes
can be induced by some chemotherapeutic agents and by
OVs. Damage-associated molecular patterns (DAMPs) are
released in the late phase. Necrosis is characterized by
organelle swelling, reactive oxygen species, nuclear swelling,
membrane swelling, membrane rupture and release of
intracellular contents, including DAMPs such as ATP, high
mobility group box 1, uric acid, etc. Pyroptosis is character-
ized by nuclear condensation, DNA fragmentation,
membrane swelling, release of membrane vesicles, membrane
rupture and release of intracellular contents including
DAMPs. Basically, cancer cells dying by ICD involve ele-
ments of the DNA damage response, elements of the ER stress
response [38] as well as elements of the apoptotic response [39].

OVs induce multimodality ICD and release or present
pathogen-associated molecular patterns (PAMPs) as danger
signaling molecules. The PAMPs of NDV is described in
Section 2.6.

OVs can also induce autophagy in cancer cells. Autophagy
mediates sequestration, degradation and recycling of cellular
organelles and proteins, and intracellular pathogens. Autoph-
agy can also enhance tumor immunogenicity via the release of
DAMPs, NDV was shown to trigger autophagy in glioma
cells to enhance virus replication 401. Mitophagy was reported
to promote oncolytic NDV replication by blocking intrinsic
apoptosis in lung cancer cells [411. OV-induced autophagy in
cancer cells also promotes cross-presentation of tumor-
associated antigens (TAAs), thereby facilitating anti-tumor
immune responses [42].

Table 1 summarizes the various features of ICD induced by
NDV in tumor cells. These include an ER stress response,
immunogenic apoptosis, necrosis and autophagy. Such ICD
features lead to shutdown of protein synthesis, surface expo-
sure of calreticulin and HSPs, induction of danger signals,
release of pro-inflammatory cytokines and improved antigen
presentation.

Tumor selectivity, oncolysis and ICD are not separate but
interconnected phenomena that occur locally in time and
space. Virus infection is associated with increased production
of viral proteins from within the cell and at the cell surface.
This has additional effects on cellular processes and pathways.

2.6 Immunostimulatory properties

NDV, as a strong inducer of type I IEN, is expected to have a
strong effect on the immune system. Both, the innate and the
adaptive immunity system become activated and cross-talks
between them are initiated counteracting regulatory T-cell
(Treg) activity [43].

2.6.1 Innate immunity activation

PRRs recognize PAMPs. In case of NDV, these are viral 5
phosphate ssRNA and dsRNA recognized by RIG-I 321 and
TLR3. The viral surface protein HN also carries immunosti-
mulatory properties. It is recognized by Nkp46 of NK cells

Expert Opin. Biol. Ther. (2015) 15(12) 3
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Table 1. Immunogenic tumor cell death features
induced by NDV.

In vitro ICD Mechanism

ER stress response [38]:
Activation of PERK
Phosphorylation of elF2a Shutdown of protein synthesis
Immunogenic apoptosis [1-3,23,39,41,55]:
Ecto-CRT Surface exposure of calreticulin
HSPs Surface exposure of heat
shock proteins
Viral RNA Danger signals via PAMPs
Necrosis/necroptosis [46,55]:
Release of DAMPs (e.g., high
mobility group box 1)
Release of pro-inflammatory
cytokines
Autophagy [43,45]:

Danger signals to DCs
Inflammation

Clearance of viral pathogen,
improved processing of viral
antigens

Weakening RIG-I receptor
signals

Mitophagy [44]:

Immune response:
Up-regulation of MHC | [52]
Activation of NK cells [40]

Improved antigen presentation
NKp46; increased anti-tumor
cytotoxicity

Activation of monocytes [47,48] NF-kB; NO; TNF; increased
anti-tumor cytotoxicity
Polarization towards DC1
Increase of tumor infiltrating
lymphocytes [55]

Increased secretion of IFN-y [55]
Decrease in MDSCs [55]
Induction of tumor-specific immune memory and induction of
long-term survival [55]

Dependency on functional adaptive immune system (RAG2,

CD8 T cells) [55]

Activation of DCs [92,93]
Costimulation of CD4 and
CD8 T cells [50,51]

ER (endoplasmic reticulum) stress response: early activation of the ER resident
enzyme PERK precedes increased phosphorylation of the translation initiation
factor elF2a that leads to virus-induced shutdown of protein synthesis;
Immunogenic apoptosis: Cell surface exposure of calreticulin (ecto-CRT) and
heat shock proteins (HSPs) precedes apoptosis, cytoplasmic foreign viral RNA is
recognized as danger via retinoic acid inducible gene | (RIG-1) and via Toll-like
receptors (TLRs); PAMP: Pathogen associated molecular pattern; Necrosis/
necroptosis: Release of damage associated molecular patterns (DAMPs) and of
pro-inflammatory cytokines, in particular TNF-cc and type | IFN; Autophagy
Self-digestion of organelles after inclusion in cytosolic lysosomes
(autophagolysosomes); plays a critical role in triggering immune responses.
Immune responses: MHC I: Major histocompatibility complex molecules
expressing tumor-associated antigens (TAAs) recognized by

CD8 T lymphocytes; NK: Natural killer cell activated via hemagglutinin-
neuraminidase (HN) of NDV through binding to its receptor NKp46; NO: Nitric
oxide, DC: Dendritic cell, MDSC: Myeloid-derived suppressor cell;

RAG2: A recombinase enzyme for V(D)) T-cell receptor rearrangement;

ICD: Immunogenic cell death.

and transmits cytotoxicity-inducing signals [44]. Cell surface
exposed HN but not F molecules are also capable of inducing
in human peripheral blood mononuclear cells a strong type 1
IFN response (45]. In addition, the characterization of NDV
protein sequences recently revealed pro-apoptotic Bel-2
homology-3 domain-like regions in NDV M, L and F

proteins [46]. Upon contact with NDV, not only NK cells
but also monocytes become activated. They then express
TRAIL and produce TNF-0. and nitric oxide [47.48].

2.6.2 Adaptive immunity activation

Through its receptor binding activity, HN molecules at the
surface of infected tumor cells introduce new cell adhesive
strength for interaction with lymphocytes [49) and for T-cell
co-stimulation, including CD4 helper 501 and CD8 cytotoxic
T cells (51]. In addition, human tumor cell infection by NDV
leads to up-regulation of human leukocyte antigen and inter-
cellular adhesion molecule 1 molecules [501. Further events are
the induction of IFNs, chemokines (IP10, RANTES) and
finally ICD (521

3. Prospective anti-cancer therapies

3.1 NDV as single agent

3.1.1 Intratumor inoculation

Intratumoral and intraperitoneal injection of oncolytic NDV
(strain PV-701) caused durable, complete tumor regression in
athymic mice bearing human neuroblastoma and fibrosar-
coma xenografts [53. The insertion of exogenous reporter
genes did not affect NDV replication. Recombinant NDVs
(strain Iralien) induced syncytium formation and cell death,
prolonged the survival of tumor-bearing athymic mice and
suppressed loss of body weight after intracumoral injection [54.
Orthotopic  glioma studies in immunocompetent mice
recently revealed that intratumoral virotherapy with NDV
induced through ICD tumor-specific immune memory and
long-term survival [55).

3.1.2 Locoregional treatment

Intra-nasal NDV application follows the natural route of virus
infection via respiratory and alimentary tract mucosal surfa-
ces. In mice, this way of application induced in lung cells
the secretion of pro-inflammatory cytokines and type 1
IFNs [46).

For locoregional treatment of liver malignancies, injection
of viruses such as NDV into the hepatic artery would be logic
but, for mice, only the intraportal route is feasible. Since not
only gut, but also spleen drains into the portal system, a split-
spleen reservoir model was used for muldple portal venus
injections. Separate splenic veins were used: i) for production
of diffuse artificial liver metastases with a luciferase-gene-
transfected murine colon carcinoma (CT26-luc) line and
ii) for independent locoregional application of oncolytic
NDV. In vivo bioluminescence imaging revealed a significant
retardation of tumor growth upon NDV application. Also,
overall survival (OS) was improved. Since CT26-luc cells
were resistant to the oncolytic effect of the virus, it was
concluded that the effect was host mediated, most likely
involving type I IFN induction [56]. Monocytes, NK cells
and T cells could have been involved because of IFN
I-induced TRAIL expression [47].
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In an orthotopic immunocompetent liver tumor rat model,
administration of an engineered fusogenic NDV via hepatic
arterial infusion resulted in significant syncytia formation
and necrosis. This translated into a significant 20% prolonga-
tion of survival [57].

Similarly, administration of this virus (NDV(F3aa)-GFP)
intraperitoneally was reported an effective anti-tumor therapy
against peritoneal carcinomatosis from human gastric cancer
in a severe combined immunodeficiency mouse xenograft
model (58], Sustained remissions were also reported of
malignant pleural mesothelioma upon treatment with this
virus in an orthotopic tumor model [59].

3.2 Clinical studies with NDV as single agent

In 1970, NDV (strain 73 T) was administered intravenously
to 17 healthy subjects. It was noted to be a strong IFN
inducer. Overall tolerability was good with side effects being
a transient drop in blood counts and mild flu-like
symptoms [60].

In 1993, in a Phase 1I placebo-controlled clinical study in
Hungary, oncolytic NDV (strain MTH-68/H) was applied
via inhalation to 33 advanced chemorefractory patients in
order to affect their lung metastases. The high virus doses
applied were well tolerated and the clinical results, although
not randomized, suggested a decrease in cancer-related symp-
toms and better survival (61]. Eighteen out of 33 (55%)
patients, primarily colorectal carcinoma (CRC), responded
to treatment compared with 2 out of 26 (8%) who did not
receive NDV. After 2 years, there were seven survivors in
the treated group compared with none in the control group.

Another NDV strain (HU]J, Theravir, Jerusalem, Israel,
lentogenic) was administered intravenously to 14 glioblastoma
patients using intrapatient dose escalation. One patient
achieved complete response, while the rest of the patients
had progressive disease [62].

Three Phase I clinical trials with NDV (strain PV-701),
developed by Wellstat Biologics, were conducted in patients
with various types of advanced solid cancer. A total of
113 patients were treated with intravenous injection of the
virus in various treatment schedules. Doses of 3 x 107 infec-
tious particles of this replication competent, oncolytic strain
were well tolerated. Dose-limiting toxicities included dyspnea,
diarrhea and dehydration. In some patients a transient
thrombocytopenia and diffuse vascular leak was observed.
When patients were desensitized with a lower initial dose,
the maximal tolerated dose was increased 10-fold [21.63].

The results of direct administration of NDV to cancer
patients, as summarized before [11,20], resulted in minimal tox-
icity with suggestions of clinical benefit in some patients.
What has not been investigated is whether oncolytic NDV,
when applied to patients being resistant to chemotherapy or
radiotherapy, might be able to break such resistance. Basic
research findings have shown 1) that NDV replication is inde-
pendent of cell replication, ii) that infection and oncolysis
takes place in tumor cells with defects in anti-viral signaling

and apoptotic pathways and iii) that NDV can exert oncolytic
activity against hypoxic cancer cells (see Section 2.5). Perhaps
oncolytic NDV can also target cancer stem cells which are in a
resting state of the cell cycle.

3.2.1 Clinical studies of postoperative vaccination

with viral oncolysate

Cassel and Murray [9] recognized that post-oncolytic anti-
tumor immunity was possibly more important than direct
effects of viral oncolysis. They therefore concentrated on
using viral oncolysates for immunization purposes. They
established a protocol for the preparation of a viral oncolysate
utilizing NDV (strain 73T) and primary explants of human
tumor cells and selected cell lines from malignant melanoma
based on immunologic responses [64]. In 1977, the first results
from vaccination of stage II malignant melanoma by this viral
oncolysate were published with updates in 1992 (5] and
1998 [s6]. Long-term vaccination and long follow-up demon-
strated over 60% 10-year survival and 55% 15-year survival, a
significant increase compared with historic controls.

Table 2 summarizes results obrain upon vaccination with
viral oncolysates (VOLs) in four different studies. No clinical
benefit was reported in two studies testing this approach for
management of malignant melanoma stage 111 (67,68]. A forth
study demonstrated improved survival compared with historic
controls of NDV (73T) generated VOL when applied to pre-
vent relapses of surgically removed renal cell carcinomas in
conjunction with recombinant IL-2 and IFN-a (69).

3.3 Autologous live tumor cell vaccine infected by
NDV

A different strategy utilized live whole-cell autologous irradi-
ated tumor cell vaccines modified by infection with non-lytic
NDV (strain Ulster). This strategy was based on various
observations indicating that live tumor cells retaining mem-
brane integrity are superior to oncolysates with regard to
immunogenicity (70,71].

3.3.1 Pre-clinical studies in mice

Augmented T-cell responses to TAAs were observed against
the high metastatic murine lymphoma variant ESb when
using as immunogen irradiated ESb tumor cells that had
been modified by infection with a low dose of NDV. Immune
spleen cells from mice immunized with ESb-NDV contained
enhanced immune capacity in both the CD4"CD8" and the
CD4CD8" T-cell compartments. The virus-mediated aug-
mentation of the tumor-specific T-cell response involved
increased T-helper activity [721. The potentiation of tumor-
specific cytotoxic T lymphocytes (CTL) activity by NDV
was mediated via induction of IFN-0. and -B [731.

To test the therapeutic potential of irradiated NDV-
infected ESb cells as vaccine, ESb tumor-bearing mice were
operated and vaccinated postoperatively. Mice which were
either operated only or operated and vaccinated with a
non-infected ESb vaccine were all dying from metastases
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