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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
Expert Opin. Biol. Ther. [Early Online]

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,
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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

2 Expert Opin. Biol. Ther. (2015) 15(12)



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

Oncolytic Newcastle disease virus as a prospective anti-cancer therapy

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].

4 Expert Opin. Biol. Ther. (2015) 15(12)
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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

Expert Opin. Biol. Ther. (2015) 15(12) 5
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Table 2. Examples of clinical vaccination trials employing NDV oncolysates.

Oncolysate (virus strain) Disease

1. VOL(73T)

2. VOL (Italien)

3. VOL (Ulster) + IL-2

4. VOL (73 T) (+IL-2, +IFN-2a)

Melanoma (stage Il)
Melanoma (stage Il)
Melanoma (stage Ill)
Advanced renal Ca

Study type Clinical outcome Ref.
Phase Il (n = 83) Improved OS (> 60% [10 years]) [65,66]
Phase Il (n = 24) No benefit [67]
Phase /Il (n = 29) No benefit [68]
Phase Il (n = 208) Improved QS [69]

All oncolysate vaccines were applied intradermally.

Ad 1. Unusual disease-free survival at 10 years; similar results obtained from head and neck cancer (n = 23) and from cerebral metastases (n = 23). The staging

later changed to AJCC Il

Ad 2. The study pretended to try to reproduce Cassel's findings, however, there were many violations of the original oncolysate preparation protocol (WA Cassel,

personal communication).

VOL: Viral oncolysate from autologous or homologous tumor; OS: Overall survival.

within 3 weeks. In contrast, 60% of mice operated and vacci-
nated with ESb-NDV  vaccine survived long-term
(> 2 months) and developed specific protective anti-tumor
immunity based on anti-tumor memory T cells (MTCs) [74].

3.3.2 Clinical studies

ATV-NDV stands for Autologous Tumor cell Vaccine
modified by infection with a low dose of lentogenic NDV.
The rationale for the design of this vaccine, its transfer from
animal studies to human application and the results obtained
have been reported and summarized in the past [75].

Pre-existing tumor-reactive MTCs from cancer patients
could apparently be activated #n situ by the tumor vaccine
ATV-NDV as seen by augmentation of anti-tumor skin
delayed-type hypersensitivity (D'TH) memory responses [7].
The conclusion that ATV-NDV vaccine can present TAAs
directly to MTCs and stimulate them is supported by the fol-
lowing results: i) in a coculture with a TAA-specific memory
T cell clone, ATV-NDV-stimulated T-cell proliferation and
IL-2 production, while ATV without NDV infection induced
tolerance [50], ii) viability of the irradiated vaccine was impor-
tant for CTL activation [71] and for clinical efficacy (7.76] and
iii) antigen-presenting cells transfected with the viral HN
cDNA showed increased CTL-stimulatory capacity [511.

Intradermal vaccinations of cancer patients with ATV-NDV
were well tolerated and could be repeated many times without
causing adverse events. Viability of the 2 - 10 million
irradiated vaccine cells was important not only for CTL activa-
tion, but also for clinical efficacy (7). The best DTH reaction
was obtained using 10 million tumor cells and 32 hemaggluti-
nating units of NDV (strain Ulster) (median induration of
8 mm) (7. Histological examination of the vaccination site
revealed a dense infiltration of predominanty helper
T lymphocytes.

Vaccination in 2-week intervals for three times was often
sufficient to obtain peak anti-tumor DTH reactivity. This
means three rounds of expansion and retraction of tumor-
reactive T cells involving three waves changing between
effector memory T cell activation in peripheral tissues and
central memory T cell resting states in the bone marrow [77.78].

Details about the immunological mechanisms of function
of ATV-NDV in cancer patients have been reported [7a].
They include the rationale for autologous and live tumor
cell vaccines, for the choice of NDV to break the immunolog-
ical tolerance barrier, BM niches for cancer-reactive memory
T cells, the individuality of the pre-existing cancer-reactive
memory T-cell repertoire from cancer patients as well as the
activation and recruitment of this repertoire from the BM to
the sites of tumor.

Table 3 lists examples of clinical vaccination trials employ-
ing NDV whole cell vaccines (7.76,79-86). The studies 1 - 9
with ATV-NDV were performed in the years 1990 - 2008.
Only some studies will be described below. Study 10 is a
contribution from China.

In a postoperative active-specific immunotherapy (ASI)
study of locally advanced primary breast cancer (7] (study 4),
the follow-up revealed a 5-year survival rate that was 36%
higher in group A (high-qualitcy ATV-NDV vaccine; > 10°
cells) than in group B (low-qualiy ATV-NDV
vaccine; < 10° cells) (757). In a postoperative ASI study of
locally advanced CRC (study 1), there was an apparent 25%
increase in the 2-year survival rate in a group of 20 patients
who received a high-quality ATV-NDV vaccine [791. The
OS in ATV-NDV vaccinated head and neck squamous cell
carcinoma (study 8) was improved by 23% in comparison
to historic controls [84].

Twenty-three patients suffering from GBM were vacci-
nated with ATV-NDV from cell culture to assess feasibility,
safety and clinical benefit 851 (study 9). The median
progression-free survival of vaccinated patients was 40 weeks
(vs 26 weeks in 87 non-vaccinated control subjects from the
same time period and the same clinic) and the median OS
was 100 weeks (vs 49 weeks in control subjects; p < 0.001).
In the vaccinated group, immune monitoring revealed
significant increases of skin DTH reactivity, the number of
tumor-reactive MTCs in the blood and the numbers of
CD8" tumor-infiltrating T' lymphocytes in frozen tissue slices
from GBM recurrencies. There was one complete remission
of non-resectable remaining tumor [85].

Another study, a prospectively randomized Phase II/III trial
investigated the efficiency of ATV-NDV after liver resection
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Table 3. Examples of clinical vaccination trials employing NDV whole cell vaccines.

Vaccine (virus strain) Disease Study type Clinical outcome Ref.
1. ATV-NDV (Ulster) CRC (locally advanced) (stage Il & lll) Phase Il (n = 57)  Improved OS and DFS [79]
2. ATV-NDV (Ulster) CRC (RO res. liver mets) (stage IV) Phase Il (n = 23)  Improved OS and DFS [80]
3. ATV-NDV (Ulster) Colon Ca (RO res liver mets) Phase /11l Improved OS (p = 0.01) [81]

Rectum Ca (RO res liver mets) Not significant
(A prospective randomized-controlled study; n = 51)
4. ATV-NDV (Ulster) Breast Ca (locally adv) Phase Il (n = 32) Improved OS and DFS [
5. ATV-NDV (Ulster) Advanced Ovarian Ca Phase Il (n =82)  Improved PFS [
6. ATV-NDV (Ulster) Pancreatic Ca (G3) Phase Il (n = 53)  Improved OS and DFS [
7. ATV-NDV (+ IL-2,+ IFN-2a) Renal cell Ca Phase Il (n = 40)  Improved OS (83]
8. ATV-NDV (Ulster) Head and neck Ca (stage Ill + IV) Phase Il (n = 18)  Improved OS and DFS [
9. ATV-NDV (+ IL-2) Glioblastoma multiforme Phase Il (n = 23)  Improved OS and PFS [
10. ATV fixed + NDV (La Sota) Gastrointestinal Ca (stage I-IV) Phase Il (n = 310) Sign improved OS (7 vs 4.46 years) |

The postoperative clinical studies with ATV-NDV received beforehand approval by local ethical committees. All vaccines were applied intradermally.

Ad 5. ATV-NDV vaccines derived from cell culture could be applied multiple times (up to 15 times) without causing adverse events.

Ad 6. The results were obtained by R Gerhards, Marienhospital Herne (Germany), who kindly provided them to the author for publication. The tumor cells were
derived from cell culture and inactivated after virus infection by cytostatic drugs. Remarkably, none of the vaccinated patients developed bone or liver metastases.
Ad 7. Of the 40 patients, 23 showed some clinical benefit. Median OS was 31 months compared with 13 months for historical controls. It is unclear, how much
benefit can be attributed to the vaccine and how much to the low dose IL-2 and IFN-c.

Ad 1 -5, 7 - 9. In all these studies, the tumor cells were inactivated by X-irradiation (200 Gy); this treatment interferes with host cell DNA but not with viral RNA
replication; viral RNA replication can be inhibited with UV light irradiation; studies 1 - 5 and 7: the tumor cells were dissociated from fresh tumor specimens to
single cell suspensions; study 4: tumor-infiltrating lymphocytes (TILs) were depleted by immunomagnetic beads; studies 5, 6, 8 and 9: tumor cells, separated from
fresh tumor specimens, were first adapted to cell culture and expanded before they were used for vaccine preparation.

Ad 10. Autologous tumor vaccine and NDV vaccine were applied separately; details about the tumor vaccine are lacking, most likely it consisted of formalin-fixed

and/or paraffin-embedded tumor tissue, a type of vaccine developed in China and India.
CRC: Colorectal carcinoma; DFS: Disease-free survival; OS: Overall survival; PFS: Progression-free survival.

for hepatic metastases of CRC as a tertiary prevention
method [81) (study 3). Twenty-five of such stage IV CRC
patients were vaccinated and compared with a similar number
of non-vaccinated comparable patients. After an exceptionally
long follow-up period of 9 - 10 years, there was no significant
difference between the vaccinated and the control arm. How-
ever, when stratified for tumor localization there were signifi-
cant differences between colon and rectum. While there was
no significant difference for rectal cancer, a significant benefit
was seen in the colon cancer subgroup in terms of long-term
metastasis-free survival and OS. In the control arm, 78.6%
had died, in the vaccinated arm only 30.8% (s11. The wrial
provides clinical evidence for the value and potential of the
cancer vaccine ATV-NDV.

There are not many successful randomized-controlled
studies of anti-tumor vaccination [87]. Two of those were per-
formed with a vaccine composed of 10 million live autologous
human colon carcinoma cells that were irradiated and injected
intracutancously along with BCG, an attenuated mycobacte-
rium as an immunostimulant. Such ATV/BCG vaccine (s8]
was later termed OncoVAX (891, Both Phase III trials (88,89]
revealed that this vaccine, in an adjuvant setting significantly
improved the 5-year recurrence-free survival and OS in stage
IT colon cancer patients. There was, however, no significant
effect in stage III (891, It is remarkable that the vaccine
ATV-NDV improved survival in colon patients of stage II,
III and also IV with operated liver metastases. A comparison
between these two types of autologous live cell vaccines, their

mechanism of function and their clinical significance has been
reviewed and discussed [78].

3.4 Viral onco-lysate pulsed DC (VOL-DC)

While most of these clinical studies showed some promising
results, there was still a majority of patients that had to be
considered as non-responders. So efforts were undertaken to
further increase the effectivity of the vaccine ATV-NDV.
One strategy consisted of constructing NDV-specific single
chain antibodies with dual specificity (bispecific antibodies)
for attachment to ATV-NDV to augment T-cell stimulatory
signals (see 3.5.4). The other strategy (see 3.4.2) was to
combine ATV-NDV with dendritic cells (DCs) in order to
improve the de nove generation of TAA-specific cells from
naive T cells.

3.4.1 Effect of NDV on human DCs

Many studies have demonstrated that DCs can be pulsed
with tumor lysate and that such cells can function as TAA-
presenting cells. A safe and reproducible preparation protocol
has recently been published [90].

The effect of NDV or of NDV-mediated VOL on DCs had
not been studied. Meanwhile, a very sophisticated analysis of
cell activation has been performed with NDV and human
DCs. NDV was considered a prototype avian virus to study
an uninhibited cellular response to virus infection in human
DCs [911. This study of systems biology involved among others
microarray experiments, time-dependent promoter analysis,
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transcription factor binding site analysis, electromobility shift
assays and regulatory network construction. The analysis
revealed that the genetic program underlying the anti-viral
cell-state transition during the first 18 h post-infection can be
explained by a single convergent regulatory network involving
24 critical transcription factors. These regulated 779 of the
1351 up-regulated genes. Many of these genes were associated
with polarization of the DCs towards DC1 and for induction
of Th1 T-cell-mediated immune responses.

Such polarization of human DCs by NDV to DC1 was
confirmed in functional studies [92].

3.4.2 VOL-DCs potently stimulate T cells from cancer
patients

Instead of viable ATV-NDV tumor cell vaccine, viral oncoly-
sates (VOL) were prepared from ATV-NDV. Patient-derived
DCs were then pulsed with these oncolysates to obtain the
vaccine VOL-DC. In this way, the DCs receive relevant
information about the patients TAAs which they express as
peptide/ MHC complexes for presentation to T cells. In addi-
don, the DCs receive through NDV from the oncolysates
information about potential immunological danger signals
(PAMPs and DAMPs). This methodology has meanwhile
been established and quality certified as an Advanced
Therapeutic Medicinal Product at the Immunological and
Oncological Center in Cologne (I0ZK), Germany.

It was demonstrated that VOL-DCs can potently stimulate
autologous T cells from cancer patients, They showed
increased expression of costimulatory molecules and induced
higher IFN-y ELISPOT responses. Supernatants from
co-cultures of MTCs and oncolysate-pulsed DCs contained
increased titers of IFN-ot and IL-15 [93].

3.5 Combinatorial treatments
3.5.1 Combining NDV with vaccination: helper effects
of OVs
Before patients at the IOZK receive biological cancer therapy,
their immune system is monitored and conditioned for active
specific immunization. Conditioning of the immune system is
done by systemic (intravenous) application of oncolytic NDV
1 week before vaccination. This has several positive effects:
i) induction of type I IFNs which inhibit secretion of
Th2 cytokines (IL-4 and IL-5) and stimulate Th1 cells 94,
ii) induction of ICD (Table 1) and iii) priming of NDV onco-
lysate reactive Th cells. The latter can be monitored regularly
by an in vitro ELISPOT assay [95]. Upon later vaccination
with oncolysate pulsed DCs (see below), such Th cells are
likely recruited to the vaccination site. There they might
help the response via release of the chemokine CCL3, thus
facilitating DC migration. In this way, the induction of an
anti-viral immune T-cell response could be beneficial for the
subsequent vaccination effect.

Such mechanism has recently been proven for Tetanus-
toxoid Th cells [(96]. Not only chemokines, but also cytokines

might enhance OV therapy in synergy with anti-viral Th cells.
For instance, the therapeutic activity of some OVs was signif-
icantly enhanced in animals immunized against the same
viruses and pre-administered with GM-CSF, but not IL-2 or
G-CSF [97.

3.5.2 Combining NDV with therapeutic transgenes
Recombinant NDV strains with enhanced oncolytic potential
were developed by incorporation of F gene mutations (98] or
by addition of the NS1 (99 or the apoptin [100] gene. The
immunostimulatory capacity could be augmented by incorpo-
ration of genes coding for cytokines, such as IL-2 [io1],
GM-CSF 1021, IL-15 1103] or IFN-y [104. NDV could also
be modified by incorporation of two transgenes, one coding
for the light chain and the other for the heavy chain of a
monoclonal antibody interfering with angiogenesis [105]. The
transfer of a gene coding for a TAA created a vector with
which the immune response could be targeted to a specific
TAA in order to compete with the usually stronger response
to viral antigens (VA) [106]. For more details regarding these
genetically engineered NDVs, see [20].

3.5.3 Combining NDV with carrier cells for improving
tumor targeting

Further enhancement of OV-mediated therapy may consist of
combining it with adoptive T-cell immunotherapy. It was
shown that NDV binds to activated T cells [107). Upon co-
culture with tumor cells, such NDV-loaded T cells released
infectious virus to the tumor cells and produced oncolytic
effects. In a tumor neutralization assay in vitro, monolayers
of human tumor cells could be completely destroyed by the
addition of polyclonally activated T cells loaded with onco-
lytic NDV. In this process, synergistic effects between CTLs
and OVs were apparent in the tumor conrtact zone [107].
In vivo hitchhiking of NDV on immune T cells could be
anticipated to improve tumor targeting of OVs.

Several groups have explored carrier cell systems for
improving systemic delivery of viruses with promising results
in pre-clinical models [108]. Mesenchymal stem cell carriers
for paramyxovirus therapy protected the virus from neutraliz-
ing antibodies and effectively transferred the virus to
tumors [109].

3.54 Combining NDV with bispecific antibodies

To augment the immune-stimulatory properties of
NDV-infected tumor cells, another innovative approach was
successful: the attachment of single-chain variable fragment
bi-specific antibodies (bsAbs). These attach with one arm to
a VA (e.g., HN of NDV) and with the other arm to a target
on immune cells. In case of T cells, such targets were
CD25 1101, CD3 1111 and CD28 11121, The idea is that VAs
of NDV can serve as universal anchor molecules for bsAbs.
In this way, T-cell co-stimulatory molecules can be attached
to any type of tumor cell infectable by NDV [113].
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With the modular approach of first infecting a tumor cell
by NDV and then attaching one or two bsAbs, it is possible
to create vaccines with increased T-cell-stimulatory capacity.
Signal intensity mediated through CD3, CD25 or CD28
can be adapted to the clinical situation by varying the
amounts of the bsAb fusion proteins 1111, In this way,
T cells from healthy donors could be non-specifically
activated by the attachment of suboptimal amounts of anti-
HN-anti-CD3 (for signal 1) plus anti-HN-CD28 (for signal
2) 0], The strongest non-specific anti-tumor activity could
be generated from T cells stimulated with ATV-NDV
modified by attachment of anti-HN-ant-CD3 plus the
tri-specific fusion protein anti-HN-IL-2-anti-CD28. The
latter molecules transmit simultaneously two independent
co-stimulatory signals through CD25 and CD28 [112.113].

In a Phase I clinical study, 14 CRC patients with late-stage
disease which could not be operated anymore with curative
intent were treated with the vaccine ATV-NDV to which
bsHN-CD28 was attached. No severe adverse events were
seen. With the highest dose of 1 pg protein of purified
bsHN-CD28, strong T-cell costimulation occurred which
enabled re-activation of TAA-specific MTCs. The study sug-
gests that the three-component vaccine is safe and can activate
possibly anergized T cells from a chronic disease like
advanced-stage cancer [114].

That T-cell costimulatory signals can have effects in late-
stage cancer patients has been demonstrated in a clinical study
using an agonistic monoclonal antibody (Mab) against
OX40 (15).

3.55 Combining NDV with immune checkpoint
inhibitors

The immune system contains not only T-cell costimulatory
signalling pathways, but also T-cell inhibitory pathways.
Tumors often use such inhibitory pathways for their own
immune escape. To prevent such immune escape by tumors,
Mabs have been developed with the goal of reversal of
tumor-induced T-cell inhibition [116]. Mabs targeting
cytotoxic T-lymphocyte antigen 4 (CTLA-4) [117] and pro-
grammed death receptor 1 [118] have already demonstrated
significant promise in clinical trials. Clinical benefit of these
systemically applied antibodies as single agents was however
associated with severe side effects.

One could imagine that locoregional application in body
cavities such as the pleura or the peritoneum would be associ-
ated with less side effects. This would be expected to be the
case when lower amounts of antibodies could be applied
and also when such antibody treatment would be combined
with immunostimulatory agents like oncolytic NDV.

Clinical benefit of checkpoint blocking antibodies appears to
be limited to subsets of patients with pre-existing lymphocytic
infiltrations of their tumors. A successful rational combination
strategy consisted of localized oncolytic virotherapy followed by
systemic checkpoint blocking immunotherapy. Intra-tumoral
application of NDV to B16 melanoma in mice induced

lymphocytic infiltrates not only locally, but also in distant
non-injected lesions. Combining localized NDV' treatment
with systemic CTLA-4 blockade led to rejection of pre-
established distant tumors and protection from tumor re-
challenge in poorly immunogenic tumor models. The thera-
peutic effect was associated with infiltration of distant tumors
with activated CD8" and CD4" effector but not Treg and
was dependent on CD8” cells, NK cells and type I IFN [119].

3.5.6 Combining NDV with hyperthermia

At the IOZK in Cologne, systemic NDV application is com-
bined with local hyperthermia in cases where tumor tissue
such as metastases are accessible to the Oncothermia
EHY-2000 device. For further details, see a recent case report
of long-term remission of prostate cancer with extensive bone
metastases [120] and another case report on long-term survival
of a breast cancer patient with extensive liver metastases [95].

4. Oncolytic NDV with potential to break
therapy resistance

Many characteristics of oncolytic NDV, already mentioned in
this review, suggest thar this biological agent has the potential
to break resistance of cancer cells to a variety of therapies. First
of all, this agent, in contrast to chemotherapy (CT) and radio-
therapy (RT), does not require cells to be in a proliferating
state. Since the virus replicates in the cytoplasm, it is indepen-
dent of DNA replication. The virus also replicates in
K-irradiated cells (such as ATV-NDV vaccine cells) because
X-irradiation damages DNA but not RNA. Many tumor cells
in a resting state such as tumor stem cells or cells from tumor
dormancy may not be affected by CT or RT, but could pos-
sibly be targeted by oncolytic NDV. The findings indicating
that NDV selectively infects apoptosis-resistant, hypoxic or
[FN-resistant tumor cells suggests that this OV may very
well complement conventional cancer therapies which lack
these properties. Finally, NDV may even break resistance
mechanisms to immunotherapy. It may break T-cell tolerance
o TAAs and it could overcome resistance to immune
checkpoint blockade immunotherapy.

Thus, oncolytic NDV can function as cutting edge between
tumor and host [10] by disrupting barriers of ignorance, toler-
ance or immune suppression by activating host immune
mechanisms and destroying tumor cells by 1CD.

Table 4 gives an overview of these potential activides of
NDV which deserve further exploitation.

5. Summary and conclusion

This review deals with NDV, a biologic agent with potent
oncolytic activity as well as with potent immunostimulatory
capacity. Its tumor selectivity and its capacity to replicate
distinguish it from chemical or physical modes of cancer treat-
ment. Negative side effects of NDV are negligible compared
with CT or RT. Many genetically engineered OVs try to
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Table 4. NDV, a biological agent with potential to break therapy resistance.

1. In contrast to most cytostatic drugs and to RT, oncolysis of NDV does not depend on cell proliferation. It is even enhanced in
X-irradiated cells, possibly due to a combination of cellular stress from X-irradiation and virus infection [121]

2. Perhaps oncolytic NDV can also target cancer stem cells which are in a resting state of the cell cycle

3. In contrast to most cytostatic drugs and RT, virus replication and cell lysis following NDV infection of non-permissive hosts shows
selectivity for tumor cells. This is due to defects of tumor cells in various signaling pathways (see Section 2.5)

4. Tumor cells with resistance to CT or RT are often also resistant to apoptosis. Oncolytic NDV shows selectivity for apoptosis-resistant

cells [33]

5. Hypoxic cancer cells in the center of a growing tumor are often also resistant to CT or RT. NDV can exert oncolytic activity against

hypoxic cells [26)

6. Many tumor cells are resistant to treatment by type | IFNs because of defects in type | IFN receptor signaling pathways. Oncalysis

by NDV is supported by such defects [13,27-29]

7. Glioblastoma multiforme tumar cells are characterized by resistance to many conventional therapies and recur in the brain via
motility and invasion. This is due to Rac1 protein expression and aberrant signaling. Interestingly, Rac1 is targeted by NDV

infection [35] (see Section 2.5)

8. A human T-helper clone with specificity for autologous malignant melanoma was resistant to in vitro stimulation with such tumor
cells. Following infection by NDV, the melanoma cells could break this T-cell tolerance [50]
9. Systemic tumor resistance to immune checkpoint blockade immunotherapy could be overcome by localized oncolytic virotherapy

with NDV [119,122]

CT: Chemotherapy; NDV: Newcastle disease virus; RT: Radiotherapy.

achieve maximal tumor cell killing by reducing anti-viral
immunity. This review provides examples that in case of
NDV anti-viral immunity and immunostimulatory capacities
of an OV can be integrated to achieve maximal post-oncolytic
T-cell-mediated anti-tumor immunity.

Oncolytic NDV induces ICD with multiple effects on the
immune system. Innate and adaptive immune responses that
are thus generated can help to destroy tumor cells so that
direct maximal tumor cell killing by the virus is not necessary.
Post-oncolytic cancer-reactive T-cell responses are equipped
with a memory function which provides over long times
protective activity against minimal residual disease. Without
such support from the immune system, OVs would have to
be applied similar to cytostatic anti-cancer drugs.

Various types of anti-cancer therapy by NDV are summa-
rized. They include intracumoral or locoregional virus appli-
cation in animal model systems, systemic virus applications
to cancer patients and clinical studies with tumor vaccines
containing NDV. Many of the clinical studies, including
one prospectively randomized controlled study, demonstrated
clinical benefits.

Various combinatorial approaches are presented and dis-
cussed by which the effectivity of oncolytic NDV could be
further augmented. One of this consists of systemic NDV
pre-treatment before anti-tumor vaccination with tumor vac-
cines containing NDV. Such immune conditioning induces
type I IFNs and Th cells against VOL, which can be measured
and likely contribute to an improved response to vaccination.

An important message in the field of anti-tumor
vaccination is the requirement of a quality product. Whether
it concerns Cassel’s oncolysate, Hanna’s, Hoover's and
Vermorkens’s OncoVAX, or our vaccine types ATV-NDV
and VOL-DC: each of these autologous vaccine products
requires much skill and knowledge of detail without which
the clinical effect can easily fail or become irreproducible.

6. Expert opinion

Cancer therapies based on biological principals and on involv-
ing the cancer-bearing host’s immune system are expected to
have a great future and will hopefully spare cancer patients
the negative side effects of CT or RT. Oncolytic NDV, as a
safe biological agent with anti-neoplastic as well as immune-
stimulatory properties, gives an example of a prospective
anti-cancer therapy. It may become a useful complement to
CT or RT, especially in cases of therapy resistance. Even resis-
tance to specific immunotherapy and to immune checkpoint
blockade may be broken by the introduction of oncolytic
NDV,

For the future, it is predicted that only multimodal
approaches will be effective with a disease as complex as can-
cer. There are possibilities of pharmacological modulation of
anti-tumor immunity induced by OVs and of combinations
of oncolytic virotherapy with CT [35]. The combination with
immunosuppressive agents is being discussed to suppress
anti-viral immunity in order to augment viral replication in
tumor tissue. The author is, however, skeptical about such
an approach because this may reduce the subsequent immune
response and therapeutic efficacy. Good future prospects are
expected by combining oncolytic NDV with hyperthermia,
with therapeutic transgenes, with DCs, T cells or bi-specific
antibodies. While many of these combinations still require
much work before they can be applied to patients, the combi-
nation of systemic NDV with anti-tumor vaccination is
already a clinical reality, at least at one site in Germany.

Immune checkpoint modulation has already given a boost
to the field of cancer immunotherapy. This will likely be a
driving force also in the future, especially when combined
with immune-stimulating agents such as OVs and anti-cancer
vaccines.
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