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Summary

Newecastle Disease Virus (NDV) is an avian paramyxovirus, which has been demonstrated to
possess significant oncolytic activity against mammalian cancers. This review summarizes the
research leading to the elucidation of the mechanisms of NDV-mediated oncolysis as well as the
development of novel oncolytic agents through the use of genetic engineering. Clinical trials
utilizing NDV strains and NDV-based autologous tumor cell vaccines will expand our knowledge
of these novel anti-cancer strategies and will ultimately result in the successful use of the virus in
the clinical setting.
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Introduction

“The most striking sign of leukemia, the excess of leukocytes, disappears, and sometimes
the spleen and lymph glands return to their normal size. Yet that the change is not wholly
favorable appears from the fact that no case has really recovered... Considering the
hopelessness of the ordinary treatment of leukemia, it seems that carefully planned
experiments, either with bacterial products or organ extracts, might show a more safe and
permanent result” [1].

The idea of using bacteria and viruses for treatment of human malignancies initially
stemmed from observations since the mid-1800’s of tumor regressions that were associated
with natural infections[1]. Development of cell and virus culture techniques in the early
1950’s led to intensive exploration of virus therapy in small animal tumor models and
eventually in humans[2]. Due to significant virulence associated with the use of some of the
human pathogens, animal viruses were explored as an alternative, with Newcastle Disease
Virus (NDV) becoming a promising oncolytic agent [3-13]. This review will summarize the

"Corresponding author: Tel: 1-646-888-2325, Fax: 1-646-422-0470, zamarind@mskcc.org.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zamarin and Palese Page 2

developments in the field of NDV cancer therapy, including the delineation of the
mechanism of its oncolytic specificity, clinical trials, and recent advancements with the
advent of genetic engineering.

NDV Biology and Tropism

NDV derives its name from the site of the original outbreak in chickens at a farm near
Newcastle-upon-Tyne in England in 1926 [14]. It is an economically important pathogen in
multiple avian species and it is endemic in many countries. NDV is a member of the
Awvulavirus genus in the Paramyxoviridae family. Similar to other paramyxoviruses in its
family, the 15,186 nucleotide negative single strand RNA genome of NDV encodes six
genes including the nucleocapsid protein (NP), phosphoprotein (P), matrix protein (M),
fusion protein (F), haemagglutinin-neuraminidase (HN), and RNA-dependent RNA
polymerase (L) [15]. The genes are separated by junction sequences that consist of three
elements, known as gene start (GS), intergenic (IG), and gene-end (GE) motifs, which
regulate mRNA transcription. In the P gene, a unique RNA editing mechanism adds non-
templated G residues resulting in the expression of V and (perhaps) W proteins that are
collinear to P in the amino-terminal end [15-17]. The genomic RNA is bound in a
ribonucleotide protein complex (RNP) consisting of NP, P, and L and is surrounded by a
lipid envelope containing three virus glycoprotein spikes, HN, M and F [15].

NDV is categorized into three pathotypes depending on the severity of the disease that it
causes in birds: lentogenic (avirulent), mesogenic (intermediate), or velogenic (virulent)
(table 1)[14]. The cleavage site in the fusion (F) protein of the NDV has been shown to be a
major determinant of virulence [18-22]. F protein is synthesized as an inactive precursor
(FO) and becomes fusogenic after proteolytic cleavage into two disulfide-linked
polypeptides by host cellular proteases. The FO of lentogenic viruses have monobasic
cleavage sites cleaved by trypsin-like proteases found only in respiratory and digestive
tracts. In contrast, the polybasic cleavage site of the FO protein of velogenic strains allows
for cleavage by ubiquitous proteases such as furin, resulting in a more systemic infection
[20,23,24]. In addition, highly-fusogenic F proteins expressed on the surface of infected
cells allow for efficient formation of syncytia, facilitating the spread of the virus from cell to
cell [15,25-30].

Pathogenic classification of NDV strains in birds correlates with their oncolytic properties in
cancer cells. While velogenic strains can efficiently carry out multicycle replication in
multiple tested human cancer cells with effective cell lysis, lentogenic strains tend to be
more attenuated due to lack of activation of the FO protein [31]. On the basis of this finding,
in human cancers NDV strains have been classified as either lytic or non-lytic, with
velogenic and mesogenic viruses being lytic and lentogenic viruses in general being non-
lytic. As described further in this review, several studies demonstrated that the lytic abilities
of lentogenic NDV strains could be enhanced by introduction of polybasic cleavage site into
their F proteins [22,26,32]. For fusogenic NDV strains, syncytia formation has been shown
to significantly augment NDV-mediated lysis of cancer cells, both in vitro and in vivo
[27,33-36]. In fact, introduction of the fusogenic NDV F protein into vesicular stomatitis
virus (VSV) enhanced syncytia formation and oncolytic properties of VSV [25].
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Other NDV proteins including the NP, P, V, HN, and L have also been shown to be
implicated in virulence [37-45]. Several studies demonstrated the type I interferon
antagonist activity of NDV V protein with associated decrease in pathogenicity in
recombinant viruses possessing attenuating mutations in the V protein or in viruses
expressing lower V protein levels [37,38,44,46]. Recently, two studies demonstrated the role
of the polymerase complex in viral pathogenesis, with L protein contributing to
pathogenicity of the mesogenic Beaudette C strain, and NP, P, and L proteins contributing to
pathogenicity of the velogenic Herts strain [42,43]. Finally, several studies noted the
contribution of the HN protein to virulence, with specific amino acid mutations conferring a
higher virulence phenotype [39-41,47].

Mechanisms of NDV-mediated oncolysis (figure 1)

Direct mechanisms

Mechanisms underlying NDV-mediated cytotoxicity have been investigated in multiple
studies. Experimentations on chicken embryos inoculated with NDV revealed evidence of
apoptosis in embryonic tissues [48]. Multiple subsequent studies confirmed the dominant
role of apoptosis in NDV-induced cell death [49-64]. Induction of apoptosis by NDV
requires viral entry, replication, de-novo protein synthesis, and activation of caspases.

Delineation of apoptotic pathways activated in NDV-infected cells revealed commaon trends,
though differences were noted depending on the system used [56,60-62,65]. Direct
characterization of NDV strains Beaudette C and LaSota in cancer cell lines of ectodermal,
endodermal, and mesodermal origin revealed that NDV can induce apoptosis by activation
of both extrinsic and intrinsic apoptotic pathways [60]. NDV infection of tumor cells led to
the production of TNFa and soluble TRAIL in tumor cell- and virus-specific manner, and
resulted in activation of caspase 8, though in several cell lines apoptosis was induced
without caspase 8 activation. In all tumor cell lines, NDV infection led to the loss of
mitochondrial membrane potential and activation of caspase 9, highlighting the importance
of the intrinsic pathway in activation of NDV-mediated apoptosis [60]. NDV-mediated
induction of apoptosis was independent of IFN signaling, as apoptosis was also induced in
tumor cell lines defective in the production of IFNa or defective in responses to IFNa [60].
The study thus suggested that activation of apoptosis likely proceeds through the
mitochondrial pathway and activation of caspase 9, with subsequent activation of caspase 8
[60]. In line with these findings, a study by another group in several human cancer cell lines
revealed that NDV MTH-68/H strain-induced cell death was independent of activation of
initiator caspase-8 and caspase-9 or of cellular p53 status [61]. In the same study, viral
replication in PC12 rat pheochromocytoma cells was shown to lead to the activation of the
endoplasmic reticulum (ER) elF2a kinase PERK with resultant phosphorylation of elF2a
and activation of caspase 12. The study suggested that ER stress-mediated mechanisms
might be responsible for activation of apoptotic pathways in NDV-infected cancer cells [61].
In contrast to these findings, in NDV-infected Vero cells, activation of the extrinsic
apoptotic pathway appeared to precede that of the intrinsic pathway [51]. Similarly, the
extrinsic pathway was shown to be involved in A549 lung cancer cells after infection with
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NDV, while the previously shown phosphorylation of elF2a or caspase 12 activation in
PC12 cells could not be confirmed [62].

Other pathways were in addition implicated in NDV-induced apoptosis. Studies of NDV
strain MTH/68 in PC12 rat pheochromocytoma cells revealed that induction of apoptosis
was independent of the stress-inducible c-Jun N-terminal kinase pathway and the p38
pathway or of the mechanisms regulated by reactive oxygen species [56,59]. This was not
confirmed in a subsequent study, where infection with NDV La Sota, Beaudette C, and
FMW strains activated MAPK and downregulated Akt pathways in the infected A549 cells
[62]. In that study, inhibition of p38 MAPK reduced cell death of NDV-infected A549 cells,
though the mechanism for this is still unclear [62].

It is difficult to reconcile the discrepancies amongst these multiple studies, although many of
the differences could possibly be explained by differences in the cell lines, viral strains, and
detection assays used. In support of this, in the study by Elankumaran et al., different levels
of soluble TRAIL production, and different levels of caspase 9 and 3 activation were noted
amongst the different cell lines and viral strains tested [60]. Overall, based on multiple
studies, activation of the intrinsic apoptosis pathway appears to play a key role in NDV-
mediated cell death. Differential activation of the intrinsic pathway likely proceeds in a cell
line- and virus-specific manner and appears to involve the extrinsic apoptotic pathway, ER
stress pathway, receptor tyrosine kinase (RTK) pathways, and likely multiple other
pathways that are yet to be characterized (figure 1).

Virus-specific factors have in addition been described to explain the mechanisms
contributing to NDV-mediated apoptosis. Transfection of a plasmid encoding the HN
glycoprotein into chicken embryonic fibroblasts (CEF) was shown to directly induce
apoptosis by a yet uncharacterized mechanism [50]. Recently, the characterization of NDV
protein sequences revealed pro-apoptotic Bcl-2 homology-3 (BH3) domain-like regions in
NDV M, L, and F proteins [64]. Transfection of M and F proteins into HeLa cells promoted
cell death, while deletion of the BH3-like domain from the M protein attenuated the
induction of apoptosis by the protein. Co-immunoprecipitation experiments further revealed
the interaction of the M protein with Bax and this interaction was abolished when the BH3-
like deletion M protein was used [64]. Further similar analyses of NDV proteins will be
important, as they may reveal additional mechanisms underlying the specificity of NDV for
tumor cells.

Indirect mechanisms (immune-mediated)

In addition to its direct cytopathic effects, the anti-cancer activity of NDV is associated with
the activation of both innate and adaptive immune responses.

Infection of murine macrophages with NDV strains LaSota, Ulster, and MTH-68/H has been
shown to lead to the upregulation of macrophage enzymes such as ADA, iNOS, lysozyme,
and acid phosphatase as well as the production of nitric oxide and TNF-alpha, resulting in
the increase of in vitro and in vivo anti-tumor activity [66—69]. NDV Ulster-stimulated
monocytes in addition were shown to mediate tumor cell killing via induction of TRAIL
[58]. Activation of natural killer (NK) cells has also been implicated in NDV-mediated
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cytotoxicity, as direct incubation of NDV strain 73-T with PBMC’s from healthy donors
enhanced their cytotoxicity against multiple tumor cell lines, with NK cells being the
predominant mediator of lysis (figure 1) [70].

Studies also revealed that induction of innate immune responses in PBMC’s was not
dependent on viral replication. In fact, transfection of a construct expressing NDV HN
glycoprotein alone was sufficient to induce induction of IFN-alpha and TRAIL [57] and to
induce apoptosis directly in transfected cells as discussed above [50]. Based on these
findings, a DNA vaccine expressing cytoplasmic, secreted, and membrane-anchored forms
of NDV HN glycoprotein was evaluated for anti-tumor effect. In this study, membrane-
anchored HN was shown to have superior anti-tumor activity both in vitro and in vivo [71].
A study by another group revealed that prophylactic immunization with a plasmid encoding
the NDV HN glycoprotein protected animals from subsequent challenge with DA3
mammary carcinoma cells [72], an effect that was shown to be associated with an increase
in tumor NK cell infiltration and a decrease in myeloid-derived suppressor cells (MDSC)
[72]. The mechanisms underlying those findings are unclear, though expression of NDV HN
on the surface of antigen presenting cells has been shown to augment CTL responses against
an unrelated antigen [73], which may be responsible for these observations.

Direct immunostimulatory effects on the tumor cells were also noted. Infection of tumor
cells by NDV leads to expression of the viral HN and F glycoproteins on the surface, which
has been shown to change tumor cell surface adhesiveness for erythrocytes and
lymphocytes, leading to upregulation of T cell activation markers in mixed lymphocyte-
tumor cell cultures (figure 1) [74]. Infection of human tumor cells with NDV Ulster was in
addition shown to induce production of IFNS, RANTES and IP-10, and to upregulate the
expression of MHC and cell adhesion molecules ICAM-I and LFA-3 (figure 1) [75,76].
These studies imply that NDV infection may overcome the inhibitory effects of the tumor
microenvironment and induce favorable inflammatory anti-tumor responses. Indeed, while
tumor-infiltrating lymphocytes (TIL) isolated from freshly-resected melanomas lacked
proliferation when stimulated with autologous melanoma cells, this proliferation was
restored when the TILs were stimulated with the autologous melanoma cells infected with
NDV Ulster [77]. Based on these studies, engineering of NDV armed with cytokines was
undertaken as a strategy to improve the immunostimulatory activity of NDV (see below).

Overall, these studies suggest that NDV-mediated anti-tumor effects are dependent on the
ability to induce apoptosis in cancer cells and the induction of inflammatory anti-tumor
immune responses (figure 1). No less important, however, is the viral capacity to do so in a
cancer-specific fashion, while sparing normal cells. Several studies were performed to
delineate the mechanisms responsible for the apparent NDV specificity for tumor cells.

Mechanisms of NDV specificity for tumor cells (table 2)

Specificity due to defects in the antiviral pathways

Viral infection of metazoan cells leads to the activation of multiple innate antiviral
pathways. Cytokines of the type I IFN system, IFNa, IFNB and IFNX possess a wide range
of biological activities, the most notable of which is their ability to block replication of
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certain viruses. Synthesis of type | IFN is induced by viral infection, in many cases, through
production of viral nucleic acid that is recognized by different cellular sensors including the
RIG-I-like helicase family (RLH), nucleotide binding oligomerization domain (NOD)-like
receptors (NLR), and Toll-like receptors (TLR) [78,79]. These sensors mediate activation of
several latent transcription factors, including the interferon regulatory factor (IRF)-3, IRF-7,
NF-xB, and ATF2/c-jun, which are in turn involved in activation of the IFNS promoter and
synthesis of IFN[80-82].

Most if not all viruses have evolved strategies to evade the cellular type I interferon
responses by synthesis of products antagonizing the pathway at different levels of
signaling[83]. The NDV V protein antagonizes cellular innate immune responses through
binding and degradation of STAT1 protein[38,44]. This function, however, was shown to be
species-specific and is limited to avian cells, resulting in high sensitivity of the virus to anti-
viral pathways induced in mammalian cells [44]. As such, NDV induces strong IFN
responses in normal human cells.

Many cancer cells have been demonstrated to possess defects in anti-viral signaling
pathways, which allows them to resist IFN-induced growth-inhibitory and apoptotic signals.
It was therefore hypothesized that cancer cell-restricted replication of NDV is the result of
the poor innate antiviral immune responses generated in these cells upon infection. Indeed,
replication and spread of NDV were shown to be significantly reduced in primary human
fibroblasts, when compared to the HT-1080 human fibrosarcoma cell line [84]. This effect
was established to be due to the poor response of HT-1080 cells to IFN, with reduced
phosphorylation of STAT1 and STAT?2 proteins and reduced activation of IFN-regulated
genes (table 2). Analysis of NDV-infected tumor cells revealed several defects in antiviral
responses, which included delayed activation of antiviral proteins in response to UV-
inactivated virus [85]. NDV infection of normal and tumor murine macrophage cell lines,
revealed lower basal levels of expression of antiviral genes such as RIG-I, IRF-3, and IFN-
beta in tumor cell lines and lower responsiveness to exogenously-added IFNa (table 2)[86].
Basal levels of expression of antiviral genes were inversely correlated with susceptibility to
NDV infection [86,87]. Further analysis of NDV infection in macrophages deleted for IRF-3
or IRF-7 revealed a significant increase in viral replication in IRF-3 KO macrophages,
highlighting the important role of IRF-3 in initiating the innate anti-viral response to NDV
[88]. Additional studies in a panel of tumor cell lines by Elankumaran et al. demonstrated
that most of the tested tumor cell lines in response to NDV infection failed to express IRF-7,
while other cells were defective in induction of IFN-stimulated genes (ISG’s) such as
RANTES, IP10, IRF-1, and ISG 6-16 (table 2) [46].

Specificity due to defects in apoptotic pathways

Despite these findings, several studies demonstrated effective oncolytic activity of NDV in
cancer cell lines possessing robust induction of type | IFN and antiviral responses to NDV
infection, suggesting other underlying mechanisms responsible for NDV specificity for
cancer cells [27,89-91].

A study by Mansour et al. set out to investigate whether another common defect in cancer
cells, namely, resistance to apoptosis, may be responsible for the observed selectivity of
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NDV for cancer cells [63]. When chemoresistant A549 or 293T cells stably overexpressing
the anti-apoptotic Bcl-xL protein were infected with nonpathogenic NDV LaSota strain at
low MOI’s, they showed dramatically enhanced sensitivity to NDV-mediated lysis with a
two-log increase in viral replication. This observation was associated with a delay in early
apoptosis because of the anti-apoptotic activity of Bcl-xL followed by a subsequent
significant increase in apoptosis due to overwhelming virus replication and the production of
type | IFN. Similar findings were seen with the use of the pan-caspase inhibitor Z-VAD-
FMK. In support of these findings, knockdown of Bcl-xL in multiple cancer cell lines
reduced viral replication and oncolytic activity [63]. The study suggested that the observed
oncolytic specificity of NDV in IFN-competent cancer cells may be secondary to defects in
apoptotic pathways or overexpression of anti-apoptotic proteins, which help to support
productive viral infection and multicycle replication (table 2) [63].

A study by Lazar et al. identified that Livin, a member of the inhibitor of apoptosis (1AP)
family of proteins overexpressed in advanced melanomas, conferred sensitivity of melanoma
cells to the non-lytic NDV-HUJ strain [89]. While the majority of melanoma cells were
resistant to the effect of multiple chemotherapeutic agents, they demonstrated sensitivity to
NDV, which was particularly enhanced in the advanced melanoma cells lines
overexpressing Livin. Despite the overexpression of the anti-apoptotic protein Livin, this
NDV-mediated killing proceeded through activation of apoptosis. The authors further
showed that activation of apoptosis was associated with cleavage of Livin to produce a
proapoptotic cleavage product tLivin. This effect appeared to be independent of levels of
expression of viral RNA and proteins and of IFN induction or signaling (table 2) [89].

Other pathways responsible for specificity

In a study performed by Lorence et al. in 1994, transformation of human fibroblast cell lines
with N-Ras and H-Ras increased susceptibility to NDV infection by 1000-fold [92]. To
evaluate the mechanism behind this increased sensitivity, a study by Puhlmann et al. used a
multi-stage tumorigenesis model to identify pathways associated with increased
susceptibility to NDV in transformed cells[90]. While immortal HaCaT cells were resistant
to NDV, serial passage of HaCaT cells transformed with H-Ras resulted in the isolation of a
highly malignant clone of cells that was highly susceptible to NDV infection. Detailed
analysis of antiviral signaling pathways revealed no defects in activation of antiviral state or
response to type | IFN in the transformed cells. After H-Ras protein was shown to be
necessary, but not sufficient for tumor cell susceptibility to NDV, the authors performed a
siRNA-based screening assay to identify NDV sensitizers. Of the identified genes, Rho
GTPase Racl was shown to be necessary and sufficient for oncolytic NDV replication in
HaCaT cells (table 2) [90]. This is a very interesting finding, since Rho family GTPases and
interaction with actin filaments have been previously implicated in the replication cycle of
several viruses, including NDV and other paramyxoviruses such as Sendai and measles
viruses [93]. Exploring the involvement of Racl in more detail may provide further insights
into the biology of NDV and perhaps other paramyxoviruses.
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Genetically-engineered NDV (figure 2)

With the development of reverse-genetics for NDV, modification of the viral genome as
well as introduction of foreign sequences became possible [94]. Using this system,
recombinant NDV was demonstrated to serve as efficient vaccine vector against multiple
pathogens in mammals and birds [32,95-106]. In addition, reverse genetics has been
explored as an approach to improve the oncolytic activity of NDV.

Engineered fusogenic NDV

NDV F protein is responsible for viral fusion with the cell membrane and for viral spread
from cell to cell via formation of syncytia. As discussed above, the presence of the
multibasic cleavage site within the F protein allows for protein cleavage and activation by a
broad range or proteases and is a determinant of virulence in velogenic viral strains [14]. To
increase oncolytic potency of a highly attenuated lentogenic Hitchner B1 NDV strain, a
polybasic cleavage site was introduced into the F protein to generate rNDV/F3aa. While the
resultant virus exhibited only an intermediate virulence phenotype based on a mean death
time in embryonated eggs, the virus formed large syncytia and was enhanced in its
replication in cancer cells, leading to enhanced oncolytic effects in various animal tumor
models (figure 2) [26,27,34-36,107]. Similar findings were shown when the F protein of the
lentogenic NDV La Sota strain was modified in an analogous fashion [22,60]. The fusogenic
and oncolytic activity of the rNDV/F3aa strain was further enhanced by a point mutation in
the F protein at residue 289 from leucine to alanine, generating rNDV/F3aa (L289A). In an
orthotopic immunocompetent liver tumor rat model, administration of the mutant virus via
hepatic arterial infusion resulted in significant syncytia formation and necrosis, which
translated to a significant 20% prolongation of survival over treatment with the original
rNDV/F3aa virus[108].

A possible limitation of utilization of fusogenic NDV strains is their potential to become
virulent in avian species. While retaining a good safety profile in humans, such viruses can
theoretically cause outbreaks in poultry, in the unlikely event that they spread from treated
patients to birds. In fact, while velogenic and mesogenic NDV strains have been previously
shown to be the most effective oncolytic viruses, research on these strains became limited in
the recent years due to classification of these viruses as select agents by USDA [109]. At
present, all NDV strains, including recombinant, which possess polybasic F protein cleavage
site, are considered to be select agents, which unfortunately complicates further clinical
development of these strains [109]. An attenuated strain of a select agent, however, may be
excluded from the requirements of the Select Agent Regulations. Recombinant fusogenic
NDV of Hitchner B1 strain (NDV/F3aa) described above has been previously tested as a
vaccine vector in chickens where it induced strong immune responses and was shown not to
be pathogenic [32]. In addition, evaluation of this virus for mean death time (MDT) in
embryonated eggs revealed a pathogenesis profile similar to that of mesogenic strains [32].
It appears that in adult birds the virus retains its safety profile, while having enhanced anti-
cancer and vaccine vector properties. Further testing of this virus utilizing intracerebral
pathogenicity index in day-old chicks will however be necessary to confirm its safety, prior
to its further development as an anti-cancer agent.
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Modulation of innate immune responses

As discussed above, the presumed specificity of NDV for cancer cells is thought to be in
part due to defective innate immune responses in some cancer cells. While this allows for
specificity of the attenuated and lentogenic NDV strains, many of the naturally occurring
mesogenic and velogenic strains of NDV possess the ability to replicate in normal human
cells. To avoid the potential toxicity of such strains, Elankumaran et al. generated an
attenuated rNDV of the mesogenic Beaudette C strain with a mutation in the V protein. The
resultant virus was attenuated in its ability to replicate in primary cells and tumor cell lines
possessing intact IFN responses, but was equally effective to the parental virus in tumor cell
lines and xenografts possessing defective components of the innate immune response [46].
The study established the mutation of the V protein as a means to attenuate NDV’s of highly
pathogenic strains, while retaining oncolytic specificity. This approach, however, is limited
to highly virulent velogenic and mesogenic NDV strains and is likely to be only effective in
cancer cells that have defective innate immune responses.

To circumvent this problem, we sought to improve the oncolytic efficacy of the highly
attenuated and interferon-sensitive Hitchner B1 strain by improving its capability to
replicate in cancer cells with competent innate immune responses (figure 2). Introduction of
the influenza A virus NS1 protein, a mammalian interferon antagonist, into the NDV
genome resulted in enhanced viral replication in mammalian tumor cells [44]. NS1 is a
multifunctional protein that inhibits induction of type I IFN and apoptosis through several
mechanisms, including binding of double-stranded RNA, inhibition of PKR, and inhibition
of RIG-I- and TLR3-mediated activation of IFN expression [110]. To explore the
therapeutic implications of this finding, a fusogenic NDV of the attenuated Hitchner B1
strain expressing NS1 protein was generated [27]. The resultant virus was dramatically
enhanced in its ability to form syncytia and lyse a variety of human and mouse tumor cell
lines. Furthermore, the virus demonstrated stronger tumor clearance and a higher overall
long-term survival in a mouse model of an aggressive malignant melanoma, when compared
to the parental NDV/F3aa virus [27]. Administration of the virus intravenously or
subcutaneously resulted in no toxicity, suggesting that the virus was still sufficiently
attenuated in mammalian models not to cause disease [27]. This study demonstrated that by
using nonpathogenic strains of NDV such as Hitchner B1, this approach could allow to
target cancer cells with both defective and intact innate immune responses, without
compromising therapeutic safety. Further testing would need to confirm whether the virus
retains its attenuated phenotype in avian species.

NDV armed with pro-apoptotic protein

Regulation of apoptosis in cancer cells was recently explored as another strategy to enhance
the oncolytic activity of NDV (figure 2). A study by Wu et al. explored a recombinant NDV
FMW (rFMW) expressing the pro-apoptotic protein apoptin from chicken infectious anemia
virus (tFMW/AP) [65]. When used at high multiplicities of infection (MOI) in tissue culture
and xenograft models, the virus induced more apoptosis than the parental virus rFMW.
Animals treated intratumorally with rFMW/AP and rFMW demonstrated significant tumor
regressions, with the effects more pronounced in the rFMW/AP-treated animals[65]. While
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attractive, this approach may have some limitations in vivo by inducing early cell death,
which would prevent multi-cycle viral replication and intratumoral spread.

Engineering NDV armed with cytokines

To enhance the immunostimulatory properties of NDV, several groups generated
recombinant viruses expressing cytokines (figure 2). In a study by Janke et al., a
recombinant NDV expressing GM-CSF was generated. The virus was shown to stimulate
peripheral blood mononuclear cells (PBMC) to exert antitumor bystander effects in vitro in a
tumor neutralization assay [111]. Vigil et al. generated recombinant fusogenic ND vectors
expressing IFNy, GM-CSF, IL-2, and TNFa [26]. In the syngeneic CT26 colon carcinoma
mouse model, the viruses expressing IFNy, GM-CSF, and TNFa demonstrated only a
modest improvement in oncolytic activity over the parental virus. However, tumor-bearing
mice treated intratumorally with IL-2-expressing virus had marked tumor regression and
60% long-term survival, when compared to the 20% survival of mice treated with parental
virus. Furthermore, mice that underwent complete tumor regression were protected from
further tumor challenge. Tumors isolated from treated animals demonstrated increased levels
of CD4 and CD8 cell infiltration and lymphocytes isolated from draining lymph nodes
produced significant levels of IFNy when co-cultured with tumor cells [26]. In a subsequent
study, NDV expressing IL-2 was shown to possess strong oncolytic activity against an
aggressive syngeneic murine melanoma, leading to complete tumor clearance in 87% of
animals with demonstrated establishment of protective anti-melanoma immune responses
[107]. NDV expressing human IL-2 was further generated and demonstrated to express IL-2
upon infection of tumor cells in vitro with resultant T cell immunostimulatory activity with
anti-tumor effects in a tumor neutralization assay [112,113]. Overall these studies
demonstrate strong anti-tumor activity of NDV-IL-2 and prompt further investigation of
IL-2-expressing NDVs as anti-cancer agents in humans.

NDV expressing immunoglobulins

In a study by Puhler et al., two transgenes encoding immunoglobulin heavy and light chains
of antibody against ED-B fibronectin were inserted into the genome of the NDV strain
MTH68 between the F and HN genes (figure 2) [114]. Expression of the transgenes did not
affect viral growth or oncolytic properties in vitro and produced functional antibody that
bound to tumor cell-derived EDB antigen and to tumor cells in infected fibrosarcoma
xenografts. The study demonstrated the potential for expression of therapeutic antibodies
from the genome of oncolytic viruses in order to enhance their therapeutic potency [114].

Viruses expressing tumor-associated antigens (TAA)

In addition to its use as a vaccine vector for mammalian and avian pathogens, NDV was
explored in one study as a vaccine vector for expression of tumor-associated antigen (TAA)
(figure 2). Intratumoral treatment of mice bearing CT26 tumors expressing beta-
galactosidase with a virus expressing a beta-galactosidase epitope led to complete tumor
regression in 60% of animals, compared with 20% of animals treated with control virus [33].
Addition of NDV expressing IL-2 to the treatment increased the complete regression rate to
90%. We recently reported another attractive strategy for potential NDV-based antigen
presentation [100]. In that study, recombinant NDV expressing a fusion protein between the
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HIV Gag antigen and a single-chain antibody specific for the DC-restricted antigen uptake
receptor DEC205 (scFV-Gag) was generated. The vaccination of mice with NDV expressing
the DC-targeted Gag antigen resulted in enhanced Gag-specific CD8 and CD4 responses and
protected the animals from the subsequent challenge with vaccinia virus expressing HIV
Gag protein [100]. These studies highlighted the importance of the immunostimulatory
component of NDV therapy and demonstrated the potential of recombinant NDV expressing
a TAA to be used as a therapeutic cancer vaccine vector.

NDV modified with bispecific adapter proteins

The group of Schirrmacher et al. developed an additional unique approach to improve the
targeting and immunostimulatory activity of NDV. By utilizing a recombinant fusion protein
between the human IL-2 and a single-chain antibody directed against NDV HN protein
(scHN-IL2), they were able to specifically retarget the virus to IL-2 receptor (IL-2R)-
expressing human leukemia cells [115,116]. Further evaluation of the strategy in vivo
revealed that the virus specifically was targeted to IL-2R positive tumor tissues, with
decreased uptake in the liver, spleen, kidney, lung, and thymus, when compared to parental
virus [117].

As an approach to enhance the immunostimulatory activity of NDV, the authors used
bispecific single chain antibodies directed against NDV HN and the T cell co-stimulatory
receptors CD3 or CD28 (bsHN-CD3 and bsHN-CD28). Application of the bispecific
antibodies to the NDV-infected tumor cells showed enhanced activation and cytotoxicity of
unstimulated primary human T cells added to the culture [118]. Furthermore, PBMC or
purified T cells co-incubated with such a tumor vaccine were able to destroy new tumor cell
monolayers after serial transfer [119]. The authors went on to further demonstrate that this
approach was even more effective when scHN-I1L2 fusion protein was used for T cell
stimulation instead of bsHN-CD28 protein [120].

In their third approach, fusion proteins of single chain anti-F antibody and GM-CSF (bsF-
GMCSF) and single chain anti-HN antibody and IL-2 and GM-CSF (tsHN-IL2-GM-CSF)
were generated. Treatment of NDV-infected tumor cell vaccine with these fusion proteins
and PBMC:s led to PBMC activation and generation of anti-tumor responses [121]. Overall,
these approaches present attractive strategies for enhancement of immunostimulatory
activity of NDV and tumor-specific virus targeting and can likely be used in conjunction
with other genetically-engineered NDVs described earlier.

Clinical trials with oncolytic NDV

Multiple preclinical studies demonstrated significant anti-cancer activity of naturally-
occurring and recombinant NDV in pre-clinical models. Promising results were noted in
preclinical models of leukemia, lymphoma, melanoma, neuroblastoma, fibrosarcoma, rat
pheochromocytoma, colon carcinoma, lung carcinoma, prostate carcinoma, breast
carcinoma, gastric carcinoma, mesothelioma, and head and neck carcinoma
[7,9,12,13,26,27,31,34-36,56,59,68,70,77,92,107,108,122-128]. Clinical studies that
followed consisted of NDV-based tumor vaccines and direct administration of naturally-
occurring NDV to patients with advanced cancers and in post-operative setting.
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NDV-based immunotherapeutic approaches (table 3)

Recognizing the immunostimulatory properties of NDV, these viruses were employed for
active tumor-specific immunization [129-147].

In the initial studies by Cassel et al. utilizing NDV 73T strain, patients with stage 11 and 111
melanoma were immunized with autologous or allogeneic NDV oncolysates [129,130,148].
Long-term follow-up of these patients demonstrated over 60% 10-year survival and 55% 15-
year survival, a significant increase compared to historical controls [134,142]. These
findings were not reproduced by a similar study subsequently performed at the MD
Anderson Cancer Center, though a different method for the oncolysate preparation was used
[149]. NDV 73T-generated oncolysates were subsequently used to prevent relapses of
surgically-removed renal cell carcinomas in conjunction with recombinant IL-2 and IFN-
alpha, similarly demonstrating improved survival when compared to historical controls
[137,141].

A different strategy was developed by Schirrmacher and colleagues, utilizing whole-cell
autologous irradiated tumor vaccines modified by infection with attenuated NDV Ulster
strain (ATV-NDV), often with co-administration of immunostimulatory cytokines [150].
When compared to oncolysates, tumor cells retaining membrane integrity were shown to be
more immunogenic [151]. The efficacy of this approach was initially demonstrated in
preclinical models of ESb lymphoma [152], B16 melanoma [153], and 3LL Lewis lung
carcinoma [154], with all animals showing protection against subsequent challenge with
tumor cells.

Based on these findings, clinical trials utilizing immunization with ATV-NDV have been
performed in patients with colorectal cancer, breast cancer, ovarian cancer, renal cell
carcinoma, and malignant glioma.

Several clinical trials evaluated ATV-NDV for colorectal cancer, either in adjuvant
(postoperative) setting or for treatment of unresectable disease [132,133,135,136,139,155].
Immune responses to the vaccine were monitored by skin delayed-type hypersensitivity
(DTH) testing, and increased immune reactivity in 75% of patients was reported in one of
the trials [155]. When tested in an adjuvant setting, 14 patients (61%) treated with
autologous vaccine had relapses of their cancer, compared to relapses in 20 (87%) of 23
historical control subjects. The study achieved statistically significant improved disease free
survival (DFS), but not overall survival (OS) [135]. In another adjuvant study involving 57
patients with resected locally advanced colorectal carcinomas or tumors with regional lymph
node metastases, treatment of patients with ATV-NDV resulted in 97.9% 2 year survival in
the treatment group, compared to 73.8% in a historical control group [139]. The overall
survival in patients treated with vaccine was, however, comparable to that of the group of
patients treated with adjuvant chemotherapy [139].

The largest study for treatment of gastrointestinal tumors with an autologous NDV-modified
tumor cell vaccine was reported by Liang et al. [144]. Non-lytic NDV La Sota was used in
this study. This was a phase 111 study comparing 310 patients with stage I-1V colorectal
cancer treated with resection and immunotherapy, to 257 patients treated with resection
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alone. It is unclear whether the study was randomized or how allocation was performed. The
manuscript also did not specify whether the patients on the study received any additional
chemotherapy. Median overall survival was over 7 years in the vaccine group, compared to
4.46 years in the resection alone group and this was statistically significant. In addition, the
same study included 25 patients with unresectable colorectal, stomach, liver, pancreatic, and
gallbladder cancers who were all treated with autologous NDV-modified tumor cells[144].
At one-year follow-up, 88% of these patients showed some clinical benefit. While the study
certainly looks promising, a more rigorous randomized clinical trial will be necessary to
reach more definitive conclusions.

ATV-NDV was in addition evaluated in conjunction with low dose interleukin-2 and IFN-
alpha in 40 patients with metastatic renal cell carcinoma. Of the 40 patients, 23 showed
some clinical benefit, with median overall survival of 31 months, compared to 13 months for
historical controls [138]. While these results are quite remarkable, they need to be
interpreted with caution since it is unclear how much benefit can be attributed to the vaccine
vs. the cytokine therapy alone.

A phase Il study evaluated the use of ATV-NDV in ovarian cancer patients [156]. The trial
enrolled 82 patients, but only 39 were available for final evaluation. Out of evaluable
patients, clinical benefit was described for 23 patients with stage 111 disease with 15
complete responses (CR), 8 partial responses (PR), and one progressive disease (PD). Data
for the remaining 15 patients was not presented. Patients in the study in addition received a
course of platinum-based adjuvant chemotherapy, thus making it difficult to evaluate the
degree of benefit from immunotherapy alone.

One study retrospectively evaluated the effect of vaccine quality on the survival of the
patients with early stage breast cancer and metastatic breast and ovarian cancer [140]. In this
study, patients who received sufficient numbers of tumor cells for at least two vaccinations
demonstrated survival benefit, which was shown to be statistically significant in the early
stage breast cancer group [140]. These encouraging findings certainly deserve evaluation in
a larger prospective study.

A small pilot study was in addition performed in a group of 23 patients with glioblastoma
multiforme, who were vaccinated postoperatively and compared to a cohort of 87 non-
vaccinated patients [146]. The study demonstrated PFS of 40 weeks and OS of 100 weeks in
the vaccinated group, compared to 26 weeks and 49 weeks in the control group,
respectively. Both of the numbers were statistically significant. A similar post-operative
vaccination was performed in a group of 20 patients with head and neck squamous cell
carcinomas (HNSCC) [157]. Out of 18 vaccinated patients with stage Il and 1V disease,
61% demonstrated 5-year survival, an improvement over historical controls [157]. Finally, a
randomized double-blind controlled study by Volt et al., utilizing autologous NDV-modified
melanoma vaccine failed to demonstrate benefit from vaccine therapy, though the study was
small in size [145].

Overall, these clinical studies demonstrate that adjuvant vaccination with autologous NDV-
modified cancer cells is safe, and appears to have benefit in uncontrolled studies (table 3),
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though most of the studies had a variety of limitations. Thus, while no solid conclusions can
be reached regarding the degree of clinical benefit from this approach, a randomized clinical
trial would certainly be prudent to evaluate this therapeutic strategy more definitively.

Clinical trials with direct NDV administration (table 4)

Several clinical trials have been conducted utilizing infectious NDV administered to cancer
patients. The adverse effects associated with NDV infection have in general been
demonstrated to be mild to moderate in severity, with the most common side effects being
flu-like symptoms, conjunctivitis, and laryngitis [158-160]. The strains evaluated for direct
human injection were PV-701, 73-T, MTH-68/H, and Hickman, which are lytic, and HUJ,
which is non-lytic.

The first documented use of NDV for human cancer therapy was reported in 1964 by
Wheelock and Dingle, where a patient with acute myelogenous leukemia was serially
inoculated with multiple viruses in an attempt to induce remission [158]. Intravenous
inoculation with NDV Hickman strain resulted in rapid reduction in leukemic blast count
and improvement in symptoms, which lasted for almost 2 weeks.

NDV strain 73-T has been used for intratumoral injection in the treatment of a patient with
advanced cervical cancer [10]. The patient achieved a partial response to injection. The same
strain of virus was in addition administered to 17 healthy subjects intravenously and was
noted to be a strong interferon inducer with a transient drop in blood counts and mild flu-
like symptoms, but overall good tolerability [161]. Subsequent uses of this virus involved
preparation of tumor oncolysates, as described above.

NDV strain MTH-68 was developed by Csatary and colleagues and has been tested in
cancer patients via inhalational, intravenous, and intracolonic route. In a case report of a
child with glioblastoma multiforme and a case series of four patients with colorectal cancer,
Hodgkin disease, and melanoma, patients were treated with NDV for periods of time that
ranged from 1 month to 7 years [143,162]. All of the patients had either partial or complete
response to therapy. Four of the patients in addition were treated with conventional
chemotherapy, making interpretation of the results difficult. In a separate randomized
placebo-controlled phase 11 trial, 33 patients with various advanced cancers were treated
with twice-weekly inhalation of NDV and 26 patients received placebo [159]. Two complete
responses, six partial responses, and two patients with stable disease were reported in 10
patients in the treatment group, compared to no responses and 2 patients with stable disease
in the placebo group. Overall one-year survival was 67% in the treatment group and 15% in
the placebo group. While appearing positive, the trial was criticized for lack of
randomization and a larger number of patients in the NDV treatment group receiving
conventional therapy prior to initiation of treatment, compared to the placebo group [159].
In an additional series, 14 patients with glioblastoma were treated intravenously with NDV
on various schedules. Seven of the patients achieved response to therapy with four of the
patients surviving between 5 and 9 years at the time of the publication in 2004 [163].

Three phase | clinical trials with NDV strain PV-701 developed by Wellstat Biologics were
conducted in patients with various advanced cancers [160,164-166]. In those studies, a total
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of 113 patients who had failed standard chemotherapy were treated with intravenous
injection of the virus in four different treatment schedules. When the patients were
desensitized with a lower initial dose, a higher subsequent dose could be administered with
increased tolerability and efficacy [164]. In the initial trial of 79 patients, a complete
response was observed for 1patient, a partial response in 1 patient, and 7 additional patients
demonstrated minor responses. Overall, 14 patients demonstrated progression free survival
that lasted from 4 months to over 30 months [160]. A subsequent trial utilizing a slower
infusion rate with resultant administration of higher dose demonstrated improved tolerability
and response rates, with demonstration of 4 major and 2 minor responses in 18 enrolled
patients, with 6 patients surviving at least 2 years [165,166]. Nonlytic NDV strain HUJ has
been evaluated in 14 patients with recurrent glioblastoma multiforme by intravenous
administration [167]. Minimal toxicity was observed. One patient achieved complete
response, while the rest of the patients had progressive disease [167].

Overall, direct administration of NDV to patients has been shown to result in minimal
toxicity with suggestion of clinical benefit in some patients, warranting further evaluation
(table 4).

Future perspectives

Advantages

Our improved understanding of NDV biology, tropism, mechanisms of oncolysis and
oncolytic specificity for cancer cells and the development of the reverse genetics system
have paved the way for the intelligent design of effective oncolytic vectors and their clinical
development as anti-cancer agents. Several avenues of research that will in particular be
important to undertake in the future are discussed below.

of NDV

When compared to other oncolytic agents in development such as poxvirus, HSV-1,
adenovirus, measles, and reovirus vectors, NDV as an oncolytic virus exhibits several
advantages over other viruses, but in addition possesses several limitations [168].

First of all, NDV is an avian pathogen, which avoids the problem of preexisting immunity
and pathogenicity of the virus in humans, which are potential problems with vaccinia,
HSV-1, adenovirus, and measles vectors. Serologic studies indicated that approximately
96% of the human population is seronegative for NDV, which avoids the problem of pre-
existing immunity seen with many human candidate oncolytic viruses [169,170]. The actual
seropositivity in the modern day population may be even lower due to low human exposure
to NDV, the outbreaks of which are primarily limited to farm settings. To attest for viral
safety, administration of virulent strains to humans has been shown to result in only mild to
moderate adverse effects, with mild conjunctivitis, laryngitis, and flu-like symptoms as the
only reported infections. Natural human infections with highly virulent (avian) strains have
been reported in the literature in farmers and laboratory workers and have been limited to
mild symptoms such as conjunctivitis and laryngitis [14].

Secondly, similarly to all oncolytic viruses, NDV possesses strong immunostimulatory
properties through induction of type I IFN and chemokines, upregulation of MHC and cell
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adhesion molecules, and facilitation of adhesion of lymphocytes and APC’s through
expression of viral glycoproteins on the surface of infected cells [74,76,171]. These
properties have been shown to generate effective anti-tumor immune responses, which may
persist long after clearance of viral infection. Third, the NDV genome allows for
incorporation and stable expression of foreign genes of relatively large size [94]. As these
viruses replicate in the cytoplasm of the cell, unintended integration of the foreign gene into
the host genome is avoided, which could be a problem with some of the DNA oncolytic
vectors. Moreover, low to nonexistent rates of homologous RNA recombination ensure that
the foreign genes expressed from viral genome are stable for many serial passages in cell
culture [172].

Lastly, the ubiquitous nature of the NDV receptor allows for utilization of the virus against a
wide variety of cancers. The specificity of the virus for cancer cells due to their defects in
antiviral and apoptotic pathways ensures viral safety and may obviate the need for specific
tumor targeting.

Improving tumor-specific targeting

Despite the advantages discussed above, utilization of NDV as an oncolytic agent presents
several limitations. In particular, tumor-specific receptor targeting presents more of a
challenge for NDV, when compared to some other vectors. First of all, the system used for
generation of recombinant NDV, which relies on the use of embryonated eggs, presents
constraints on modifications of the NDV HN protein for the purposes of its retargeting to
other receptors, as was demonstrated with adenovirus and measles virus vectors [168].
Development of tissue culture-based systems for virus rescue and growth will be necessary
in order to achieve this goal. Alternatively, utilization of bispecific antibodies as
demonstrated by Schirrmacher and colleagues presents an attractive strategy and has been
similarly used for retargeting of adenoviruses [115-117,168]. In addition, introduction of
specific cleavage sites into the F protein may allow for utilization of tumor tissue-specific
proteases, as was previously demonstrated with measles, Sendai, and retroviruses [173—
175].

Tumor-specific targeting of NDV is further limited by the fact that it is an RNA virus, which
prevents the utilization of tissue-specific promoters as was used with adenovirus and
herpesvirus vectors [176]. As an alternative strategy, tumor-specific replication could be
achieved by introduction of RNA destabilizing elements such as AU-rich elements (ARE)
into viral proteins or virally-encoded transgene [177]. Activation of oncogenic pathways
leads to overexpression of ARE-binding proteins such as tristetraprolin (TTP) and human
antigen R (HUR), which stabilize mRNA of multiple tumor-promoting genes such as
cytokines, chemokines, growth factors, and transcription factors [177]. Selective viral
replication or expression of cytotoxic genes can thus be achieved in cancer cells
overexpressing such proteins, while viral mMRNA would be degraded in normal cells. Such
strategy has already been successfully explored for tumor-specific replication of
adenoviruses [178].
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Avoiding the neutralizing immune response

Similar to other oncolytic viruses, NDV is very immunogenic and elicits strong neutralizing
antibody responses, which may limit the viral therapeutic efficacy with repeated
administrations. Despite the limited clinical data demonstrating continued benefit in patients
treated with multiple administrations of the virus, the problem of viral neutralization will
likely limit its therapeutic efficacy in the majority of patients. Potential solutions to this
problem would rely on utilization of different NDV strains, use of viral carriers as discussed
below, and utilization of different viral surface proteins through the use of reverse genetics.
Induction of immune tolerance to viral administration via oral viral protein administration
has also been suggested as a strategy [179].

Improving systemic delivery of NDV

While NDV and other oncolytic viruses have been shown to induce significant tumor
regressions with intratumoral administration, poor systemic delivery secondary to immune
clearance and off-target binding remains to be a significant challenge [126]. While phase |
trials with intravenous administration of NDV demonstrated some clinical benefit, the
benefit was only modest in most of the patients, which was possibly a reflection of poor
intratumoral delivery of the virus [165]. Multiple groups have recently explored carrier cell
systems for delivery of viruses with promising results in preclinical models[180]. With
demonstration that mesenchymal and neural stem cells, immune cells, and cancer cells
themselves possess tumor-homing characteristics, several groups demonstrated that such
cells loaded with oncolytic viruses could enhance viral delivery to tumors, while avoiding
systemic toxicity [180]. In particular, utilization of mesenchymal stem cell (MSC) carriers
for paramyxovirus (measles) virotherapy has been shown to protect the virus from
neutralizing antibodies and to effectively transfer the virus to tumors in an orthotopic
xenograft model of ovarian cancer [181]. Exploration of similar methods for delivery of
NDV to target tissues will certainly be important for its further development as a systemic
agent.

Taking genetically-engineered NDV to the clinic

Despite the multiple studies demonstrating promising results of naturally-occurring NDV
strains both in preclinical models and in clinical trials, the field has unfortunately remained
relatively stagnant in the clinical arena. The majority of the studies have so far been
relatively small and lacked adequate controls, though the number of studies reporting some
degree of benefit certainly warrant further evaluation of NDV in larger trials. Progress in the
field has also been hampered by demonstration of only marginal benefit in the majority of
the studies, perhaps highlighting the shortcomings of the naturally-occurring NDV strains.
With the advent of genetic engineering of NDV it has become possible to utilize the viral
advantages discussed above in the design of agents with improved oncolytic activity and
targeting in order to overcome those limitations. As demonstrated above, several studies
utilizing genetically-engineered NDV have already demonstrated significant improvement
of viral oncolytic activity and maintenance of long-term antitumor effects, when compared
to parental wild-type strains. In particular, NDV expressing therapeutic antibodies, NDV
engineered to modulate innate immune responses, and NDV expressing immunostimulatory
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cytokines appear to be highly attractive candidates for further evaluation in humans
[26,27,33,107,108,111,113]. In the next 10 years we will hope to see the exploration of these
viruses in clinical trials as well as further development of genetically-engineered NDV
vectors and their translation to clinical setting.

Exploring the immunostimulatory properties of NDV

Even with efficient systemic viral delivery, it has become increasingly recognized that the
oncolytic efficacy of viral therapy is highly dependent on the induction of immune
responses, which at times can generate long-lasting anti-tumor immunity. These findings are
further supported by the recent developments in the field of cancer immunotherapy, which
highlight the key role of the immune system in eliminating and containing tumor growth.
The discovery of the T cell co-stimulatory and co-inhibitory receptors has provided
attractive targets for immune therapies aiming to enhance activation of anti-tumor immune
responses or to reverse the immunosuppressive mechanisms governing tumor resistance to
immune destruction. Significant anti-tumor activity has been demonstrated with stimulatory
antibodies to 4-1BB, 0X40, and GITR, as well as inhibitory antibodies to PD-1 and
CTLA-4[182]. In a phase 11l randomized clinical trial for advanced melanoma, treatment
with anti-CTLA-4 antibody ipilimumab resulted in significant improvement in median
overall survival, leading to its approval by the FDA [183]. In addition, a therapeutic
autologous antigen-presenting cell vaccine (Sipuleucel-T) was recently approved by the
FDA for metastatic prostate cancer, after demonstration of prolongation of overall survival
in a randomized double-blind placebo-controlled IMPACT study [184].

In line with these findings, utilization of recombinant NDV and other oncolytic viruses such
as vaccinia, reovirus, adenovirus, and HSV engineered to express immunostimulatory
cytokines has already been demonstrated to have superior anti-tumor properties, when
compared to the parental viruses[185]. Some of these viruses are far along in development
and are currently being tested in phase 11 and 111 clinical trials [186,187]. Other strategies
combining oncolytic virus therapy with immunotherapeutic approaches are already being
explored by investigators, revealing significant improvement in antitumor activity [185]. It
is obvious that both in preclinical and in clinical studies the NDV-induced activation of the
immune system plays a major role in oncolysis and maintenance of long-lasting anti-tumor
effects. Improvement of virus-induced systemic anti-tumor immune responses may thus
eliminate the need for systemic delivery of the virus to all metastatic sites. The already
known ability of the virus to activate both innate and adaptive arms of the immune response
leaves us to speculate about the potential synergy between genetically-engineered NDV and
the novel immunotherapeutic approaches. Further investigation of NDV as an anti-cancer
agent over the next several years will build upon the already established powerful
genetically-engineered platforms to develop treatment strategies designed to manipulate
anti-tumor immune responses, leading to translation of these approaches to the clinical
setting.
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Executive summary
NDV biology and tropism

e NDV is an avian paramyxovirus, causing disease in a variety of avian species,
while (rare) human infections with NDV have been mild and self-limited

e NDV is classified into lentogenic (avirulent), mesogenic (intermediate), and
velogenic (virulent) pathotypes, depending on severity of disease it causes in
birds.

e NDV fusion (F) glycoprotein cleavage site, inhibition of innate immune
responses by the V protein, and specific mutations in the viral HN, L, NP, and P
proteins are the known determinants of virulence.

Mechanisms of NDV-mediated oncolysis

«  Direct mechanisms of oncolysis include induction of apoptosis through
activation of extrinsic and intrinsic apoptotic pathways as well as ER stress
pathway.

» Direct contribution of viral HN, M, F and possibly L proteins to apoptosis
induction has also been described.

e Indirect mechanisms include activation of macrophages and NK cells, and
recruitment of adaptive immune responses through secretion of cytokines, and
upregulation of MHC and cell adhesion molecules on the surface of infected
cells

Mechanisms of NDV tumor specificity

» NDV has been shown to replicate in cancer cells possessing various defects in
antiviral and apoptotic signaling pathways.

»  Other proteins such as H-Ras and Rac1 have been shown to mediate oncolytic
specificity in certain systems.

Genetically-engineered NDV

« NDV genome allows for stable expression of foreign genes while avoiding the
problem of recombination or integration into host genome.

«  Several genetically-engineered models have been developed and include
fusogenic NDV, NDV modulating innate immune responses, NDV expressing
immunostimulatory cytokines, NDV expressing TAAs, and NDV expressing
anti-tumor antibodies.

»  Genetically-engineered NDV demonstrate significant improvement in anti-
tumor activity over the parental strains.

Clinical trials with oncolytic NDV

»  Several trials demonstrated therapeutic efficacy of autologous NDV-modified
cellular vaccines or oncolysates, but most were small or uncontrolled.
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Direct administration of NDV to human subjects has been shown to be safe and
resulted in clinical responses, but larger controlled clinical trials will be needed
to confirm the degree of benefit.

Future perspectives

The nature of the virus, including its safety in humans, lack of pre-existing
immunity in the human population, the ubiquitous nature of its receptor,
specificity for cancer cells, and immunostimulatory properties make it an
attractive vector for further development as anti-cancer agent.

Tumor-specific targeting of the virus presents a challenge and could be achieved
through the development of tissue culture-based systems for viral engineering,
the use of bispecific protein adaptors, utilization of tumor-specific protease F
protein cleavage sites, and use of tissue-specific viral MRNA stabilization.

Neutralizing antibodies may limit repeated administration of the virus, but could
be avoided through the use of cell carriers, different viral strains, and
genetically-engineered viruses expressing different surface glycoproteins.

Enhancement of systemic delivery of NDV via the use of cell carriers may
improve its anti-cancer activity.

Genetically-engineered NDV have shown significant promise in preclinical
models and is likely to show improved efficacy in clinical setting

Harnessing the anti-tumor immune responses through the use of genetically-
engineered NDV and novel immunotherapeutic approaches will prove crucial in
development of treatment strategies with greatest anti-tumor potential.
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Figure 1. Mechanisms of NDV-mediated anti-tumor effects
Cytolytic activity of NDV in cancer cells proceeds through direct and indirect mechanisms.

The direct mechanisms include formation of multinucleated syncytia, activation of the
extrinsic apoptotic pathway, activation of the intrinsic apoptotic pathway, activation of ER
stress pathway, and involvement of MAPK pathways. The indirect mechanisms include
secretion of proinflammatory cytokines and chemokines, which recruit mediators of both
innate and adaptive immune responses such as NK cells, lymphocytes, and macrophages.
Anti-tumor immune responses are further facilitated by the enhanced adhesion of leukocytes
through binding to the viral glycoproteins expressed on the surface of infected cells, by
upregulation of MHC and cell adhesion molecules, which serve to activate tumor-specific
lymphocytes, and by activation of macrophages. MHC: major histocompatibility complex,
LFA-3: lymphocyte function-associated antigen-3, ICAM-1.: intercellular adhesion
molecule-1, IFN/: interferon 5, RANTES: regulated upon activation, normal T cell
expressed and secreted, |P-10: interferon gamma-induced protein-10, ADA: adenosine
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deaminase, INOS: inducible nitric oxide synthase, TNFa: tumor necrosis factor o, TRAIL:
TNF-related apoptosis-inducing ligand.
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Figure 2. Strategies employed to enhance anti-tumor activity of NDV via genetic engineering
Several approaches have been demonstrated to improve anti-tumor activity of NDV. Those

include enhancement of intrinsic cytolytic properties of NDV via 1) increased fusogenicity;
2) inhibition of innate immune responses; and 3) expression of proapoptotic proteins; as well
as enhancement of immune-mediated anti-tumor effects via 1) expression of tumor-
associated antigens (TAA), leading to activation and expansion of tumor-specific
lymphocytes; 2) expression of tumor-directed antibodies with activation of antibody-
dependent cell-mediated cytotoxicity (ADCC); and 3) expression of immunostimulatory
cytokines, leading to activation and recruitment of lymphocytes and dendritic cells (DC).
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Table 1
Pathogenic classification of NDV
Pathotype  Virulence in birds Oncolytic effect  F cleavage site
Lentogenic  Non-virulent, no overt clinical signs Non-lytic Monobasic
Mesogenic  Intermediate, mild respiratory and Lytic Polybasic
gastrointestinal disease
Velogenic  Highly-virulent, severe gastrointestinal and  Lytic Polybasic

respiratory disease or neurotoxicity
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Table 2

Identified mechanisms of specificity of NDV for tumor cells

Mechanism Cellular defects Ref.

Defects in activation of antiviral Defects in activation of RIG-I, IRF-3, IRF-7 [46,85,86,88]

signaling pathways

Defects in type | IFN signaling pathway  Deletion of IFNR1, decreased phosphorylation of [46,84,87]
STAT1 and STAT2, decreased expression of ISG’s

Defects in apoptotic pathways Overexpression of Bcl-xL, overexpression of Livin ~ [63,89]

Activation of Ras signaling and Overexpression of oncogenic H-Ras and Rho [90]

expression of Racl protein GTPase Racl

Page 35

IFN: interferon, RIG-I: retinoic acid-inducible gene I, IRF: interferon regulatory factor, IFNR1: interferon receptor 1, STAT: signal transducer and

activator of transcription, 1ISG: interferon-stimulated gene
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Summary of clinical trials with NDV-based cellular vaccines and oncolysates

Table 3

Vaccine
preparation

Type of cancer

Type of study and
patient number (n)

Clinical outcome

Ref.

NDV 73T Stage Il and 11l melanoma  Phase 11, n=83, Improved OS” [129-131,134,142,148]
oncolysate historical controls

NDV ltalien Stage Il melanoma Phase I1, n=24, No benefit [149]
oncolysate historical controls

NDV 73T Advanced renal cell Phase 11, n=208, Improved PES” [137]
oncolysate carcinoma historical controls

NDV Ulster Colorectal cancer with Phase Ill, n=51 Improved PFS, improved OS  [133,135,147]
Whole-cell liver metastases Phase I1, n=23 for colon cancer subgroup

NDV Ulster Resectable colorectal Phase Il, n=57, Improved OS [139]
Whole-cell cancer historical controls

NDV La Sota  Resectable colorectal Phase I1l, n=567 Improved OS [144]
Whole-cell cancer

NDV Ulster Metastatic renal cell Phase I1, n=40, Improved OS [138]
Whole-cell carcinoma historical controls

NDV Ulster Advanced ovarian Phase I1, n=82, Improved PFS [156]
Whole-cell cancer historical controls

NDV Ulster Glioblastoma Phase I1, n=23, Improved PFS and OS [146]
Whole-cell concurrent controls

NDV Ulster Advanced head and Phase I1, n=18, Improved OS [157]
Whole-cell neck historical controls

NDV Ulster Stage 11l melanoma Phase 11/111, n=29 No benefit [145]
Whole-cell

*
OS: overall survival,

*
PFS: progression-free survival
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