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Abstract

This article reviews the preclinical research, clinical application and development of Newcastle disease virus
(NDV) in the field of cancer therapy. Based on the distinctive antitumour properties of NDV and its positive
interaction with the patient's immune system, this biologic could be considered a major breakthrough in cancer
treatment. On one hand, NDV infection creates an inflammatory environment in the tumour
microenvironment, which can directly activate NK cells, monocytes, macrophages and dendritic cells and
promote the recruitment of immune cells. On the other hand, NDV can induce the upregulation of immune
checkpoint molecules, which may break immune tolerance and immune checkpoint blockade resistance. In fact,
clinical data have shown that NDV combined with immune checkpoint blockade can effectively enhance the
antitumour response, leading to the regression of local tumours and distant tumours when injected, and this
effect is further enhanced by targeted manipulation and modification of the NDV genome. At present,
recombinant NDV and recombinant NDV combined with immune checkpoint blockers have entered different
stages of clinical trials. Based on these studies, further research on NDV is warranted.
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Introduction

Cancer is a disease that is difficult for human
beings to conquer. Countless researchers devote
themselves to developing new treatment regimens to
improve the survival rate of cancer patients. At
present, the three major treatment methods are
surgical resection, radiotherapy and chemotherapy,
but these treatments have high side effects and lack
targeted therapy. Therefore, new cancer treatment
methods have yet to be explored.

As early as the beginning of the nineteenth
century, it was discovered that severe viral infections
can lead to temporary remission in human leukemia.
It was understood at the time that the virus directly or
indirectly infected tumour cells, leading to the relief of
tumour symptoms. Subsequently, a number of clinical
trials began to search for viruses that could selectively
lyse tumor cells with limited pathogenicity in
humans. In 1964 [1], the first case report of acute

leukemia treated with Newcastle disease virus (NDV)
was published. The patient experienced transient
hematologic and clinical remission followed
administration of NDV. In 1965 [2], for the first time,
Cassel and Garret from Atlanta used NDV (73T virus
strain) as an antitumour drug when adenovirus and
NDV were injected directly into uterine cancer,
causing the tumour to partially necrotize and shade,
but it regrew quickly. The reason for this short-term
oncolytic effect may be that considering the virulence
of wild type viruses, virus titers used clinically are
usually low. As a result, the virus is cleared by the
patient’s immune system before it can be effectively
lysed, causing the residual tumour to grow back
quickly. Although these early NDVs usually produce
only short-term lytic effects and are accompanied by
toxic side effects from wild type viral infections, many
studies have shown the possibility of NDV as a
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therapeutic agent in cancer treatment, both in mouse
model studies and in human clinical trials [3-5].

The total length of the NDV genome is 15186 bp,
which contains 6 genes encoding at least 8 proteins in
the order of NP-P/V/W-M-F-HN-L, including six
structural proteins - nucleoprotein (NP), phos-
phoprotein (P), matrix protein (M), fusion protein (F),
haemagglutinin neuraminidase (HN) and polymerase
protein (L) - and two additional proteins, V and W.
Among the structural proteins, NP, P, and L bind to
viral RNA to form ribonucleoprotein complex (RNP),
which are responsible for viral replication [6]. HN and
F exist in the form of oligomers, which, together with
the host lipid bilayer, constitute the outer membrane
of the virus and participate in the process of virus
entry into the cell [7, 8]. F is usually present in the
form of the inactive polypeptide F0O, which is cleaved
into F1 and F2 to acquire infectivity. The V protein, as
a non-structural protein, is thought to be an interferon
antagonist and is also associated with the virulence of
NDYV viruses [9]. Recent studies have shown that the
V protein can mediate the promotion of NDV
replication by participating in the ERK signalling
pathway [10], while M is related to virus assembly
and germination [11, 12].

NDV is a paramyxovirus that can infect birds to
cause Newcastle disease. According to the
pathogenicity in one-day-old chickens, NDV can be
divided into three types: velogenic (highly virulent),
mesogenic (moderate virulent) and lentogenic (low
virulent). In general, the virulence of NDV is related
to the cleavage site of the F protein [13]. The F protein
is a class I transmembrane protein synthesized by
precursor protein FO, which is cleaved by cellular
proteases into disulphide-linked subunits F1 and F2
that become proteins necessary for viral infectivity in
offspring. The mesogenic and velogenic strains of
NDV have a multi-base amino acid (AA) motif,
112(K/R)-R-(Q/K)-(R/K)-R116, at the carboxy-
terminus of F2 and a phenylalanine at the amino
terminus of the F1 subunit (AA117), which can be
recognized and cleaved by forin-like proteases (RXK/
RR), leading to systemic infection reactions, such as
MTH-68/H and PV701. In contrast, because the F
protein of the weak strain is characterized by a leucine
at position 117 and a single-group AA motif at the
carboxy-terminus of F2112(G/E)-(K/R)-Q-(G/E)R116,
the virus can only be treated by trypsin-like enzymes
restricted to the respiratory and intestinal tracts,
resulting in mild respiratory and gastrointestinal
disease. At present, the commonly used strains in
preclinical studies are medium strains MTH-68/H,
PV701, AF2240 and 73T, as well as weak strains HU]J,
Lasota and Ulster.

NDYV as a cancer vaccine

Among oncolytic viruses, NDV belongs to the
group of attenuated strains of wild-type oncolytic
viruses. Compared with viruses from other families,
the use of NDV has the following advantages. First, its
replication process occurs in the cytoplasm, from
RNA to RNA, and there is no possibility of a DNA
phase or cellular genome integration. This
cytoplasmic replication makes the virus independent
of the host cell DNA replication machinery, and
cellular genome integration is impossible; thus,
patients with cancer can tolerate even relatively high
doses of NDV. Currently, three main routes of NDV
administration in the human body have been
developed: intratumor injection, intravenous injection
and nasal inhalation. According to previous reports
[14-16], the intratumor route uses less than 4x1012
infection units, and the intravenous route uses less
than 3x10° infection units, which are well tolerated.
Based on these clinical data, NDV infection will
generate fewer side effects. Patients usually present
with mild influenza-like symptoms such as fatigue,
headache, weakness and fever. Erythema, swelling,
sclerosis and pruritus have been observed at the site
of inoculation in some patients. Occasionally, patients
experience transient thrombocytopenia or
neutropenia and diffuse vascular leakage. However,
these side effects are temporary and disappear within
one to two days of vaccination.

The second advantage of NDV is that it can
efficiently and selectively replicate in tumour cells
[17]. The process of infecting cells with NDV is
roughly divided into the following steps (Figure 1).
First, the HN protein binds to sialic acid on the surface
of host cells (such as the high-affinity receptor a
2,6-linked sialic acid) [18], and then the viral F protein
is activated that mediates the fusion of virus and host
cell membrane together with the HN protein.
Therefore, the NDV genome enters the host cytoplasm
to complete the transcription of the virus genome and
the translation of virus proteins. In addition, NDV
enters cells through caveolae-dependent or receptor-
dependent endocytosis. According to recent research
data [19], the endocytosis pathway may release the
nucleocapsid by accelerating skeleton disintegration,
and this effect will be enhanced at acidic pH. The
second step of NDV infection involves virus
replication. First the genes are transcribed in mRNA
which are the templets for protein synthesis and then
a full-length RNA molecule is synthesized (positive
sense, antigenom) which is the template for genomic
RNA molecules (negative sense). The offspring of the
virus produced thereafter are released into the
extracellular space with budding of the host cell,
starting a new round of infection. Infections by NDV
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of cells induce a strong antiviral response. This
antiviral response is initiated through the recognition
of pathogen-associated molecules (PAMPs) by two
types of pathogen recognition receptors: the Toll-like
receptors (TLRs) such as TLR3 as well as the
RIG-I-like receptors (RLRs) such as RIG-1 and MDA-5
[20, 21]. PAMPs are very common in pathogenic
bacteria and viruses, including viral capsids, DNA,
RNA, and viral protein products. For example, the
RNA helicases RIGI and TLR3 recognize dsRNA,
leading to the activation of interferon regulatory
factor (IRF) 3, IRF 9 and nuclear factor kappa B
(NF-xB) and subsequent production and release of
type I/1II IEN [22-24]. IEN then activates host cells in
an autocrine manner and activates surrounding cells
in a paracrine manner to synthesize antiviral proteins,
thus terminating the synthesis of cellular proteins and
promoting rapid cell death and virus clearance.
Therefore, normal cells are usually unable to enter the
second step of virus replication. Unlike
non-oncogenic cells, tumour cells show impaired
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Figure 1. The process of infecting cells with NDV. In the first step, the NDV binds to sialic acid, a receptor on
the tumour cell surface, via the HN protein, and then protein F initiates the fusion of the virus and host cell
membranes. Secondly, the viral RNA polymerase transcribes the viral negative single-stranded RNA into positive
single-stranded RNA as a template for mRNA and protein synthesis, and begins replication in the cytoplasm of the
target cell. The surface proteins F and HN are processed in the rough endoplasmic reticulum, assembled on the
host cell membrane after completion, and finally sprout to lead to new virions, initiating a new round of infection

of tumour cells.
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antiviral interferon signalling, especially type I
interferon signalling. This defect allows the virus to
selectively infect tumour cells, which may be due to
the dysregulation of interferon receptor expression,
resulting in responsiveness to antiviral enzymes and
damage to STATI signalling [25, 26]. In addition,
NDV has the ability to replicate in non-proliferative
tumour cells, such as X-ray-irradiated tumour vaccine
cells [27]. Because viral replication in the cytoplasm is
independent of cell proliferation, NDV can target
tumour stem cells or tumour-
dormant cells, both of which may be unaffected by
chemotherapy or radiation therapy [28, 29]. NDV can
also replicate in apoptosis-resistant tumour cells [30],
hypoxic cancer cells [31] and interferon-resistant
tumour cells [32-35]. Recent studies have shown that
the V protein of NDV can target the reduction of
STAT1 phosphorylation to antagonize the effect of
interferon [36], which may be the reason why some
tumour cells with antiviral INF signals can still be
killed by NDV [37, 38].

In addition to its direct oncolytic
effect, NDV can also promote the
activation of the immune system to
further antitumour activity [39-43].
On one hand, NDV strongly
stimulates tumour-associated
immune cells, reversing the
immunosuppressive state of the
tumour microenvironment to an
immune-activation environment.
Significant increases in CD4+ and

CD8+ T cell infiltration were
viral RNA _ X R observed in the tumour
polymerase . microenvironment [44, 45]. More

interestingly, upregulation of many
immune checkpoint molecules was
observed on both tumour-invasive T
cell lines, including CTLA-4 and
PD-1 [46, 47]. These findings suggest
the possibility of combining NDV
and immune checkpoint inhibitors to

@ @ break immune resistance (discussed
below). In fact, the increased
® antitumour efficacy of combination
¢ therapy with oncolytic virus and
anti-CTLA-4, anti-PD-1, or

anti-PD-L1 compared to treatment
alone has been demonstrated in
many studies [48-52]. On the other
hand, virus infection of tumour cells
can induce the production of
cytokines such as IFN-a, IFN-p,
TNF-a and IL-1; thus, a large number
of immune cells outside the tumour
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are induced to infiltrate into the tumour, where the
activated nonspecific immune cells can kill and
devour infected tumour cells that have not yet lysed
or are resistant to viral oncolysis [53]. Subbiah et al.
injected NDV subcutaneously into tumour-bearing
mice, and transcriptional profiles showed that genes
related to the type I IFN response and a series of
cytokines and chemokines were significantly
upregulated, leading to the recruitment and
proliferation of immune cells [35]. As tumour cells are
constantly attacked, they will gradually lyse and
release a large number of tumour proteins. These
tumour-specific antigens exposed to the tumour
microenvironment can be recognized by antigen-
presenting cells and induce T cells to attack tumour
cells that are not infected with NDV. In bilateral flank
syngeneic tumour models, the unilateral tumour
injection of NDV LaSota strains found at the injection
site and the distance of the injection site in the tumour
microenvironment of CD4+ and CD8+ T lymphocytes
were significantly increased [47]. It is interesting to
note that there is no this change observed in the
spleen, which suggests that the activation of the T cell
response is a tumour-specific, rather than because of
nonspecific inflammation, suggesting the potential of
NDYV therapy to break immune resistance within the
tumour. Although the inflammatory response caused
by NDV infection helps the immune system clear the
tumour, it also leads to the clearance of NDV by
immune cells, thereby limiting the antitumour effect
[25]. Therefore, to optimize the antitumour effect, it is
necessary to achieve a balance between sufficient viral
replication, tumour lysis and immune response
induction. According to the susceptibility of different
tumour cells to NDV and differences in antiviral
efficiency, the virus dose should be explored to gain
more time for the virus to complete the mission of
oncolysis.

Engineered NDV as an improved cancer
vaccine

With the emergence of cell culture techniques in
1940 [54] and molecular cloning and genetic
engineering in 1970 [55], it became possible to
manipulate genes at the molecular level, and
genetically modified Newcastle disease virus came
into being, bringing the application of NDV to a new
stage. The genomic RNA of NDV and the NP, P, and L
proteins together constitute the nuclear protein
complex. With the initiation of the first round of RNA
transcription and the translation and synthesis of viral
proteins, infectious progeny viruses are produced.
According to this principle, in 1999, European
scholars established the Newcastle disease virus
reverse genetic operating system (RGS) for the first

time [33, 56]. The modification of virus genes through
the RGS system, such as eliminating some
nonessential genes of the virus or inserting exogenous
functional genes, can reduce the pathogenicity of the
virus, improve the specificity of the virus for tumour
infection and enhance the activation ability of the
immune system. In 2000, researchers first tried to
construct recombinant NDVs expressing foreign
genes [57]. The results showed that recombinant NDV
could stably express foreign proteins, but it led to
growth retardation of the recombinant virus. This
may be related to the fact that the inserted gene
fragment was too large to exceed the carrying capacity
of the viral vector genome and the insertion between
NDV HN and L genes is not an optimal insertion site.
Nevertheless, their research still indicated the
potential of NDV as a vaccine vector [57].

With further research, researchers found that all
of the NDV genomes conform to the “rule of six”
specific to APMV-1, with a capacity of more than 5 kb
to integrate transgenes [58, 59], and the insertion site
of foreign genes in the NDV genome is a key issue for
optimizing gene expression and immunogenicity. To
determine the optimal insertion of exogenous genes,
some researchers inserted EGFP and IL2 into five
different gene spacer regions of the NDV genome: the
NP and P genes, the P and M genes, the M and F
genes, the F and HN genes, and the HN and L genes.
They found that the mRNA and protein expression
levels were the highest when the target gene was
inserted between NP/P sites [60], which may be
related to the nonequal and progressive decline of
transcription of the viral genomic RNA from 3' to 5'.
However, according to the research results of Zhao et
al. [61], it is better to insert GFP between P/M sites
than between NP/P sites. This disproportionate effect
is probably because GFP gene insertion changes the
ratio between the NP and P proteins. In vesicular
stomatitis virus, it has been proven that maintaining
the specific ratio of NP and P proteins is the best
method to support efficient replication and
encapsulation [62, 63]. Thus, the P/M site is
recommended as an ideal insertion site.

At present, in most vaccines based on NDV
vectors, inserting foreign genes into the P/ M site as an
independent transcription unit (ITU) is the most
commonly used modification method, but this
method will weaken the transcription of downstream
genes and viral replication. To overcome this
shortcoming, Zhang et al. [64] proposed the strategy
of using an internal ribosomal entry site (IRES) to
bring foreign genes into the optimal insertion site of
NDV, making foreign genes the second open reading
frame (ORF) of the virus genome. IRES can promote
the internal initiation of RNA translation to promote
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the expression of two or more proteins of
polycistronic transcription units in eukaryotic cells.
Therefore, this strategy ensures the expression of
foreign proteins and the replication of viruses. He et
al. [65] also confirmed the above view by combining
IRES and ITU to recombine NDV to express REF and
EGFP in 2020, suggesting that the combination of two
or more foreign proteins expressed in this way is a
promising and feasible approach.

To further optimize the oncolytic effect of NDV,
we can enhance the body's antitumour immune
response by engineering NDV to express specific
promoters, cytokines, antibodies or tumour antigens.
Some of these strategies are reviewed below. It is well
known that excessive expression of tumour-
associated antigens (TAAs) is an important indicator
to differentiate from normal cells in the process of
tumorigenesis and  development.  Therefore,
engineering NDV to express tumour-specific and/or
tissue-specific gene promoters, such as high molecular
weight mucin-like glycoprotein, DF3 (MUC1),
prostate-specific antigen (PSA) and alpha fetoprotein
(AFP), can optimize the targeting effect of NDV and
limit virus replication to specific tumour cells. Chen L
et al. [66] constructed a recombinant adenovirus
containing the DF3/MUC1 promoter, which showed
high selectivity in a breast cancer model. And the
antitumour activity of the vector was enhanced by
limiting the expression of “suicide genes” to DF3
overexpressed breast cancer cells, such as herpes
simplex thymidine kinase (HSV-tk) which can
activate a prodrug within tumor cells and thereby
render the tumour cells sensitive to agents. Recently,
researchers have found that human telomerase
reverse transcriptase promoter (hTERT) is more
commonly expressed in more types of tumours.
hTERT is necessary for telomere extension and
usually exists at a high level only in rapidly dividing
cells. Using hTERT as a promoter to increase the

targeting of NDV has been proven in recombinant
adenoviruses expressing HN of NDV [67]. In
addition, through genetically engineered mutation
and/or deletion of some genes that play an important
role in the replication of the virus in normal cells but
are insignificant for the replication of the virus in
tumour cells, specific attenuated strains can also be
obtained so that the expression of key genes of the
virus is limited to within tumour cells. Subbiah et al.
[35] obtained a type-1 interferon sensitive
recombinant NDV by abrogating its V protein
expression, resulting in virus replication in tumor
cells with IFN defects but with reduced or crippled
virus replication in normal cells.

T cells are important effector cells of antitumour
immunity, so enhancing the T cell response is key to
the treatment of tumours [68-70]. The expression of
cytokines, related ligands or checkpoint blockers by
engineered NDV can effectively increase local
immune cell infiltration and enhance the body's
antitumour immunity (Table 1). Cytokines are small
molecular proteins with extensive biological activity
that are synthesized and secreted by immune cells
after stimulation, and they can directly stimulate
immune  effector cells in  the  tumour
microenvironment or recruit more immune cells into
the tumour area to improve the antitumour response
of cytotoxic effector cells [71]. So far, many studies
have constructed NDV to express interferon and
pro-inflammatory cytokines, such as tINDV-INF [72],
rNDV-IL24 [73], rNDV-IL2 [74, 75] and rNDV-IL12
[76]. These recombinant NDVs showed stronger
antitumour effects than those of wild type NDVs in
vitro and in vivo in animal models. This way of
expressing cytokines that can promote the T cell
response through recombinant NDV is similar to
creating an “armed” oncolytic virus, which can
induce tumour cell apoptosis and enhance T cell
activation and function.

Table 1. Preclinical studies of recombinant Newcastle disease virus (rNDV) (2016-2020)

Type of INDV Tumour type Immune responses Reference
rNDV-anti-CD28-IL12+anti-CTLA4 Melanoma 11FN-q, granzyme B; 1TILs (both in treated and nontreated tumors) [78]
rNDV-anti-PDL1-IL12+anti-CTLA4 Melanoma TIEN-a; 1TILs (both in treated and nontreated tumors)

rNDV-IL12-IL2 Hepatoma 11FN-y, IP-10 [75]
rNDV-IL12 Colon cancer TBAX, p53; 11L-2, IL-12, IFN-y; |KRAS, BRAF; | MAPK1, Notch1l, MCP-1, VEGF [85]
rNDV-IL12 Colon cancer 11L-2, IL-12, IFN-y; 1Fas, BAX, Smad3, BID, granzyme B, caspase 8 [86]
rNDV-IL2 Hepatoma TIL-2; 1TILs [74]
rNDV-IL15 Melanoma TIL-15; TNK cells, TILs [87]
rNDV-IL15-IL7 Melanoma TIL-15, IL-7; 1NK cells, TILs [88]
rNDV-IFN-A\1 Lung cancer 1IFN-A1; 1GRP78, CHOP, p-elF2a, beclin1, LC3, caspase 3; TNK cells [89]
rNDV-TRAIL Hepatoma 1TRAIL; fcaspase 3; TTILs [90]
rNDV-RVG Gastric cancer 1E-cadherin, RVG; |N-cadherin, vimentin, a7-nAChR, P-MEK, P-ERK [91]
rNDV-P53 Hepatoma Reduce the mitochondrial membrane potential [92]

Abbreviations: IL: interleukin; CTLA4: cytotoxic T cell related protein-4; 1: upregulated; |: downregulated; IFN: interferon; TILs: tumour infiltrating lymphocytes; PDL1:

programmed cell death ligand 1; IP10: interferon-y inducible protein 10; MAPK1: mitogen-activated protein kinase 1; Notch1: notch homolog 1; MCP-1: monocyte
chemoattractant protein-1; VEGF: vascular endothelial growth factor; NK: natural killer cell; GRP78: glucose-regulated protein 78; CHOP: C/EBP-homologous protein; elF:
eukaryotic translation initiation factor; LC3: Microtubule associated protein I light chain 3; TRAIL: TNF-related apoptosis-inducing ligand; RVG: rabies virus glycoprotein;
nAChR: nicotinic acetylcholine receptor; P-MEK/P-ERK: phosphorylated MEK/ERK protein.
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However, in the tumour microenvironment,
activated T cells enhance the immune response and
regulatory T cells (Tregs). Tregs can inhibit the
effector T cell response by secreting inhibitory
cytokines, so they are easily used by tumour cells and
lead to immune escape, but checkpoint inhibitors can
effectively block this situation [77]. At present,
immune checkpoint blockers such as ipilimumab and
nivolumab have been approved for the clinical
treatment of tumours. However, some patients did
not show the expected effect after treatment, mainly
due to the lack of target protein expression or the lack
of infiltrating T cells in the tumour. From the
perspective of therapeutic principles, the combination
of oncolytic viruses and immune checkpoint blockers
has good complementarity. On one hand, NDV
induces the upregulation of immune checkpoint
molecules, and on the other hand, NDV induces an
inflammatory response, leading to the infiltration of a
large number of immune cells. Zamarin et al. [47]
injected NDV before using a CTLA-4 inhibitor in a
mouse melanoma model. NDV infection not only
induced a local inflammatory response in tumors but
also increased the inflammatory response and
antitumor response of distant uninfected tumor sites,
which effectively enhanced the efficacy of checkpoint
inhibitors. Similar results have been reported in
studies using the combination of PD-1/PDL1
blockade and NDV [46]. Although the combination of
NDV and immune checkpoint blockers can solve the
problem of local immune resistance, the problem of
serious immune-related adverse events (irAEs) may
still exist when using checkpoint blockers. irAEs have
been reported in up to 10% of patients receiving
CTLA-4 or PD-1/PD-L1 blockers. Based on the
aforementioned experimental data, Gayathri et al. [78]
constructed  recombinant  viruses  expressing
checkpoint inhibitor antibodies (rNDV-anti-PD1 and
rNDV-anti-PDL1) with NDV as the vector for the first
time and tested the therapeutic effect on a mouse
melanoma model by administering the virus with
different combinations of systemic CTLA4 blockers.
Compared with a single agent, the combination
therapy enhances the antitumor effect and results in a
longer survival time. Thus, the delivery mode of the
NDYV vector limits the effect of the checkpoint blocker
to the local tumor and reduces systemic side effects,
which further expands the method of NDV
recombination and is a developmental direction that
should be explored in the future.

Clinical experience with NDV

As a tumour vaccine, NDV has gone through the
following stages. In 1965, Cassel and his colleagues [2]
first injected the 73T strain of NDV directly into the

tumour area of patients with cervical cancer. The
results showed extensive tumour shedding and a
reduction in supraclavicular lymph node metastasis,
which preliminarily proved the antitumour potential
and safety of NDV. Subsequently, Cassel proposed
the strategy of using autologous or allogeneic viral
oncolysate (VOL) as a vaccination. In the
postoperative treatment of stage II malignant
melanoma [79], viral oncolysate of NDV was used as
an adjuvant immunotherapy. In the 10-year
observation of 83 patients, more than 60% of the
patients survived without recurrence. In 1979,
Kobayashi from Japan proposed the concept of “viral
xenogenization”  and  confirmed  that the
immunogenicity of live cell vaccines is higher than
that of tumour lysates [80]. From 1990 to 2008, the
team led by Schirrmacher was working to develop a
safe and effective autologous tumor vaccine (ATV)
[27], which was composed of 10 million irradiated
tumour cells that were pre-infected with the
attenuated NDV strain Ulster. They used the vaccine
in eight different types of cancer: breast cancer, colon
cancer, rectal cancer, kidney cancer, head and neck
cancer, pancreatic cancer and glioblastoma
multiforme. The results showed that the use of a high-
quality ATV-NDV vaccine can obviously improve the
survival prognosis of patients. The median
progression-free survival (PFS) and median overall
survival (OS) were two times higher in the control
group, and no serious side effects were observed. The
biopsy of the tumour response of memory T cells
showed significant increases, indicating that after
inoculation, cell culture with ATV NDV is feasible
and safe [27].

The support of early clinical research data has
laid a foundation for the further development of NDV
treatment strategies. How to combine NDV with other
antitumour treatment methods and fully mobilize the
body’s antitumour response is an important topic in
the field of NDV antitumour research at present and
in the future. In 2015, to further improve the efficacy
of the ATV vaccine, Schirrmacher et al. [81] added an
NDV-specific single chain antibody (bsHN-CD28)
with dual specificity to the surface of ATV-NDV. The
construct bsHN-CD28 bind with one arm to the HN
molecule of the NDV and the second arm is directed
against CD28, an important molecule on t cells to
deliver costimulatory signals. After 14 patients with
advanced colorectal cancer were treated with the
ATV-NDV vaccine supplemented with bsHN-CD28,
no serious adverse events occurred. At least one
immune response of tumour-reactive T cells was
observed in all patients during the five vaccinations.
This study shows that the three-component vaccine is
safe and that adding a T cell costimulatory signal to
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the surface of ATV-NDV can reactivate T cells that
may have been activated in advanced cancer.

Another new strategy was developed by
researchers from the Immunological and Oncological
Center (IOZK) in Cologne, Germany. These
researchers proposed that the combination of viral
oncolysates (VOL) with DC cells (DCs) can enhance
the antigen presentation ability of DCs, thus inducing
T cell proliferation and cytokine secretion. In a case
report [82], a patient with hormone refractory
metastatic prostate cancer was treated with local
hyperthermia (LHT) combined with VOL-DCs to
achieve complete remission after the failure of
standard  treatment, which confirmed that
hyperthermia and Vol pre-treatment can activate the
immune system and induce VOL reactive CD4+ T
helper cells. After DC vaccination for more than three
years, the patient was found to have a good
antitumour memory T cell response. In another case
report [83], a 70-year-old patient with invasive ductal
breast cancer and primary liver metastasis survived
for more than 66 months after LHT, Vol and DC
treatment, and no recurrence or further metastasis
occurred during the treatment. These cases show that
this combination therapy is not limited to specific
tumour types, and further exploration of this therapy
is necessary.

Immune checkpoint inhibitors have been among
the most promising research directions in the field of
tumour therapy in recent years. However, clinical
results show that immune checkpoint blockers have a
good effect on only some patients with solid tumours,
but the effect on most patients with solid tumours is
not obvious. To compensate for this limitation,
researchers began to try to combine oncolytic viruses
and immune checkpoint inhibitors. At present, the
clinical evaluation of recombinant NDV (73-T strain)
expressing granulocyte-macrophage colony-
stimulating factor (GM-CSF) combined with
durvalumab for the treatment of various advanced
malignant tumours is underway (NCT03889275). The
results show that the secretion of pro-inflammatory
cytokines, such as IL-6, IL-8 and IFN-a, in human
PBMCs is significantly increased, which stimulates
the maturation of DCs and enhances the antitumour
response [84]. In addition, the combination therapy of
other oncolytic viruses and immune checkpoint
inhibitors has also achieved good clinical results, such
as HF10, which is a spontaneously mutated oncolytic
virus derived from a herpes simplex virus-1 (HSV-1),
combined with nivolumab in the adjuvant treatment

of melanoma (NCT03259425) and talimogene
laherperepvec (T-VECQ) combined with
pembrolizumab in the treatment of advanced

malignant melanoma (NCT02263508). These clinical

data illustrate the potential of NDV infection to break
the tolerance of immune checkpoint inhibitors.

Summary

NDYV has been used for more than 60 years as an
oncolytic vaccine to improve antitumour efficacy. In
the past 60 years, the development of NDV has
experienced many obstacles and made many
breakthroughs. Preclinical and clinical experimental
data show that NDV can not only cause cancer cells
lysis but can also induce long-lasting antitumour
immunity. Recently, it has been found that NDV can
effectively compensate for the limitations of immune
checkpoint blockers. This review mainly summarizes
the positive clinical results of each developmental
stage to guide further research and allow more cancer
patients to benefit from NDV earlier.

Although NDV has great advantages and
potential in improving cancer treatment, many
questions remain unanswered, including the ideal
strategy of genetic engineering and the best
combination of immune checkpoint inhibitors.
Although the current research data provide some
references for these problems, most studies have not
explored the heterogeneity of human cancer.
Therefore, in the context of such clinical trials, we
must collect as much information as possible,
understand the evolution of the immune responses to
viruses and tumours, and guide more research to
promote the further development of NDV as an
individualized oncolytic vaccine.

Competing Interests

The authors have declared that no competing
interest exists.

References

1.  Wheelock EF, Dingle JH. Observations on the Repeated Administration of
Viruses to a Patient with Acute Leukemia. A Preliminary Report. N Engl J
Med. 1964; 271: 645-51.

2. Cassel WA, Garrett RE. Newcastle Disease Virus as an Antineoplastic Agent.
Cancer. 1965; 18: 863-8.

3. Csatary LK, Eckhardt S, Bukosza I, Czegledi F, Fenyvesi C, Gergely P, et al.
Attenuated veterinary virus vaccine for the treatment of cancer. Cancer Detect
Prev. 1993; 17: 619-27.

4.  Omar AR, Ideris A, Ali AM, Othman F, Yusoff K, Abdullah JM, et al. An
overview on the development of newcastle disease virus as an anti-cancer
therapy. Malays ] Med Sci. 2003; 10: 4-12.

5. Krishnamurthy S, Takimoto T, Scroggs RA, Portner A. Differentially regulated
interferon response determines the outcome of Newecastle disease virus
infection in normal and tumor cell lines. ] Virol. 2006; 80: 5145-55.

6. Marcos F, Ferreira L, Cros J, Park MS, Nakaya T, Garcia-Sastre A, et al.
Mapping of the RNA promoter of Newcastle disease virus. Virology. 2005;
331: 396-406.

7. Fournier P, Zeng ], Von Der Lieth CW, Washburn B, Ahlert T, Schirrmacher V.
Importance of serine 200 for functional activities of the hemagglutinin-
neuraminidase protein of Newecastle Disease Virus. Int J Oncol. 2004; 24:
623-34.

8. Connolly SA, Leser GP, Jardetzky TS, Lamb RA. Bimolecular
complementation of paramyxovirus fusion and hemagglutinin-neuraminidase
proteins enhances fusion: implications for the mechanism of fusion triggering.
J Virol. 2009; 83: 10857-68.

9.  Alamares JG, Elankumaran S, Samal SK, Iorio RM. The interferon antagonistic
activities of the V proteins from two strains of Newcastle disease virus
correlate with their known virulence properties. Virus Res. 2010; 147: 153-7.

http://www.medsci.org



Int. J. Med. Sci. 2021, Vol. 18

2301

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Chu Z, Ma ], Wang C, Lu K, Li X, Liu H, et al. Newcastle Disease Virus V
Protein Promotes Viral Replication in HeLa Cells through the Activation of
MEK/ERK Signaling. Viruses. 2018; 10.

Takimoto T, Portner A. Molecular mechanism of paramyxovirus budding.
Virus Res. 2004; 106: 133-45.

Pantua HD, McGinnes LW, Peeples ME, Morrison TG. Requirements for the
assembly and release of Newcastle disease virus-like particles. ] Virol. 2006; 80:
11062-73.

Panda A, Huang Z, Elankumaran S, Rockemann DD, Samal SK. Role of fusion
protein cleavage site in the virulence of Newcastle disease virus. Microb
Pathog. 2004; 36: 1-10.

Pecora AL, Rizvi N, Cohen GI, Meropol NJ, Sterman D, Marshall JL, et al.
Phase I trial of intravenous administration of PV701, an oncolytic virus, in
patients with advanced solid cancers. ] Clin Oncol. 2002; 20: 2251-66.

Hotte SJ, Lorence RM, Hirte HW, Polawski SR, Bamat MK, O'Neil JD, et al. An
optimized clinical regimen for the oncolytic virus PV701. Clin Cancer Res.
2007; 13: 977-85.

Laurie SA, Bell JC, Atkins HL, Roach J, Bamat MK, O'Neil JD, et al. A phase 1
clinical study of intravenous administration of PV701, an oncolytic virus,
using two-step desensitization. Clin Cancer Res. 2006; 12: 2555-62.

Reichard KW, Lorence RM, Cascino CJ, Peeples ME, Walter R], Fernando MB,
et al. Newcastle disease virus selectively kills human tumor cells. ] Surg Res.
1992; 52: 448-53.

LiQ, Wei D, Feng F, Wang XL, Li C, Chen ZN, et al. alpha2,6-linked sialic acid
serves as a high-affinity receptor for cancer oncolytic virotherapy with
Newcastle disease virus. ] Cancer Res Clin Oncol. 2017; 143: 2171-81.
Shtykova EV, Petoukhov MV, Dadinova LA, Fedorova NV, Tashkin VY,
Timofeeva TA, et al. Solution Structure, Self-Assembly, and Membrane
Interactions of the Matrix Protein from Newcastle Disease Virus at Neutral
and Acidic pH. J Virol. 2019; 93.

Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell.
2010; 140: 805-20.

Thompson AJ, Locarnini SA. Toll-like receptors, RIG-I-like RNA helicases and
the antiviral innate immune response. Immunol Cell Biol. 2007; 85: 435-45.
Hendricks MR, Savan R. Interferon-lambda at the Center of the Storm.
Immunity. 2020; 53: 245-7.

Ginting TE, Christian S, Larasati YO, Suryatenggara J, Suriapranata IM,
Mathew G. Antiviral interferons induced by Newcastle disease virus (NDV)
drive a tumor-selective apoptosis. Sci Rep. 2019; 9: 15160.

Ginting TE, Suryatenggara ], Christian S, Mathew G. Proinflammatory
response induced by Newcastle disease virus in tumor and normal cells.
Oncolytic Virother. 2017; 6: 21-30.

Buijs PR, van Eijck CH, Hofland L], Fouchier RA, van den Hoogen BG.
Different responses of human pancreatic adenocarcinoma cell lines to
oncolytic Newcastle disease virus infection. Cancer Gene Ther. 2014; 21: 24-30.
Katsoulidis E, Kaur S, Platanias LC. Deregulation of Interferon Signaling in
Malignant Cells. Pharmaceuticals (Basel). 2010; 3: 406-18.

Schirrmacher V, Fournier P. Newcastle disease virus: a promising vector for
viral therapy, immune therapy, and gene therapy of cancer. Methods Mol Biol.
2009; 542: 565-605.

Schirrmacher V. Fifty Years of Clinical Application of Newcastle Disease
Virus: Time to Celebrate! Biomedicines. 2016; 4.

Schirrmacher V. Oncolytic Newcastle disease virus as a prospective
anti-cancer therapy. A biologic agent with potential to break therapy
resistance. Expert Opin Biol Ther. 2015; 15: 1757-71.

Mansour M, Palese P, Zamarin D. Oncolytic specificity of Newcastle disease
virus is mediated by selectivity for apoptosis-resistant cells. J Virol. 2011; 85:
6015-23.

Ch'ng WC, Stanbridge EJ, Yusoff K, Shafee N. The oncolytic activity of
Newcastle disease virus in clear cell renal carcinoma cells in normoxic and
hypoxic conditions: the interplay between von Hippel-Lindau and
interferon-beta signaling. J Interferon Cytokine Res. 2013; 33: 346-54.

Fournier P, Wilden H, Schirrmacher V. Importance of retinoic acid-inducible
gene I and of receptor for type I interferon for cellular resistance to infection by
Newcastle disease virus. Int ] Oncol. 2012; 40: 287-98.

Peeters BP, de Leeuw OS, Koch G, Gielkens AL. Rescue of Newcastle disease
virus from cloned cDNA: evidence that cleavability of the fusion protein is a
major determinant for virulence. J Virol. 1999; 73: 5001-9.

Wilden H, Fournier P, Zawatzky R, Schirrmacher V. Expression of RIG-I, IRF3,
IFN-beta and IRF7 determines resistance or susceptibility of cells to infection
by Newcastle Disease Virus. Int ] Oncol. 2009; 34: 971-82.

Elankumaran S, Chavan V, Qiao D, Shobana R, Moorkanat G, Biswas M, et al.
Type I interferon-sensitive recombinant newcastle disease virus for oncolytic
virotherapy. J Virol. 2010; 84: 3835-44.

Qiu X, Fu Q, Meng C, Yu S, Zhan Y, Dong L, et al. Newcastle Disease Virus V
Protein Targets Phosphorylated STAT1 to Block IFN-I Signaling. PLoS One.
2016; 11: e0148560.

Lazar I, Yaacov B, Shiloach T, Eliahoo E, Kadouri L, Lotem M, et al. The
oncolytic activity of Newcastle disease virus NDV-HUJ on chemoresistant
primary melanoma cells is dependent on the proapoptotic activity of the
inhibitor of apoptosis protein Livin. J Virol. 2010; 84: 639-46.

Puhlmann J, Puehler F, Mumberg D, Boukamp P, Beier R. Racl is required for
oncolytic NDV replication in human cancer cells and establishes a link
between tumorigenesis and sensitivity to oncolytic virus. Oncogene. 2010; 29:
2205-16.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

McCormick F. Future prospects for oncolytic therapy. Oncogene. 2005; 24:
7817-9.

Hammill AM, Conner J, Cripe TP. Oncolytic virotherapy reaches adolescence.
Pediatr Blood Cancer. 2010; 55: 1253-63.

Bourke MG, Salwa S, Harrington K], Kucharczyk MJ, Forde PF, de Kruijf M, et
al. The emerging role of viruses in the treatment of solid tumours. Cancer
Treat Rev. 2011; 37: 618-32.

Stanford MM, Bell JC, Vaha-Koskela MJ. Novel oncolytic viruses: riding high
on the next wave? Cytokine Growth Factor Rev. 2010; 21: 177-83.

Liu GB, Zhao L, Zhang L, Zhao KN. Virus, Oncolytic Virus and Human
Prostate Cancer. Curr Cancer Drug Targets. 2017; 17: 522-33.

Ricca JM, Oseledchyk A, Walther T, Liu C, Mangarin L, Merghoub T, et al.
Pre-existing Immunity to Oncolytic Virus Potentiates Its Immunotherapeutic
Efficacy. Mol Ther. 2018; 26: 1008-19.

Schild H, von Hoegen P, Schirrmacher V. Modification of tumor cells by a low
dose of Newcastle disease virus. II. Augmented tumor-specific T cell response
as a result of CD4+ and CD8+ immune T cell cooperation. Cancer Immunol
Immunother. 1989; 28: 22-8.

Zamarin D, Ricca JM, Sadekova S, Oseledchyk A, Yu Y, Blumenschein WM, et
al. PD-L1 in tumor microenvironment mediates resistance to oncolytic
immunotherapy. J Clin Invest. 2018; 128: 5184.

Zamarin D, Holmgaard RB, Subudhi SK, Park JS, Mansour M, Palese P, et al.
Localized oncolytic virotherapy overcomes systemic tumor resistance to
immune checkpoint blockade immunotherapy. Sci Transl Med. 2014; 6:
226ra32.

Porter CE, Rosewell Shaw A, Jung Y, Yip T, Castro PD, Sandulache VC, et al.
Oncolytic Adenovirus Armed with BiTE, Cytokine, and Checkpoint Inhibitor
Enables CAR T Cells to Control the Growth of Heterogeneous Tumors. Mol
Ther. 2020; 28: 1251-62.

Nakao S, Arai Y, Tasaki M, Yamashita M, Murakami R, Kawase T, et al.
Intratumoral expression of IL-7 and IL-12 using an oncolytic virus increases
systemic sensitivity to immune checkpoint blockade. Sci Transl Med. 2020; 12.
Kuryk L, Moller AW, Jaderberg M. Combination of immunogenic oncolytic
adenovirus ONCOS-102 with anti-PD-1 pembrolizumab exhibits synergistic
antitumor effect in humanized A2058 melanoma huNOG mouse model.
Oncoimmunology. 2019; 8: 1532763.

Harrington K, Freeman DJ, Kelly B, Harper J, Soria JC. Optimizing oncolytic
virotherapy in cancer treatment. Nat Rev Drug Discov. 2019; 18: 689-706.

Liu Z, Ravindranathan R, Kalinski P, Guo ZS, Bartlett DL. Rational
combination of oncolytic vaccinia virus and PD-L1 blockade works
synergistically to enhance therapeutic efficacy. Nat Commun. 2017; 8: 14754.
Fuertes MB, Kacha AK, Kline ], Woo SR, Kranz DM, Murphy KM, et al. Host
type I IFN signals are required for antitumor CD8+ T cell responses through
CD8{alpha}+ dendritic cells. ] Exp Med. 2011; 208: 2005-16.

Hsiung GD. The impact of cell culture sensitivity on rapid viral diagnosis: a
historical perspective. Yale ] Biol Med. 1989; 62: 79-88.

Bos L. 100 years of virology: from vitalism via molecular biology to genetic
engineering. Trends Microbiol. 2000; 8: 82-7.

Romer-Oberdorfer A, Mundt E, Mebatsion T, Buchholz U], Mettenleiter TC.
Generation of recombinant lentogenic Newcastle disease virus from cDNA. J
Gen Virol. 1999; 80 ( Pt 11): 2987-95.

Krishnamurthy S, Huang Z, Samal SK. Recovery of a virulent strain of
newcastle disease virus from cloned cDNA: expression of a foreign gene
results in growth retardation and attenuation. Virology. 2000; 278: 168-82.
Schirrmacher V. Immunobiology of Newcastle Disease Virus and Its Use for
Prophylactic Vaccination in Poultry and as Adjuvant for Therapeutic
Vaccination in Cancer Patients. Int ] Mol Sci. 2017; 18.

Amarasinghe GK, Ayllon MA, Bao Y, Basler CF, Bavari S, Blasdell KR, et al.
Taxonomy of the order Mononegavirales: update 2019. Arch Virol. 2019; 164:
1967-80.

Pan Z, He ], Rasoul LM, Liu Y, Che R, Ding Y, et al. Identification of Optimal
Insertion Site in Recombinant Newcastle Disease Virus (rNDV) Vector
Expressing Foreign Gene to Enhance Its Anti-Tumor Effect. PLoS One. 2016;
11: e0164723.

Zhao W, Zhang Z, Zsak L, Yu Q. P and M gene junction is the optimal
insertion site in Newecastle disease virus vaccine vector for foreign gene
expression. ] Gen Virol. 2015; 96: 40-5.

Wertz GW, Moudy R, Ball LA. Adding genes to the RNA genome of vesicular
stomatitis virus: positional effects on stability of expression. J Virol. 2002; 76:
7642-50.

Pattnaik AK, Wertz GW. Replication and amplification of defective interfering
particle RNAs of vesicular stomatitis virus in cells expressing viral proteins
from vectors containing cloned cDNAs. J Virol. 1990; 64: 2948-57.

Zhang Z, Zhao W, Li D, Yang J, Zsak L, Yu Q. Development of a Newcastle
disease virus vector expressing a foreign gene through an internal ribosomal
entry site provides direct proof for a sequential transcription mechanism. J
Gen Virol. 2015; 96: 2028-35.

He L, Zhang Z, Yu Q. Expression of Two Foreign Genes by a Newcastle
Disease Virus Vector From the Optimal Insertion Sites through a Combination
of the ITU and IRES-Dependent Expression Approaches. Front Microbiol.
2020; 11: 769.

Chen L, Chen D, Manome Y, Dong Y, Fine HA, Kufe DW. Breast cancer
selective gene expression and therapy mediated by recombinant adenoviruses
containing the DF3/MUCI1 promoter. J Clin Invest. 1995; 96: 2775-82.

http://www.medsci.org



Int. J. Med. Sci. 2021, Vol. 18

2302

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

He D, Sun L, Li C, Hu N, Sheng Y, Chen Z, et al. Anti-tumor effects of an
oncolytic adenovirus expressing hemagglutinin-neuraminidase of Newcastle
disease virus in vitro and in vivo. Viruses. 2014; 6: 856-74.

Havunen R, Siurala M, Sorsa S, Gronberg-Vaha-Koskela S, Behr M, Tahtinen S,
et al. Oncolytic Adenoviruses Armed with Tumor Necrosis Factor Alpha and
Interleukin-2 Enable Successful Adoptive Cell Therapy. Mol Ther Oncolytics.
2017; 4: 77-86.

Serganova I, Moroz E, Cohen I, Moroz M, Mane M, Zurita J, et al
Enhancement of PSMA-Directed CAR Adoptive Immunotherapy by PD-1/
PD-L1 Blockade. Mol Ther Oncolytics. 2017; 4: 41-54.

Scherwitzl I, Hurtado A, Pierce CM, Vogt S, Pampeno C, Meruelo D.
Systemically Administered Sindbis Virus in Combination with Immune
Checkpoint Blockade Induces Curative Anti-tumor Immunity. Mol Ther
Oncolytics. 2018; 9: 51-63.

Lee S, Margolin K. Cytokines in cancer immunotherapy. Cancers (Basel). 2011;
3: 3856-93.

Buijs P, van Nieuwkoop S, Vaes V, Fouchier R, van Eijck C, van den Hoogen B.
Recombinant Immunomodulating Lentogenic or Mesogenic Oncolytic
Newcastle Disease Virus for Treatment of Pancreatic Adenocarcinoma.
Viruses. 2015; 7: 2980-98.

Xu X, Yi C, Yang X, Xu J, Sun Q, Liu Y, et al. Tumor Cells Modified with
Newcastle Disease Virus Expressing IL-24 as a Cancer Vaccine. Mol Ther
Oncolytics. 2019; 14: 213-21.

WuY, HeJ, AnY, Wang X, Liu Y, Yan S, et al. Recombinant Newcastle disease
virus (NDV/Anh-IL-2) expressing human IL-2 as a potential candidate for
suppresses growth of hepatoma therapy. ] Pharmacol Sci. 2016; 132: 24-30.
Ren G, Tian G, Liu Y, He J, Gao X, Yu Y, et al. Recombinant Newcastle Disease
Virus Encoding IL-12 and/or IL-2 as Potential Candidate for Hepatoma
Carcinoma Therapy. Technol Cancer Res Treat. 2016; 15: NP83-94.

Bai FL, Yu YH, Tian H, Ren GP, Wang H, Zhou B, et al. Genetically engineered
Newcastle disease virus expressing interleukin-2 and TNF-related
apoptosis-inducing ligand for cancer therapy. Cancer Biol Ther. 2014; 15:
1226-38.

Sawant DV, Yano H, Chikina M, Zhang Q, Liao M, Liu C, et al. Adaptive
plasticity of IL-10(+) and IL-35(+) Treg cells cooperatively promotes tumor T
cell exhaustion. Nat Immunol. 2019; 20: 724-35.

Vijayakumar G, McCroskery S, Palese P. Engineering Newcastle Disease Virus
as an Oncolytic Vector for Intratumoral Delivery of Immune Checkpoint
Inhibitors and Immunocytokines. J Virol. 2020; 94.

Cassel WA, Murray DR. A ten-year follow-up on stage Il malignant melanoma
patients treated postsurgically with Newcastle disease virus oncolysate. Med
Oncol Tumor Pharmacother. 1992; 9: 169-71.

Kobayashi H. Viral xenogenization of intact tumor cells. Adv Cancer Res.
1979; 30: 279-99.

Schirrmacher V, Schlude C, Weitz J, Beckhove P. Strong Tcell costimulation
can reactivate tumor antigenspecific T cells in latestage metastasized colorectal
carcinoma patients: results from a phase clinical study. Int J] Oncol. 2015; 46:
71-7.

Schirrmacher V, Bihari AS, Stucker W, Sprenger T. Long-term remission of
prostate cancer with extensive bone metastases upon immuno- and
virotherapy: A case report. Oncol Lett. 2014; 8: 2403-6.

Schirrmacher V, Stucker W, Lulei M, Bihari AS, Sprenger T. Long-term
survival of a breast cancer patient with extensive liver metastases upon
immune and virotherapy: a case report. Immunotherapy. 2015; 7: 855-60.
Burke S, Shergold A, Elder MJ, Whitworth J, Cheng X, Jin H, et al. Oncolytic
Newcastle disease virus activation of the innate immune response and
priming of antitumor adaptive responses in vitro. Cancer Immunol
Immunother. 2020; 69: 1015-27.

Najmuddin S, Amin ZM, Tan SW, Yeap SK, Kalyanasundram J, Ani MAC, et
al. Cytotoxicity study of the interleukin-12-expressing recombinant Newcastle
disease virus strain, rAF-IL12, towards CT26 colon cancer cells in vitro and in
vivo. Cancer Cell Int. 2020; 20: 278.

Najmuddin SUFS, Amin ZM, Tan SW, Yeap SK, Kalyanasundram J,
Veerakumarasivam A, et al. Oncolytic effects of the recombinant Newcastle
disease virus, rAF-IL12, against colon cancer cells in vitro and in
tumor-challenged NCr-Foxelnu nude mice. Peerj. 2020; 8.

Xu X, Sun Q, Yu X, Zhao L. Rescue of nonlytic Newcastle Disease Virus (NDV)
expressing IL-15 for cancer immunotherapy. Virus Res. 2017; 233: 35-41.

Xu X, Sun Q, Mei Y, Liu Y, Zhao L. Newcastle disease virus co-expressing
interleukin 7 and interleukin 15 modified tumor cells as a vaccine for cancer
immunotherapy. Cancer Sci. 2018; 109: 279-88.

Yan Y, Liu S, Li M, Zhao Y, Shao X, Hang M, et al. Recombinant Newcastle
disease virus expressing human IFN-lambdal (rL-hIFN-lambdal)-induced
apoptosis of A549 cells is connected to endoplasmic reticulum stress
pathways. Thorac Cancer. 2018; 9: 1437-52.

WuY, HeJ, Geng J, AnY, Ye X, Yan S, et al. Recombinant Newcastle disease
virus expressing human TRAIL as a potential candidate for hepatoma therapy.
Eur ] Pharmacol. 2017; 802: 85-92.

Bu X, Zhang A, Chen Z, Zhang X, Zhang R, Yin C, et al. Migration of gastric
cancer is suppressed by recombinant Newcastle disease virus (rL-RVG) via
regulating alpha7-nicotinic acetylcholine receptors/ERK- EMT. BMC Cancer.
2019; 19: 976.

AnY, LiuT, He ], Wu H, Chen R, Liu Y, et al. Recombinant Newcastle disease
virus expressing P53 demonstrates promising antitumor efficiency in
hepatoma model. ] Biomed Sci. 2016; 23: 55.

http://www.medsci.org



