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Newcastle disease virus (NDV) has been previously
shown to possess oncolytic activity, causing specific lysis
of cancerous but not normal cells. Here we show that
despite these findings, the oncolytic efficiency of natu-
rally occurring NDV strains can still be relatively low, as
many tumors exhibit strong innate immune responses
that suppress viral replication and spread. To overcome
this problem, we generated a recombinant fusogenic
NDV expressing influenza NS1 protein, a protein exhib-
iting interferon (IFN)-antagonist and antiapoptotic
functions in human and mouse cells. Interestingly, the
resultant virus was dramatically enhanced in its ability to
form syncytia, lyse a variety of human and mouse tumor
cell lines, and suppressed the induction of the cellular IFN
responses. Using the aggressive syngeneic murine mela-
noma model, we show that the NDV-NS1 virus is more
effective than virus not expressing NS1 in clearing the
established footpad tumors and results in higher overall
long-term animal survival. In addition, mice treated with
NDV-NS1 exhibited no signs of toxicity to the virus and
developed tumor-specific cytotoxic T lymphocyte (CTL)
responses. These findings demonstrate that modulation
of innate immune responses by NDV results in enhance-
ment of its oncolytic properties and warrant further
investigation of this strategy in design of oncolytic NDV
vectors against human tumors.
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INTRODUCTION

Newcastle disease virus (NDV) is a member of the Avulavirus
genus in the Paramyxoviridae family, which has been shown to
infect a number of avian species.! NDV possesses a single-stranded
RNA genome in a negative sense and does not undergo recom-
bination with the host genome or with other viruses.! Naturally
occurring NDV has been reported to be an effective oncolytic
agent in a variety of animal tumor models.> It has been used
in vaccination with tumor cell oncolysates in people with head

and neck squamous cell carcinomas,’ tumors of digestive tract,*
glioblastoma multiforme,>® malignant melanoma,”™ colorectal
carcinoma,'®"! and other advanced cancers. Finally, several of the
naturally occurring strains of NDV have been used in multiple
clinical trials against advanced human cancers.>'*-'¢

The success of naturally occurring strains of NDV in these
clinical trials for advanced human cancers was only marginal.'*-'*
The results of these studies prompt investigation of potential mech-
anisms of tumor resistance to oncolytic NDV therapy and warrant
the development of more effective oncolytic NDV strains.

Several groups, including ours, have succeeded in establishing
a reverse genetics system for this virus,”"* which allowed for
genomic manipulation and construction of vaccines and oncolytic
virus vectors. The two major goals of this study were to evaluate
the NDV for oncolytic efficacy in various human tumor cells and
to introduce modifications into the NDV genome that would
allow it to overcome tumor resistance to oncolytic therapy.

It has been proposed that the tumor-selective lytic properties
of the NDV are dependent on the defective activation of the type
I interferon (IFN) response in tumor cells. Recent studies have
also shown that tumor cells respond differently to IFN-f3 treat-
ment than primary cells. Pretreatment of HT-1080 human fibro-
sarcoma cells with IFN-B did not affect killing of these tumor cells
by NDV, while pretreatment of human skin fibroblasts suppressed
replication of the virus in these primary cells, due to defects in the
tumor cell IFN signal transduction pathway.?!

In accord with these findings, our previous studies indicated
that the restriction of the NDV to the avian host is mediated in part
by the NDV V protein.?? NDV V protein in avian cells functions as a
type IIFN antagonist by degrading the STAT1 protein.”>* However,
this effect was absent in the mammalian tumor cells, which resulted
in decreased NDV replication.??** The results of these findings sug-
gested that at least some tumors are still capable of mounting effec-
tive antiviral responses, which may partially explain the observed
resistance of tumors to the oncolytic NDV therapy.

Based on these findings, we hypothesized that the oncolytic
activity of NDV can be enhanced by improving the suppression of
the innate immune response by the virus. We achieved this effect
by introducing into the NDV genome a sequence encoding the
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influenza virus NSI protein, a 27 kDa nonstructural protein which
was extensively characterized for its ability to suppress the induc-
tion of type I IFN response and apoptosis in the virus-infected
mammalian cells.*** In agreement with our hypothesis, NDV
expressing NS1 protein was an effective oncolytic agent and repli-
cated efficiently in a variety of human tumor cell lines. Moreover,
the generated virus was effective in treatment of a mouse model
of aggressive malignant melanoma, while maintaining the safety
profile of the naturally occurring NDV strains. The results of these
studies warrant the investigation of this new recombinant vector
in therapy of human malignant tumors.

RESULTS

Recombinant NDV is an effective oncolytic

agent against a panel of tumor cell lines

For the present studies, we used the attenuated NDV of Hitchner B1
strain (NDV(B1)). We previously showed that modification of the
NDV F protein to a fusogenic type by introduction of a polybasic
protease cleavage site allowed for efficient formation of syncytia in
the infected cells, which enhanced the viral oncolytic activity both
in vitro and in vivo.** To further explore the oncolytic potential of
the fusogenic NDV, we selected a number of tumor cell lines from
a variety of cancer types and infected them with NDV(B1) and
NDV (F3aa) viruses at multiplicity of infection (MOI) 0.1. These
included human pancreatic, breast, thyroid, head and neck, and
gastric cancers, as well as human and murine malignant melanoma
cell lines. The results of this study are summarized in Figure 1a,
with representative cancer types shown. NDV was effective against
the majority of tumor cell types, with NDV(F3aa) being signifi-
cantly more cytolytic than the parental nonfusogenic NDV(B1)
virus for the majority of cell lines. Infection of the same cell lines
with NDV (F3aa) virus expressing GFP (NDV (F3aa)-GFP) revealed
that the virus effectively formed large syncytia, which was likely
responsible for its enhanced cytolytic activity (Figure 1b).

NDV induces antiviral signaling in cancer cells

The results of these studies suggested that the NDV(F3aa) virus
may be an attractive candidate for oncolytic virotherapy of a vari-
ety of human malignancies. However, previous studies showed
that despite its effective oncolytic activity in CT26 cells both
in vitro and in vivo, the NDV (F3aa) virus still failed to cause com-
plete tumor regressions in the CT26 murine syngeneic flank tumor
model.?*** We speculate that effective viral replication in tumors is
limited by the host and tumor factors, such as the induction of type
I IFN. Indeed, it was previously shown that NDV restriction to
the avian host is mediated in part by inability of the virus to over-
come the antiviral response in human cells, but not in avian cells.??
To test whether the NDV(B1) and NDV(F3aa) induce type I IFN
in NDV-susceptible human cells, we performed an IFN bioassay,
similar to the methods described previously (see Materials and
Methods section and Figure 2a). As can be seen from Figure 2b,
infection of Panc-1 cells with NDV(B1) and NDV(F3aa) viruses
led to the induction of antiviral cytokines at the levels comparable
to 1,000 U/ml of IFN-B, which was sufficient to suppress NDV-
GFP replication. These results indicate that even in an apparently
NDV-susceptible cancer cell line, the induction of type I IFN may
suppress viral replication, limiting the viral oncolytic efficacy.
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Figure 1 Recombinant Newcastle disease virus (NDV) with modi-
fied fusion protein induces enhanced cytolysis in multiple human
cancer cell lines. (@) Cell lines (5 x 10° cells) were infected at multi-
plicity of infection (MOI) 0.1 in triplicate and lactate dehydrogenase
release assays were performed at 24, 48, and 72 hours. Percentage of
cells surviving at 24, 48, and 72 hours is shown. (b) Syncytia forma-
tion by the NDV(F3aa) virus. Cell lines tested in a were infected with
NDV(B1)-GFP and NDV(F3aa)-GFP at MOI 0.01, stained with Hoechst
after 24 hours, and images were taken under fluorescent microscope.
Representative images from Panc-1 and Scc-25 cells are shown (green:
GFP; blue: Hoechst).

We hypothesized that repression of IFN induction during NDV
infection would permit for better viral replication in tumors, while
allowing to maintain the therapeutic safety margin due to other
factors playing a role in the NDV attenuation and host restriction.
We proceeded to construct an oncolytic NDV expressing influ-
enza virus NS1 protein, which was previously shown to be effec-
tive in down-modulating the cellular innate immune response in
human cells.

Generation of NDV expressing influenza NS1 protein

Using the NDV(F3aa) virus as a backbone, we generated a virus
expressing the NS1 protein of the influenza virus PR8 strain
according to the methods described previously'® (Figure 3a).
Immunofluorescent labeling of the infected Vero cells confirmed
that the NS1 protein was expressed by the NDV(F3aa)-NS1
virus and not by the parental NDV(F3aa) or NDV(B1) strains
(Figure 3b). Of note, all of the cells infected with NDV(F3aa)-NS1
showed expression of the protein. The expression was maintained
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Figure 2 Newcastle disease virus (NDV) induces antiviral response
in the infected cancer cells. (@) Schematic diagram of the bioassay
for interferon (IFN) production. Panc-1 cells were infected with NDVs
at multiplicity of infection (MOI) 0.1. Supernatants were collected at
24 hours, and any virus present was UV inactivated. Fresh Vero cells were
treated with the inactivated supernatants and then infected with NDV-
GFP at MOI of 0.1. (b) Antiviral activity in the infected Panc-1 superna-
tants. Supernatants were diluted in fivefold series. Supernatants from
noninfected cells and recombinant human IFN- were used as nega-
tive and positive controls respectively. NDV-GFP-infected Vero cells were
examined by fluorescence microscopy.

after 10 viral passages in embryonated chicken eggs, confirming
the stability of the recombinant virus (data not shown). To confirm
that the NS1 protein was expressed to high levels, we performed
a time course of NDV infection in Vero cells and analyzed the
induction of NS1 expression within the period of one viral cycle.
As can be seen from Figure 3¢, at MOI 0.1 NS1 could be detected
as early as 9 hours postinfection.

NDV expressing influenza NS1 protein is effective

in suppression of cellular innate immune responses
To confirm that the NS1 protein expressed within the context of
the NDV genome antagonizes induction of the innate response in
human cells, we performed an IFN bioassay for the time course
of IFN induction (Supplementary Figure S1). To ensure that
the recombinant virus is still capable of eliciting an antiviral
response in noncancerous cells, the assay was performed in pri-
mary human foreskin fibroblasts (HFF-1) along with pancreatic
cancer cell line Panc-1. Infection of HFFE-1 cells with NDV(B1)
and NDV (F3aa) viruses led to the induction of antiviral cytokines
by 10 hours of infection (Supplementary Figure S1). By contrast,

Molecular Therapy vol. 17 no. 4 apr. 2009

Genetically Engineered Oncolytic NDV

a
Gene Gene
end *‘\. J— start
[I]EI]] | E L I |
S’NC 5NC
NS1
b NDV(B1) NDV(F3aa) NDV(F3aa)-NS1
>
o
Z
E . . .
1)
Z
E . . .
% . . .
[}
=
C

NDV(B1) NDV(F3aa) NDV(F3aa)-NS1
Time(th) 0O 3 6 9 1218 0 3 6 9 1218 0 3 6 9 12 18
NDV NP | == | — - | ———
NDV M | — - - -
e —— e e I cnemtomtaseshmatemt
NS | J | ——

Figure 3 Generation of NDV(F3aa)-NS1 virus. (a) Schematic dia-
gram of the generated NDV(F3aa)-NS1 virus genome. (b) Expression
of the NS1 protein in NDV(F3aa)-NS1-infected Vero cells. Cells were
infected at multiplicity of infection (MOI) 0.01, fixed at 18 hours
postinfection, and stained with Dapi (blue), anti-NDV rabbit poly-
clonal antibody (green) and anti-NST1 mouse monoclonal antibody
(red). NDV(B1) and NDV(F3aa)-infected cells were used as negative
controls. (c€) Time course of NS1 protein expression. Vero cells were
infected with appropriate viruses at MOI 0.1 and collected at the indi-
cated time points. Cells were lysed and analyzed by immunoblotting
with antibodies to p-actin, NDV proteins, and influenza NS1. NDV,
Newcastle disease virus.

the infection with NDV(F3aa)-NS1 virus delayed the induction
of antiviral cytokines by 6 hours, confirming the stronger ability
of the NDV(F3aa)-NS1 virus to antagonize the induction of the
innate immune response. Similar results were observed in Panc-1
cells (data not shown).

Recombinant NDV(F3aa)-NS1 efficiently replicates
and lyses human and mouse melanoma cell lines
We proceeded to test the efficiency of the NDV(F3aa)-NSI virus
in lysis of various human tumor cell lines. The virus proved to
be more effective than the NDV(F3aa) against the majority of
cell lines tested (data not shown). We decided to focus on the
melanoma lines as a model for our further studies.

To determine the extent of the NDV replication and cytotox-
icity in the melanoma cell lines, we selected for our studies the
human melanoma cell line SkMel-2, and the mouse melanoma cell
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line B16-F10. While all viruses exhibited significant cytolytic activ-
ity in both cell lines, NDV(F3aa), and NDV(F3aa)-NS1 were most
effective (Figure 4a). At lower MOIs, NDV(F3aa)-NSI proved to
be the most effective cytolytic agent out of all viruses in both cell
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lines. Similar results were observed in the SkMel-119 and SkMel-
197 cell lines (data not shown).

Interestingly, both B16-F10 and SkMel-2 cells infected with the
NDV (F3aa)-NS1virusexhibitedenhancedsyncytiaformation,when

T
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Figure 4 NDV(F3aa)-NS1 virus replicates and induces oncolysis in human and mouse melanoma cell lines. (a) Cytotoxicity of the genetically
engineered Newcastle disease virus (NDV) in B16-F10 and SkMel-2 cells. B16-F10 cells (left panel) and SkMel-2 cells (right panel) were infected with
NDV(B1), NDV(F3aa), and NDV(F3aa)-NS1 viruses at the indicated MOls. Cytotoxicity was assessed at 24, 48, and 72 hours by lactate dehydroge-
nase release assays. Lower MOIls were used in SkMel-2 cells due to higher susceptibility of the cells to NDV. (b) Efficiency of syncytia formation by
the recombinant viruses. B16-F10 and SkMel-2 cells were infected with appropriate viruses at MOI 0.001 for 18 hours, and fixed and stained for
NDV (green), NS1 (red), and Dapi (blue). (c) Replication of NDV in B16-F10 and SkMel-2 cell lines. Cells were infected at the indicated MOls and
the supernatants were collected at 24, 48, and 72 hours. (d) Interferon-p (IFN-B) induction in B16-F10 and SkMel-2 cells. Cells were infected with
the indicated virus at MOI 1 and the supernatants were collected every 2 hours for 24 hours. Levels of IFN-f in the supernatant were assessed by
murine and human IFN-B enzyme-linked immunosorbent assay.
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compared with the cells infected with NDV(F3aa) (Figure 4b).
At MOIs of 0.1 and 1, the majority of NDV(F3aa)-NS1-infected
cells were fused into syncytia by 24 hours of infection and
detached from the plate by 48 hours. Formation of syncytia
without significant early cytolysis suggested that expression of
NS1 by NDV protected the cells from early lysis. This finding is
consistent with the known antiapoptotic and anti-IFN proper-
ties of the influenza NSI protein.?***'* We suspect that these
functions of the NS1 protein allowed the fused cells to survive
longer, which would in turn result in enhanced viral replica-
tion. Indeed, NDV(F3aa)-NS1 virus replicated to higher titers
than the NDV(F3aa) virus (Figure 4c). Interestingly, when rep-
lication of the viruses was compared in the IFN-deficient cell
line Vero and embryonated chick eggs, NDV(F3aa)-NS1 repli-
cated to similar or even lower titers than the NDV(F3aa) virus
(Supplementary Figure S2 and data not shown). These data
support that the enhanced cytolytic effect and replication of
NDV(F3aa)-NS1 virus are dependent on its ability to antagonize
mammalian IFN response.
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To confirm that the NDV(F3aa)-NS1 indeed antagonizes
IEN induction in melanoma cell lines, we performed enzyme-
linked immunosorbent assay (ELISA) for human and murine
IEN-B secreted from the NDV-infected SkMel-2 and B16-F10
cells, respectively. As can be seen from Figure 4d, IFN-f induc-
tion was delayed in NDV(F3aa)-NS1-infected cells, when com-
pared to the NDV(F3aa)-infected controls.

Overall, these findings suggested that the NDV(F3aa)-NS1
virus was an effective cytolytic agent for the melanoma cell
lines in vitro. We proceeded to determine whether these prop-
erties of the virus would translate to being more effective as an
antitumor agent in an animal tumor model.

NDV(F3aa)-NS1 effectively suppresses tumor

growth and promotes mouse survival in a syngeneic
murine melanoma model

To assess whether the observed in vitro cytolytic effect by NDV
would translate to better antitumor efficacy in vivo, we used
the syngeneic B16-F10 mouse footpad melanoma model. The
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Figure 5 NDV(F3aa)-NS1 suppresses tumor growth and promotes mouse survival in a syngeneic murine melanoma model. (a) Short-term
tumor growth in B16-F10 melanoma-bearing mice treated with recombinant Newcastle disease viruses (NDVs) at 7 days. Mice were injected in the
right posterior foot pad with 10° of cultured B16-F10 cells, and 7 days later were treated with 5 x 10¢ of the indicated viruses or phosphate-buffered
saline (PBS) for a total of four injections. All eight mice from the control group and six randomly chosen mice from each virus group were killed on
day 25 for immune studies (see Figure 6). (b) Short-term tumor growth in mice treated at 10 days. Starting on day 10 after tumor cell line injection,
the mice were treated every other day with a total of six doses of 5 x 10¢pfu of the indicated virus or PBS. When the largest tumors reached 8 mm
in length, all of the animals were killed. (¢) Long-term tumor growth follow-up in the treated mice. The remaining seven animals from each group
in a were continued to be followed for 120 days, with tumor measurements being recorded every 2 days. (d) Summary of 120-day survival of the
animals treated in a. Mice were killed when the tumors reached 8 mm in length. For experimental groups, only the mice included in the long-term
study (n = 7 for each group) were included in the analysis (*P <1 x 107).
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B16-F10 cell line is known for its particularly aggressive tumor
growth, early metastases, and very poor response to therapy.*
Because the naturally occurring NDV(B1) virus was previously
demonstrated to be less effective in oncolysis than the fusogenic
NDV(F3aa),** and because the in vitro studies showed superior
efficacy of the NDV(F3aa) viruses, NDV(B1) was not used in the
mouse studies.

Toxicity studies were initially performed by inoculating 3
C57/BL6 mice subcutaneously and 3 C57/BL6 mice intrave-
nously with 5 x 10”pfu of NDV(F3aa) and NDV(F3aa)-NS1
viruses. Over the next 2 weeks, none of the animals exhibited
signs of distress and continued to gain weight (data not shown).
To demonstrate the efficiency of NDV(F3aa)-NS1 virus in onco-
Iytic therapy, we decided to use a low-dose treatment regimen
(5 x 10°pfu) extended over 4-6 doses. For tumor studies, C57/
BL6 mice from each group were inoculated into the right pos-
terior footpad with 1 x 10° cultured B16-F10 cells. Tumors
were allowed to develop for 7 days, at which point a pigmented
tumor focus was visible in each of the animals. On day 7, the
right posterior footpad of each animal was injected with 5 x 10°
of NDV(F3aa), NDV(F3aa)-NS1, or phosphate-buffered saline
(PBS) control. Eight mice were included in the control group,
while 12-13 mice were used for each virus treatment group. The
inoculation with 5 x 10° of each respective virus was repeated
on days 9, 11, and 13 (four injections total). The most com-
mon side effect was the development of localized swelling at
the injection site, which subsided over the next few days after
the last inoculation.

None of the animals exhibited significant weight loss over
the study period (data not shown). On day 25 after tumor
implantation, 8/8 control mice developed tumors of signifi-
cant size and were euthanized. In addition, six animals from
the NDV(F3aa) group and five animals from the NDV(F3aa)-
NS1 group were randomly selected, killed, and spleens were
removed for analysis of tumor cellular immunity, while the rest
of the animals continued to be followed for tumor growth (see
below). As can be seen from Figure 5a, on day 25, only 2/13
animals in the NDV(F3aa) group and only 1/12 animals in the
NDV (F3aa)-NS1 group exhibited significantly visible tumors,
which were still smaller than the majority of tumors in the
control group.

To determine whether the viruses would be effective in clear-
ing tumors at a later stage, the tumors were allowed to develop for
10 days and a total of six injections of each virus were used. As
can be seen from Figure 5b, treatment with both NDV(F3aa) and
NDV(F3aa)-NS1 viruses markedly suppressed tumor growth in
all animals, with only minor tumors being detectable on the day
of killing. These results indicate that increased number of treat-
ments may be effective in clearing the tumors in later stages of
development. The tumors were further processed for analysis for
lymphocyte infiltration (see below).

The remaining animals from the early tumor treatment group
continued to be followed to determine the long-term efficacy of
each viral treatment. Over the next 120 days, 4/7 animals in the
NDV(F3aa) group developed significant tumors and needed to
be killed, while only 2/7 animals in the NDV(F3aa)-NS1 group
developed tumors that required animal euthanasia (Figure 5c). Of
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note, these tumors took longer to develop than those in the animals
from the NDV(F3aa) group. The remaining animals in each group
either completely cleared the tumor (1/3 in the NDV(F3aa) group
and 1/6 in the NDV(F3aa)-NS1 group), or had a persistent pig-
mented focus that remained stable. The overall survival for the
animals in the long-term study was 0/8 for the control group, 3/7
for the NDV(F3aa) group, and 5/7 for the NDV(F3aa)-NS1 group
(Figure 5d).

Tumors treated with NDV exhibit a high

degree of CD4* and CD8* cell infiltration

We proceeded to determine whether the virus-treated tumors
demonstrated a higher level of immune cell infiltration. As the
tumors from the early treatment group were either too small or
undetectable in size for cellular fractionation, tumors from the
later treatment group were used in the analysis. Tumors from the
killed mice described above were collected on day 22, dissected
and filtered, and stained for CD4 and CD8 antigen expression. As
can be seen from Figure 6a, tumors from the animals treated with
NDV (F3aa) and NDV(F3aa)-NS1 viruses exhibited a high degree
of both CD4 and CD8 cell infiltration, suggesting the development
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Figure 6 NDV treatment leads to tumor lymphocyte infiltration and
generation of antimelanoma immune responses. (@) Tumor infiltration
with CD4% and CD8% cells. Tumors collected from the animals described
in 6D were dissociated into single-cell suspensions and analyzed by flow
cytometry for presence of CD4 and CD8 cells. (b) Interferon-y (IFN-y)
release from stimulated splenocytes. Splenocytes collected from the
killed animals in 6a were cocultured with mitomycin-inactivated B16-
F10 cells and IFN-y was measured in the supernatants on day 3 of cocul-
ture (*P < 0.003, **P < 0.00006). (c) Melanoma-specific cytotoxicity of
the stimulated splenocytes. Stimulated splenocytes described in b were
cocultured with fresh B16-F10 cells for 4 hours at the indicated ratios
and specific cytotoxic activity was determined by measurements of
lactate dehydrogenase release (*P < 0.015, **P < 0.0007).
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of animmune response to the infection and/or tumor. These results
also indicated that suppression of the innate immune response by
the NDV(F3aa)-NS1 virus had no negative effect on the adaptive
immune response to the tumor and the infection.

NDV-treated mice develop immune response

against melanoma cells

To determine whether the treated mice develop an adaptive
immune response to melanoma cells, animals killed on day 25
were assessed for the development of cytotoxic T lymphocyte
(CTL) responses against B16-F10 cells. Splenocytes from the ani-
mals were cocultured with mitomycin C-inactivated B16-F10 cells
for 5 days and assessed for IFN-7y release on day 3 and for B16-
F10-specific CTLactivity on day 5. As can be seen from Figure 6b,c,
treatment with both NDV(F3aa) and NDV(F3aa)-NS1 viruses
resulted in enhanced IFN-7 release and enhanced CTL activity,
when compared to the control. These results suggested that tumor
treatment with NDV resulted in generation of tumor-specific CTL
responses, which may have contributed to the long-lasting antitu-
mor effect of the virus.

DISCUSSION

Sensitivity of NDV to the antiviral effects of IFN has been previ-
ously proposed to underlie its selective oncolytic properties.**
Based on these findings, the use of IFN-sensitive viruses has been
suggested for oncolytic virus therapy, as many tumors have been
demonstrated to be deficient in type I IFN response. Indeed,
infection with viruses which are poor antagonists of type I IFN
response results in enhanced apoptosis and release of cytokines,
which stimulate immune responses to the virus and tumor.***
Despite these findings, the use of naturally occurring strains of
NDV in human clinical trials suggested that many of the human
tumors still demonstrate resistance to NDV infection.'>' Studies
of human tumor cell lines showed that tumor cells are still capable
of mounting antiviral responses that could limit NDV replication
and its oncolytic efficacy.***"*? In fact, sensitivity of NDV to the
antiviral effects of human IFN was shown to play a major role in
its restriction to the avian host.” It then follows that, if the virus
is too attenuated, the extent of the infection might not be signifi-
cant enough to infect a wide field of cancer cells and to generate
a potent adaptive immune response, especially because most of
the tumors possess a high degree of vascular compromise and are
limited in recruitment of immune cells. Thus, an oncolytic virus
must possess an ability to replicate in cancer cells enough to cause
effective oncolysis and allow for efficient antigen presentation. We
felt that naturally occurring NDV strains, while effectively infect-
ing tumor cells in vitro, might fail to spread in vivo to cause sig-
nificant tumor regression or to allow for access by immune cells.
Supporting our hypothesis, engineered measles virus with strong
anti-IFN activity has been recently shown to be a more effective
oncolytic agent than its IFN-sensitive counterpart.* We used
the reverse-genetics system for the lentogenic (avirulent) NDV
Hitchner B1 strain (NDV(B1)) to engineer a virus with two altera-
tions to improve the viral oncolytic properties: modification of the
viral fusion protein to allow a more efficient spread between the
infected cells, and introduction of an IFN-antagonist protein to
attenuate the innate immune response to the infection.
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The cleavage site of the NDV F protein has been postu-
lated to be a major determinant of virulence.'**** Modification
of the cleavage site of the NDV F protein to a polybasic amino
acid sequence allows the protein to be cleaved by intracellular
proteases, making the virus more effective in entering cells and
forming syncytia.'**** In fact, introduction of the fusogenic NDV
F into the VSV genome increased its syncytia-forming ability,
which enhanced its oncolytic potential in head and neck squamous
carcinomas.* Importantly, while the fusogenic NDV appears to
be slightly more virulent in avian species,* it appeared to have
no adverse effects in mice (ref. 24 and this study). As expected,
in our study, generation of the virus with modified fusion pro-
tein (NDV(F3aa)) allowed for more efficient virus spread among
tumor cells through formation of syncytia, resulted in increased
viral replication, and showed enhanced oncolysis in various tumor
cell lines, when compared to the wild-type NDV.

Despite the enhanced replication and spread, the NDV(F3aa)
virus still induced significant antiviral signaling in the infected
tumor cells (Figure 2). We felt that this effect would impose a
limitation on the oncolytic efficacy of NDV in vivo. We thus sought
to generate a virus that would attenuate the antiviral response to
the infection, yet would still be sensitive enough to remain non-
pathogenic in animal models. We were able to achieve this effect by
introducing into NDV(F3aa) the NS1 protein of influenza A virus,
which was previously shown to block the induction of antiviral
signaling in influenza virus-infected cells.>*~* Infection of human
primary fibroblasts with NDV(F3aa)-NS1 virus showed that the
virus was still capable of inducing a strong antiviral response in
noncancerous cells, though the induction was delayed when com-
pared to the NDV(B1) and NDV(F3aa) (Supplementary Figure
S1). These findings directly translated into increased viral oncolytic
efficacy: When compared to the NDV(F3aa) virus, NDV(F3aa)-
NS1 replicated more efficiently and resulted in enhanced forma-
tion of syncytia between tumor cells (Figure 4). This efficacy was
further demonstrated in the syngeneic B16-F10 murine mela-
noma model. Intratumoral treatment with NDV (F3aa)-NS1 virus
led to an effective tumor arrest or regression and high percentage
of animal survival (Figure 5). Moreover, suppression of innate
responses by the NSI protein had no major effect on the genera-
tion of adaptive immune responses to the infected tumor cells, as
was demonstrated by tumor lymphocyte infiltration, and genera-
tion of tumor-specific CTL responses (Figure 6).

Of note, none of the animals developed side effects to the
virus, suggesting that the virus is still sufficiently attenuated not
to cause disease. Several factors play a role in maintenance of the
observed therapeutic safety margin. First of all, while the NS1 pro-
tein enhances the ability of NDV to replicate more efficiently in
mammalian cells, the loss of viral species specificity for avian cells
is not absolute.” In particular, viral receptor specificity for avian
cells as a result of binding of the viral HN to a2,3-linked sialogly-
coproteins limits its infectivity in mammalian cells, as was shown
for influenza hemagglutinin protein.***” Second, the Hitchner B1
strain used in our studies is a lentogenic (nonpathogenic) avian
strain, possessing other attenuating mutations, which likely
also limit its replication in mammalian cells. Third, as we show
in Supplementary Figure S1, while the NDV(F3aa)-NS1 virus
delayed the induction of IFN response in the primary human
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cells HFF-1, it did not completely abolish it. In fact, by 16 hours it
resulted in induction of enough IFN to suppress further NDV rep-
lication, as shown by the bioassay (Supplementary Figure S1).

In our studies we demonstrated that intravenous or subcutane-
ous injection of at least 5 x 107 pfu of NDV(F3aa) or NDV(F3aa)-
NSI resulted in no significant side effects. For the study of viral
oncolytic efficacy, we used a tenfold lower dose (5 x 10° pfu) per
injection for a total of four treatments, primarily due to limitation
of a solution volume that could be injected into the footpad. This
dose is lower than the doses used in the majority of the previous
studies using naturally occurring NDV strains.***** We speculate
that the use of higher doses and administration of longer treatment
regimens would result in an even more significant oncolytic effect
and survival. Indeed, we show that treatment of B16-F10 tumors
at later stages with six doses of NDV was effective in induction of
tumor regressions, when compared to the untreated controls. In
further support of these conclusions, previous studies showed that
intratumoral and systemic administration of NDV were effective
in treatment of human neuroblastoma xenografts* and that mul-
tiple NDV doses were more effective than a single dose.

While our study used the syngeneic mouse melanoma model
as the primary assessment tool of the viral oncolytic efficacy,
we also show that the NDV(F3aa)-NS1 virus is a more effective
oncolytic agent in a variety of human tumor cell lines. In particu-
lar, the virus proved to be cytotoxic to all of the human malignant
melanoma cell lines tested, where it replicated to significantly
higher titers and formed larger syncytia than its NDV(F3aa) coun-
terpart. We speculated that these findings will be translated into
the oncolytic efficacy of the virus in the in vivo models of human
melanomas and other tumors. Studies are currently underway
to determine the oncolytic effect of the NDV(F3aa)-NS1 virus
against other human tumor types.

To our knowledge, this is the first report of the use of reverse
genetics to enhance the oncolytic efficacy of NDV through mod-
ulation of the innate immune responses. Influenza virus NSI1
protein exerts its anti-IFN effect through inhibition of RIG-I-
mediated activation of type I IFN promoter.®* Similar to influ-
enza NS1, proteins of other viruses have been previously shown
to block innate antiviral signaling, both at the level of type I IFN
induction and at the level of the response to circulating IFN. We
are currently investigating the therapeutic efficacy and safety of
recombinant NDV expressing these proteins against a variety of
tumor types. The use of this strategy may represent an attractive
means of maximizing the oncolytic efficacy of NDV, while main-
taining the safety margin of the naturally occurring NDV strains.

MATERIALS AND METHODS

Cell lines, antibodies, and other reagents. Human melanoma cell lines
SkMel-2, SkMel-119, and SkMel-197 cells were maintained in Roswell Park
Memorial Institute medium supplemented with penicillin, streptomycin,
and 10% fetal calf serum. Hep-2, A549, B16-F10, and Panc-1 cells were
maintained in high-glucose DMEM medium supplemented with 10% fetal
calf serum, penicillin, and streptomycin. HFF-1, SCC-15, SCC-25, and Vero
cells were maintained in MEM supplemented with 10% fetal calf serum,
penicillin, and streptomycin. Rabbit polyclonal serum to NDV and mouse
monoclonal anti-NS1 antibody were described previously.?** Antibody to
B-actin was from Sigma (St Louis, MO). Fluorochrome-conjugated sec-
ondary antimouse and antirabbit antibodies for microscopy were from
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Molecular Probes (Eugene, OR). Conjugated anti-CD4 and anti-CD8 anti-
bodies for flow cytometry were purchased from BD Pharmingen (San Jose,
CA). Cytotox lactate dehydrogenase (LDH) release assay kits were pur-
chased from Promega (Madison, WI). IFN-f3 ELISA kits were purchased
from PBL (Piscataway, NJ).

Virus cloning and rescue. The NDV mutant viruses with modified F
cleavage site (NDV(F3aa)) were previously described.* To generate
NDV (F3aa) virus expressing NS1, a DNA fragment encoding the influenza
A/PR/8/34 NS1 protein flanked by the appropriate NDV-specific RNA
transcriptional signals was inserted into the Xbal site created between the
P and M genes of pT7NDV/F3aa. Viruses were rescued from cDNA using
methods described previously’® and sequenced by reverse transcription
PCR for insert fidelity.

IFN induction bioassay and ELISA. To determine the amount of IFN
produced in cells infected with the different recombinant NDVs, we
modified a bioassay described previously.® Briefly, HFF-1 or Panc-1 cells
were infected in six-well dishes with the viruses of interest at MOI 0.1.
Infection supernatants were collected at different time points postinfec-
tion. The virus present in supernatants was inactivated in Stratalinker 1800
(Stratagene, Cedar Creek, TX) with six pulses of 300mJ/cm?* UV light.
Inactivated supernatants were then serially diluted and used to treat Vero
cells in 96-well plates for 6 hours. Supernatants from uninfected cells and
human IFN-B (R&D Systems, Minneapolis, MN) were used as negative
and positive controls, respectively. Vero cells were subsequently washed
and infected with NDV(B1)-GFP virus at MOI 0.1 for 20 hours. At 20
hours postinfection, the cells were examined for GFP expression under
fluorescent microscope. Presence of antiviral cytokines in the supernatant
induces an antiviral state in Vero cells, which prevents subsequent infec-
tion with NDV(B1)-GFP. In this assay, the amount of IFN is inversely pro-
portional to the amount of GFP expression. IFN-} secretion was further
measured by ELISA, according to the manufacturer’s instructions (PBL).

LDH release assays. Cells were infected in 12-well plates for 24, 48, and
72 hours in triplicate for each condition. At each time point, the media was
aspirated and the cells were washed with 1ml of PBS. The cells were sub-
sequently incubated with 1% Triton X-100 at 37°C for 30 minutes. LDH
activity in the lysates was determined using the Promega CytoTox 96 assay
kit, according to the manufacturer’s instructions.

Infections and virus titers. Cells of interest were incubated at room tem-
perature with the virus in 12-well culture dishes at the indicated MOIs in a
total volume of 100 ul. One hour after the incubation, the infection media
was aspirated and the cells were incubated at 37°C in 1 ml of DMEM with
0.3% bovine serum albumin. To the cells infected with wild-type NDV(B1)
virus 10% chick allantoic fluid was added to the medium to allow for
fusion protein activation. After 24, 48, and 72 hours, the supernatants
were collected and the virus titers were determined by serial dilution and
immunofluorescence in Vero cells.

Fluorescence microscopy. Cells were cultured on 10mm cover slips and
infected with viruses of interest at an MOI of 0.001. Twenty hours later, the
cells were fixed with 5% formaldehyde in PBS and permeabilized with 1%
Triton X-100. Proteins of interest were visualized by indirect immunofluo-
rescence. Cells were probed with specific primary antibody for 2 hours at
room temperature, washed, and labeled with secondary antibody conjugated
to a specific fluorophore. DAPI staining was used to visualize cell nuclei.
Labeled cells were visualized by laser scanning confocal microscopy (Leica
TCS-SP, Bannockburn, IL) with TCS-SP software for image capture.

Mouse experiments. Cultured B16-F10 cells (1 x 10°) were inoculated
into the right posterior footpad of 6-8-week old C57/BL6J mice in a total
volume of 50ul. On day 7 or on day 10 postinoculation, the mice were
treated by intratumoral injection of 5 x 10° NDV of interest or PBS, in a
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total volume of 50 pl. The treatments were repeated every other day for a
total of four or six treatments, respectively.

Tumor sizes and mouse weights were recorded every other day.
According to the institutional protocols, the animals were euthanized
when the tumors reached 8 mm in length. On day 25, all eight animals
from the control group and five animals from each treatment group were
euthanized, and their spleens, popliteal lymph nodes, and tumors were
collected. The remaining mice in each treatment group were observed for
120 days with measurement of tumor sizes every other day.

Splenocyte collection, IFN-y release, and CTL assays. Spleens were
removed from the euthanized animals, and splenocytes were isolated by
passing the spleens through 80 um nylon mesh filters. Cultured B16-F10 cells
(5 x 10°) were treated with 50 ug/ml of mitomycin C for 2 hours at 37°C to
induce cell cycle arrest. After the treatment, the cells were washed with PBS
and incubated with 1 x 107 splenocytes in Roswell Park Memorial Institute
medium with 10% fetal calf serum for 5 days. On day 3, the supernatants
were collected and tested for IFN-y release by ELISA using Quantikine M kit
(R&D Systems). On day 5, the splenocytes were collected, washed, counted,
and cocultured for 4 hours with 1 x 10° B16-F10 cells at the stimulator:effector
ratios of 1:1.25, 1:2.5, 1:5, 1:10, 1:20, and 1:40. Specific CTL activity was
determined by LDH release from the target cells utilizing the CytoTox 96
LDH kit from Promega according to the manufacturer’s instructions.

Flow cytometry. The tumors of killed animals were dissected and manu-
ally dissociated with scissors. Dissociated tissue was then collected and
incubated at 37 °C in 3 ml of Roswell Park Memorial Institute medium and
50 pl of Liberase Blendzyme 3 (Roche Diagnostics, Indianapolis, IN). After
30 minutes of incubation, 120l of 0.5M EDTA were added to the cell
homogenates and mixed for 5 minutes. Cells were then filtered using a
cell strainer and stained with anti-CD4, and anti-CD8 antibodies (GK1.5,
and 53-6.7, respectively; BD Pharmingen) and flow cytomety was done in
a Cytomics FC500 machine (Beckman Coulter, Miami, FL) and analyzed
using Flow]Jo software (Tree Star, Ashland, OR).

SUPPLEMENTARY MATERIAL

Figure S1. Genetically engineered NDV(F3aa)-NS1 suppresses the
induction of antiviral state in the infected cells.

Figure S2. Replication of NDV(F3aa) and NDV(F3aa)-NS1 viruses in
the interferon-deficient cell line Vero.
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