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ABSTRACT Oncolytic viruses represent an exciting new aspect of the evolving field
of cancer immunotherapy. We have engineered a novel hybrid vector comprising
vesicular stomatitis virus (VSV) and Newcastle disease virus (NDV), named recombi-
nant VSV-NDV (rVSV-NDV), wherein the VSV backbone is conserved but its glycopro-
tein has been replaced by the hemagglutinin-neuraminidase (HN) and the modified,
hyperfusogenic fusion (F) envelope proteins of recombinant NDV. In comparison to
wild-type VSV, which kills cells through a classical cytopathic effect, the recombinant
virus is able to induce tumor-specific syncytium formation, allowing efficient cell-to-
cell spread of the virus and a rapid onset of immunogenic cell death. Furthermore,
the glycoprotein exchange substantially abrogates the off-target effects in brain and
liver tissue associated with wild-type VSV, resulting in a markedly enhanced safety
profile, even in immune-deficient NOD.CB17-prkdcs<id/NCrCrl (NOD-SCID) mice, which
are highly susceptible to wild-type VSV. Although NDV causes severe pathogenicity
in its natural avian hosts, the incorporation of the envelope proteins in the chimeric
rVSV-NDV vector is avirulent in embryonated chicken eggs. Finally, systemic adminis-
tration of rVSV-NDV in orthotopic hepatocellular carcinoma (HCC)-bearing immune-
competent mice resulted in significant survival prolongation. This strategy, therefore,
combines the beneficial properties of the rapidly replicating VSV platform with the
highly efficient spread and immunogenic cell death of a fusogenic virus without risk-
ing the safety and environmental threats associated with either parental vector. Tak-
ing the data together, rVSV-NDV represents an attractive vector platform for clinical
translation as a safe and effective oncolytic virus.

IMPORTANCE The therapeutic efficacy of oncolytic viral therapy often comes as a
tradeoff with safety, such that potent vectors are often associated with toxicity,
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while safer viruses tend to have attenuated therapeutic effects. Despite promising
preclinical data, the development of VSV as a clinical agent has been substantially
hampered by the fact that severe neurotoxicity and hepatotoxicity have been ob-
served in rodents and nonhuman primates in response to treatment with wild-type
VSV. Although NDV has been shown to have an attractive safety profile in humans
and to have promising oncolytic effects, its further development has been severely
restricted due to the environmental risks that it poses. The hybrid rVSV-NDV vector,
therefore, represents an extremely promising vector platform in that it has been ra-
tionally designed to be safe, with respect to both the recipient and the environ-
ment, while being simultaneously effective, both through its direct oncolytic actions
and through induction of immunogenic cell death.

KEYWORDS chimeric virus, fusion protein, hepatocellular carcinoma,
immunotherapy, oncolytic virus, syncytia

epatocellular carcinoma (HCC) is the second most common cause of cancer-related
death worldwide (1), and the therapies that are currently available often provide only
marginal survival benefits at the cost of undesirable side effects. In recent years, great
progress has been made in the field of immune-based cancer therapy, offering the
potential for safe, systemic, and long-lasting tumor responses. However, the complex and
immune-suppressive microenvironment in the liver poses unique challenges, making HCC
a particularly daunting therapeutic target. Oncolytic viruses (OVs) offer a novel approach to
combat HCC, due to their inherent ability to cause direct tumor cell lysis while sparing the
surrounding normal tissue (2-5), as well as their potential to stimulate potent immune
responses directed against uninfected tumor cells and distant metastases (6, 7), resulting in
an elegant multimodal therapy. OVs, therefore, represent an ideal platform to debulk the
tumor, break immune tolerance, and launch powerful antitumor immune-mediated effects.
The first approval of an oncolytic virus by the U.S. Food and Drug Administration in 2015
(8) has prompted a surge of interest in the OV field. With the growing enthusiasm and
acceptance of OV therapies as promising cancer immunotherapeutics, the development of
improved, next-generation OVs is now under intense investigation. With myriad OV plat-
forms under development, an ongoing discussion in the field centers on the issue of which
virus platforms are the most promising. Recently, the members of the subclass of OVs that
encode a fusogenic protein have emerged as highly promising candidates due to their
abilities to induce efficient viral spread and oncolysis, as well as immunogenic cell death (9).
The aim of facilitating clinical translation via virus-engineering strategies is to
produce optimized oncolytic vectors that not only provide potent tumor cell-specific
cytotoxic effects and stimulate antitumor immune responses but also demonstrate
enhanced safety profiles. Unfortunately, in practice, it is difficult to achieve all of these
goals with a single oncolytic construct, as safety and efficacy are often at odds, making
it challenging to improve safety without compromising efficacy and vice versa. Among
the most promising OV vector platforms under development are vesicular stomatitis
virus (VSV) and Newcastle disease virus (NDV), both of which we have extensively
characterized as therapeutics for HCC over the past decade (10-13). Despite promising
preclinical data, the development of VSV as a clinical agent has been substantially
hampered by the fact that severe neurotoxicity and hepatotoxicity have been observed
in response to treatment with wild-type VSV (14-16). Furthermore, there has been a
reported case of VSV-induced encephalitis in a child (17). In contrast, NDV has been
shown to be a potent oncolytic agent with an attractive safety profile in humans in
phase | and Il clinical trials (18, 19). However, this virus poses an environmental and
economic risk to the poultry industry, as it is a severe pathogen in its avian hosts. The
mesogenic and velogenic strains of NDV were classified as select agents by the U.S.
Department of Agriculture in 2008 (www.selectagents.gov), which has severely im-
peded the further clinical development of oncolytic NDV as a therapeutic agent.
A major benefit of NDV as an oncolytic virus is that, as a member of the paramyxo-
virus family, its viral envelope, comprising a hemagglutinin-neuraminidase (HN) and a
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fusion (F) protein, mediates fusion of infected cells with their neighboring uninfected
cells. This produces large multinucleated syncytia and thus provides a potent mecha-
nism for viral spread and tumor cell killing via multimodal responses. As part of the
virus life cycle, the translated viral glycoproteins become embedded in the host cell
membrane, allowing newly produced virions to become incorporated in their enve-
lopes through the process of budding from the cell. Viral fusion proteins that are
exposed to the cell surface of infected cells also trigger fusion with plasma membranes
of neighboring cells, leading to a chain reaction in which a single virion can potentially
infect and kill dozens of surrounding cells by pulling them into the growing syncytium.
In addition to fusion being a potent mechanism of intracellular virus spread and tumor
cell killing, this mechanism of cell death by syncytium formation has now been fittingly
characterized as immunogenic cell death (ICD) (20). Infected cells expose several
proinflammatory danger signals, including calreticulin (CRT) on the plasma membrane
(ecto-CRT), as well as the release of ATP, high-motility group box 1 (HMGB1), and heat
shock proteins 70 and 90 (Hsp70 and Hsp90) (21). These danger signals activate
dendritic cells (DCs), which in turn cross-present tumor-associated antigens (TAAs)
released by dying cells to cytotoxic CD8" T cells, thereby stimulating adaptive antitu-
mor immune responses (22). We have previously demonstrated that the incorporation
of a modified, highly fusogenic fusion protein [F3aa(L289A)] from NDV into the onco-
lytic VSV backbone resulted in enhanced intratumoral viral spread and significant
survival prolongation in orthotopic HCC-bearing rats (10, 23), as well as in head and
neck squamous cell carcinoma (24). However, because the attachment of this vector is
directed solely by the endogenous VSV glycoprotein, the tropism of the vector was not
altered compared to wild-type VSV. The transgene expression of NDV-F had the
singular function of causing the virus to induce fusion but had no effect on reducing
off-target effects, and the maximum tolerated dose was unaltered compared to the
parental rVSV vector (23).

Considering the positive and negative features of both VSV and NDV as oncolytic virus
platforms, we envisioned an optimized hybrid vector construct which would include the
beneficial elements of each virus but not the virus’s respective safety issues. We engineered
a chimeric virus based on the rapidly replicating VSV backbone, in which the tropism was
altered by replacing the endogenous glycoprotein with NDV'’s envelope proteins. The key
difference between this chimeric virus and the previously reported modified NDV-F(L289A)
protein vector (referred to here as “rVSV-F”) is that rVSV-NDV does not encode the
endogenous VSV glycoprotein G protein; therefore, the neurotropism and hepatic tropism
associated with targeting via VSV-G were ameliorated. Instead, rVSV-NDV expresses the
NDV HN protein, which mediates cellular attachment of the virus in the absence of VSV-G
and thereby alters the tropism of the virus.

Here we demonstrate for the first time that the chimeric rVSV-NDV vector causes
rapid and efficient syncytium formation in human HCC cell lines, with significantly
reduced cytotoxicity in healthy hepatocytes and neurons and no pathogenicity in
embryonated chicken eggs. This hybrid vector exhibits a substantial reduction in
toxicity in immunocompromised NOD.CB17-prkdcs</NCrCrl (NOD-SCID) mice, with an
elevation in the MTD by at least 1,000-fold compared to rVSV. The therapeutic effect is
potentially further enhanced through induction of immunogenic cell death, and we
demonstrate that the survival of orthotopic HCC-bearing mice could be significantly
prolonged by rVSV-NDV treatment, even when administered via systemic injection,
which is a notoriously inefficient administration route for oncolytic viruses. These
findings support the idea of the further development of rVSV-NDV for clinical transla-
tion as a novel vector platform for cancer immunotherapy for HCC.

RESULTS

Rescue and characterization of rVSV-NDV. To create the rVSV-NDV hybrid con-
struct, VSV glycoprotein G (VSV-G) was deleted from a plasmid carrying the full-length
VSV genome. To achieve protein levels for the NDV envelope proteins similar to those
achieved by the endogenous G, cDNAs encoding the modified NDV fusion protein
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FIG 1 Construction and in vitro characterization of the hybrid rVSV-NDV virus. (A) The endogenous glycoprotein of VSV was deleted from
a plasmid carrying the full-length VSV genome. The NDV glycoproteins, comprlsmg a modified fusion protein [NDV/F3aa(L289A)] and the
hemagglutinin-neuraminidase protein (NDV/HN), were inserted as discrete transcription units between the VSV matrix (M) and large
polymerase (L) genes. The genomes of rVSV, rINDV/F3aa(L289A), and rVSV-NDV are shown. The chimeric VSV-NDV vector was rescued using
an established reverse-genetics system. (B) Expression of viral genes was confirmed by indirect immunofluorescence analysis. Huh7 cells
were mock infected or infected with rVSV or rNDV or rVSV-NDV at an MOI of 0.001 for 24 h. Immunofluorescence analysis was performed
using primary antibodies against VSV-G, VSV-M, or NDV-HN and the appropriate fluorescence-labeled secondary antibodies. Cells were
counterstained with DAPI (4',6-diamidino-2-phenylindole) for localization of nuclei. Representative fields of view are shown at X400
magnification.

VSV-M

NDV-HN

[F3aa(L289A)] and the hemagglutinin neuraminidase (HN) protein were cloned into the
site formerly occupied by VSV-G (Fig. 1A). The gene order of F and HN as they naturally
occur in the NDV genome was conserved. After applying the established reverse
genetics system, we were able to observe syncytia in BHK-21 monolayers. The rescued
virus was characterized in vitro by indirect immunofluorescence, whereby rVSV-NDV-
infected Huh7 cells were compared to uninfected cells and those infected with rVSV
and recombinant NDV harboring the F3aa(L289A) mutation and expressing the GFP
reporter gene [rNDV/F3aa(L289A)-GFP] (referred to here as “rNDV”). As expected, cells
infected with the newly rescued rVSV-NDV vector did not express the VSV-G, although
expression of the VSV matrix protein (M) was maintained, and cells additionally
expressed the NDV-HN protein in their cytoplasm and cell membranes (Fig. 1B). In
contrast, cells infected with the control rVSV alone expressed the VSV-G and VSV-M
proteins, while infection with rNDV alone led to positive staining for the NDV-HN
protein. Unfortunately, we do not know of a commercially available antibody that is
able to detect the NDV-F protein by immunofluorescence. However, further analysis of
the immunofluorescent images reveals that, while VSV infection produces a classical
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cytopathic effect (CPE) throughout the monolayer, infection of cells with rVSV-NDV
seems to spread intracellularly in a pattern consistent with fusion-mediated syncytium
formation. Furthermore, the presence of the F gene was confirmed by reverse
transcription-PCR (RT-PCR) analysis of RNA isolated from infected cells (data not shown).

rVSV-NDV can replicate in human HCC cells and cause efficient cytotoxicity. In
order to assess the ability of the hybrid rVSV-NDV vector to replicate in HCC cells, we
utilized the Huh7 and HepG2 human HCC cell lines as representative tumor cells and
compared rVSV-NDV with rVSV and rNDV in terms of their relative abilities to replicate
and kill the cells. Interestingly, although rVSV-NDV replication was highly attenuated
compared to the levels seen with the parental VSV and NDV vectors, with titers up to
4-logs lower than the VSV levels, this minimal amount of viral replication of rVSV-NDV
was sufficient to result in complete cell killing in vitro within 72 h after an infection at
a multiplicity of infection (MOI) of 0.01 (Fig. 2A). Although lactate dehydrogenase (LDH)
assays seemed to demonstrate a slightly reduced level of cytotoxicity at early time
points after infection with rVSV-NDV compared to the parental viruses, we believe this
to be an artifact of the assay, rather than a reflection of a delayed response to the virus.
This interpretation is supported by microscopic analysis of infected Huh7 cells per-
formed at different time points postinfection, in which we observed clear syncytium
formation as early as 18 h postinfection (as indicated by arrows in Fig. 2B) and complete
destruction of the monolayers by 48 h after infection at an MOI of 0.01. Compared to
cells infected with the parental viruses under the same circumstances, the observed
cytopathic effects occurred more rapidly than in rNDV-infected cells and at a rate
similar to that achieved in rVSV-infected cells. (Fig. 2B). Comparable results were
observed in infected HepG2 cells (data not shown). These results indicate that rapid
induction of cell-cell fusion, leading to extensive syncytial spread, is a highly efficient
mechanism of OV-mediated killing, which potentially bypasses the need for high levels
of virus replication.

VSV vectors induce various patterns of cytopathic effects depending on the
combination of VSV and NDV glycoproteins expressed. In order to observe the
effect of glycoprotein exchange or additional glycoprotein expression in the context of
VSV replication and spread, we infected Huh7 cells with the following VSV constructs
at an MOI of 0.01: rVSV (encoding the wild-type VSV genome, including the endoge-
nous VSV-G), r'VSV-F (in which the modified NDV F protein is expressed as a transgene
in addition to the endogenous VSV-G [23]), and rVSV-NDV (where the VSV-G has been
exchanged with NDV envelope proteins F and HN). Microscopic analysis at 24 h
postinfection revealed very different morphologies of cell death, depending on which
virus vector was used (Fig. 3A). While rVSV resulted in classical cytopathic effect (CPE)
by cell rounding, rVSV-F caused two distinct patterns of cell death: cell rounding and
syncytium formation. In contrast, infection with rVSV-NDV resulted in cell death exclu-
sively via syncytium formation. This demonstrates that the deletion of VSV-G com-
pletely abrogates the classic CPE mediated by VSV and that the chimeric VSV-NDV
vector is, therefore, able to spread only by cell-cell fusion. In line with the microscopic
analysis, virus growth curves revealed that rVSV-F replicated to slightly higher titers
than rVSV, while rVSV-NDV replication was highly attenuated compared to that seen
with both of the other viruses (Fig. 3B). Cytotoxicity data, as determined by LDH assay,
similarly revealed that rVSV-F caused slightly faster and more potent tumor cell killing
than rVSV, although these results were not statistically significant (Fig. 3C).

Retargeting VSV with NDV envelope proteins does not alter the sensitivity of
the vector to the antiviral actions of IFN and results in substantial attenuation in
healthy hepatocytes and neurons. In order to rule out the possibility that the
glycoprotein exchange inadvertently resulted in a loss of sensitivity of the vector to
the antiviral actions of type | interferon (IFN), an IFN protection assay was per-
formed. The exquisite sensitivity of VSV to type | IFN is a key mechanism of tumor
specificity, as tumor cells are often defective in their IFN signaling pathways, while
healthy cells can efficiently clear the virus via IFN-responsive genes. To assess the
sensitivity of rVSV-NDV to type | IFN, an IFN-sensitive cell line (A549) was pretreated
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FIG 2 rVSV-NDV can replicate in HCC cell lines and cause complete cytotoxicity. (A) Human HCC cell lines (Huh7 [left] and HepG2 [right]) were infected with
rVSV or rNDV or rVSV-NDV at an MOI of 0.01. Cell monolayers were lysed at various time points postinfection for intracellular titer measurement by TCID,,
analysis. At the same time, aliquots of the supernatant were collected to quantify cytotoxicity using an LDH assay. Experiments were performed in triplicate,
and data are presented as means * standard deviations. (B) Additional Huh7 cells were mock infected or infected with rVSV or rNDV or rVSV-NDV at an MOI
of 0.01, and photomicrographs of cell monolayers were captured at various time points postinfection at X200 magnification (bottom panels). Arrows indicate
early syncytial formation. Representative fields of view are shown.
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FIG 3 Adjusting the combination of glycoproteins expressed by VSV results in altered patterns of virus spread and tumor cytotoxicity.
(A) Huh7 cells were mock infected or infected with rVSV or rVSV-F or rVSV-NDV at an MOI of 0.01. Representative photomicrographs
were captured at X400 magnification at 24 h postinfection to compare the patterns of virus-mediated cytopathic effects. Scale bars =
100 wm. (B) Aliquots of supernatants from Huh7 cells were collected at the indicated time points after infection with rVSV or rVSV-F
or rVSV-NDV at an MOI of 0.01 and subjected to TCID,, analysis of virus titers. (C) Additional aliquots of supernatant were used for
quantification of cytotoxicity by LDH assay. Mean values and standard errors of the means (SEM) representative of results of 2

individual experiments performed with triplicate samples are shown.

with increasing doses of universal type | IFN prior to infection with rVSV-NDV, rVSV,
or rNDV at an MOI of 0.01. Although this assay revealed a relative insensitivity of
rNDV to type | IFN, which is contradictory to our previous findings (11), the
rVSV-NDV vector was clearly attenuated by the addition of IFN, irrespective of the
applied IFN dose, and titers were reduced to levels similar to those observed for
VSV (Fig. 4A).

To further assess the tumor specificity of rVSV-NDV, we next plotted growth curves
and performed cytotoxicity assays in normal primary human hepatocytes (PHH) and
healthy mouse neurons. Very little replication of the pseudotyped vector could be
observed in either cell type over time, and the titers were approximately 5 logs lower
than the control VSV vector titers at 48 h postinfection and 3 logs lower than the rNDV
titers corresponding to the same time point in primary hepatocytes (Fig. 4B and C).
Although nearly all hepatocytes were dead by 72 h postinfection with rVSV, almost no
cytotoxicity could be observed by LDH assay in cells infected with rVSV-NDV (P value
for rVSV-NDV versus rVSV at 72 h, <0.05) (Fig. 4B), representing a level which was
significantly reduced compared even to that seen with rNDV, which is not known to be
hepatotoxic (P = <0.05). While rVSV caused rapid cytotoxicity in primary neurons, both
rNDV treatment and rVSV-NDV treatment led to significantly higher cell viability at all
time points investigated (P < 0.05) (Fig. 4C) and produced no signs of syncytia (data not
shown). Taking the data together, rVSV-NDV showed little evidence of replication or
cytopathic effects in primary healthy cells in vitro, indicating that off-target replication
was greatly diminished compared to rVSV replication.

The chimeric VSV-NDV virus is nonvirulent in embryonated chicken eggs. In
order to characterize the pathogenicity of rVSV-NDV in birds, we performed a standard
mean death time (MDT) assay in embryonated chicken eggs. Eggs were inoculated with
increasing doses of rVSV-NDV or of recombinant NDV control vectors expressing the
green fluorescent protein (GFP) reporter (rNDV-GFP) in order to determine the mini-
mum lethal dose (MLD) and MDT of each. These values were used to determine the
pathogenicity classification of each virus. Consistent with our previous findings, rNDV-
GFP caused an MDT of approximately 80 h, corresponding to a mesogenic (moderately
pathogenic) classification. In contrast, rVSV-NDV did not result in complete lethality of
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FIG 4 rVSV-NDV is sensitive to antiviral type | interferon, and its replication and cytoxicity are attenuated in healthy hepatocytes and
neurons. (A) IFN-sensitive A549 cells were infected with rVSV or rNDV or rVSV-NDV at an MOI of 0.01. Cells were lysed at 48 h postinfection,
and intracellular viral titers were measured by TCID,, analysis. Experiments were performed in triplicate, and mean values * standard
errors of the means of the results are shown. (B and C) Primary human hepatocytes (B) or primary embryonic mouse neurons (C) were
infected at an MOI of 0.01 with rVSV, rNDV, or rVSV-NDV. Cell lysates were subjected to TCID, analysis of intracellular virus titers at various
time points. Additionally, aliquots of supernatant were collected at various time points to quantify cytotoxicity using either an LDH assay
(for hepatocytes) or an MTS assay (for neurons). Experiments were performed in triplicate, and means * standard errors of the means of
the results are shown. *, P < 0.05.

embryos, even at the highest inoculated dose tested (104 50% tissue culture infective
doses [TCID,]), making it impossible to determine an MDT within the 7-day duration
of the assay. These findings indicate that the chimeric VSV-NDV vector can be classified
as lentogenic, or nonvirulent, in avian species. The results of this assay are summarized
in Table 1.

Virus-mediated syncytium formation in HCC cells leads to immunogenic cell
death. As syncytium formation is known to cause immunogenic cell death (ICD), we
aimed to demonstrate that the replacement of VSV's glycoprotein G with the fusogenic
envelope proteins of NDV would lead to an induction of ICD that could potentially
contribute to immune-mediated therapeutic effects of the virus in vivo. To this end,
Huh7 cells were mock infected or infected with rVSV, rNDV, or rVSV-NDV for 24 h and
analyzed for the expression of various ICD markers, namely, the release of ATP,
high-mobility group box 1 (HMGB1), and heat shock proteins 70 and 90, as well as for
the surface exposure of calreticulin (ecto-CRT). In an immunofluorescent assay, we
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TABLE 1 Mean death time assay

VSV-NDV death time (h)® NDV-GFP death time (h)®
Inoculated dose
(TCID,,) 1 2 3 4 5 1 2 3 4 5
10
100 168 88 88 72 88 72
1,000 168 168 72 88 65 65 88
10,000 168 65 65 65 65

aMinimum lethal dose (MLD), not applicable (NA); mean death time (MDT), NA; classification,
lentogenic/nonvirulent.
PMLD, 100 TCID5o; MDT, 81.6 h; classification, mesogenic.

observed substantially enhanced expression of ecto-CRT in rNDV- and rVSV-NDV-
infected Huh7 cells compared to mock- or rVSV-infected cells. Ecto-CRT colocalized with
cell membranes stained with CellMask Deep Red (Fig. 5A). Furthermore, significantly
higher concentrations of ATP were measured in the supernatants of rVSV-NDV-infected
cells than in those of cells in any of the other treatment groups (Fig. 5B). While relatively
low levels of HMGB1, Hsp70, and Hsp90 were released into the supernatant of rVSV-
infected cells, infection with both rNDV and rVSV-NDV resulted in high levels of all three
secreted markers for immunogenic cell death, as detected by Western blotting (Fig. 5C).
Taken together, these results indicate that, in addition to the potent direct cytotoxicity
caused by infection with the chimeric rVSV-NDV vector, in vivo treatment with this virus
could provide the additional benefit of enhanced immune responses directed against
the tumor, mediated by ICD.

rVSV-NDV demonstrates enhanced safety compared to rVSV in immunodefi-
cient mice. In order to assess the safety of the pseudotyped rVSV-NDV vector in vivo,

k%

6+

A CRT Cell mask Merge B
ATP release
%) *%
g 8 —

4+

VsV

ATP concentration nM
N
1

PBS VSV NDV  VSV-NDV

3 C  pBS NDV VSV VSV-NDV

Hsp90

Hsp70
g
: ,
g HMGB1

%

FIG 5 The chimeric rVSV-NDV vector causes immunogenic cell death. Huh7 cells were mock infected (PBS) or infected with rVSV, rNDV,
or rVSV-NDV at an MOI of 0.01 for 24 h. (A) Monolayers were analyzed for ecto-calreticulin (CRT) (green) by indirect immunofluorescence
analysis. Cell membranes were localized using CellMask staining (red). Representative sections with single stainings and merged images
are shown at X400 magnification. Scale bar = 100 um. (B) Aliquots of conditioned medium were collected and subjected to ATP
measurement using a standard kit. The experiment was performed in triplicate, and means =+ standard errors of the means of the results
are shown (**, P value for rVSV-NDV versus VSV, <0.005; ***, P value for rVSV-NDV versus NDV, <0.0005). (C) The conditioned media
collected 48 h postinfection at an MOI of 0.01 were concentrated, and 10 ug of protein samples was subjected to Western blot analysis
for detection of released HMGB1, Hsp70, and Hsp90.
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immune-deficient male NOD-SCID mice were randomized for treatment by tail vein
injection with either rVSV-NDV or the control rVSV-GFP virus at increasing doses in log
increments. Immune-deficient mice were chosen for this study, since they are known to
be extremely susceptible to VSV, and any improvement in safety could therefore be
easily identified in this model. A traditional 3-plus-3 Fibonacci dosing scheme was
applied, in which 3 mice are initially assigned to each dose level, and in the case of
dose-limiting toxicity (DLT), 3 additional mice can be added to that dose level. If no
additional DLTs occur at that dose, the dose is considered safe. Mice were monitored
daily for body weight and overall physical appearance, and they were euthanized at
humane endpoints. All mice treated with rVSV at doses of 105 TCID,, and higher
experienced outward signs of toxicity, including excessive weight loss, altered posture,
and neurological issues such as circling and limb paralysis (summarized in Fig. 6A).
Histological evaluation of tissue extracted upon necropsy from these mice revealed
heavy intrasinusoidal edema, moderate acute hepatitis with single-cell and small-group
necrosis, and apoptosis of hepatic tissue, as well as acute necrosis in the brain stem,
with degenerating glial cells exhibiting pyknosis and karyorhexis (Fig. 6B). TCIDs,
analysis of tissue lysates revealed quantifiable levels of infectious VSV in the liver and
brain (Fig. 6B). Mice treated with 10% TCIDs, of rVSV did not show any outward
alterations in appearance or body weight and remained healthy throughout the study.
Therefore, the maximum tolerated dose (MTD) of rVSV in NOD-SCID mice was deter-
mined to be 10* TCID,. In contrast, doses of up to 10° TCID;, of rVSV-NDV were well
tolerated without the onset of any alterations in health status or body weight (Fig. 6A).
Injection of 107 TCID,, led to toxicities in one mouse (body weight loss and overall poor
appearance) in the first group of 3 mice treated at this dose. Investigations with 3
additional mice treated at the same dose of rVSV-NDV revealed no further toxic events.
Histological examination of liver and brain revealed no abnormal pathological signs,
and no infectious virus could be recovered from the blood, liver, or brain upon
euthanasia, indicating that no viremia had occurred. Plasma measurements of liver
function (glutamate-pyruvate transaminase [GPT]) and kidney function (blood urea
nitrogen [BUN] and creatinine) were within normal range, and histological examination
of liver and brain revealed no abnormal findings. We therefore determined 107 TCID;,
to be a safe dose for rVSV-NDV in this model. Based on these data, we can summarize
that the MTD of rVSV-NDV is elevated at least 1,000-fold in immune-deficient NOD-SCID
mice compared to rVSV (107 versus 10% TCIDs).

Tail vein injection of rVSV-NDV results in a doubling of the mean survival time
in orthotopic HCC-bearing mice. To assess a potential therapeutic benefit of the
chimeric VSV-NDV construct as an oncolytic agent, orthotopic, multifocal HCC lesions
were induced in immunocompetent AST mice (Fig. 7). After confirmation of intrahe-
patic tumors, tail vein injections of rVSV or rVSV-NDV, at a dose of 107 TCIDs,, or of
phosphate-buffered saline (PBS) were administered twice with a 1-week interval be-
tween injections. Mice were monitored regularly, and survival times posttreatment
were plotted. Not surprisingly, rVSV-GFP was not effective in prolonging survival
compared to PBS treatment (P> 0.5), most likely due to the relatively low tumor
transduction efficiency of viruses injected via systemic tail vein injection of virus, a
phenomenon which is well accepted in the field. In contrast, treatment with rVSV-NDV
resulted in statistically significant (P << 0.005) survival prolongation compared to PBS
treatment (Fig. 7Q). Strikingly, the median survival time was nearly doubled in the
rVSV-NDV treatment group compared to the PBS treatment group (35 days versus
18 days). Whether the survival prolongation afforded by systemically administered
rVSV-NDV was primarily mediated by direct oncolytic effects or via immune-stimulatory
responses could not be determined in this experiment and will be investigated closely
in follow-up mechanistic studies.

DISCUSSION
In light of mounting data documenting the success of various cancer immunothera-
peutics and the recent clinical approval of the herpes simplex virus (HSV) expressing
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FIG 6 The maximum tolerated dose (MTD) of rVSV-NDV is elevated by 3 logs compared to that of rVSV in immunodeficient
mice. Immunodeficient male NOD-SCID mice were treated by tail vein injection with increasing doses of rVSV-GFP or rVSV-NDV
in a classic 3-plus-3 dosing scheme. Mice were monitored daily for the onset of dose-limiting toxicities and euthanized at
humane endpoints. (A) A summary of the administered doses and of the occurrence of toxic events for each virus is shown
in tabular form, as well as by a Kaplan-Meier survival curve. Red boxes in the graph legend indicate the respective MTD values
for the viruses. (B) Hematoxylin-eosin staining of liver tissue revealed small-group necrosis of hepatocytes after rVSV treatment,
marked by hepatocellular degeneration with karyolysis, as indicated by short black arrows (top left panel). Acute necrosis in
the brain stem was observed after rVSV application, with degenerating glia cells exhibiting pyknosis and karyorrhexis, as
indicated by long black arrows (top right panel) and by positive immunohistochemical staining (brown) for cleaved caspase-3
(bottom right). Representative images are shown; scale bars equal 50 um. Viral titers were quantified in brain and liver tissue
lysate obtained from mice receiving rVSV after demonstrating signs of toxicity (bottom left). Means + standard errors of the
means (SEM) are shown.

granulocyte-macrophage colony-stimulating factor (GM-CSF), marketed as Imlygic,
there is currently a surge of enthusiasm for the further development of improved
viroimmunotherapeutics for cancer. Researchers now face the challenge of selecting an
optimal vector platform to maximize direct oncolysis and immune-mediated effects
while restricting off-target toxicity.
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FIG 7 Tail vein injection of rVSV-NDV results in a significant survival prolongation in orthotopic, multifocal HCC-bearing mice. (A) Orthotopic HCC lesions were
induced in male AST mice by injection of 2.5 X 108 PFU of rAd-Cre. Upon reaching the inclusion criteria, as determined by weekly magnetic resonance (MR)
monitoring, mice were randomized to receive 2 weekly injections of rVSV-GFP, rVSV-NDV, or PBS. (B) The inducible HCC model results in heterogeneous,
multifocal intrahepatic lesions that are visible macroscopically and also visible by T2-weighted magnetic resonance imaging (MRI) using a small-animal 7T MR
device. (C) Mice were monitored daily and euthanized at humane endpoints. Survival times posttreatment were plotted as a Kaplan-Meier survival curve.

Statistical significance was determined by the log rank test. P value for rVSV-NDV treatment versus PBS = 0.0042.

Vesicular stomatitis virus (VSV) represents an attractive oncolytic virus choice due to
various advantageous features, such as a rapid replication cycle, the ability to infect a
wide range of host cells and to produce high-titer stocks, the restriction of virus
replication to the cell cytoplasm to avoid integration into host genomes, and a lack of
preexisting immunity in most humans. Over the last decade, encouraging therapeutic
effects have been reported, using numerous recombinant VSV vectors in a variety of
tumor models (25). In particular, we have demonstrated promising survival prolonga-
tions with the application of rVSV by hepatic arterial delivery in orthotopic HCC-bearing
rats (10, 12, 13, 26), and a phase | clinical trial of a VSV vector expressing human IFN-3
is ongoing in patients with advanced refractory liver cancer (ClinicalTrials.gov identifier
NCT1628640). However, despite these promising developments, the clinical translation
of VSV as an oncolytic vector has been greatly hindered by its notoriously narrow
therapeutic index, with the onset of dose-limiting neurotoxicity and hepatotoxicity
when administered at elevated doses. To improve the safety of oncolytic VSV vectors,
researchers have investigated a variety of approaches, including the modification of the
matrix protein to enhance cellular antiviral responses (27, 28), the introduction of
microRNA target sequences to alter the tropism of the virus (29, 30), and, more recently,
the exchange of the targeting glycoprotein for that of a safer heterologous virus (31,
32). Although these approaches can be effective in reducing off-target replication of
VSV, the cytopathic effects are also often attenuated in the target tumor cells.

In this study, we describe a novel chimeric vector in which the VSV glycoprotein has
been replaced by the envelope proteins of oncolytic NDV. It has previously been
reported that the introduction of a polybasic protease cleavage site into the fusion
protein of the Hitchner B1 strain of NDV (rNDV/F3aa) allows efficient syncytium
formation in a wide range of cells in the absence of exogenous proteases (33). We have
demonstrated that further modification of the F3aa-modifed fusion protein via a
leucine-to-alanine substitution at amino acid 289 (L289A) caused substantially greater
syncytial formation and tumor necrosis than was seen with the virus bearing only the
F3aa mutation, without inducing any additional toxicity (11). We have also reported
that the incorporation the gene encoding this modified hyperfusogenic F protein into
the rVSV genome as an additional transcription unit resulted in cell-cell fusion and
enhanced tumor cell killing. However, because the endogenous VSV G glycoprotein
was also expressed in this construct, there was no effective mechanism in place for
detargeting the brain or liver, and this vector was, therefore, no safer than the wild-type
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VSV. In the current report, we describe, for the first time, a chimeric VSV-NDV vector in
which the VSV-G was replaced by the hyperfusogenic F and HN proteins of NDV, which
simultaneously addresses safety and efficacy issues.

By generating a hybrid of these two very promising oncolytic viruses, we hypoth-
esized that the benefits would be 3-fold as follows. (i) The virus would be safe, both for
the recipients and for the environment. (ii) The virus would spread efficiently from cell
to cell. (i) Immunogenic cell death would be induced by fusion-mediated syncytium
formation. Off-target replication was shown to be minimized by the glycoprotein
exchange, allowing substantially higher doses of virus to be administered without toxic
effects (Fig. 6). Furthermore, this hybrid virus also appears to be safe in avian hosts. This
can be explained by the fact that the pathogenicity of NDV in birds is a consequence
of an avian species-specific IFN-a/B antagonist encoded by the viral V protein, which is
a product of gene editing of the viral phosphoprotein (34, 35). As this gene was not
included in our hybrid construct, rVSV-NDV was not expected to cause virulence in
birds. Indeed, inoculation of embryonated chicken eggs with rVSV-NDV resulted in
titers approximately 4-logs lower than that produced by rNDV (data not shown), and a
mean death time assay indicated that the hybrid virus can be classified as lentogenic.
By definition, this engineered vector is not expected to pose a threat to the environ-
ment, giving it a significant advantage over many oncolytic NDV vectors under devel-
opment, which are primarily mesogenic strains.

By replacement of the VSV glycoprotein with the NDV envelope proteins, virus
spread is mediated via direct cell-to-cell fusion, allowing efficient cytotoxic effects in
tumor cells without the need for high virus titers. In fact, in the HCC cell lines, we
observed a similar rate of tumor cell death in vitro upon infection with rVSV-NDV,
despite substantially attenuated virus propagation compared to rVSV (Fig. 2). Moreover,
due to the direct infection of neighboring cells through fusion, the virus remains
primarily intracellular, an aspect that has several beneficial implications. First, because
the virus remains predominantly intracellular, the risk of exposure to neutralizing
antibodies and other antiviral immune mechanisms is minimized and could allow
prolonged replication kinetics in vivo and, potentially, justify repeated intratumoral
administrations of rVSV-NDV, even after the onset of neutralizing antibody responses.
Furthermore, we speculate that by altering the mechanism of virus-mediated cytotox-
icity to syncytium formation, we provide an additional mechanism of safety for the
modified virus, since fewer infectious virus particles are produced and released into the
surrounding tissue, which could potentially reduce or prevent viremia. This is in stark
contrast to the results that we saw with our previously reported rVSV-F vector, in which
the NDV fusion protein is expressed in addition to the endogenous VSV glycoprotein.
Because both the VSV and the fusogenic NDV glycoproteins are expressed in the rVSV-F
construct, the virus is able to replicate to very high titers and to spread both by classic
CPE and by syncytium formation. Therefore, although use of this vector did result in
enhanced efficacy in HCC through augmented viral spread, it did nothing to address
safety, and, in fact, the MTD for rVSV-F was the same as for wild-type VSV (23).

Finally, our engineered vector causes infected cells to display markers of immuno-
genic cell death to a much greater extent than is achieved by cells infected with rVsV.
By nature, viruses induce danger signals which result in the recruitment and activation
of professional antigen-presenting cells, such as dendritic cells (DCs), which in turn can
prime adaptive immune responses against specific tumor-associated antigens (TAAs).
Syncytium formation that is induced by the expression of paramyxoviral fusogenic
glycoproteins is known to trigger efficient presentation of TAAs by DCs (36), thus
leading to immunogenic cell death. Viruses expressing fusion proteins therefore act as
immune adjuvants to overcome the typically immunosuppressive tumor microenviron-
ment, as these infected cells expose or release danger-associated molecular patterns
(DAMPs) (37), such as the expression of ecto-CRT and the release of ATP, HMGBI,
Hsp70, and Hsp90, as demonstrated here (Fig. 5). This implies that in vivo therapy with
fusogenic rVSV-NDV could provide an additional therapeutic mechanism through
enhanced induction of adaptive immune responses directed against the tumor. Fur-
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thermore, it is possible to introduce additional foreign genes into the rVSV-NDV
backbone without causing additional attenuation of the virus (data not shown), indi-
cating that the incorporation of immune-stimulating genes and the use of this vector
as a vaccine platform would be feasible options to further improve the therapeutic
utility of the oncolytic virus.

Our preliminary in vivo efficacy studies demonstrated that the rVSV-NDV platform is
effective at prolonging survival of immunocompetent mice bearing orthotopic, multi-
focal HCC. This was especially striking given the fact that the virus was administered
systemically, a route which is known to be inefficient for delivering oncolytic viruses to
their tumor targets. Although additional mechanistic studies are necessary to investi-
gate the mechanism for the observed response, we hypothesize that the fusogenic
capacity of the virus circumvents the need for high titers of virus to accumulate within
the tumor, since single virions have the capacity to kill multiple cells through syncytium
formation and subsequent immunogenic cell death. We further speculate that admin-
istration of higher doses of rVSV-NDV, which are enabled by the enhanced safety, will
result in even more impressive therapeutic responses and survival outcomes. This
aspect will be addressed in future investigations.

Recently, those oncolytic viruses that encode a fusion protein, either endogenously
or via viral engineering, have entered the spotlight as optimal therapeutic candidates
for their abilities to combine the benefits of direct oncolytic activity and superior
immune stimulation (9). In particular, the envelope proteins of paramyxoviruses show
great promise as components of OV platforms. Paramyxovirus infection is coordinated
by the activities of two envelope glycoproteins: an attachment (hemagglutinin-
neuraminidase [HN]) protein and a fusion protein. An additional attractive feature of
these viruses is that the HN protein attaches to target cells via molecules containing
sialic acid residues, providing a convenient intrinsic targeting mechanism, as tumor
cells tend to overexpress sialoglycoproteins on their surface (38, 39). Furthermore, it is
thought that the sialidase activity of HN could offer a unique immune-stimulating
benefit through the removal of sialic acid residues from the surface of cancer cells. The
relatively high density of sialic acid glycoproteins has been correlated with the invasive
potential of a tumor by shielding tumor antigens and providing an immune escape
mechanism (37, 40, 41). Sialidase activity has been shown to stimulate natural killer (NK)
cell activity and induce T cell responses (42, 43). Therefore, the HN expression mediated
by the rVSV-NDV construct could provide the additional therapeutic benefit of NK cell
and T cell activation.

In anticipation of the further development of rVSV-NDV for clinical application, the
manufacturability of the vector is an important consideration. Our growth kinetics data
in Huh7 and HepG2 cells highlight the challenge encountered in efforts to produce
high titers of this virus, due to the rapid and efficient fusogenicity of infected cells,
which results in cell death before high titers can be reached. Nevertheless, we managed
to develop an optimized production protocol in the AGE1.CR Muscovy duck cell line,
which allowed us to produce titers of up to 3 X 108 TCID,,/ml. For our purposes, this
titer was sufficient for carrying out experiments in mice, but we anticipate that further
optimization steps and scaling up of the production process will allow us to manufac-
ture the high-titer stocks necessary for clinical studies.

In conclusion, this report represents a critical step toward the establishment of an
optimal vector platform that is safe and potentially extremely effective. The data presented
here indicate that chimeric VSV-NDV will be at least as efficient in killing HCC as rVSV is, and,
with a significantly enhanced safety profile, it allows higher doses to be applied without
inducing dose-limiting side effects. In vivo efficacy will be further characterized in preclinical
investigations that are under way. Moreover, although our current therapeutic target is
HCC, there is nothing inherently HCC specific about this vector, and it has the potential to
be effective in many other tumor settings, which will also be investigated in follow-up
studies. We therefore suggest, for the many reasons discussed here, that rVSV-NDV repre-
sents an extremely promising platform for future development as a viroimmunotherapeutic
for clinical translation as an effective and safe cancer therapy.
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MATERIALS AND METHODS

Viruses. Recombinant VSV vectors expressing the green fluorescent protein (GFP) reporter (referred
to here as “rVSV”) or the modified NDV-F(L289A) protein (referred to here as “rVSV-F") were previously
described (23, 44). Stocks were produced in baby hamster kidney cells (BHK-21) and purified by sucrose
gradient, in accordance with our previously established protocol (10). Recombinant NDV harboring the
F3aa(L289A) mutation and expressing the GFP reporter gene [rNDV/F3aa(L289A)-GFP] (referred to here
as “rNDV”) was engineered and rescued as previously described (11). The virus was amplified in
embryonated pathogen-free chicken eggs (Charles River Laboratories) and purified by the use of a
sucrose gradient as previously described (11).

Recombinant rVSV-NDV was produced by first modifying a plasmid carrying the full-length VSV genome
(PVSV-XN2) and expressing the F3aa(L289A)-modified fusion protein of NDV as an additional transcription
unit between VSV's glycoprotein (G) and large polymerase (L) genes (23). The endogenous G was then deleted
by digestion with Mlul and Xhol restriction enzymes, which recognize the unique restriction sites in the 5" and
3’ noncoding regions of G, respectively. Following blunting and self-ligation of the G-deleted plasmid, a short
oligonucleotide linker was inserted at the unique Nhel restriction site following the NDV F gene to create a
multiple cloning site for insertion of the HN gene. The HN gene was amplified by PCR from a plasmid carrying
the full-length NDV genome, utilizing primers to introduce Pacl and Pmel restriction sites at the 5" and 3’ ends
of the PCR product, respectively, for insertion into the newly incorporated restriction sites in the G-deleted
VSV-NDV/F3aa(L289A) plasmid (see Fig. 1 for the final construct). The resulting plasmid was subjected to
sequence analysis to confirm the fidelity of the PCR insertion, as well as the intergenic transcription start and
stop sequences and the gene order. Finally, the infectious virus, referred to here as “rVSV-NDV,” was rescued
using the established reverse genetics system for rescuing negative-strand RNA viruses (45) with a slight
modification in that a plasmid encoding the VSV-G protein was cotransfected along with the standard rescue
plasmids encoding the nucleocapsid (N), phosphoprotein (P), and L. Virus stocks for in vitro experiments were
concentrated from BHK-21 cell lysates and supernatants using Amicon Ultra centrifugal filters (Merck-
Millipore, Burlington, MA) with a 100-kDa size cutoff and purified by sucrose gradient as previously described
(10). Stocks for in vivo experiments were produced in AGE1.CR cells (ProBioGen AG, Berlin, Germany) and
concentrated by ultracentrifugation, followed by purification on sucrose gradients.

Cell lines and primary cell culture. BHK-21 cells were purchased from the American Type Culture
Collection (ATCC, Rockville, MD) and were maintained in Glasgow minimum essential medium (GMEM)
(Gibco, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS). Two human HCC cell lines
(HepG2 and Huh7) were obtained from Ulrich Lauer (University Hospital Tubingen, Tiibingen, Germany)
and maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS, 2 mM
L-glutamine, and T mM sodium pyruvate, as well as penicillin/streptomycin and nonessential amino acids.
A549 cells were obtained from the ATCC and cultured in the same medium as the HCC cell lines. AGE1.CR
cells (ProBioGen AG, Berlin, Germany) were cultured in DMEM/F12 medium containing I-glutamine
(Biowest, Nuaillé, France) supplemented with 5% FBS and penicillin/streptomycin. Primary human
hepatocytes (PHH) were derived from patients (negative for hepatitis B and C virus and human
immunodeficiency virus) who had undergone surgical resection of liver tumors, in accordance with the
guidelines of the charitable state-controlled Human Tissue and Cell Research (HTCR) foundation (Re-
gensburg, Germany) (46). The hepatocytes were isolated using a two-step collagenase perfusion tech-
nique, as previously described (47), and were maintained in HepatoZYME-SFM medium (Gibco-
Invitrogen, Karlsruhe, Germany). Primary embryonic cortical neurons were dissociated from E16.5 C57/BI6
mouse embryos as previously described (48). This procedure was performed in accordance with the
European Communities Council Directive (2010/63/EU) and in compliance with the German animal
welfare law. Neuronal cultures were maintained in neurobasal medium (Gibco) supplemented with 2%
B-27 (Thermo Fisher Scientific, Waltham, MA), 0.5mM L-glutamine, and 1% penicillin/streptomycin. All cell
lines and primary cells were maintained in a 37°C humidified incubator with 5% CO.,.

Indirect immunofluorescence assay. Huh7 cells were plated at a density of 10° cells per well in 8-well
chamber slides (Corning Life Sciences, Corning, NY). Wells were mock infected or infected with rVSV, rNDV, or
rVSV-NDV in duplicate at a multiplicity of infection (MOI) of 0.001 for 24 h. For detection of viral proteins, the
cells were fixed for 15 min in 4% paraformaldehyde (PFA) prior to indirect immunofluorescent analysis using
antibodies against VSV-G (Rockland Immunochemicals, Limerick, PA), VSV-M (matrix protein) (Kerafast Inc,,
Boston, MA), and NDV-HN (Santa Cruz Biotechnology, Santa Cruz, CA) with appropriate fluorochrome-labeled
secondary antibodies (Jackson ImmunoResearch, West Grove, PA). Cells were counterstained with DAPI
(4' 6-diamidino-2-phenylindole) for localization of nuclei. For detection of ecto-CRT, live cells in culture were
incubated with a monoclonal rabbit anti-CRT antibody (Cell Signaling Technology, Danvers, MA) for 1 h at
37°C, washed 3 times with phosphate-buffered saline (PBS), and then incubated with a fluorescein isothio-
cyanate (FITC)-conjugated goat anti-rabbit secondary antibody (Jackson ImmunoResearch, West Grove, PA)
diluted in fresh cell medium. After washing, cell membranes were labeled using CellMask Deep Red (Thermo
Fisher Scientific, Waltham, MA) according to the manufacturer’s instructions. Finally, cells were fixed for 15 min
with 4% PFA and mounted with Fluoroshield mounting medium (Abcam, Cambridge, United Kingdom).
Representative images were captured under X400 magnification on an Axio Imager (Carl Zeiss, Jena,
Germany).

Growth curves. Viral growth curves were analyzed in HCC cell lines (Huh7 and HepG2), as well as in
primary human hepatocytes and primary mouse neurons. HCC cell lines were plated in 6-well dishes at a
density of 3.5 X 10° cells per well, while PHH and neurons were seeded in collagen-coated 24-well dishes at
a density of 10° cells per well. Each cell line was infected with rVSV, rNDV, or rVSV-NDV at an MOI of 0.01. The
infections were performed in 1 ml (6-well dishes) or 250 ul (24-well dishes) of PBS at 37°C for 1 h. After
incubation, cells were washed three times with PBS, and fresh medium was added. Cell monolayers were
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collected by scraping in PBS at 0, 16, 24, 48, and 72 h postinfection and lysed by 3 cycles of freezing and
thawing. Intracellular virus titers were measured with a 50% tissue culture infective dose (TCIDs,) assay.

Cytotoxicity assays. Cell viability of infected HCC cell lines (Huh7 and HepG2) and primary human
hepatocytes was analyzed by measuring levels of released lactate dehydrogenase (LDH) in cell culture
supernatant. The cells were plated, infected, and washed as described for the growth curve experiments.
At 24, 48, and 72 h postinfection, aliquots of supernatant were collected, and LDH release was quantified
using the CytoTox 96 nonradioactive cytotoxicity assay protocol (Promega, Madison, WI). For each time
point, LDH release following virus infection was calculated as a percentage of the maximum control LDH
release. Baseline LDH levels detected in the supernatant of mock-treated cells were subtracted from the
values obtained from the experimental wells.

Cell viability of neurons was analyzed with an MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carbooxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium] assay using the CellTiter 96 AQueous One Solution cell proliferation
assay (Promega). Neurons were seeded in collagen-coated 96-well dishes at a density of 5 X 10* cells per
well and mock treated or infected with rVSV, rNDV, or rVSV-NDV at an MOI of 0.01. At 24, 48, and 72 h
postinfection, cell viability was measured according to the manufacturer’s protocol. Cytotoxicity was
quantified as the difference in cell viability between the experimental samples and the uninfected
controls.

Microscopic analysis of cultured cells. Huh7 and HepG2 cells were plated at approximately 90%
confluence in 6-well dishes and mock infected or infected with rVSV or rNDV or rVSV-NDV at an MOI of 0.01.
Cells were visualized at X200 magnification on an Axiovert 40CFL microscope (Zeiss) at 18, 24, and 48 h
postinfection, and representative images were captured with an AxioCam ICm1 camera (Carl Zeiss) attached
to the microscope.

Interferon protection assay. Interferon-sensitive A549 cells were plated in 24-well dishes at a
density of 10° cells per well and cultured overnight. The following evening, they were pretreated with
different concentrations (0, 100, 500, and 1,000 IU/ml) of universal type | interferon (IFN) added directly
to the culture medium. After overnight incubation, fresh medium containing IFN was added, and the cells
were infected with rVSV or rNDV or rVSV-NDV at an MOI of 0.01. Cells were collected in 100 ul of PBS at
48 h postinfection and lysed by three freeze-thaw cycles. The intratumoral virus titer was determined by
TCID,, analysis of the cell lysates.

Mean death time assay. Specific-pathogen-free (SPF) embryonated chicken eggs (Charles River,
Sulzfeld, Germany) (10 days old) were inoculated with 100 ul of rNDV-GFP or rVSV-NDV in serial 10-fold
dilutions, ranging from 10 to 10,000 TCID,,, with 5 eggs per virus dose. The eggs were incubated in a
humidified 37°C incubator and monitored twice daily by candling for 7 days, and the time at which each
embryo was found dead was recorded. The highest dilution that resulted in death of all embryos was
considered to represent the minimum lethal dose (MLD). The mean death time (MDT) was calculated as
the mean amount of time required for the embryos to be killed at the MLD.

Western blotting. Huh7 cells were plated in 6-well plates at approximately 90% confluence and
mock infected or infected with rVSV or rNDV or rVSV-NDV at an MOI of 0.01 for 48 h. The conditioned
media were collected and concentrated to about 200 wl using Amicon Ultra centrifugal filters (Merck
Millipore, Billerica, MA) with a 10-kDa cutoff. Protein concentrations were quantified using the Pierce
bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific, Waltham, MA), and 10 ug of each sample
was loaded onto a 7.5% denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel before being transferred onto a nitrocellulose membrane. Protein bands were detected using
specific antibodies against HMGB1 and Hsp90 (Cell Signaling Technology, Danvers, MA) as well as against
Hsp70 (Santa Cruz Biotechnology, Dallas, TX) and the appropriate secondary antibody conjugated with
horseradish peroxidase (Jackson ImmunoResearch, West Grove, PA). Bands were visualized using an
Amersham ECL Prime Western blot detection kit (GE Healthcare Life Sciences, Marlborough, MA).

ATP release assay. Huh7 cells were plated at a density of 2 X 105 cells per well in 48-well plates prior
to mock infection or infection with rVSV or rNDV or rVSV-NDV at an MOI of 0.01. Released ATP was
measured in conditioned supernatants after a 24-h infection using an ATP CLS Il bioluminescence assay
kit (Roche, Indianapolis, IN) according to the manufacturer’s instructions. Bioluminescence was measured
using a single-tube luminometer (Turner Designs, Sunnyvale, CA), and ATP concentrations were calcu-
lated from a log-log plot of standard curve data.

Animal studies. All animal interventions were performed in accordance with protocols that were
approved by the Center for Preclinical Research, Klinikum rechts der Isar, and the regional government
commission for animal protection (Regierung von Oberbayern, Munich, Germany). Immune-deficient
male NOD.CB17-prkdcs<id/NCrCrl (NOD-SCID) mice of approximately 8 weeks of age were treated by tail
vein injection with either rVSV-NDV or the control rVSV at increasing doses, using a 3-plus-3 Fibonacci
dose escalation scheme (49). Mice were monitored daily for body weight and overall physical appear-
ance, and they were euthanized at humane endpoints. Blood was sampled on days 1, 3, 7, and 14 and
at the time of euthanization for analysis of viral titers and for serum chemistry measurements. Samples
of brain and liver tissue were collected from euthanized mice and flash-frozen or prepared for histolog-
ical analysis. Surviving mice were euthanized at 4 weeks postinjection for sampling of tissue and blood.
Frozen samples were homogenized in PBS using glass Dounce tissue grinders and subjected to TCID,,
analysis. Titers were normalized to tissue weight.

For efficacy studies, transgenic AST mice, which harbor a construct consisting of the liver-specific
albumin promoter, a loxP-flanked stop cassette, and the SV40 large T antigen, as an oncogene (50), were
employed. To induce orthotopic HCC, an adenovirus vector expressing cre recombinase (SignaGen
Laboratories, Rockville, MD) was injected via tail vein at a dose of 2.5 X 108 PFU in male mice of 6 to
8 weeks of age. At approximately 5 weeks postinjection, the mice were subjected to weekly anatomical
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scans by magnetic resonance imaging (MRI) for screening of HCC development. When the predeter-
mined inclusion criteria were reached (a single nodule of at least 5 mm in diameter or multiple nodules
with a minimum diameter of 2 mm, resulting in an additive tumor diameter of at least 5 mm), mice were
randomized for treatment by tail vein injection with rVSV-GFP (n = 4) or rVSV-NDV (n = 5) at a dose of
107 TCID,, or with PBS (n = 3), in a 200-ul volume. Treatments were administered twice, with a 1-week
interval between injections. Mice were monitored daily and euthanized at humane endpoints due to
tumor burden. Survival times with respect to the first injection of treatment were plotted as a
Kaplan-Meier survival curve, and mean survival times were calculated.

Magnetic resonance imaging. Abdominal anatomical T2-weighted images were acquired with a 7T

magnetic resonance imaging (MRI) system (Agilent/GE MR901 magnet with Bruker Avance Ill HD electronics),
using a two-channel flexible array surface receive coil (RAPID Biomedical) placed over the mice, and a
72-mm-inner-diameter birdcage resonator for radiofrequency (RF) transmission. A fast spin echo (FSE)
sequence was used with the following parameters: repetition time (TR) of 2,500 ms, echo time (TE) of 20 ms,
4 averages, 8 echoes per excitation, 20 horizontal slices of 1-mm thickness, matrix size of 256 X 144, field of
view (FOV) of 64 X 36 mm?, fat suppression enabled, receive bandwidth of 100 kHz (without breath gating),
and total acquisition time of 3 min. Animals were anesthetized with isoflurane during imaging.

Histology and immunohistochemistry. Tissue sections were fixed overnight in 4% paraformalde-

hyde and subsequently dehydrated and embedded in paraffin. Slices (3 um in thickness) were stained
with hematoxylin-eosin or subjected to immunohistochemical staining using a rabbit monoclonal
antibody against cleaved caspase-3 (Cell Signaling Technology, Danvers, MA) on a Bond RX automated
staining instrument (Leica, Wetzlar, Germany). Analysis of pathological changes and confirmation of
positive immunohistochemical reaction were performed by a certified pathologist who was blind to the
treatment groups of the specimens.

Statistical analysis. Data were plotted and analyzed using GraphPad Prism 7.0 (GraphPad Software,

San Diego, CA). Individual data points were compared for statistical significance using a two-sided
Student’s t test, and P values of less than 0.05 were considered to be statistically significant. Means and
standard errors of the means (SEM) were plotted. Statistical significance of survival proportions was
calculated by log rank test.
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