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Abstract

Background—Seneca Valley virus (NTX-010) is a non-recombinant, replication competent
RNA virus that is undergoing phase 1 clinical trials in adults for tumors with neuroendocrine
characteristics. Here we have evaluated the antitumor activity of NTX-010 administered
systemically.

Procedures—In vitro NTX-010 was tested against 23 cell lines exposed for 96 hours at 1 x 104
to 10 viral particles (vp)/cell. In vivo NTX-010 was administered intravenously once at 3 x 1012
vp/kg. Three measures of antitumor activity were used: 1) an objective response measure modeled
after the clinical setting; 2) a treated to control (T/C) tumor volume measure; and 3) a time to
event (4-fold increase in tumor volume for solid tumor models), measure based on the median
event-free survival (EFS) of treated and control animals for each xenograft.

Results—In vitro NTX-010 demonstrated a marked cytotoxic effect in a subset of the cell lines
from the neuroblastoma, Ewing sarcoma, and rhabdomyosarcoma panels. In vivo the most
consistent activity was observed for the rhabdomyosarcoma and the neuroblastoma panels, with all
four of the alveolar rhabdomyosarcoma xenografts and 4 of 5 neuroblastoma xenografts achieving
CR or maintained CR. Objective responses were also observed in the rhabdoid tumor, Wilms
tumor, and glioblastoma panels.

Conclusions—NTX-010 demonstrated a high level of activity both in vitro and in vivo. Further
analysis of existing testing and molecular characterization data may help define the biological
characteristics of cancer cells that are associated with response to NTX-010.
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INTRODUCTION

Oncolytic viruses have been extensively tested as cancer therapies in preclinical models
(reviewed in [1-3]) and have undergone clinical testing since the 1950’s [4]. Clinical trials
of adenoviruses, adenovirus associated virus (AAV), and RNA viruses such as mumps,
Newcastle disease virus, measles virus, vesicular stomatitis virus and reovirus have been
reported [4]. Adenovirus has been genetically modified in multiple ways to achieve
selectivity for replication in cancerous tissue [5], while RNA viruses such as reovirus appear
to have selectivity based on their replication and oncolytic effect in cells with an activated
RAS signaling pathway [6,7]. Common to the life cycles of RNA viruses is the synthesis of
double stranded RNA that potently stimulates PKR, a protein kinase that phosphorylates
elF2a to inhibit protein synthesis and promote apoptosis [7,8]. As tumors are frequently
deficient in their PKR signaling pathway, there is selective proliferation of some RNA
viruses in tumor cells, resulting in tumor cell death.

Seneca Valley Virus (NTX-010) is a newly discovered, naturally occurring picornavirus
being developed as an oncolytic virus for human cancers. NTX-010 is to be placed in a new
genus as a new species within the picornavirus family and is most closely related to the
cardioviruses [9,10]. It has a single-stranded positive-sense RNA genome that encodes a
single polyprotein that is processed by proteases to make specific viral proteins [9]. Normal
exposure to NTX-010 appears to not be prevalent in the human population [10]. NTX-010 is
homologous to and serologically related to 12 viruses isolated from pig specimens in the
United States, and it is nonpathogenic in humans and animal species [10]. NTX-010 can be
delivered systemically to treat metastatic disease, as it is not inhibited by any component of
human blood and because the virion is small (25-30 nm) relative to other viruses, such as
adenovirus, allowing greater distribution to tumor than other candidate oncolytic viruses
[10].

In a cell line screen of NTX-010, approximately half of cancer cells with one or more
neuroendocrine properties were permissive and allowed selective infection [10]. Notably,
the most sensitive cell line, IMR-32, was derived from a childhood neuroblastoma. In
contrast 3 of 80 non-endocrine cells were permissive to virus replication. The majority of
non-permissive cancer cell lines do not bind and/or internalize NTX-010, suggesting that
binding and entry through a productive internalization pathway is the primary determinant
of viral tropism for neuroendocrine tumor cells [11]. Neuroblastoma, Ewing sarcoma, as
well as medulloblastoma and alveolar rhabdomyosarcoma, demonstrate neuroendocrine
markers. Here we report initial testing results evaluating NTX-010 against the in vitro and in
vivo panels of tumors used in the Pediatric Preclinical Testing Program (PPTP).

MATERIALS AND METHODS

In vitro testing

NTX-010 was evaluated against the the 23 cell lines in the PPTP in vitro panel using 96
hour exposures and log dilutions from 10% virus particles per cell (vp/cell) to 10~ vp/cell
with replicates of 6 for each virus particle concentration tested. In vitro testing was
performed using DIMSCAN, a semiautomatic fluorescence-based digital image microscopy
system that quantifies viable (using fluorescein diacetate [FDA]) cell numbers in tissue
culture multiwell plates [12].
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In vivo tumor growth inhibition studies

CB17SC-M scid 7~ female mice (Taconic Farms, Germantown NY), were used to propagate
subcutaneously implanted kidney/rhabdoid tumors, sarcomas (Ewing, osteosarcoma,
rhabdomyosarcoma), neuroblastoma, and non-glioblastoma brain tumors, while BALB/c nu/
nu mice were used for glioma models, as previously described [13-16]. Female mice were
used irrespective of the patient gender from which the original tumor was derived. All mice
were maintained under barrier conditions and experiments were conducted using protocols
and conditions approved by the institutional animal care and use committee of the
appropriate consortium member. Ten mice were used in each control or treatment group.
Tumor volumes (cm3) [solid tumor xenografts] were determined as previously described
[17] and responses were determined using three activity measures as previously described
[17]. Models of acute lymphoblastic leukemia were not evaluated in this study. An in-depth
description of the analysis methods is included in the Supplemental Response Definitions
section.

Statistical Methods

The exact log-rank test, as implemented using Proc StatXact for SAS®, was used to
compare event-free survival distributions between treatment and control groups. P-values
were two-sided and were not adjusted for multiple comparisons given the exploratory nature
of the studies.

Virus formulation and administration

All experiments reported were approved by the institutional biological safety committee for
each consortium member, and were performed within adherence to institutional guidelines.
NTX-010, supplied by Neotropix Inc. as frozen stocks (4.4 x 1013 viral particles (vp)/ml),
was tested against the PPTP in vivo panel of xenografts using a single dose of 3 x 1012 vp
per kg administered intravenously via the tail vein. Tumor volumes (mean + SD) for control
and treatment groups at the time of NTX-010 administration were 0.354 + 0.177 and 0.350 +
0.182 cm?, respectively.

RESULTS

NTX-010 in vitro testing

NTX-010 was evaluated against the the 23 cell lines in the PPTP in vitro panel using 96
hour exposures. Three of 4 neuroblastoma, 2 of 4 rhabdomyosarcoma, and 1 of 4 Ewing
sarcoma cell lines had ICsgq value less than 1 virus particle per cell (vp/cell) (Table I). Viral
exposures causing 50% reduction in cell number from controls are shown in Figure 1A. At
the highest concentration tested (1x10% vp/cell), 9 of the 23 cell lines showed > 90%
inhibition compared to control cells, with all of these cell lines being in either the
rhabdomyosarcoma, Ewing sarcoma, or neuroblastoma panels, Figure 1B. Representative
dose-response data for sensitive and insensitive cell lines are shown (Figures 1C and D).
NTX-010 demonstrated no cytotoxic effect against cell lines of lymphoid or myeloid origin,
and was not tested in vivo against the ALL panel.

NTX-010 in vivo testing

NTX-010 was tested against the PPTP in vivo panel of xenografts using a single dose of 3 x
1012 viral particle per kg administered intravenously. Nine of 711 mice died during the
study (1.3%), with 6 of 354 in the control arms (1.7%) and 3 of 357 in the NTX-010
treatment arms (0.8%). A complete summary of results is provided in Supplemental Table I,
including total numbers of mice, number of mice that died (or were otherwise excluded),
numbers of mice with events and median times to event, tumor growth delay, as well as
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numbers of responses and T/C values. All 36 solid tumor xenograft models were evaluable
for activity. NTX-010 induced significant differences in EFS distribution compared to
controls in 24 of 36 evaluable solid tumor xenografts tested as shown in Table 1l. Among
these 24 models, 15 achieved EFS T/C values meeting the criteria for intermediate activity
for the time to event activity measure (EFS T/C > 2), including 5 of 5 neuroblastoma
xenografts 4 of 5 rhabdomyosarcoma xenografts 2 of 3 rhabdoid tumor xenografts, and 2 of
4 glioblastoma xenografts. Six models achieved high activity judged by all three criteria (3
neuroblastomas, 1 rhabdomyosarcoma, 1 Wilms tumor, and 1 rhabdoid tumor). By contrast,
no osteosarcoma or medulloblastoma xenografts had EFS T/C values > 2, and only 1 of 5
Ewing sarcoma xenografts reached this mark.

Obijective responses were observed in the neuroblastoma, rhabdomyosarcoma, rhabdoid
tumor, Wilms tumor, and glioblastoma panels. The most consistent activity was observed for
the rhabdomyosarcoma and the neuroblastoma panels, with all four of the alveolar
rhabdomyosarcoma xenografts achieving either complete response (CR) or maintained CR
and with 4 of 5 neuroblastoma xenografts achieving CR or maintained CR. Objective
responses were not observed for the Ewing sarcoma, medulloblastoma, and osteosarcoma
panels. The objective response results are shown using ‘heat-map’ format as well as a
‘COMPARE’-like format, based on the scoring criteria described in the Material and
Methods and the Supplemental Response Definitions section. The latter analysis
demonstrates relative tumor sensitivities around the midpoint score of 5 (stable disease), and
with bars to the right representing regression and bars to the left representing progressive
disease (Figure 2). Responses of individual neuroblastoma xenografts (Figure 3) and
rhabdomyosarcoma xenografts (Figure 4) are presented.

Expression of neuroendocrine markers

Although the cellular receptor for NTX-010 is unknown, the virus appears to replicate
selectively in cells having neuroendocrine characteristics. The expression of neuroendocrine
markers [neural cell adhesion molecule 1 (NCAM1, CD56), synaptophysin, chromogranin
A, and neuronal cell adhesion molecule (NRCAM)] in the PPTP cell line and xenograft
panels is presented in Figure 5. The xenografts and cell lines of the rhabdomyosarcoma and
neuroblastoma panels show consistent high level expression of NCAM1 and NCRAM.

DISCUSSION

The use of viruses to deliver pro-drug activating enzymes or to directly lyse tumor cells has
shown promise in preclinical models [18]. For example local injection or intraperitoneal
administration of Newcastle disease virus induced regressions of subcutaneous IMR-32
neuroblastoma xenografts [19,20], and administration of reovirus administered either by
local intratumoral or systemic administration has potent activity against breast, ovarian,
colon and glioblastoma xenografts [7,21-24]. In human trials, local injection of ONY X-015
induced regressions (14%) and stable disease (41%) in head and neck cancer [25] and a low
response rate (6%) in hepatobiliary cancer [26]. Objective responses have also been
observed with systemically administered Newcastle Disease Virus in adult cancer patients
[27]. NTX-010 represents a new therapeutic virus that infects cells having neuroendocrine
characteristics. A phase | study of intravenous NTX-010 was conducted in adults with
neuroendocrine cancers across 5 log-increment dose cohorts from 107 vp/kg to 1011 vp/Kkg.
No dose-limiting toxicities were observed at any dose level, and the primary adverse events
were mild flu like symptoms that persisted for one to two days. [28]. Currently, NTX-010 is
being evaluated in a randomized, double-blinded phase 2 study in adults with extensive-
stage small cell lung cancer. A phase 1 dose-escalation study in children with relapsed/
refractory neuroblastoma, rhabdomyosarcoma, or other rare tumors with neuroendocrine
features is also being conducted (http://www.clinicaltrial.gov/ct2/show/NCT01048892).
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NTX-010 shows high level activity against selected cell lines and xenografts from the
PPTP’s in vitro and in vivo panels. A single dose of NTX-010 induced complete responses
in 8 of 10 of the rhabdomyosarcoma and neuroblastoma xenografts evaluated, including all
4 alveolar rhabdomyosarcoma xenografts studied. Of note is the similar sensitivity to
NTX-010 in Rh30 xenografts (established at diagnosis) and Rh30R xenografts (established
at patient relapse), suggesting NTX-010 has therapeutic utility in both chemosensitive and
chemorefractory disease. NTX-010 activity may extend to additional diagnoses, as objective
responses were also noted among xenografts in the glioblastoma, rhabdoid, and Wilms
tumor panels.

The in vivo results match, in a general way, the in vitro testing results, as the
rhabdomyosarcoma and neuroblastoma cell lines were the most sensitive to this lytic virus
for both in vitro and in vivo testing. There is limited overlap between the cell lines of the in
vitro panel and the xenografts of the in vivo panel (9 lines). For the 9 overlapping cell lines,
there is not a tight correlation between the in vitro activity and the in vivo activity of
NTX-010. While both of the models that achieved CR or MCR (Rh30 and NB-1643)
showed > 90% inhibition at the 1 x 10% vp/cell concentration, only one of them (NB-1643)
showed similar activity at the 1 vp/cell concentration. Conversely, three of the five
overlapping models that failed to achieve CR or MCR showed high activity at the 1 x 10%
vp/cell concentration (Rh18, TC-71, and NB-EBc1), and two additionally showed high
activity at the 1 vp/cell concentration (Rh18 and NB-EBc1). The lack of a tight correlation
between the in vitro and in vivo activity may result from subtle biological differences in the
models when grown as xenografts versus when grown in vitro.

A key question is the biological characteristics of tumor cells that underlie responsiveness to
NTX-010. Previous work by Neotropix Inc. has shown that cancer cells with neuroendocrine
properties appear to be more responsive to virus than other cancer cells [10]. The gene
expression heat map (Figure 5) shows the expression pattern of four genes commonly
expressed by cells of neuroendocrine origin: NCAM1, chromogranin A, synaptophysin, and
NRCAM. Both rhabdomyosarcoma and neuroblastoma xenografts express NCAM1 and
NRCAM, while the neuroblastoma xenografts and cell lines additionally express
chromogranin A. By contrast, Ewing sarcoma cell lines and xenografts, show limited
expression of these four genes. Consistent with the expression observed for PPTP
xenografts, clinical specimens for alveolar rhabdomyosarcoma show high level expression
of NCAM1 and NRCAM [29,30], while Ewing sarcoma clinical specimens show low levels
of NCAML1 [31]. The PPTP leukemia and lymphoma cell lines and xenografts show little
expression of the four neuroendocrine genes selected for analysis. Testing of additional cell
lines and xenografts will provide data that will be useful in defining the biological
characteristics associated with response to NTX-010.

The Ewing sarcoma results warrant comment. Several of the Ewing sarcoma cell lines
showed some degree of responsiveness to NTX-010 in vitro, with one of the 4 cell lines
showing near complete growth inhibition at the lowest concentration tested and with an
additional 2 cell lines showing near complete inhibition at the highest concentration tested.
However, the Ewing sarcoma xenografts studied did not show in vivo responsiveness to this
agent. Study of additional models may be helpful in defining the extent of activity for
NTX-010 for Ewing sarcoma.

The in vivo results reported share the same potential limitation noted in the report of Reddy
and colleagues [10], as the in vivo efficacy data were generated using immune-deficient
mice. It is unknown whether immune responses in cancer patients will limit the
effectiveness of NTX-010, and whether strategies to limit immune responses to NTX-010
may be necessary to optimize its clinical effectiveness. Preclinical results with other
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oncolytic viruses in immune competent hosts support the use of virus in combination with
chemotherapy agents such as cyclophosphamide to modulate the immune response to the
virus [32,33].

In conclusion, NTX-010 shows high in vitro and in vivo activity against selected pediatric
preclinical models used in the PPTP. NTX-010 appears particularly promising for
neuroblastoma and alveolar rhabdomyosarcoma. Further preclinical work to identify
molecular characteristics associated with response will help direct pediatric clinical
development of NTX-010.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
NTX-010 in vitro activity. (A) graphically represents the relative potency of NTX-010

against each cell line with each point representing the 1Cgq of an individual line.

(B) shows the cell number (% control) at the highest NTX-010 concentration tested (1x104
vp/cell). Each of the 9 cell lines that show more than 90% inhibition to NTX-010 at this
concentration are in either the rhabdomyosarcoma, Ewing sarcoma, or neuroblastoma
panels. (C) Representative dose-response data for sensitive (Rh18) and (D) insensitive (RD)
cell lines exposed to NTX-010.
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BT-41 Ependymoma 0 -5 PD1
BT-44 Ependymoma 0 -5 PD1
GBM2 Glioblastoma 2 -3 PD2
BT-39 Gliohlastoma 0 -5 PD1
DE45 Glioblastoma 6 1 PR
D456 Glioblastoma 8 3 CR
NB-SD Neuroblastoma 8 3 CR
NB-1771 Neuroblastoma 10 5 MCR
NB-1691 Neuroblastoma 10 5 MCR
NE-EBc1 Meuroblastoma 2 -3 PD2
NB-1643 Neuroblastoma 10 5 MCR
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059 Osteosarcoma 1] -5 PD1
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sD

Figure 2.

NTX-010 in vivo objective response activity. Left: The colored ‘heat map’ depicts group
response scores. A high level of activity is indicated by a score of 6 or more, intermediate
activity by a score of > 2 but < 6, and low activity by a score of < 2. Right: representation of

tumor sensitivity based on the difference of individual tumor lines from the midpoint
response (stable disease). Bars to the right of the median represent lines that are more

sensitive (objective responses), and to the left are tumor models that are less sensitive (non-
objective response). Red bars indicate lines with a significant difference in EFS distribution
between treatment and control groups, while blue bars indicate lines for which the EFS

distributions were not significantly different.
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Figure 3.

NTX-010 activity against neuroblastoma xenografts. Kaplan-Meier curves for EFS, median
relative tumor volume graphs, and individual tumor volume graphs are shown for each line.
(A) NB-SD (B) NB-1771, (C) NB-1643, (D) NB-1691, (E) NB-EBc1. Controls (gray lines);
Treated (black lines).
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NTX-010 activity against rhabdomyosarcoma xenografts. Kaplan- Kaplan-Meier curves for
EFS, median relative tumor volume graphs, and individual tumor volume graphs are shown
for rhabdomyosarcoma lines: (A) Rh-10 (B) Rh28, (C) Rh30, (D) Rh30R. Controls (gray

lines); Treated (black lines).
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IN VITRO CELL LINES
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Figure 5.

Gene expression (Affymetrix U133 Plus 2.0) in PPTP cell lines and xenografts as visualized
using GeneSifter software (VizX Labs, Seattle, WA) for selected genes that serve as markers
for cells of neuroendocrine origin. Gray indicates an absent call from Affymetrix quality
control. Gene expression analysis methods are as previously described [34]. NCAM = neural
cell adhesion molecule 1 (NCAML1, CD56); SYP = synaptophysin; CHGA = chromogranin
A; and NRCAM = neuronal cell adhesion molecule
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Table |
Activity of NTX-010 against Cell Lines in the PPTP in Vitro Panel

Cell Line Histology ICs T/C at T/C at
(vplcell) 1 vp/cell 1E+04 vp/cell
(% of control) | (%oof control)
RD Rhabdomyosarcoma | >1.0E+04 99.43 97.58
Rh41 Rhabdomyosarcoma | 2.29E-02 1.74 0.47
Rh18 Rhabdomyosarcoma | 9.66E-04 1.13 0.54
Rh30 Rhabdomyosarcoma | 1.75E+01 89.56 8.08
BT-12 Rhabdoid >1.0E+04 95.63 100.00
CHLA-266 Rhabdoid >1.0E+04 100.00 55.79
TC-71 Ewing sarcoma 1.57E+01 95.17 0.00
CHLA-9 Ewing sarcoma <1.0E-04 0.01 0.00
CHLA-10 Ewing sarcoma 7.73E-01 56.20 0.02
CHLA-258 Ewing sarcoma >1.0E+04 100.00 59.15
GBM2 Glioblastoma >1.0E+04 100.00 33.84
NB-1643 Neuroblastoma <1.0E-04 0.02 0.01
NB-EBd Neuroblastoma 2.46E-03 4.89 1.50
CHLA-90 Neuroblastoma >1.0E+04 98.92 61.26
CHLA-136 Neuroblastoma <1.0E-04 131 0.44
NALM-6 ALL >1.0E+04 81.66 83.20
COG-LL-317 ALL >1.0E+04 100.00 100.00
RS4;11 ALL >1.0E+04 91.71 83.37
MOLT-4 ALL >1.0E+04 100.00 96.59
CCRF-CEM ALL >1.0E+04 100.00 85.73
Kasumi-1 AML >1.0E+04 100.00 82.78
Karpas-299 ALCL >1.0E+04 93.42 83.51
Ramos-RA1 NHL >1.0E+04 100.00 89.11
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