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Malignant peripheral nerve sheath tumors (MPNSTs) are devastating soft tissue sarcomas that can arise sporad-
ically or in association with neurofibromatosis type I, have a poor prognosis, and have limited treatment options.
Oncolytic measles virus therapy has been demonstrated to have significant antitumor properties in a number of
different cancers, but the oncolytic potential of a MV Edmonston (MVEdm) vaccine strain engineered to express
the human sodium iodide symporter (MV-NIS) on MPNST has not previously been evaluated. MPNST cell lines
were found to highly express CD46, a cellular receptor required for measles viral entry, on their cell surface.
After in vitro MV-NIS infection, MPNST cell lines showed significant cytopathic effect (CPE), while normal
Schwann cells were less susceptible to CPE. Virus localization and distribution could be monitored by imaging
of I-125 uptake. Local administration of MV-NIS into MPNST-derived tumors resulted in significant regression
of tumor and improved survival. These results demonstrate feasibility of oncolytic measles virus therapy for
MPNST patients and the possibility of a novel treatment for patients with NF1 tumors.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Malignant peripheral nerve sheath tumors (MPNSTs) are aggressive
soft tissue cancers that comprise 5%–10% of all sarcomas (Fuchs et al.,
2005). Ectomesenchymal in origin, MPNSTs can arise from major and
minor peripheral nerves (D'Agostino et al., 1963) with the larger
nerve trunks, such as the brachial plexus, sacral plexus, and sciatic
nerve most commonly involved. Schwann cells surrounding the nerves
are major contributors to the development of MPNST (Takeuchi and
Ushigome, 2001). The incidence of MPNSTs is 0.001 in the general pop-
ulation (Ducatman et al., 1986); however, the risk is higher in patients
with neurofibromatosis type 1 (NF1). The lifetime risk for individuals
withNF1 of developingMPNST is 8%–13% (Katz et al., 2009), and tumors
can arise from internal plexiform neurofibromas. The prognosis for
individuals who develop MPNSTs is poor, with surgical resection the
mainstay of treatment. Resectability of the tumor is dependent on the
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location and can require the sacrifice of nerve and soft tissue structures.
Because complete resection can be difficult, the local recurrence risk is
high and the 5-year survival rate is 34%–60% with NF1 patients having
poorer survival (Stucky et al., 2012).

Oncolytic virotherapy is a promising approach to treating cancers.
The Edmonston vaccine strain of measles virus (MV) predominantly
uses the membrane protein CD46, a regulatory part of the complement
pathway, to gain entry into cells. It has been demonstrated that CD46 is
highly upregulated in tumors compared to surrounding normal tissue,
allowing for the selective infection of tumor tissue (Dhiman et al.,
2004; Russell and Peng, 2009). Once inside tumor cells, the virus prop-
agates and induces death by syncytia formation and apoptosis (Grote
et al., 2001; Peng et al., 2001). A number of normal cell lines that express
CD46 on their cell surface have been treated with MV and each of these
lineswas less susceptible toMV infection (Peng et al., 2002). In addition,
toxicology studies that were conducted on rhesusmacaques, whereMV
was delivered directly into the brain did not demonstrate changes to
neural tissue (Myers et al., 2008). Preclinical studies utilizing in vivo
models have demonstrated the efficacy of MV vectors in multiple
myeloma (Dingli et al., 2004), ovarian cancer (Hasegawa et al., 2006),
hepatocellular carcinoma (Blechacz et al., 2006), and squamous cell
carcinoma (Li et al., 2012).

MV-NIS is an attenuatedMV engineered to express the human sodi-
um iodide symporter (NIS). The expression of NIS allows for the nonin-
vasivemonitoring of viral infection and spread and potentially enhances
anti-tumor therapy by the selective uptake of radiolabeled iodine
(Dingli et al., 2004). Approved by the Food and Drug administration
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for human studies, MV-NIS could be rapidly employed for clinical trials.
Also, MV-NIS has been used in patients for the treatment of multiple
myeloma with one patient experiencing remission of the disease
(Russell et al. 2014). In this study, we examine the feasibility of MV-
NIS as a novel therapeutic for MPNSTs in vivo.

2. Methods

2.1. Cell culture

Malignant peripheral nerve sheath tumor (MPNST) cell lines T265,
S462, S462TY, ST88-14, STS265T, and HSC1L-1 were cultured at 37 °C
in Dulbecco's modified Eagle's medium (DMEM) with 10% heat-
inactivated fetal bovine serum (Sigma), 100 U/mL of penicillin, and
100 μg/mL streptomycin. The normal human Schwann cells (hSCs) are
a primary cell culture and were grown at 37 °C in DMEM, 10% FBS
(Atlanta Biologic), 100 U/mL of penicillin, 100 μg/mL streptomycin,
and 50 ng/mL neuregulin (R&D Systems). Prior to plating hSCs, tissue
culture plates were coated with laminin (10 μg/mL in Phosphate buff-
ered saline [PBS]) at 37 °C for 1–2 h. After 1–2 h, the laminin was
washed off with 3 rinses of PBS, and then the hSCs were immediately
plated. Fresh neuregulin was added to each plate every 3 days.

2.2. Viral titers

MV-NIS was produced by the Molecular Medicine Viral Vector
Production Laboratory (VVPL) (Langfield et al., 2011). TCID 50 (50%
tissue culture infective dose) titrations were performed on Vero cells,
and virus titers were calculated according to the Spearman and Kärber
equation and expressed as number of TCID50/mL viral stock.

2.3. Cell viability assays

Normal hSCs or MPNST cells were plated at a density of 1 × 104 cells
per well of a 96-well plate. The following day, cells were infected with
MV-NIS at a multiplicity of infection of 0.01, 0.1, 1.0, and 10. After 48
and 72 h post-infection, media were removed by aspiration, and the
cells were washed with PBS, and 80 μL of fresh media with 20 μL per
well of CellTiter 96 AQueous One Solution Reagent were added. After
1 h at 37 °C in humidified, 5% CO2 atmosphere, the absorbance at
490 nm was recorded using an ELISA plate reader, and then the cells
were fixed. The cells were then stained with crystal violet, and photo-
graphs were taken in bright field using an inverted microscope.

2.4. Flow cytometry

MPNST cells (1 × 106) were stained with an anti-human, CD46 anti-
body (eBioscience, San Diego, CA) or isotype control for 1 h. Cells were
washed two times with PBS and analyzed using a FACSCAN flow
cytometer.

2.5. In vivo studies

Athymic Nude-Foxn1nu mice (Harlan Sprague Dawley, Inc.,
Indianapolis, IN) were used for the animal studies. Xenografts derived
from the cell lines ST88-14 or S462TY were established into the right
flanks of twenty-four mice by subcutaneous injection of 5 × 106

MPNST cells in 100 μL of PBS. Mice were monitored for tumor growth.
Once tumors measured ~5 mm in size, mice were randomly assigned
into treatment groups with twelve mice receiving a single intratumoral
administration ofMV-NIS (3.5 × 108 TCID50/100 μL) and twelvemice re-
ceiving saline. Body weights were measured three times per week, and
animals were euthanized when tumor diameter reached 2 cm. For
in vivo I-125 imaging studies, three days after treatment two mice
were randomly chosen from each group and administered 0.3 mCi I-
125 intravenously. Imaging of mice was performed on the U-SPECTII
(MI Labs, Utrecht, Netherlands) by the core facility. Rendering of
SPECT/CT data and quantitation of region of interest (tumor) were per-
formed by Imanis Life Sciences (Rochester, MN).

2.6. Statistical analysis

Statistical analysiswas performedwithGraphPad Prism5.0 software
(GraphPad Software, San Diego, CA). Tumor volume differences be-
tween two groups were assessed using the Student's t-test. Survival
curves were plotted according to the Kaplan–Meier method. The
logrank test was used to compare the survival times of the two in vivo
treatment groups. A P ≤ 0.05 was considered statistically significant.

3. Results

3.1. MV-NIS infects and causes significant cytopathic effects in MPNST cells

To determine the cell surface expression of CD46, we obtained six
different MPNST cell lines — T265, S462, S462TY, ST88-14, STS265T,
and HSC1L-1 — and compared CD46 expression levels by flow cytome-
try (Fig. 1a). All MPNST cells highly express CD46 on their cell surface,
indicating their susceptibility to MV-NIS.

To determine the effect of oncolytic viruses onMPNST, cells were ex-
panded and then plated in 96-well plates. The following day, cells were
infectedwithMV-NIS at amultiplicity of infection (MOI) of 0.01, 0.1, 1.0,
10, or no virus control. Cell Titer 96 Assay was performed 48 and 72 h
post-infection to determine cell viability. After infection, therewas a sig-
nificant decrease in cell viability in all MPNST lines, indicating suscepti-
bly to MV infection (Fig. 1b,c). Characteristic viral-induced syncytia
formation was apparent after 48 h. After 72 h, approximately 70% of
MPNST cells were lysed with an MOI of 1 in most cell lines tested as
demonstrated by cell and syncytia loss during staining (Fig. 1d).

3.2. Normal Schwann cells are less susceptible to MV-NIS

Weshowed thatMV-NIS can lyseMPNST cells, butwe also needed to
ascertain the possible cytopathic effects of MV-NIS on surrounding
normal neural tissue since CD46 is also expressed on the surface of
Schwann cells (Fig. 1a) that are the main contributors of MPNSTs.
Normal Schwann cells were plated in 96-well plates and infected with
MV-NIS at MOIs of 0.01, 0.1, 1.0, 10, or no virus. Forty-eight and
seventy-two hours after transduction, cell viability was determined
using Cell Titer 96 Assay. Greater than 95% of Schwann cells treated
with MV-NIS were viable after 48 h even at an MOI of 10 (Fig. 2a).
After 72 hours, at least 70% of normal Schwann cells were viable at all
treatment levels, with the most cell loss occurring at an MOI of 10
(Fig. 2b). Our results indicate that normal Schwann cells have reduced
susceptibility to the cytopathic effects of MV-NIS.

3.3. In vivo imaging of MV-NIS infected tumors

To noninvasively assess the in vivo replication of MV-NIS through
NIS transgene expression in virus-treated MPNST tumors, athymic
nude mice containing subcutaneous MPNST xenografts were injected
intratumorally with MV-NIS or saline. Three days after MV-NIS treat-
ment, mice were injected intravenously with I-125 (300 μCi); single
photon emission computed tomography (SPECT/CT) imaging was car-
ried out 1 h later to evaluate whole-body radioiodide biodistribution.
We chose to administerMV-NIS directly into the tumor and I-125 intra-
venously since this is the deliverymethod that will be used in a planned
human clinical trial. Endogenous NIS expression in the mouse thyroid
and stomach was masked in the rendered image (Fig. 3a,b) to highlight
the pattern of NIS expressionwithin the tumors. Quantitation of isotope
uptake in the tumors showed increased radioiodide uptake in MV-NIS-
injected tumors compared to saline controls (Fig. 3c). On average,
tumors infected with MV-NIS contained ~2.5 times more I-125 per
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Fig. 1. Transduction and cytopathic effects of MV-NIS on MPNST cell lines in vitro. (a) Flow cytometry analysis demonstrates robust expression of CD46 on all six MPNST cell lines and
normal Schwann cells. Viability of MPNST cell lines infected with MV-NIS at different MOIs or no virus (mock) after 48 (b) and 72 (c) h. Cell viability was determined by Cell Titer 96
Assay and presented as percentage of uninfected cells. (d) Cytopathic effects of MV-NIS on MPNST cell lines assessed by crystal violet staining 72 h after infection.
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Fig. 2. Schwann cell viability afterMV-NIS infection. Viability of normal Schwann cells (Schwann) and ameasles susceptible cell line (Vero) after infectionwithMV-NIS after 48 (a) and 72
(b) h. Cell viability was determined by Cell Titer 96 Assay and presented as percentage of uninfected cells.
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gram than control tumors. The data demonstrates that in vivo MV-NIS
propagation in MPNST tumors can be monitored noninvasively.

3.4. Anti-tumor effect of MV-NIS on MPNST xenografts

While MV-NIS has been shown to inhibit the growth of other cancer
tumors in vivo, its efficacy in MPNST has not been previously demon-
strated. To determine the anti-tumor effect of MV-NIS, MPNST cells
(5 × 106) from two different tumor lines (ST88-14 and S462TY) were
injected subcutaneously into the flanks of athymic nudemice.When tu-
mors reached a diameter of 0.5 cm, MV-NIS was administrated directly
into the xenograft tumor. Tumor growth was monitored daily for the
first 10 days after infection and then every 3 days until the end of the
study. In addition, survival curves were generated at the conclusion of
the experiments to examine mouse survival. In saline-treated mice,
we observed rapid tumor growth, while in the MV-NIS-treated mice,
tumor growth was significantly inhibited in both ST88-14 and S462TY
xenografts (P b 0.03, and P b 0.003 respectively) (Fig. 4a and b). Interest-
ingly, the inhibition of tumor growth was more pronounced in S462TY
than ST88-14 tumors. When we examined mouse survival, we found
that none of the mice treated with saline were alive at the end of the
study (Fig. 4c,d). In contrast, 2/10 ST88-14-xenograft-containing mice
and 7/10 S462TY-xenograft-containing mice that were treated with
MV-NIS were still alive (Fig. 4c,d). Mice treated with a single
intratumoral dose of MV-NIS survived significantly longer compared
to mice treated with saline (ST88-14: P b 0.02, S462TY: P b 0.0001),
and almost all of the remaining mice had no appreciable tumor. Again,
mice containing S462TY-derived xenografts had a greater response to
MV-NIS, with 70% of themice alive at the end of the study. These results
demonstrate that a single administration ofMV-NIS intoMPNST tumors
inhibits tumor growth and prolongs survival time.

4. Discussion

In this report, we demonstrated for the first time that MV-NIS has
significant oncolytic activity against MPNST cell lines and xenografts.
All MPNST cell lines were susceptible to MV-NIS infection, but one cell
line, HSCIL-1, was more resistant to MV-NIS killing. This may be due
to the lower CD46 expression or a robust antiviral response to MV in
HSCIL-1 cells as compared to the other MPNST lines; however, further
study is needed to determine this difference. Similar to other preclinical
cancer models (Dingli et al., 2004; Hasegawa et al., 2006; Li et al., 2012;
Hutzen et al., 2012; Carlson et al., 2009; Penheiter et al., 2010), we ob-
served that a single intratumoral administration of MV-NIS inhibited
tumor xenograft growth in vivo and improved long-term survival in
treated mice. Of the mice that survived to the end of the study, all
but one had no appreciable tumor, indicating that one treatment of
MV-NIS was capable of eradicating the MPNST-derived xenografts. In
addition, the expression of NIS allowed us to noninvasively visualize
the biodistribution of MV in vivo, demonstrating that viral infection
can be documented and monitored in treated MPNST patients.

There are no previous studies usingmeasles viral therapy in soft tis-
sue sarcomas in vivo, but our data suggests potential for this therapeutic
approach in these tumors. Ideally, MV-NIS could be employed as a
principal therapy for the eradication of both primary and metastatic
MPNSTs. A previously completed phase I clinical trial in ovarian cancer
demonstrated that MV was well tolerated by patients who had
previously been vaccinated against MV. In addition, MV titers remained
elevated during treatment, and there was no evidence of viral dissemi-
nation (Galanis et al., 2010). While MV can infect MPNSTs, host immu-
nity appears to limit systemic viral spread to other tumors, and
immunosuppression of vaccinated patients may be needed to enhance
MV therapy. Another option is to utilize viral vectors as an adjuvant
therapy for tumor resection. Initial viral treatment could be used to
shrink tumor size for easier removal of tumors located in complex
nerve plexuses or infused into the tumor site after resection to clear
the tumor margins. Both of these strategies could improve surgical out-
comes andhelp preserve tissues thatmay be compromised by extensive
tumor resection.

The expression of NIS allows for safe, noninvasive monitoring of MV
biodistribution in treated patients. In addition, the inclusion ofNIS in the
MV vector may enhance adjuvant radioablation therapy for the treat-
ment of MPNST. It has been demonstrated previously that the selective
uptake of radioactive iodine by NIS has antitumor activity (Li et al.,
2012; Trujillo et al., 2012; Opyrchal et al., 2012; Li et al., 2013). The
combined oncolytic properties of MV combined with radioablation
could improve therapeutic outcomes for patients with both sporadic
and NF1-associated MPNST tumors. While radiation therapy can be
problematic for NF1 patients because of the increased risk for new
tumor development, the focused and localized radioablation of tumor
tissue using NIS would require a lower dose of radiation and be less
toxic than current strategies that irradiate surrounding tissues.

In this study, we employed an immunodeficientmousemodel to ex-
amine the efficacy of measles viral therapy on MPNSTs. Because this
model lacks T cell function, we are unable to fully assess the innate
host response in xenografts to viral infection which is an important
component of therapy in patients. Unfortunately there currently is no
available mouse model for MPNST which is immune competent.
Humanized NOD/SCID mice could be used, but even these models may
not fully recapitulate the immune system or disease process seen in
humans. Examination of the innate cellular antiviral response in each
of our MPNST lines both in vitro and in vivo may allow for a better
prediction of the efficacy of viral therapy in human clinical trials and
needs further study.

In summary, we have demonstrated that MV-NIS can successfully
infect and destroy MPNST tumors with local viral administration.
Robust NIS expression in MPNST tumors after MV infection allows
for the monitoring of viral distribution and the accumulation of
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coadministered radioactive iodine as an adjuvant oncolytic therapy.
These results support the feasibility of a phase I clinical trial using MV-
NIS against MPNST. In addition, the development of an efficient and
well tolerated therapy for MPNST would provide a therapeutic option
for patients with non-operable MPNST and may prolong survival and
increase overall life expectancy for patients with sporadic and NF1-
associated MPNST. If the treatment proves to be effective in NF1-
derived MPNSTs, it would open the possibility for oncolytic viral
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