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Oncolytic measles virus prolongs survival
in a murine model of cerebral spinal
fluid—disseminated medulloblastoma
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Medulloblastoma is the most common malignant brain
tumor of childhood. Although the survival rate of
afflicted children has improved considerably over the
past several years, a subset of these patients will
present with disseminated disease and face a much
bleaker prognosis. In addition, patients may present
with disseminated disease at recurrence. We previously
demonstrated the efficacy of a recombinant oncolytic
measles virus (MV) to treat localized medulloblastoma
in a mouse xenograft model. In the present study, we
sought to extend our findings to the treatment of disse-
minated disease. To this end, we developed and charac-
terized a mouse xenograft model of disseminated
medulloblastoma using serial bioluminescent imaging
techniques in combination with histopathological exam-
ination. Mice injected with medulloblastoma cells into
their right lateral ventricle showed tumor growth in
their ventricles and in both intracranial and spinal sub-
arachnoid spaces, closely recapitulating the human
disease. Subsequent intraventricular administration of
MV resulted in stabilization and shrinkage of the
tumor, significantly prolonging the survival of the
treated animals, compared with those treated with an
inactivated virus. These data demonstrate that oncolytic
MYV may be of use in treating disseminated medulloblas-
toma. In addition, our protocol of intraventricular
tumor cell injection, followed by bioluminescent
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imaging coupled with histopathological examination,
provides a model for use in evaluating future recombin-
ant oncolytic viruses and other preclinical therapeutic
approaches for disseminated medulloblastoma.

Keywords: bioluminescence, dissemination, measles
virus, medulloblastoma, oncolytic virus.

edulloblastoma is the most common malig-
I\ /I nant brain tumor of childhood, accounting
for 15% to 20% of all pediatric brain
tumors.' Approximately 350-400 new cases are diag-
nosed annually in the United States.? Using current mul-
timodality treatment consisting of surgery, craniospinal
radiotherapy, and multiple drug chemotherapy, the
S-year survival rate is now ~60%.>* However, many
children receiving this therapy experience long-term
treatment-related morbidity, which greatly affects their
quality of life.”~® Although a number of prognostic
factors influence survival, dissemination of tumor into
the cerebrospinal fluid (CSF) pathways, present in
~20% of patients at initial diagnosis and in ~75% of
patients at recurrence, is an especially grave negative
prognostic factor.”~'! Fewer than 20% of children pre-
senting with CSF dissemination live for § years.'?
Clearly, more effective therapy for medulloblastoma
and, in particular, for disseminated medulloblastoma is
needed.

Medulloblastomas predominantly arise in the fourth
ventricle between the cerebellar vermis and brainstem,
often leading to occlusion of the ventricle and subse-
quent hydrocephalus.’> Because of the aggressive
nature of medulloblastoma and its close proximity to
the CSF, patients may present with disseminated
disease in the ventricles, basal cisterns, and/or spinal
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subarachnoid space.”~!" Previous studies have demon-
strated dissemination of human medulloblastoma cell
lines in murine orthotopic models when tumor cells
were injected either into the subarachnoid space of the
cisterna magna'* or cerebellum.'>!® In both models,
pathological review revealed tumor involvement in the
ventricular system and the spinal cord.

We recently reported on the therapeutic efficacy of a
recombinant Edmonston’s vaccine strain of measles
virus (MV) against a panel of human medulloblastoma
cell lines in vitro and in a mouse orthotopic model of
medulloblastoma.'” In these studies, both irradiated
SCID and athymic nude mice implanted with human
medulloblastoma cell lines in the caudate putamen
demonstrated significantly increased survival when
treated with a recombinant MV, compared with
those mice treated with a UV-inactivated form of the
virus. In the current study, we sought to develop a
mouse model that recapitulated the dissemination
pattern exhibited by children with medulloblastoma
and, thus, determine whether a similar therapeutic
approach using recombinant MV would increase
animal survival.

In this study, we demonstrate a pattern of human
medulloblastoma dissemination in a murine model
that is similar to the dissemination pattern exhibited
by children with the disease. Unlike the previous
studies  requiring  necropsy  to  demonstrate
CSE-disseminated  disease,'*™'®  our model was
capable of using intravital bioluminescent imaging to
evaluate dissemination. Subsequent necropsy revealed
extensive intraventricular and subarachnoid disease in-
volving both the extra-cerebral and spinal subarach-
noid spaces, thus confirming our imaging data. In
many cases, these animals also exhibited hydroceph-
alus resulting from blockage of CSF flow. Of more im-
portance, we found that the animals treated with a
modified MV exhibited morphologic and immunohis-
tochemical evidence of viral infection of tumor cells
throughout the CSF and statistically increased survival
times relative to controls. We have demonstrated ef-
fective treatment of disseminated medulloblastoma
with MV in a new murine model of CSF dissemination.
Ongoing experiments in our laboratory to determine
optimal dosing of virus in preparation for a phase I
trial are under way.

Material and Methods

Cell Culture

The Vero (African green monkey) and D283med human
medulloblastoma cell lines were obtained from the
American Type Culture Collection. The D425med
human medulloblastoma cell line was obtained from
Darrell Bigner (Duke University, Durham, NC). Vero
and medulloblastoma cells were grown in DMEM sup-
plemented with 10% or 20% fetal bovine serum, re-
spectively, at 37°C in a humidified incubator set at 5%
CO,. The D283med- and D425med-Luciferase cell
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lines were generated using a method previously
described.!” Luciferase bioluminescence emitted per
cell line was quantified. D283med-luciferase (D283luc)
and D425med-luciferase (D425luc) cells (5 x 10%)
were plated in replicates of 6 in a well of a white
96-well plate. Twenty-four hours later, Bright-Glo
reagent (Promega) was added to each well. A Victor2
Wallac plate reader (Perkin Elmer) was used to
measure light emissions in counts per second over a
10-s period. Data were quantified as counts per second
per cells.

Production of Measles Virus

The MV-GFP virus was rescued as described elsewhere'®
and propagated in Vero cells by infecting them at a
multiplicity of infection of 0.01 for 2 h at 37°C in a
minimal volume of Opti-MEM (Invitrogen). After incu-
bation, the medium containing unabsorbed virus was
replaced with DMEM supplemented with 10% fetal
bovine serum. Cells were incubated for 48 h at 37°C
and then transferred to 32°C for 24 h. The presence of
eGFP-positive cells was verified by fluorescence micros-
copy. Medium was gently aspirated, and cells were col-
lected in Opti-MEM. Virus was harvested by 2 cycles
of freezing and thawing. The titer of the virus was deter-
mined by 50% tissue culture infective dose (TCIDj5) ti-
tration on Vero cells."”

In Vivo Disseminated Tumor Model

D283luc (1 x 10° cells) or D425luc (5 x 10° cells) were
injected into the right lateral ventricle of 5-week-old
Hsd:Athymic Nude-Foxn1nu mice (Harlan Laboratories)
using the small animal stereotactic frame (David Kopf
Instruments). The injection coordinates were 1 mm to
the right and 0.5 mm posterior to the bregma and
2.2 mm below the skull surface. The mice were kept
under isoflurane gas anesthesia while cells in phosphate-
buffered saline were injected over a course of 3 min
using a 26-guage Hamilton syringe. These mice were
randomly divided into groups for treatment with
MV-GFP (MV) or an UV-inactivated form of the virus
(UV-MV). Treatment regimens were initiated either 3
or 14 days after tumor implantation, with each mouse
receiving an injection of 2 x 10° TCIDs, of MV or
UV-MV at the same stereotactic coordinates used for
implantation. Treatments were repeated every other
day for a total of 5 doses (1 x 10° total TCIDs,). The
animals were euthanized if they developed neurologic
deficits, such as hemiparesis or lethargy. All animal
experiments were approved by the Nationwide
Children’s Hospital Institutional Animal Care and Use
Committee.

Histopathological Evaluation

At the time of necropsy, brains and spinal columns
were collected, fixed overnight with 10% formalin, par-
affin embedded, cut into 4-pm tissue sections, and



stained with hematoxylin and eosin. The spinal cords
were placed in decal solution (Formical-2000; Decal
Chemical) overnight following formalin fixation and
prior to paraffin embedding. The D283luc tumor focus
isolated in the spinal cord of the animal 3 days following
tumor implantation was visualized using a Zeiss
Axioskop 2 Plus microscope and photographed using a
Zeiss AxioCam MRc 5 camera. Individual cells in the
focus were counted, and the radius of individual cells
and the entire focus were determined using the
AxioVs40 V 4.6.3.0 morphometry. The radius value of
10 independent cells was calculated to determine the
average radius. Four radius measurements were taken
of the entire tumor focus to determine an average
radius. From these values, the volume of the individual
cells and the entire focus was determined. These values
allowed us to calculate the number of cells in the
tumor focus.

Immunohistochemistry of Medulloblastoma Tumor
Xenografts

To confirm intratumor MV infection, measles nucleo-
protein was detected by immunohistochemistry of
paraffin-embedded tissue sections obtained from
D283luc and D425luc xenografts. Following tumor
cell implantation, a single MV treatment was adminis-
tered 7 days following tumor implantation using the
same stereotaxic techniques previously described.
Tissues were collected 48 h following MV treatment
and prepared as described above. Formalin-fixed
paraffin-embedded samples were sectioned with a
microtome (Finesse; Thermo Scientific) at 4 pm, placed
on charged slides, oven dried, deparaffinized, and
hydrated with distilled water. Heat-induced epitope re-
trieval was performed by immersing the slide in
antigen retrieval solution (sodium citrate buffer; pH,
6.0) and placed in a decloaking chamber for 30 min at
120°C. Slides were cooled and then rinsed with distilled
water. To block endogenous peroxidase activity, slides
were incubated in 3% hydrogen peroxide for 15 min.
After rinsing with distilled water, slides were washed
with Tris-buffered saline solution with Tween 20
(TBST). To reduce nonspecific background, slides were
incubated in super block (ScyTek Laboratories) for
10 min and then washed with TBST. The slides were
then incubated in the primary antibody, anti-measles
nucleoprotein  antibody  (NB100-1856;  Novus
Biologicals), at a 1:300 dilution for 1 h and then rinsed
with TBST. Next, slides were incubated in UltraTek
Anti-Polyvalent  Biotinylated ~ Antibody  (ScyTek
Laboratories) for 10 min. After washing in TBST, the
slides were incubated in UltraTek HRP (ScyTek
Laboratories) for 10 min. Slides were then washed in
TBST, incubated in substrate (AEC Chromagen,
ScyTek Laboratories) for 3.5 min, counter stained with
hematoxylin (Shandon Gill; Thermo Scientific), and
blued using ammonia water. From distilled water, the
sections were coated with crystal mounting media,
heated at 58°C, and cover slipped with Permount
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mounting media. For comparison, additional sections
were cut from samples positive for intratumor MV
infection and tested with the same immunostaining pro-
cedure, with the exception of the primary antibody.
Modified versions of the immunohistochemical protocol
described above were used to evaluate xenograft tissue
for cell proliferation and apoptosis. Slides prepared as
described above were either incubated in the primary
antibody Ki-67 (VP-K451; Vector Laboratories) at a
1:1000 dilution for 1 h to detect proliferation or in the
primary antibody cleaved caspase-3 (Asp175; 96661;
Cell Signaling) at a 1:200 dilution for 1h to detect
apoptosis. After the slides were rinsed with TBST, the
Ki-67 slides were incubated in 44 Biotinylated
Universal Goat Link (Biocare Medical) for 10 min,
washed with TBST, and incubated in 4+ Streptavidin
HRP (Biocare Medical) for 10 min. The cleaved
caspase-3 slides were incubated in UltraTek
Anti-Polyvalent Biotinylated Antibody for 10 min.
After washing in TBST, the slides were incubated in
UltraTek HRP (ScyTek Laboratories) for 10 min.
Slides were then washed in TBST, incubated in substrate
(DAB, Vector Laboratories) for 30s, counter stained
with hematoxylin (Shandon Gill; Thermo Scientific),
and blued using ammonia water.

In Vivo Bioluminescence Imaging

For the studies characterizing tumor dissemination and
growth, bioluminescence imaging was conducted on
days 3, 7, 14, and 21 for D283luc and days 3 and 10
for D425luc following tumor implantation. In studies
evaluating the efficacy of MV therapy, bioluminescence
imaging was performed prior to each MV injection, then
weekly thereafter. Bioluminescence imaging was con-
ducted using the Xenogen IVIS Spectrum (Caliper Life
Sciences). Animals received an intraperitoneal injection
of 4.5 pg Xenolight Rediject D-Luciferin (Caliper Life
Sciences) and were continuously maintained under iso-
flurane gas anesthesia. Images were obtained 20 min
after luciferin administration. The bioluminescence in-
tensity was quantified in units of photons per second
using Living Image Software (version 4.1; Caliper Life
Sciences). The lower threshold of detection was set at
1250 photons/s/cm? /sr.

Statistical Analysis

Survival curves were generated using the Kaplan-Meier
method and GraphPad Prism 5 software (GraphPad
Software). Statistical significance (P <.05) between
the groups was determined wusing the log-rank
test. All other statistical analysis was performed using
Microsoft Office Excel (v.11.6560.6568 SP2) in
Data Analysis using Regression or Student’s # test:
paired 2-sample for means. Probabilities for the
Student’s ¢ test are listed as “P(T <t) 2-tail” with an
a of 0.05.
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Results

Medulloblastoma Cell Line Dissemination and Growth
at Distant Sites Can Be Detected by Intravital
Bioluminescence

To evaluate whether MV therapy would be effective
at treating disseminated medulloblastoma, we first
planned to determine whether we could establish a
model of CSF dissemination. We previously demonstrated
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Fig. 1. In vivo evaluation of medulloblastoma dissemination
and disease progression. Bioluminescence images from mice
containing D283Luc tumors. Animals were implanted with
D283luc cells in the right lateral ventricle. Bioluminescence
imaging was conducted 3, 7, 14, and 21 days following tumor
implantation. Bioluminescent signals in the brain and spinal cord
are visible as early as 3 days following tumor implantation. Tumor
burden in the brain and spinal cord, as determined by total flux
(photons/s), increased steadily over time. Animals not displaying
a bioluminescent signal in their spinal cord at day 3 failed to
exhibit a signal throughout the course of the study and were
excluded from the study (data not shown).
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that we could follow localized tumor growth and treat-
ment efficacy in vivo using bioluminescent imaging
techniques'” and wanted to determine whether this
imaging modality would also be suitable for visualizing
disseminated disease. Using stereotaxic guidance, we
initially injected D283med cells stably expressing
firefly luciferase (D283luc) into the lateral ventricles
of athymic nude mice, where the cells would have
direct access to the CSF. Successful implantation of
D283luc cells and their subsequent dissemination
were confirmed with bioluminescent imaging prior to
initiating MV treatment (Fig. 1A and B). An animal
with a bioluminescent signal >1250 photons/s/cm?/sr
in its spinal cord was determined to have successful
dissemination (Fig. 1B). This setting was chosen
because it is substantially higher than the documented
background auto-luminescence of a nude mouse
(1000 photons/s/cm?*/sr).?° Using this technique to
evaluate dissemination, we determined our success
rate to be 83.4% (126 of 151 animals), with an
average spinal cord signal intensity of 1.47 x 10*
(0.250-5.47 x 10%) photons/s/cm?/sr. Animals dis-
playing disseminated tumor on day 3 were additionally
imaged on days 7, 14, and 21 after tumor implant-
ation. As shown in Fig. 1A and B, the bioluminescent
signal in both the brain and the spinal cord increases
over time, as evaluated by total flux of the biolumines-
cent signal. Of interest, those animals implanted with
D283luc and not displaying a bioluminescent signal
in their spinal cords 3 days following tumor implant-
ation never developed a signal throughout the course
of evaluation (21 days). For this reason, animals not
showing signal in the spine prior to treatment were
not used in subsequent studies.

Murine Model of Medulloblastoma Dissemination
Closely Models the Pattern Observed in Children

To confirm the dissemination pattern of D283luc in
animals following introduction of tumor cells into the
lateral ventricle, animals were euthanized following bio-
luminescent imaging. Histopathological review of the
entire brain and spinal cord confirmed an animal’s cor-
responding imaging data. Animals that displayed a bio-
luminescent signal in their spinal cord also were found
to have tumor in their spinal cord following microscopic
review (Fig. 2). Furthermore, animals exhibiting disse-
minated disease revealed extensive intraventricular and
intracranial subarachnoid disease (Fig. 2A). By examin-
ing serial sections from the spinal cord of the animal dis-
playing a positive bioluminescent signal 3 days following
tumor implantation (Fig. 2; inset), we were able to deter-
mine that there were approximately 3000 D283luc cells
within the tumor focus. As expected, animals euthanized
14 days post tumor implantation and after displaying
endpoint symptoms had increased tumor burden and se-
verity of dissemination, including tumor foci located
around the cerebellum and brain stem (Fig. 2A).
Conversely, animals that failed to display a biolumines-
cent signal in their spinal cord were found not to have
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Fig. 2. Histological examination (H&E stain) of the mouse brain following injection of medulloblastoma cells into the right lateral ventricle of
the mouse brain. (A) The presence of a D283luc-derived tumor in the ventricle, posterior fossa, and spinal cord is demonstrated as early as 3
days following tumor implantation. There is a temporal increase in the extent of dissemination and tumor burden following tumor
implantation. Tumor is present in the intraventricular and intracranial subarachnoid spaces, especially the cerebellum and brain stem.
Tumor is evident in the sacral region of the spinal cord as well. Evaluation of an animal following terminal disease revealed extensive
intraventricular and intracranial subarachnoid space involvement. The ventricles appear occluded by tumor, and the cerebellum has
extensive disease. Tumor has invaded the dorsal root ganglia as well as the spinal cord. All insets were originally taken at x 400. (B)
Similar observations are found in disseminated tumors of the D425luc-derived cell line.

histopathologic evidence of disease in their spinal cord,  indicating that the tumor cells may not have been prop-
intraventricular space, or subarachnoid space. These  erly implanted into the lateral ventricle (data not
animals had a tumor mass in the caudate putamen, shown).
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Fig. 3. In vivo evaluation of antitumor activity of measles virus (MV). Bioluminescent images from mice containing D283Luc tumors. Animals
were implanted with D283luc cells in the right lateral ventricle 3 days prior to treatment. MV treatment was administered on days 0, 2, 4, 6,
and 8. Bioluminescence signal in the lower vertebral region is indicative of tumor dissemination. (A) One MV-treated animal exhibits
complete tumor abolition, as determined by the lack of bioluminescent signal in the spinal cord (day 60). The other MV-treated animal
exhibits a delayed increase in tumor burden compared to the untreated animal, which displays significant temporal increase in tumor
burden. (B) MV-treated animals display a delayed progression of tumor burden compared to untreated animals when using total flux
(photons/s) as an indicator of tumor burden.
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Administration of Measles Virus Directly into the CSF
Increases Survival of Mice Exhibiting Disseminated
Medulloblastoma Tumors

To determine the efficacy of MV treatment in our

model of disseminated disease, we established
A 100 ] == MV-GFP (n=5)
- ' == UV MV-GFP (n=5)
: i
H i
a ]
I
€ 501 i
] ]
2 1
] i
a 1
i
i
0 !
0 20 40 60 80
Days post tumor implantation
B
100 i -i- MV-GFP (n=8)
- ! = UV MV-GFP (n=4)
m
2 -
z 1
5 o
n I
2 501 I——y
@ i
I ]
o |
o b 4
0 50 100
Days post tumor implantation
C 100 4 e, -1= MV-GFP (n=14)
_ 3 -~ Control (n=6)
2 |
i
g L
v
2 504 L
@ ]
: L
a 5
i
| P . -

0 20 40 60 80
Days post tumor implantation

Fig. 4. Antitumor effect of measles virus (MV). D283luc
medulloblastoma cells were injected into the right lateral ventricle
of female athymic nude mice. Fourteen days (A) or 3 days (B)
post tumor implantation the mice received a total of 1 x 10° pfu
of MV or the same dose of UV-MV. Mice treated with MV
had significantly longer survival than mice that received UV-MV
(P <.002 (A); P<.0005 (B)). Mice treated with MV 14 days
after tumor implantation had a median survival time of 49 days
compared to 40 days exhibited by the UV-MV mice. Likewise,
mice treated with MV-GFP 3 days after tumor implantation had a
median survival time of 80 days, whereas the UV MV-GFP mice
had a median survival time of only 37 days. (C) A similar
experiment also demonstrated significant (P < .0001) survival of
mice treated with MV 3 days following D425luc implantation
when compared to mice that received UV-MV-GFP. D425luc
xenografts treated with MV had a median survival time of 37.5
compared to 16 days for xenografts treated with UV-MV.
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D283luc xenografts in athymic nude mice. Fourteen
days following tumor implantation, we began a treat-
ment regimen by injecting MV into the right lateral
ventricle every other day for 10 days. The animals
were then monitored to assess survival. There was a
small but significant increase in survival of animals
treated with MV, compared with animals treated with
UV-MV (P <.002) (Fig. 4A). The median survival for
MV-treated animals was 49 days (range, 47-49
days), compared with 40 days (range, 37-42 days)
for UV-MV —treated animals. There were no long-term
survivors in the MV treatment group. Pathological
review determined that all 5 UV-MV-treated animals
had extensive intraventricular, intracranial subarach-
noid space, and spinal cord involvement. Likewise, all
5 MV-treated animals displayed ventricular and sub-
arachnoid disease, but we were unable to detect
tumor in the spinal cords of 2 animals.

We noted from our histopathological review that the
tumor burden in the CSF was already quite large by 14
days after injection (Fig. 2A). On the basis of this
finding and the survival results, we were concerned
that the large burden of tumor in the subarachnoid
space at 14 days after tumor injection was preventing
the injected virus from moving through the subarach-
noid space to access the entire tumor. To address this
concern, we modified the experiment described above
by beginning treatment 3 days after intraventricular
injection of tumor cells. As before, the animals received
a dose of MV every other day for a total of 5 injections
of MV. Animals were followed up with serial
imaging (Fig. 3) and monitored to assess survival.
Quantification of photons released by D283luc-
implanted tumors demonstrated that tumors either sta-
bilized or shrank in treated animals, compared with
UV-MV-treated animals (Fig. 3B). Two of 8 treated
animals appeared to have been cured of disseminated
disease, as determined by bioluminescent imaging
(Fig. 3). There was statistically significant prolongation
of survival in MV-treated mice, compared with
UV-inactivated virus-treated controls (P < .0005)
(Fig. 4B). UV-MV —treated animals had a median sur-
vival of 37 days (range, 35-39 days), whereas
MV-treated animals had a median survival of 82 days
(range, 64-110 days). A second independent study
also demonstrated a significant increase in survival
(P <.0009; data not shown). In that study the
median survival of MV-treated mice was 83.5 days
(range, 66-104 days), compared with 38.5 days
(range, 35-42 days) for mice treated with UV-MV.
Necropsy revealed extensive intraventricular, intracra-
nial subarachnoid, and spinal subarachnoid disease in
both treated and untreated animals (Fig. 2). The 2
animals devoid of any bioluminescent signal in the
first study were free of disease upon pathological evalu-
ation of their brains and spinal cords (data not shown).
Two additional animals in the second study were also
devoid of tumor upon pathological examination (data
not shown).

NEURO-ONCOLOGY * APRIL 2012 465



Studebaker et al.: Measles therapy for disseminated medulloblastoma

Dissemination and Treatment of D425med Tumor
Xenografts

Because of the heterogeneous nature of medullo-
blastoma,?! we constructed a second medulloblastoma
luciferase-expressing cell line, D425luc, to evaluate its
dissemination pattern when delivered directly into the
CSF and to determine whether MV therapy would be
efficacious against another cell line. In contrast to
D283luc, the bioluminescent signal in the spinal cord
of animals implanted with D425luc was delayed, occa-
sionally taking as long as 10 days to visualize. In vitro
evaluation of the 2 cell lines revealed that D283luc
cells emitted 10-fold more counts/s/cell than did
D425luc cells (350-400 counts/s/cell vs 35-40
counts/s/cell). Of interest, the average spinal cord
signal intensity in D425luc xenografts when first
detected was 1.47 x 10° (1.33-1.97 x 10%) photons/
s/cm?/sr, which is 10-fold lower than the initial inten-
sity observed with D283luc xenografts.

Although some animals implanted with D425luc
failed to display a bioluminescent signal in their spinal
cord until day 10, histopathological review was still per-
formed on days 3 and 14 following tumor implantation.
Similar to what was observed with D283luc, animals
either displayed progressive intraventricular and intra-
cranial subarachnoid disease (Fig. 2B), characteristic of
disseminated disease, or a primary tumor in the
caudate putamen indicating a failed implantation.
Using histopathological evaluation, we determined that
81.3% (39 of 48 animals) had disseminated tumor, a
percentage very similar to our efficiency with D283luc.
Animals implanted with D425luc appear to have
greater tumor burden than the day-matched D283luc
animals, including more widespread spinal cord distri-
bution and ventricle occlusion, consistent with the
more rapid growth rate of this cell line in vitro (Fig. 2B).

A similar treatment approach was performed in mice
with established D425luc xenografts. An initial study
evaluating MV efficacy initiated 14 days after tumor im-
plantation could not be completed, because animals
implanted with D425luc displayed clinical symptoms
of disease prior to completing the treatment regimen.
As with the second generation D283luc xenograft
study, efficacy of MV treatment against disseminated
D425luc was evaluated with treatment commencing 3
days after tumor implantation. Animals received either
a dose of MV or a dose of UV-MV every other day for
atotal of 5 doses. Animals treated with MV had a signifi-
cantly longer survival than did animals treated with the
UV-MV (P < .0001) (Fig. 4C). UV-MV —treated animals
had a median survival of 16 days (range, 15-18 days),
whereas MV-treated animals had a median survival of
37.5 days (range, 32-80 days). One animal that dis-
played disseminated disease prior to initiating MV treat-
ment was determined by bioluminescent imaging to
be tumor free when euthanized on day 80.
Histopathological evaluation of this animal failed to
detect any tumor. In contrast, all other animals revealed
extensive intraventricular, intracranial, and spinal sub-
arachnoid disease (Fig. 2B). Because bioluminescent
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imaging evaluation prior to initiating treatment was
proven to be unreliable with D425luc, because of the
cells emitting 10-fold less counts/s than D283luc,
animals that displayed a large primary parenchymal
tumor, indicative of a failed lateral ventricle injection,
were excluded from the final survival comparison.

Immunohistochemistry was performed on the brains
and spinal cords of MV-treated animals to definitively
demonstrate MV dissemination and infection of
D425luc tumor cells located throughout the CSF.
Positive MV infection of medulloblastoma cells was
located in the ventricles (Fig. 5SA and B), posterior
fossa (Fig. 5C and D), and the spinal cord (Fig. SE and
F), demonstrating MV infection of tumor cells distant
from the site of inoculation. MV infection is associated
with syncytia that were immunoreactive. The majority
of the virus is located in the cytoplasm of infected
cells. Untreated animals showed no immunoreactivity
for MV (Fig. 5G-L) and negative controls performed
by omitting the primary antibody revealed no staining
(data not shown). Similar results were observed in
D283luc MV-treated xenografts (data not shown).
Subsequent staining demonstrated that the syncytia
immunoreactive for MV in both the brain and the
spinal cord also stained positive for cleaved caspase-3,
a marker for apoptosis (Fig. 6A and B). Although there
was a low level of apoptosis in the untreated samples
(Fig. 6C and D), there was increased apoptosis in the
MV-treated samples (Fig. 6A and B). Evaluation of the
tumors from MV-infected and uninfected animals
revealed a similar proliferation index, as assessed by
Ki-67 staining (Fig. 6E-H). Review of MV-infected
samples indicated that syncytia positive for MV and
apoptosis immunoreactivity were negative for Ki-67
staining (Fig. E and F).

Discussion

Although advances in treatment modalities have
increased the survival of children who receive a diagno-
sis of medulloblastoma, ~20% of these patients will
present with disseminated disease and face a much
worse prognosis. Because of the limitations and signifi-
cant drawbacks associated with conventional therapy,
alternative means for treating all variants of medullo-
blastoma are sorely needed. The decision to investigate
the use of a modified Edmonston strain measles virus
(MV-Edm) to treat disseminated medulloblastomas
was motivated by several key observations. First, the
oncolytic activity of the MV-Edm has already been
demonstrated across multiple tumor types, where it has
displayed remarkable specificity for targeting and
destroying transformed cells, leaving the normal sur-
rounding tissue intact."”**7%* Second, the general
safety of the Edmonston vaccine strain has been thor-
oughly vetted over several decades of clinical use,
having been safely administered to >1 billion recipients
worldwide. Although a routine vaccination is certainly
far removed from using a virus to treat a brain tumor,
it should be noted that extensive studies with the latter
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Fig. 5. Immunohistochemical measles virus (MV) detection. Paraffin-embedded tissue sections derived from D425luc xenografts were
stained with a rabbit polyclonal MV nucleoprotein antibody. Nucleoprotein immunoreactivity was detected in the cytoplasm of individual
cells and multi-nucleated syncytia. Positive MV infection of medulloblastoma cells was located in the ventricles (A and B), posterior fossa
(C and D), and spinal cord (E and F) of MV-treated animals, but was not detected in untreated control animals (G-L).

Fig. 6. Immunohistochemical apoptosis and cell proliferation staining. Paraffin-embedded tissue sections derived from D425luc xenografts
were stained with either a rabbit polyclonal cleaved caspase-3 antibody, to detect apoptosis or a rabbit polyclonal Ki-67 to detect cell
proliferation. Syncytia in both the brain and spinal cord stained positive for cleaved caspase-3 (A and B). While there was a low level of
apoptosis in the untreated samples (C and D), there was increased apoptosis in the MV-treated samples (A and B). Tumors from
MV-infected and non-infected animals revealed a similar proliferation index (E-H). Review of MV-infected samples indicated that
syncytia positive for MV and apoptosis staining were negative for Ki-67 staining (E and F).

route of administration have already been conducted in
nonhuman primates. In the early 1970s, Albrecht et al.
found no clinical signs of encephalitis in rhesus
monkeys following intracerebral injection with low-
passage Edmonston strain virus.”® In addition, no histo-
logical evidence of active measles infection, such as
intranuclear inclusions or syncytia, could be found in
any of the animals. Similarly, injection of Edmonston
strain virus into the thalamus or CSF via cisternal injec-
tion of grivet monkeys or cynomologuous monkeys had

no clinical toxicity.? Lastly, prior to initiating clinical
trials for patients with glioblastoma multiforme,
measles neurotoxicty studies were performed in previ-
ously immunized rhesus macaques.?” Similar to previous
safety studies, there was no evidence of toxicity in the
animals, thereby demonstrating the safety of measles
virus therapy. We recently reported on the efficacy of
MV therapy in increasing the survival of mouse
xenografts of human medulloblastoma.'” In that study,
we were able to show that MV was effective in treating
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localized tumors in the caudate putamen. Animals
treated with recombinant MV showed drastic reductions
in tumor size, compared with animals that had received
a UV-inactivated form of the virus and, consequently,
increased overall survival. In addition, we demonstrated
that bioluminescent imaging was a very effective and ac-
curate method to evaluate tumor response to MV
therapy. Although MV efficacy was performed on
medulloblastoma cell lines, immunohistochemical
evaluation of fresh, primary medulloblastoma resection
specimens demonstrated that they express CD46, thus
indicating that MV virotherapy may be useful
clinically.'”

To determine whether MV treatment efficacy would
extrapolate to disseminated disease, we developed a
mouse model that recapitulated the dissemination
pattern of human medulloblastoma and allowed us to
use intravital biolumniscent imaging to monitor tumor
response to treatment. In this study, we demonstrated
that implantation of human medulloblastoma cells
directly into the CSF via the lateral ventricle generated
bioluminescent signals in the head and spine of
animals (Fig. 1). Subsequent histopathological evalu-
ation revealed tumor deposits in the intraventricular
space, intracranial subarachnoid space, and spinal
subarachnoid space (Fig. 2), thus confirming our bio-
luminescent images.

Although we were able to accurately determine dis-
semination (Fig. 1) and follow tumor response to MV
treatment (Fig. 2) using bioluminescent imaging, com-
parison of D283luc and D425luc cells reveal some of
the limitations associated with intravital imaging.
There is a lower limit of sensitivity. In vitro analysis
and in vivo imaging revealed that D283luc cells emit
10-fold more photons/s. This was clearly demonstrated
by the average spinal cord signal intensities initially
observed in D283luc and D425luc xenografts (1.47 x
10* and 1.47 x 10° photons/s/cm?/sr, respectively)
and the time required past tumor implantation to
observe a signal in the spinal cords. Attempts are cur-
rently being made to construct a D425luc cell line that
emits increased photons/second/cell.

We were able to show that MV, when administered
either 3 or 14 days following D283luc tumor implant-
ation, significantly enhanced survival of animals with
disseminated medulloblastoma (Fig. 4A and B). We
were also able to demonstrate a significant increase in
survival of animals implanted with D425luc, when
MV treatment was initiated 3 days following tumor im-
plantation but not when treatment was initiated 14 days
following tumor implantation (Fig. 4C). Pathological
comparison of tumor burden at 14 days and 3 days
revealed increased tumor burden in the ventricles and
concomitant enhanced dilation of the ventricles, includ-
ing the fourth ventricle. The presence of hydrocephalus
suggests that the tumor was impeding the flow of CSF
from the ventricle to the subarachnoid space, therefore
diminishing the access of MV to disseminated tumor
sites. Our findings from initiating treatment 3 days fol-
lowing tumor implantation and 14 days following
tumor implantation indicate that there may be a
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window for optimal MV treatment efficacy. Although
we believe that tumor burden, especially in the ventri-
cles, affected efficacy in our animal models, we do not
believe this will be an issue when treating children.
Although children with medulloblastoma often present
with hydrocephalus, this is almost always caused by
the tumor in the fourth ventricle, which is removed sur-
gically prior to the institution of therapy.

Equally as important as the increase in animal sur-
vival using MV was the detection of MV infection at
multiple tumor deposits throughout the subarachnoid
space, including the spinal cord (Fig. 5). As expected,
multi-nucleated giant cell syncytia were seen in the
treated tumors, which were positive for MV when exam-
ined immunohistochemically. Further investigation
determined that the syncytia associated with MV infec-
tion stained positive for cleaved caspase-3, a marker of
apoptosis (Fig. 6A and B). The formation of syncytia
and subsequent apoptosis has been well documented
for MV.2*?® In addition, both MV-treated and untreat-
ed animals displayed similar cell proliferation profiles as
determined by Ki-67 staining (Fig. 6E—H). Evidence of
MYV infection confirmed our interpretation of the bio-
luminescent imaging data, which showed a decrease in
signal intensity in MV-treated animals. As biolumines-
cent signal intensity was used as a surrogate marker of
tumor burden, immunohistochemistry strongly suggests
that MV is responsible for the decrease in tumor
burden. The ability to use the CSF to deliver therapeutic
MV to disseminated disease and to demonstrate infec-
tion at these distant sites is critical to treating mice
and, ultimately, children presenting with disseminated
disease.

Although other studies have been successful at gener-
ating disseminated disease in mouse models of medullo-
blastoma, either by metastasis from a primary
1516 or by direct injection into the subarachnoid
space,'* they required histological examination to deter-
mine whether they were successful at generating dissem-
ination. The model that we present here has the
advantage of using bioluminescent medulloblastoma
cells, whose location and growth can be serially moni-
tored without the need to sacrifice the animal.
Moreover, this ensures consistency by eliminating from
the study any animals that do not demonstrate dissemin-
ation prior to treatment. An additional advantage to this
model is the ability to follow our treatment response. We
are able to follow tumor growth, regression, and even
dissemination from the brain to the spinal cord, allowing
us to evaluate our MV efficacy in more detail and to
know exactly when an animal is tumor free. As such,
our model allows for more dynamic treatment regimens
to be implemented. Animals can conceivably be treated
as needed, receiving as little or as much MV as necessi-
tated, depending on how they respond to treatment.

There are clinical challenges associated with MV
therapy. The majority of patients eligible for MV
therapy will have preexisting antiviral antibodies
because of prior immunization or natural infection.
However, there are methods available that circumvent
or modulate the immune response against MV.



In studies investigating the therapeutic potential of her-
pesvirus and reovirus, the addition of the immunosup-
pressive agent cyclophosphamide prolonged viral gene
expression and enhanced the oncolytic viral effect.”” =32
Another mechanism currently being developed to cir-
cumvent antimeasles immunity is cell-based carriers,
such as mesenchymal stem cells.*> This mechanism
would allow delivery of MV to the tumor while
evading the immune system.

In summary, we demonstrated that inoculation of
MV directly into the CSF via the lateral ventricle signifi-
cantly increased the survival of animals presenting with
disseminated medulloblastoma. Intravital biolumines-
cent imaging provided a means by which disseminated
medulloblastoma could be evaluated and a method to
monitor tumor response to MV therapy. Evidence of
MYV infection at tumor deposits distant from the site of
MV inoculation, concomitant with an increase in
animal survival, demonstrated that modified MV has
therapeutic potential for disseminated medulloblas-
toma. Additional studies, including evaluating the tox-
icity of MV injection directly into the CSF of
previously immunized, immunocompetent, nonhuman
primates will need to be completed prior to using the
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virus in a clinical trial for the treatment of disseminated
medulloblastoma. Furthermore, the broad tropism
toward varying malignancies, as evidenced by the
ongoing clinical trials,”* 3¢ suggest that MV may be a
viable therapeutic strategy toward other pediatric
tumors (i.e., ependymomas and diffuse intrinsic potine
gliomas). Studies are currently being performed to evalu-
ate this treatment approach.
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