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Abstract

Background—Recurrent gliomas have a dismal outcome despite use of multimodality treatment
including surgery, radiation therapy and chemotherapy.

Objective—In this article the authors discuss potential applications of oncolytic measles virus
strains as novel antitumor agents in the treatment of gliomas.

Methods—Important aspects of measles virus development as an anticancer therapeutic agent
including engineering, retargeting and combination studies with other therapeutic modalities are
discussed. The translational process that led to the first clinical trial of an engineered measles virus
derivative in patients with recurrent glioblastoma multiforme is also described.

Results/conclusions—Oncolytic measles virus strains hold promise as novel antitumor agents
in the treatment of gliomas.
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1. Introduction

Malignant gliomas are the most common primary brain tumors with 16,000 deaths each year
in the US [1]. Glioblastoma multiforme (GBM) is the most common glioma histology,
representing 80% of primary brain tumors in adults. It has a high mortality rate and a median
survival of 12 — 16 months [2]. Gliomas are resistant to conventional treatment modalities and
they invariably recur despite multimodality treatment including surgery, radiation and
chemotherapy. Despite their high propensity for local recurrence, gliomas rarely metastasize
and, therefore, represent good candidates for local gene transfer/virotherapy approaches.

Measles virus (MV) is a negative strand RNA virus and belongs in the family of
Paramyxoviridae. The MV genome includes six genes translating in eight proteins. MV entry
to target cells is mediated by two membrane glycoproteins, the hemagglutin (H) protein and
the fusion (F) protein. The H protein is responsible for binding to cellular receptors such as
CD46, a regulator of complement activation that is found on all human nucleated cells and
frequently overexpressed in tumor cells [3,4], including gliomas [5] and signaling lymphocyte
activated molecule (SLAM) which is expressed on T- and B-lymphocytes and macrophages
[6]. The F protein causes the virus to fuse with the cell after attachment has taken place. The
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virus exerts its characteristic cytopathic effect through the formation of syncytia
(multinucleated giant cell aggregates), which undergo apoptotic cell death. In contrast to the
wild-type virus, vaccine strains of the MV have an excellent safety profile, and have resulted
in significant decreases in the measles incidence and mortality worldwide [7].

The authors’ interest in measles as oncolytic agent was fueled by case reports in the 1970s,
where natural infection with MV led to spontaneous regression of hematologic malignancies
in African children [8,9]. In proof-of-principle studies the authors have also demonstrated that
the MV F and H proteins, encoded by non-replicating viral vectors have significant antitumor
activity against gliomas [10]. One of the main challenges, however, associated with the use of
non-replicating vectors in vivo is limited infection/gene transfer, which can have a negative
impact on antitumor efficacy. The authors, therefore, chose to test the natural carriers of these
proteins (i.e., replicating attenuated vaccine strains of MV) as antiglioma agents.

2. Measles virus derivatives have in vitro and in vivo antitumor activity
against gliomas

One of the great challenges in clinical application of gene transfer using replicating viruses,
especially as it pertains to brain tumors, is the limited ability to monitor in vivo the spread and/
or elimination of the virus, or to measure the profile of viral gene expression over time. Repeat
brain biopsies are typically not feasible or ethically justified and, consequently, additional
surgical procedures are usually not a viable option for addressing these concerns. Measurement
of these parameters should be an integral component of pharmacokinetic, pharmacodynamic,
dose finding and dose scheduling studies and could facilitate the tailoring of virotherapy
protocols for individual patients. Without data on virus kinetics, it is not possible to determine
whether a failed response to therapy is due to lack of infection, inadequate virus spread,
weakened cytopathic effect or premature virus elimination. Also, accurate determination of
the timing of virus elimination is needed when deciding on the dose interval between repeat
treatment cycles. The authors, therefore, hypothesized that inert soluble marker peptides
expressed by the oncolytic vaccine strain of MV could facilitate noninvasive in vivo monitoring
of the kinetic profile of viral gene expression. Ideal marker peptides should be non
immunogenic, have no biologic function and a constant circulation half-life, and should be
efficiently secreted from virus-infected cells into the bloodstream. The concentration of marker
peptide in serum should be negligible prior to therapy but easily and accurately measurable
thereafter.

The soluble component of the human carcinoembryonic antigen (CEA) fits all the criteria
described above for a trackable marker peptide that can be used for noninvasive monitoring of
the viral therapy in glioma patients. CEA is a glycoprotein of molecular weight 180 kDa with
a circulating half-life of 36 h in humans, and no documented biologic activity [11,12].
Circulating levels are frequently elevated in certain malignancies, such as metastatic colon
cancer, in which CEA provides an important nonimmunogenic tumor marker. However, CEA
is not expressed in gliomas [13], therefore, elevated levels of CEA in the serum of glioma
patients after viral treatment could only be attributed to viral gene expression. Furthermore, as
demonstrated in the case of colorectal cancer patients with CNS only metastases, CEA
produced in the CNS reaches the systemic circulation and can be detected in the serum [14].
An attenuated strain of the Edmonston’s vaccine lineage (MV-Edm), engineered to express
CEA [15,16], was produced.

MV-CEA contains the MV-NSe backbone, which derives from the MV-Edm lineage. The
soluble extracellular N terminal domain of CEA (minus the transmembrane C terminal tail)
was subcloned as an additional transcription unit before the N gene (Figure 1) [16]. Thus, genes
in the infectious clone of p(+) MV-hCEA (MV-CEA) include the extracellular N terminal
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domain of CEA (soluble marker peptide), followed by the MV genes coding for the
nucleocapsid (N), phosphoprotein (P), matrix (M), fusion (F), hemagglutinin (H) and
polymerase (L) proteins [16].

Expression of viral genes when the virus replicates results in CEA production, and CEA
detection can allow monitoring of viral gene expression. MV-CEA is the first measles vaccine
derivative tested against gliomas; it resulted in significant cytopathic effect in vitro against
essentially all glioma lines tested (both primary and deriving from glioblastoma patients; Figure
2) [17].

One step viral growth curves demonstrated that glioma cells support robust viral replication.
CEA levels in the culture supernatants correlated well with viral replication/gene expression
in glioma cells. TdT-mediated dUTP neck end labeling (TUNEL) assays demonstrated that
glioma cells forming syncytia die by apoptosis [17].

In contrast, MV-CEA had no cytopathic effect against normal cells such as astrocytes and
normal human fibroblasts [17]. The selectivity of cytopathic effect of oncolytic MV strains
against tumors appears to be at least in part related to CD46 overexpression in tumor cells, the
latter representing a mechanism of tumor protection from complement-mediated lysis, and low
expression levels in normal cells [17,18]. Indeed, fluorescence-activated cell sorting (FACS)
analysis demonstrated high or moderate CD46 expression levels in several primary and
established glioma cell lines tested (Allen and Galanis, unpublished data). In a normal brain,
CD46 is mainly expressed in endothelial cells, especially at the blood—brain barrier; this
observation is consistent with the important role played by the microvasculature in the immune
surveillance of the brain [19,20]. CD46 expression in blood-brain barrier should not constitute
a safety concern if intratumoral administration of the virus is contemplated. In contrast, CD46
overexpression in gliomas results in a favorable therapeutic index.

In vivo efficacy of the MV-CEA virus was assessed in orthotopic glioma models, including a
series of animal models which derive from glioblastoma patients that are then propagated in
nude mice. Following orthotopic implantation, they maintain the molecular characteristics and
invasiveness of the human tumor they originated from [21].

Treatment with MV engineered vaccine strains resulted in tumor regression and prolongation
of survival in all models tested so far, including U87 (p = 0.02, Figure 3), GBM 14 (p = 0.037),
GBM39 (p = 0.0079) and GBM6 (p = 0.0049) (Alien and Galanis, unpublished data).

CEA levels started increasing in the serum of mice treated with the MV-CEA on day 3 after
treatment initiation, and peaked at day 10 before gradually declining to baseline (Figure 4)
[17].

3. Toxicology and biodistribution studies

In vitro and in vivo efficacy data supported the potential of MV-CEA as novel antitumor agent
against brain tumors. Informative toxicology and biodistribution studies had to be performed,
however, prior to this promising approach being translated into a clinical application. In this
context, choice of the appropriate toxicology model is crucial. The safety of CNS
administration of MV-CEA was tested in two different animal models, Ifnark® CD46 Ge
transgenic mice and Rhesus macaques.

Rodents do not normally express the MV receptors CD46 and SLAM; therefore, they cannot
be used to assess toxicity of oncolytic MV strains. A very appealing transgenic mouse model
of MV pathogenecity has been recently developed, however, by inserting a yeast artificial

chromosome containing the human CD46 receptor gene and knocking out the INF-of3 receptor
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gene [22]. These Ifnark? CD46-Ge transgenic mice express human CD46 in a tissue distribution
that replicates human CD46 expression and are susceptible to MV-Edmonston infection. CD46
distribution in the brain of CD46 transgenic mice has been shown to mimic the distribution in
humans [22]. Studies of intracerebral inoculation of Ifnark® CD46-Ge mice with MV-
Edmonston have demonstrated that this can be a suitable animal model for assessment of
measles neurotoxicity [22]. Human patients are not lacking the IFN-of3 receptor gene,
nevertheless, in consultation with FDA the authors applied this transgenic mouse model in
order to assess the neurotoxicity of MV-CEA, thus mimicking the worst case scenario in the
patient population. Test and control articles were administered intracranially in the animals’
caudate nucleus, using the same stereotactic parameters as for the efficacy studies. A total of
120, 6 — 8 week-old measles immune Ifnark® CD46-Ge mice were assigned to three dose
groups; one group receiving vehicle control, the second receiving 104 tissue culture infective
dose 50 (TCIDsg) on days 1 and 5, and the third receiving 10° TCIDsq on days 1 and 5. By
direct brain weight conversion, this is approximately equivalent to 35 x the maximum human
dose n i the proposed clinical trial. General appearance, activity level, body weight and key
hematologic/biochemical parameters were monitored in all groups of animals, without
evidence of abnormality. In order to further assess toxicity, 30 animals from each group were
euthanized on early (days 4 and 8), intermediate (day 26) and late (day 90) time points, and
tissues from multiple organs were subjected to histologic analysis. Close clinical monitoring
revealed no signs of clinical toxicity or neurotoxicity. Histologic examination of ten vital
organs: brain, heart, lung, liver, pancreas, Kidneys, spleen, ovary, testes, peritoneum and
skeletal muscles revealed no significant difference between vehicle-treated animals and MV-
CEA treated animals. No CEA elevation was observed and there was no evidence of viral
replication outside the CNS (Myers and Galanis, unpublished data).

In addition, safety of the virus following CNS administration was tested in Rhesus macaques.
Rhesus macaques are naturally susceptible to MV infection and have been extensively used to
study MV pathogenesis. CNS inoculation of MV vaccine strains is die standard method by
which the MV vaccine lots are tested for neurotoxicity. Five adult measles immune Rhesus
macaques were used in this toxicology study. Immune animals were chosen in order to mimic
the study population in the proposed clinical trial. Two macaques received 108 TCIDs on days
1 and 5 to mimic the repeat dose administration schedule in the authors’ trial; two received
10° TCIDsq on days 1 and 5, and one animal received vehicle control on die same days. Th e
injections were administered in the frontal lobe of the animals, a common location for GBM,
using previously established stereotactic coordinates [23]. By direct brain weight conversion
die highest dose was 1.5 times higher than maximum human dose in die proposed trial and 3
times higher the maximum dose that the normal brain could be exposed in the clinical study.
Animals were monitored closely for clinical signs including rash, fever, conjunctivitis and
neurologic status including level of consciousness, motor function, gait, activity level,
behavior, posture and facial symmetry. No evidence of neurologic or odier toxicity has been
observed to date, at 52 months from viral administration. Hematologic/biochemical parameters
were normal at all time points. No CEA elevation was detected pointing to absence of virus
propagation. There was no evidence of viremia in peripheral blood mononuclear cells by
quantitative-real-time polymerase chain reaction (QRT-PCR), except for a single time point
in one of die high-dose animals, and no shedding in buccal mucosa secretions was observed.
In addition, there was no laboratory evidence of encephalitis on cerebrospinal fluid (CSF) exam
performed on day 9 after administration of the first viral dose. No virus was detected in the
CSF by QRT-PCR or Vero cell overlay. MRI imaging revealed no imaging abnormalities and
no inflammation [24]. These results in a susceptible transgenic mouse models and primates
supported the safety of administration of MV-CEA to primary CNS tumors.

A Phase | clinical trial of MV-CEA in patients with recurrent GBM has been recently activated.
Measles-immune, recurrent GBM patients who are candidates for gross total or subtotal
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resection are eligible for the study. Doses ranging from 10° to 2 x 107 TCIDsq will be
administered either in the resection cavity following tumor resection (group A) or both into
the recurrent tumor and in the resection cavity following resection 5 days after die initial
administration (group B). Three patients have been treated and so far tolerated treatment well
without evidence of toxicity or CNS inflammation (Galanis E, unpublished data). Patient
accrual is ongoing. Extensive correlative analysis is built into this trial to assess receptor
expression and correlation with efficacy and toxicity, CEA as a correlate of viral replication
in the tumor, viral distribution and shedding.

4. Retargeting measles virus against tumor-specific receptors

Although based on toxicology data and early human data, locoregional administration of
unmodified MV strains appears to be well tolerated, viral retargeting against tumor-specific
antigens could be important if systemic administration of the virus is contemplated.
Furthermore, retargeting could eliminate the possibility of toxicity due to low CD46 expression
levels in the normal brain, and the possible interaction of the virus with the SLAM receptor
expressed in B-, T cells and lymphocytes that could result in immunosuppression. In addition,
retargeting could allow us co overcome variability in receptor expression in tumor cells [6,
25,26]. Development of retargeted MV strains against glioma-specific receptors with ablation
of entry through natural receptors could, therefore, improve the therapeutic index in certain
clinical settings. Issues that have to be considered when retargeting viral oncolytic agents
include maintenance of potency in vitro and in vivo and ability to produce viral liters that allow
clinical translation.

Amplification of receptor tyrosine kinases represents one of the hallmarks of GBM and could
be exploited to retarget viral entry. EGFR gene amplification occurs in a significant percentage
of GBM tumors. EGFR is a 170-kDa trans-membrane tyrosine kinase glycoprotein receptor,
amplification of which results in stimulation of a signal transduction cascade that leads to
cellular proliferation. Amplification of EGFR is one of the most common oncogenic events in
gliomas and is observed in 40% of GBM. The most common type of mutation of EGFR is the
vl mutant, which is characterized by deletion of exons 2 — 7 and is expressed in 40 — 60% of
GBM with EGFR amplification. EGFRvIII is not expressed in the normal brain and it is tumor
specific. | t therefore represents an excellent candidate for viral retargeting n i gliomas [27,
28]. Measles retargeting has become feasible following identification of mutations in the H
protein that ablate viral recognition and entry via the natural receptors CD46 and SLAM [29,
30]. The authors hypothesized that combining these mutations with ligand display on H could
result in effective retargeting. Retargeted recombinant viruses were generated from the measles
Edmonston-NSe vaccine strain displaying a single chain antibody against EGFRvIII at the C-
terminus of H, and containing the marker green fluorescent protein (GFP) gene in position 1.
Two different H mutants were employed: Hgns (V451S, Y481N, A527S)-CD46 blind, and
Hana (Y481A, R533A)-CD46 and SLAM blind. The MV-GFP virus was used as a control.
Both EGFRVIII retargeted viruses had significant antitumor activity against EGFRvIII-
expressing GBMs, which was comparable to the unmodified virus, but no cytopathic effect
against normal cells. In an orthotopic model of EGFRvIII-expressing GBM39 xenografts, there
was comparable therapeutic efficacy between retargeted strains and unmodified MV-GFP and
statistically significant prolongation of survival in treated animals, as compared with the
control group, treated with UV-inactivated virus (p = 0.001). Formation of syncytia was
observed in tumors treated with retargeted viruses, with a surrounding infiltrate consisting of
macrophages and natural killer cells [27].

One of the limitations of this approach is the focal EGFRVIII expression in glioma tissues. In
a variation of the EGFRVIII retargeting approach, CD46 and SLAM ablating mutations in H
were combined with display of a single-chain antibody that recognizes both EGFR and
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EGFRvIII. As demonstrated by in vivo and in vitro studies, the retargeted virus can selectively
enter the glioma cells via either EGFR or EGFRVIII receptor without losing its oncolytic
efficacy, as compared with unmodified MV-GFP strain. The EGFR retargeted strain had
significant antitumor activity against primary EGFR amplified and/or EGFRvIII-expressing
GBM cell lines in vitro and in vivo. Using primary glioma lines stably transduced to express
the luciferase gene to facilitate non-invasive monitoring of intracranial tumors in vivo,
significant reduction in tumor growth was demonstrated by chemiluminescent imaging [28].

Recently, viral retargeting was also accomplished by displaying the human IL-13 at the C-
terminus of H in combination with the Y481A and R533A CD46 and SLAM ablating
mutations. This modification allows viral entry via the IL-13-Ra2 receptor, a decoy receptor
present in > 80% of high grade gliomas and further increases the potential applicability of
retargeted measles strains [31].

5. Combination of measles virus with conventional therapeutics

Locoregional failure remains a significant problem in glioma treatment with the majority of
gliomas recurring in the radiation field. Combining MV with the external beam radiation
therapy (RT) is appealing because both treatment modalities can be used in a loco-regional
manner to improve local control, the main mode of GBM relapse, and possibly therefore
outcome. Given the significant preclinical activity of MV derivatives in glioma models, and
the major role of apoptosis in MV and RT induced glioma cell death, we hypothesized that
ionizing RT and MV-CEA virotherapy combination treatment would significantly augment
the antitumor potential of either modality.

3-(4,5-Dimethyl-thiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) and clonogenic assays demonstrated a strong synergistic interaction
between MV-CEA and RT in GBM cells including both primary and established glioma lines.
Furthermore, significant antitumor efficacy was observed in vivo in a subcutaneous U87 model.
There was significant prolongation of survival (p = 0.001) in the combination treatment group
as compared to single modality or control treated animals. The synergistic effect of the
combination appeared to be due to an increase in viral burst size and increase in apoptotic
death: one-step viral growth curves demonstrated increased viral burst size by up to 2 logs in
MV/RT combination treated cells, as compared with glioma cells treated with single agent
MV-CEA. Changes in CEA levels and expression of viral N and H protein were also consistent
with increased viral production. Furthermore, TUNEL assays and western blot analysis
demonstrated increase in apoptosis in MV/RT combination treated cells. The pan-caspase
inhibitor Z-VAD-FMK and the caspase-8 inhibitor Z-IETD-FMK but not the caspase-9
inhibitor Z-IEHD-FMK protected glioma cells from MV-CEA/RT induced cleavage of poly
(ADP-ribose) polymerase (PARP), indicating that the apoptotic death in combination treated
cells is mostly mediated via the extrinsic caspase pathway. The Fas—FasL interaction blocking
antibody NOK-1 blocked MV/RT-induced PARP cleavage, whereas the Fas agonistic antibody
CH11 increased PARP cleavage in MV/RT combination-treated cells. FACS analysis and RT-
PCR demonstrated upregulation of Fas in combination-treated cells [32]. Furthermore,
increased Fas expression by immunohistochemistry (IHC) was observed in MV/RT
combination-treated U87 xenografts. These findings have potential translational implications
in glioma treatment. As RT in combination with temozolomide represents the standard of care
for newly diagnosed GBM, the authors are in the process of examining the antiglioma activity
of measles/temozolomide/RT combination [32].
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6. Combination of measles virus derivatives with heat-shock protein

inhibitors

Induction of the heat-shock protein 70 (Hsp70) constitutes one of the earliest changes in cellular
gene expression following infection with RNA viruses, including MV, and Hsp70 upregulation
induced by heat shock has been shown to result in increased MV infection rates and plaque
recovery. Hsp90 inhibitors such as geldanamycin (GA) or 17-aminogeldanamycin (17-AAG)
result in pharmacologic upregulation of Hsp70 and they are at present in clinical testing as
cancer therapeutics. The authors, therefore, investigated the hypothesis that Hsp inhibitors
could augment the MV-induced cytopathic effect. The MV-CEA and GA combination was
tested in U251 (glioma), MDA-MB231 (breast), SKOV3.IP (ovarian) and TE671
(rhabdomyosarcoma) cancer cell lines. Combination treatment resulted in a statistically
significant increase in syncytia formation (p <0.05 as compared with MV-CEA infection alone)
and increase in antitumor activity. Clonogenic assays demonstrated a significant decrease in
tumor colony formation in MV-CEA/GA combination treated cells. In addition there was an
increase in apoptosis by 4’,6-diamidino-2-phenylindole staining. Western immunoblotting for
caspase-9, caspase-8, caspase-3 and PARP, demonstrated increase in cleaved caspase-8, -3 and
PARP. The pan-caspase inhibitor Z-VAD-FMK and caspase-8 inhibitor Z-IETD-FMK but not
the caspase-9 inhibitor Z-IEHD-FMK protected tumor cells from MV-CEA/GA-induced
PARP activation, indicating that apoptosis in combination-treated cells occurs via the extrinsic
caspase pathway. Treatment of normal cells, such as normal human fibroblasts, however, with
the MV-CEA/GA combination, did not result in cytopathic effect, indicating that GA did not
alter the MV-CEA specificity for tumor cells. One-step growth curves, western blot for MV-
N protein expression and QRT-PCR quantitation of MV-genome copy number indicate that
the difference in cytopathic effect is not due to increased proliferation of MV-CEA in GA-
treated tumor cells. Rho activation assays and western blot for total RhoA, a GTPase associated
with the actin cytoskeleton, and inactive pRhoA demonstrated decrease in RhoA activation in
combination-treated cells, which has been shown to result in an increase in paramyxovirus-
induced cell—cell fusion [33].

Identification of RhoA as an important determinant of measles fusogenicity and antitumor
effect can be exploited to further increase the efficacy of measles virotherapy. Although the
presently available Hsp inhibitors have sub-optimal CNS penetration, additional ongoing
experiments are assessing the antitumor activity of combinations or MV derivatives with other
cell cycle small-molecule inhibitors, which can affect the cytoskeleton, thus making tumor
cells more prone to fusion.

7. Conclusion

The use of oncolytic MV strains represents a novel antitumor strategy in glioma treatment.
Following the demonstration of preclinical efficacy after orthotopic administration in several
glioma models and safety studies in a transgenic mouse model and primates, the virus presently
in Phase | testing in recurrent glioma patients. Safety, efficacy and correlative analysis data
deriving from this trial will guide the development of MV derivatives as antiglioma agents.
Genetic modification of the virus by engineering the viral H protein to express human CEA
could allow real time monitoring by following CEA levels in the serum, a concept tested in
the ongoing clinical trial. The virus can be retargeted to bypass its natural receptors and enter
target cells via tumor-specific ligands without losing its efficacy, thus increasing tumor
selectivity and further improving its safety profile. It can also be combined with conventional
treatment modalities such as RT, which represents the standard of care in glioma treatment,
significantly increasing the antitumor efficacy of the latter. These results emphasize the
potential of MV derivatives as novel antitumor agents in glioma treatment.
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8. Expert opinion

Despite several clinical trials involving both non-replicating (retroviruses, adenoviruses)
[34-36] and replicating (E1B attenuated adenovirus Onyx-015, HSV-1 mutant G207, NDV,
reovirus) [37-40] viral vectors and a variety of transgenes (p53, HSV-tk), neither gene therapy
nor virotherapy have yet fulfilled their promise as antiglioma agents. MV derivatives have
potential advantages in this setting: they have significant preclinical activity against gliomas,
potent bystander effect with 80 — 100 tumor cells fusing to form syncytia for each cell infected,
and tumor specificity because of overexpression of the MV receptor CD46 in tumor cells. They
can also be effectively engineered and retargeted. Furthermore, the synergistic activity of the
virus when combined with other therapeutic modalities such as RT creates opportunities that
could allow incorporation of the virus in the existing therapeutic armamentarium against
gliomas.

Results from the ongoing clinical trial of intratumoraJ administration of escalating doses of
MV-CEA in patients with GBM will guide future translational efforts. Engineering the virus
to express the soluble marker peptide CEA could allow us to monitor viral gene expression
real-time and individualize treatment. If this hypothesis is proven, it could greatly facilitate
monitoring of viral replication, the latter representing a real challenge in glioma trials, as repeat
biopsies are not always safe or ethically justified. Tumor resection five days after viral
administration, as planned in the ongoing trial, will also allow us to address tumor distribution
following viral administration, a key determinant of efficacy.

As with other viral systems, ongoing research and possible further modification of the virus
based on clinical trial feedback may be necessary in order to fully realize the therapeutic
potential of this approach. Better understanding of viral biology and the mechanism of measles-
induced fusion as well as cell membrane fusogenicity could be exploited to further increase
viral potency. Synergistic combinations with chemotherapy, RT and small molecules represent
directions worth exploring. Virus strains armed with therapeutic transgenes, such as MV-NIS
(expressing the sodium iodine symporter gene) [41] are also being tested as antiglioma agents.
Patients” immune response and the extent of intratumoral spread are possible limitations, which
could decrease the antitumor efficacy of oncolytic viruses. Use of cell carriers such as
endothelial cells could represent a possible solution to this problem [42,43]. In addition,
combination with immunosuppressive agents and novel delivery methods such as convection-
enhanced delivery could address some of these limitations. Ongoing experiments will
investigate the translational applicability of these approaches, with the ultimate goal being
systemic delivery of measles derivatives that can reach and specifically replicate in CNS
tumors.
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Figure 1. A schematic representation of recombinant MV-Edm with soluble human CEA cDNA
inserted as an additional transcription unit
CEA: Carcinoembryonic antigen; F: Fusion; H: Hemagglutinin; L: Polymerase proteins; M:

Matrix; MV: Measles virus; N: Nucleocapsid; P: Phosphoprotein.
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Uninfected
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Figure 2. A-J, MV-CEA infection results in prominent syncytia formation in U87, U251, and U118
cells and the primary glioma lines GBM5 and 6

Crystal violet stain, (x200 magnification). A, C, E, G, and I, uninfected U87, U251, U118
cells, GBMS5 and 6, respectively. B, D, F, H and J, 72 h after infection of U87, U251, U118,
GBM5 and GBMBG cell, respectively, with MV-CEA (MOI 0.1). Extensive syncytia formation
is observed preceding cell death.

CEA: Carcinoembryonic antigen; GBM: Glioblastoma multiforme; MV: Measles virus.
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Figure 3. Antitumor effect of MV-CEA, administered intratumorally in an orthotopic U87 tumor

model

Tumors were established by injection of 108 U87 cells into the right caudate nucleus of BALB/
¢ nude mice. Mice were randomly assigned to either MV-CEA treatment (1.8 x 10% TCIDs),

UV-inactivated MV-CEA treatment, or remained untreated. Significant prolongation of

survival was observed in the mice treated with MV-CEA, as compared to mice that received

UV-inactivated MV-CEA or no treatment (p = 0.02).
Reproduced with permission from Phuong L, et al. Cancer Res 2003 [17].
CEA: Carcinoembryonic antigen; MV: Measles virus;

TCIDgq: Tissue culture infective dose.
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Figure 4. Serum CEA plotted with U87 subcutaneous tumor volume in BALB/c nude mice treated
with intravenous MV-CEA

The rise and fall of serum CEA parallel the growth and regression of the tumor.

Reproduced with permission from Phuong L, et al. Cancer Res 2003 [17].

CEA: Carcinoembryonic antigen; MV: Measles virus.
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