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Abstract
Measles virus offers an ideal platform from which to build a new generation of safe, effective
oncolytic viruses. Occasional "spontaneous" tumor regressions have occurred during natural
measles infections, but common tumors do not express SLAM, the wild-type MV receptor, and are
therefore not susceptible to the virus. Serendipitously, attenuated vaccine strains of measles virus
have adapted to use CD46, a regulator of complement activation that is expressed in higher
abundance on human tumor cells than on their non transformed counterparts. For this reason,
attenuated measles viruses are potent and selective oncolytic agents showing impressive antitumor
activity in mouse xenograft models. The viruses can be engineered to enhance their tumor
specificity, increase their antitumor potency and facilitate noninvasive in vivo monitoring of their
spread. A major impediment to the successful deployment of oncolytic measles viruses as
anticancer agents is the high prevalence of pre-existing anti measles immunity, which impedes
bloodstream delivery and curtails intratumoral virus spread. It is hoped that these problems can be
addressed by delivering the virus inside measles-infected cell carriers and/or by concomitant
administration of immunosuppressive drugs. From a safety perspective, population immunity
provides an excellent defense against measles spread from patient to carers and, in fifty years of
human experience, reversion of attenuated measles to a wild type pathogenic phenotype has not
been observed. Clinical trials testing oncolytic measles viruses as an experimental cancer therapy
are currently underway.

Oncolytic Viruses
Viruses that replicate selectively in neoplastic tissues (oncolytic viruses) hold considerable
promise as novel therapeutic agents for the treatment of human malignancies and many such
agents are currently under investigation, both in preclinical studies and in human clinical
trials.[1–4] The existence of viruses was not recognized until the turn of the 19th century, but
ever since that time, they have continued to attract considerable interest as possible agents of
tumor destruction.[5, 6] Clinical observations suggested that, given the right set of
conditions, cancers would sometimes regress during naturally acquired virus infections.[5,
7–9] Clinical trials were therefore conducted in which a variety of different human and
animal viruses were administered to cancer patients.[5, 10–14] Most often, these viruses
were arrested by the host immune system and did not significantly impact tumor growth.[15]
However, in a few immunosuppressed patients, the infection “took” and tumors regressed,
although all too often, this was associated with unacceptable morbidities due to infection of
normal tissues. Attempts to address the specificity problem continued throughout the 1950s
and 1960s but the results, although encouraging, were not compelling, and with the advent
of anticancer chemotherapy, the concept of using replication competent viruses as anticancer
agents was largely eclipsed.[5] However, by the 1980s it was clear that even the
combination of surgery, radiotherapy, and anticancer chemotherapy was failing to
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substantially impact cancer mortality and with the advent of modern virology accompanied
by powerful reverse genetic systems, there came a resurgence of interest in oncolytic
viruses.[16–19] During the past two decades, oncolytic virotherapy has reestablished itself
as a respectable field of research and there are new numerous ongoing early phase clinical
trials testing a wide variety of oncolytic viruses representing many virus families.[3, 20–26]

Why Attenuated Measles Viruses are Attractive Oncolytic Agents
Safety concerns arising from the use of oncolytic viruses for human cancer therapy can be
divided into two areas: risk to the patient and risk to the population.[27] To minimize risk to
the patient, an ideal oncolytic virus should be selective for the tumor, nonpathogenic for
normal host tissues, non-persistent and genetically stable. To minimize risk to the
population, in addition to the above characteristics, the virus should be non-transmissible
and preferably derived from a virus to which the population is generally immune.[28]

Attenuated measles viruses fulfill the above requirements. During the past fifty years, live
attenuated measles viruses have been administered as vaccines to more than a billion people
and the safety record has been outstanding.[29] [26] Very occasionally, in people with
severely compromised immune functions, the viral vaccine has propagated and caused
disease in the recipient. However, even in this extreme circumstance, as in the case of an
HIV-infected patient with virtually no CD4 lymphocytes who succumbed to measles
pneumonia nine months after vaccination,[30] there was no evidence that the offending virus
had reverted to a pathogenic phenotype capable of spreading and causing disease in normal
people.

Tumor Targeting through CD46 Density Discrimination
Wild-type pathogenic and attenuated measles viruses have different receptor tropisms.[31]
Most importantly, attenuated vaccines strains such as MV-Edm are capable of using CD46
as a cell entry receptor.[32, 33] Wild-type measles viruses do not, in general, use CD46 as a
cell entry receptor, but acquire the CD46 tropism during tissue culture adaption via a
mutation in the H-attachment protein coding sequence that changes the amino acid at
position 481 in the H-protein, from asparagine to tyrosine.[34–36] Attenuated measles virus
strains carrying this mutation are typically selected when wild-type measles stocks are
applied to CD46 positive SLAM negative cell monolayers (for example, Vero cells).[37]
CD46, also known as membrane cofactor protein, is ubiquitously expressed by all human
cells except erythrocytes. [38] CD46 plays an important role in protecting autologous cells
from complement attack by serving as a cofactor for Factor I-mediated inactivation of C3b
and C4b, thus blocking the complement cascade at the C3 activation stage. [39] Fortuitously
for those wishing to use attenuated measles as a oncolytic agent, CD46 is frequently
overexpressed on human cancer cells compared with their normal non-transformed
counterparts, possibly as a mechanism to protect the cancer cells from complement mediated
lysis.[40–43] Overexpression of CD46 has been documented in gastrointestinal,
hepatocellular, colorectal, endometrial, cervical, ovarian, breast, renal, and lung carcinomas,
also in leukemias and multiple myeloma, and has been found to limit the therapeutic
potential of monoclonal antibody therapy.[43–54]

CD46 mediates not only the attachment and entry of attenuated measles viruses, but also
drives the process of virus induced cell-to-cell fusion between a virus infected cell and its
neighboring cells. Using engineered Chinese hamster ovary (CHO) cells expressing a range
of CD46 densities, it was shown that intercellular fusion between infected and uninfected
cells was minimal at low CD46 receptor density, but increased dramatically above a
threshold CD46 expression level.[55] Virus entry, by contrast, increased progressively with
increasing CD46 receptor density, showing no dramatic all-or-nothing threshold effects.
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Thus, at low CD46 receptor densities typical of normal cells, attenuated measles virus is
able to infect but intercellular fusion is negligible. At higher CD46 receptor densities typical
of tumor cells, infection leads to extensive intercellular fusion (the classical cytopathic effect
of measles virus) culminating in a dramatically increased level of cell killing.[55] In one
recent study, the levels of CD46 expression on myeloma cells was found to be much higher
(49,130 per cell) than levels on corresponding normal bone marrow cells (7,340 per cell)
from 38 myeloma patients.[44] Potent cytopathic effects of extensive intercellular fusion
were observed in the myeloma cells after measles infection, but not in the normal bone
marrow cells (Figure 1). Also, the extent of measles virus induced cell fusion varied from
patient to patient, but correlated with CD46 expression levels on the myeloma cells, colony
forming assays demonstrated that measles was not cytotoxic to the normal bone marrow
progenitor cells.[44] Discrimination between cells with high and low CD46 receptor
densities provides a compelling basis for the oncolytic specificity of attenuated measles
viruses and establishes them as a highly promising CD46 targeted cancer therapeutic agent.
[44, 55]

There may be additional factors contributing to the tumor specificity of attenuated measles
virus besides CD46 receptor density. One possible contributing factor could be a higher
intrinsic membrane fusogenicity in tumor cells, making them more likely to undergo
intercellular fusion when infected by measles virus, regardless of the surface density of
CD46.[44] Another factor might be that there are deficiencies in the innate antiviral
responses of tumor cells that render them more highly susceptible to virus infection. [56] For
example, the interferon-α/β and RNA-dependent protein kinase response pathways are often
impaired in tumor cells but not in normal cells, and this is the mechanism underlying the
tumor selectivity of a number of RNA viruses currently being tested for cancer therapy, such
as vesicular stomatitis virus and reovirus.[18, 57–59] These same innate viral control
mechanisms may also serve, albeit to a lesser extent, to control the propagation of attenuated
measles viruses.

Safety to Population
The main public safety concern associated with the therapeutic use of an oncolytic virus is
accidental emergence of a new viral pathogen capable of epidemic spread in the human
population.[27, 28] Serious epidemics arise when pathogenic viruses gain access to
susceptible populations under conditions which favor transmission between individual
members of the population. In selecting a virus from which to develop an oncolytic
antitumor agent for human use, consideration should be given to its mutability, potential
pathogenicity, potential transmissibility, and prevalence in the population. As mentioned
above, even though the measles vaccine has been given to more than one billion people over
the past fifty years, there has never been yet a documented reversion to wild-type measles.
[29] Moreover, in contrast to viruses such as influenza which are inheritantly unstable,
requiring new vaccines every year, measles virus has remained very stable and has been
effectively controlled by essentially the same vaccine for decades.[60] Even if one considers
the worst case scenario wherein an attenuated measles virus used for cancer therapy might
revert back to wild-type pathogenic strain, the risk of virus transmission from patients to
carers and then into the population is limited by the high prevalence of anti-measles
immunity. At the current time because of the successful childhood measles vaccination
programs which give lifelong protection, more than 80% of the people in the world are
currently measles immune.[61] For this reason, attenuated measles viruses raise significantly
fewer safety concerns than oncolytic viruses derived from other virus families.
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Oncolytic Activity of Wild-Type and Attenuated (Vaccine Strain) Measles Viruses
Occasional “spontaneous” tumor regressions of Hodgkin’s disease and Burkitt’s lymphoma
have been documented after measles infections.[7, 8, 62–64] Perhaps the most compelling
was the case history of an 8-year old African boy who presented to a clinic in Uganda with a
four month history of painless right orbital swelling. A biopsy specimen of the right
retroorbital tumor was histologically diagnostic of Burkitt’s lymphoma but at the time of
planned initiation of therapy, he was noted to have a generalized measles rash. On the same
day, the right orbital tumor was noted to be regressing and because of the presumed measles
infection, he was given no chemotherapy for the Burkitt’s lymphoma. During the course of
the next two weeks, his rash disappeared and he seroconverted to measles. At the same time,
the tumor regressed completely and remained in complete remission for at least four months
after the measles infection in the absence of antineoplastic therapy. The mechanism
underlying the rapid tumor regression that was observed in this remarkable case history was
never elucidated but Burkitt’s lymphomas are known to express high levels of SLAM and
are therefore susceptible to infection by wild-type measles viruses.[65, 66] The timing of the
regression, coinciding with the period during which measles virus burden and measles-
induced immunosuppression are at their peak, supports the contention that the tumor cells
were directly destroyed by the virus.

It could be argued on the basis of case histories such as the one described above that there
would be some value to treating cancer patients with a wild-type pathogenic strain of
measles. However, there are strong safety and efficacy arguments against this. From a safety
perspective, measles is a serious and unpleasant illness which is highly transmissible to non-
immune subjects and is sometimes fatal.[60] Regarding efficacy, as discussed previously,
most human malignancies lack receptors for wild-type measles viruses[67] and therefore,
are not even theoretically susceptible to its possible oncolytic actions. Attenuated vaccine
strains of measles virus, by contrast, have far greater appeal as possible oncolytic agents for
intentional administration to human cancer patients. Most of the measles vaccine strains in
current use belong to the Edmonston lineage which comprises a number of closely
interrelated laboratory-adapted substrains derived from a 1954 clinical isolate (from the
throat of a child named David Edmonston) that has been passaged extensively in tissue
culture, resulting in a loss of pathogenicity.[36, 60, 68] The MV-Edm vaccine was initially
licensed in 1963 but was found to be reactogenic, causing fever and rash in measles-naïve
children.[69, 70] The virus was passaged further in other cells, including chick embryo
fibroblasts, giving rise to more highly attenuated vaccine strains, including MV-Moraten
which was licensed as Attenuvax in the United States in 1968 and the Edmonston-Zagreb
strain (MV-EZ), a strain which has been used extensively in Europe.[29] In contrast to wild-
type measles viruses, all the laboratory-adapted Edmonston strains of measles virus have
acquired the ability to use CD46 as a receptor to mediate virus entry and intercellular fusion.
[32, 33, 37]

Preclinical studies to test the oncolytic potential of attenuated Edmonston lineage viruses
were first conducted at the turn of the 20th century using a genetically modified derivative of
the Edmonston-B strain (MV-Edm tag) that was rescued from a molecular clone of the viral
genome and was subsequently amplified on Vero cells.[71] The Edm-tag strain and its
genetically engineered derivatives (see below) were found to be selectively destructive to
human tumor cells in culture[44] and showed promising antitumor activity in several mouse
xenografts models of different human malignancies including lymphoma, multiple
myeloma, ovarian, colorectal, breast, liver cancer and glioma.[72–78] However, clinical
testing of these engineered measles strains presented considerable logistic challenges,
including the need to develop new manufacturing processes, validate the clinical products,
and perform extensive toxicology testing to confirm their safety. For these reasons, there
was a strong impetus to take the simple path and explore the possibility of using agents that
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had already been approved for human use, such as the Moraten and Edmonston-Zagreb
measles vaccines, as oncolytic agents for cancer therapy. For this reason, the oncolytic
potential of the commercially available Moraten measles vaccine was tested in a murine
intraperitoneal model of human ovarian cancer and was compared with the efficacy of a
recombinant MV-Edm tag derived viral strain.[79] In vitro, the Moraten strain was able to
infect human ovarian cancer cells, but caused intercellular fusion with greatly delayed
kinetics compared to the MV-Edm tag strain. However, in vivo studies in ovarian cancer
models showed that both viruses had equivalent antitumor potency causing significant
prolongations in survival after intraperitoneal administration of a total dose of 106 infectious
units.[79] Unfortunately, since the Moraten vaccine is packaged and sold commercially in
doses of only 103 TCID50 it was considered impractical to proceed to a clinical trial in
which, it was anticipated, MV-Moraten doses in excess of 108 TCID50 (i.e., 100,000 times
the vaccination dose) would be required for oncolytic efficacy.

While there have been no human studies evaluating the oncolytic potential of the MV-
Moraten vaccine strain, a Phase I clinical study using the Edmonston-Zagreb vaccine strain
was conducted in Zurich in patients with cutaneus T-cell lymphoma.[80] A total of five
patients were enrolled in this study and the Edmonston-Zagreb vaccine strain of measles
virus was administered directly into accessible cutaneous tumors for up to a total of four
doses. Each virus injection was preceded by two subcutaneous injections of interferon-alpha
(9 million units subcutaneously), at 72 hours and 24 hours previously. This was a dose
escalation study with a minimum intratumoral dose of 100 TCID50 and a maximum dose of
1,000 TCID50 of the MV-Edmonston-Zagreb virus. The treatment was very well tolerated
and five of six MV-injected lesions showed clear regression. In two of the patients distant
non-injected lesions improved, but they remained unchanged in the other three of five. In all
five patients there was a slight increase in the anti-measles antibody titer after therapy.
These very promising data were published in October 2005 and follow-on studies are
eagerly awaited.[80]

Engineering Attenuated Measles Viruses to Enhance Their Utility as
Oncolytic Agents

A reverse genetic system for the generation of recombinant measles viruses derived from
MV-Edm tag was first reported in 1996.[71] This opened the door for the generation of
recombinant measles viruses encoding additional transcription units as well as the
engineering of viral structural and nonstructural protein coding sequences to modulate virus
biology (Figure 2). Genome engineering has therefore emerged as an important approach
whereby new versions of the MV-Edm tag virus can be generated as a way to enhance its
performance in cancer therapy. Efforts to date have focused on the generation of
recombinant viruses whose in vivo spread can be noninvasively monitored as well as the
generation of viruses that can more effectively combat host innate immune responses or that
can more accurately recognize and destroy neoplastic tissues. Each of these approaches is
discussed separately below.

Noninvasive monitoring of measles virus spread
Pharmacokinetics describes the fate of a drug in the body including its absorption,
distribution, biotransformation, and excretion. Unfortunately, pharmacokinetic issues have
not been adequately addressed in previous human virotherapy studies and this is proving to
be a significant impediment to the intelligent clinical development of these agents. Ideally, it
should be possible to noninvasively monitor the in vivo spread and elimination of an
oncolytic virus in a treated cancer patient, and to determine the profile of viral gene
expression over time. In the absence of data on virus kinetics, it is not possible to know
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whether a failed response to therapy is due to lack of infection, inadequate virus spread,
weakened cytopathic effect, or premature virus elimination. Noninvasive monitoring should
therefore be an integral component of human studies of oncolytic measles viruses and has
the potential to facilitate the tailoring of virotherapy protocols for individual patients.

Two approaches have been taken to facilitate in vivo monitoring of the spread of oncolytic
measles viruses (Figure 2). In the first approach, additional transcription units coding for
soluble marker peptides were inserted into the viral genome.[81] It was reasoned that ideal
marker peptides should be non immunogenic with no biological function and a constant
circulation half life. They should also be efficiently secreted from virus infected cells into
the blood stream. The soluble extracellular domain of human carcinoembryonic antigen
(CEA) and the β–subunit of human chorionic gonadotrophin (βhCG) were therefore chosen
for this approach. Oncolytic measles viruses expressing each of these transgenes from an
additional transcription unit inserted upstream of the N gene were constructed.[81] The
marker peptides did not compromise virus replication and the kinetics of virus propagation
in CD46 transgenic mice could be easily followed by measuring concentrations of the virally
encoded marker peptides in serum. When mice bearing human tumor xenografts were
challenged with the trackable viruses, different kinetic profiles of marker gene expression
could be correlated with distinct therapeutic outcomes.[81, 82] In subsequent studies, the
MV-CEA virus was shown to retain its potent oncolytic activity in preclinical models of
ovarian cancer[74, 83] and subsequently in brain cancer[75] which provided the impetus for
its advancement to Phase I clinical testing in patients with each of these malignancies (see
below).

While virally encoded soluble marker peptides do provide for noninvasive monitoring of the
total burden of virus infected cells and tissues in the body, they do not provide any
anatomical information about the location of virus infected cells (Figure 2). To this end, a
second recombinant measles virus was generated coding for the human thyroidal sodium
iodide symporter (NIS).[84] NIS is a membrane ion channel expressed on thyroid follicular
cells which efficiently transports iodine (required for thyroxin production) into cells against
its concentration gradient.[85] Thyroidal NIS expression has been exploited for more than
fifty years in clinical practice for thyroid imaging (with I-123) or ablation (with I-131) and
for systemic therapy of well differentiated thyroid malignancies.[86, 87] MV-NIS infected
cells are able to concentrate radioactive iodine from the bloodstream, enabling the status of
an infection to be monitored by serial noninvasive single photon emission computed
tomography (SPECT) or positron emission tomography (PET) imaging using I-123 or I-124
as tracers respectively.[88, 89] The approach has been used for noninvasive monitoring of
intratumoral virus propagation in preclinical models of multiple myeloma, pancreatic,
hepatocellular, and ovarian carcinoma, and has further been used to enhance the therapeutic
potency of measles virotherapy by judiciously timed administration of the β-emitting
radioiodine isotope I-131.[76, 83, 84, 89, 90] Interestingly the recombinant measles virus in
which NIS was inserted between the H and L cistrons is able to propagate as efficiently as
the MV-Edm tag strain from which it was derived and is potently oncolytic even in the
absence of I-131.[84] Based on these favorable characteristics, the MV-NIS virus has been
advanced to Phase I clinical testing in patients with multiple myeloma (see below)

The interaction of a replicating measles virus with tumor cells and with the host immune
system represents a complex dynamical system that can be analyzed mathematically as a
problem in population dynamics.[91, 92] The outcome of this type of therapy depends in a
complex way on the intricate interactions between the various populations involved and
modeling of the kinetics of virotherapy may aid in improved understanding of treatment
outcomes and in the design of improved therapeutic protocols. Mathematical models of
cancer virotherapy with recombinant measles viruses and of radiovirotherapy using the
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combination of MV-NIS and radioactive I-131 have been developed and provide a
reasonably good fit to experimental data.[91, 93]

Arming the Virus to Combat Innate Immunity
Pathogenic measles viruses are capable of combating the cellular innate immune response.
They do this by means of the P/VC proteins encoded in the phospho protein (P) transcription
unit.[94] The P and V proteins are particularly implicated in measles immune evasion and
have been shown to inhibit interferon-induced STAT nuclear translocation and to suppress
STAT1 and STAT2 phosphorylation.[95–98] Attenuated measles viruses are typically
mutated in their P and V proteins and are therefore unable to efficiently suppress innate
immune responses. [99] As a consequence, wild-type measles isolates induce significantly
lower release of interferon upon infecting peripheral blood lymphocytes when compared to
attenuated strains.[99, 100]

As a general rule, tumor cells are thought to have defects in their interferon response
pathways such that they are unable to mount effective innate antiviral responses.[101]
However, this is not an absolute deficiency. Oncolytic measles viruses derived from the
MV-Edm tag infectious clone were shown to induce significantly higher levels of interferon
in both normal and tumor cells when compared to a wild-type measles virus.[102]
Moreover, pretreatment of tumor cells with interferon prior to measles infection did
significantly compromise viral gene expression. Based on these observations, a chimeric
measles virus based on the Edm-tag platform, but armed with a wild-type P-gene, was
generated and evaluated both in vitro and in vivo for antineoplastic activity.[102] As
expected, the chimeric virus exhibited a reduced capacity to induce interferon in infected
cells, and when intravenously administered to SCID mice bearing human myeloma
xenografts, showed greater oncolytic potency. This study served to emphasize that oncolytic
measles viruses can be subject to control by the innate immune defenses of human tumor
cells and may therefore be more effective when engineered to rearm them with wild-type
proteins that silence the innate immune response. This engineering strategy does raise the
legitimate concern that rearming an attenuated measles virus with a wild-type P-gene to
permit more effective immune evasion may generate a more pathogenic agent and thereby
compromise patient safety. However, measles virus virulence and pathogenicity are known
to be complex and does not depend solely on P/V/C proteins.[103] Clinical testing of
oncolytic measles viruses that have been engineered to more effectively combat the innate
intracellular immune response is not currently being pursued. However, depending upon the
clinical outcomes (i.e., efficacy versus toxicity) of ongoing clinical trials which are using
highly attenuated measles viruses, there may be a good rationale for testing such fortified
viruses in the future.

Engineering Measles Virus Tropism
At this time, measles is still the only virus that can be efficiently retargeted through a broad
range of cellular receptors without significant reductions in entry efficiency.[26, 104]
However, while the retargeting of measles virus entry is without question an extraordinary
technical triumph, its utility has yet to be proven. The original rationale for attempting to
redirect the tropisms of oncolytic measles viruses was the incorrect assumption that, because
it is expressed ubiquitously, CD46 would not be tumor selective. However, as outlined
previously, the oncolytic strains of measles virus in current use do efficiently discriminate
between the high density of CD46 expressed on tumor cells and the lower densities of this
receptor present on non-transformed cells.[44, 55, 74] As such, these viruses already
discriminate and selectively destroy cancer cells by targeting CD46. For this reason, unless
significant toxicities arising from collateral damage to normal tissues are encountered in
ongoing clinical studies using the non-targeted viruses MV-CEA and MV-NIS in patients
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with ovarian cancer, glioma, and multiple myeloma, it will be difficult to justify the use of
fully retargeted viruses. However, it is possible that certain tumor types will prove to have
lower levels of CD46 receptor expression, in which case there may be a stronger case for
using viruses with alternative, engineered receptor tropisms. In addition, for intravenously
administered viruses, the ability to interact with the lumenal surface of vascular endothelial
cells lining tumor blood vessels might lead to significant enhancements in virus uptake at
sites of tumor growth.

Initial efforts to engineer foreign polypeptides into the measles virus coat were focused on
the Fusion (F) protein. But even small modifications to the extreme N-terminus of this
protein completely destroyed its ability to provide fusion support (Morling F and Russell SJ,
unpublished). In contrast to the F protein, the Hemagglutinin (H), a type II membrane
glycoprotein, was able to tolerate the insertion of large polypeptides sequences at or close to
its extreme C-terminus without compromising its ability to be incorporated into virus
particles and to provide fusion support functions. Building upon this observation,
recombinant viral genomes coding for chimeric H-glycoproteins with a variety of different
C-terminal extensions were constructed and rescued as recombinant infectious viral
particles. In this way, it was possible to display a wide variety of different ligands on the
viral surface, including growth factors (human EGF and IGF 1), single-chain antibodies
(against CEA CD38, CD20, EGF receptor, and others), single-chain T cell receptors, and
snake venom peptides such as Echistatin. [105–110] In each case the recombinant viruses
were shown to display multiple copies of the respective polypeptides on the surface and
were endowed not only with new binding specificities, but also with expanded tropisms.
Thus each recombinant virus was able to bind and enter cells via its targeted receptor and
thereafter to drive the process of intercellular fusion between the infected cell and
neighboring receptor positive cells.

Having determined that the tropisms of recombinant measles viruses could be expanded by
surface display of cell binding polypeptides, the next step was to engineer the underlying H-
protein to ablate the natural virus tropisms for CD46 and SLAM. [111, 112] Several
different mutations known to interfere with binding to either CD46[35, 113] or SLAM[111]
were therefore engineered into an H-expression construct coding for a chimeric H-protein
displaying a single-chain antibody against CD38. Numerous different permutations of CD46
and SLAM ablating mutations were tested in a screening system, wherein the H-expression
constructs were co-transfected with an F-expression plasmid into cells expressing receptors
for CD46, SLAM, or CD38 respectively.(Nakamura T and Russell SJ, unpublished) In this
way, a construct with mutations at residues 481 (Y to A) and 533 (R to A) was found to
efficiently mediate antibody targeted cell fusion, even when the displayed domain was
replaced with single-chain antibodies recognizing alternative cellular targets (EGFR and
EGFRvIII).[112] Subsequently, these fully retargeted H-coding sequences were engineered
into recombinant measles virus genomes and the corresponding viruses were recovered.
[114] In each case, recombinant viruses displaying single-chain antibodies on a doubly
ablated H-protein displayed the expected (fully retargeted) host range properties and could
be used to mediate targeted destruction of tumors expressing the appropriate cognate
receptor in living mice.

One technical issue associated with the rescue and propagation of fully retargeted viruses
was the requirement that the targeted receptor should be expressed on the cells being used as
a substrate for virus growth. This was addressed in two ways, either by generating Vero cells
expressing the targeted receptors[114] or, alternatively, by means of a pseudo receptor
system using Vero-α His cells expressing a membrane anchored single-chain antibody that
recognizes a hexahistidine peptide (H6).[115] The H6 peptide was then incorporated at the
extreme C-terminus of the chimeric H-proteins of fully retargeted viruses, such that they
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could be efficiently rescued and propagated on the Vero-α His cells.[66] This system has
subsequently been used to generate fully retargeted viruses displaying single-chain
antibodies with diverse receptor specificities. At the current time, the list includes viruses
retargeted to CD38, EGFR, EGFRvIII, α-folate receptor, HER2/neu, CD20, CD19, CD52,
prostate specific membrane antigen (PSMA) and the myeloma antigens HM1.24 and Wue-1.
(Russell SJ, unpublished) [66, 116–120] Interestingly, where tested, the new tropisms
conferred on measles viruses by displayed scFvs are stably maintained during multiple serial
virus passages without reversion to native receptor usage. While one conclusion from the
aforementioned studies is that measles virus has a remarkably flexible and adaptable entry
mechanism that can utilize multiple alternative cellular receptors, it has also become
apparent that there can be significant differences in the efficiency of virus entry and
intercellular fusion depending on the precise specificity and affinity of the displayed ligand.
To further explore the relationship between the affinity of a displayed ligand for its targeted
receptor and the behavior of the retargeted viruses, a panel of six recombinant HER2/neu
retargeted measles viruses was generated displaying a panel of single-chain antibodies with
identical HER2/neu receptor specificities but with dissociation constants ranging from 1.6 ×
10−6M to 1.5 × 10−11 M.[117] Comparisons of the infectivities and cytopathic effects of
these viruses on a panel of cell lines expressing different surface densities of the HER2/neu
receptor gave quite unexpected results, showing that there was a functional threshold affinity
level above which infection and intercellular fusion proceeded with equal efficiency, even
when affinity increased over 1,000-fold above the threshold level. Below the threshold,
infection was minimal. This affinity threshold was shown to correlate inversely with
receptor density such that higher affinities were required to fuse cells with lower receptor
densities. Thus, depending on their receptor affinities, retargeted measles viruses are able to
discriminate efficiently between cells expressing different densities of a targeted receptor.
[117]

Several in vivo therapy studies have been published in which fully retargeted viruses have
been administered to mice bearing human tumor xenografts by intratumoral, intraperitoneal,
or intravenous routes resulting in retardation of tumor growth and prolongation of survival.
Examples include the use of measles viruses targeted to EGF receptor in ovarian cancer and
glioma models, viruses targeted to the α-folate receptor in an ovarian cancer model,
EGFRvIII targeted viruses for glioma, and CD38 or CD20 targeted viruses for the treatment
of two different mouse lymphoma models.[66, 116, 119–121] In general, the retargeted
viruses showed at least equivalent antitumor activity compared to the parental MV-Edm tag
strain, but with reduced capacity to cause damage to the brains of CD46 transgenic mice.

As discussed previously, it is still an open question whether fully retargeted measles viruses
can offer therapeutic advantages over the CD46 specific viruses that are currently
undergoing clinical testing. However, it is hoped that measles viruses that can interact more
efficiently with markers expressed on the lumenal surfaces of the endothelial cells lining
tumor blood vessels will more efficiently localize to sites of tumor growth when infused into
the bloodstream. Exploratory studies using measles viruses displaying αvβ3 integrin binding
peptides (cyclic RGD and Echistatin) as extensions of their H proteins have shown that they
can, at least, interact with the lumenal surface of developing neovessels in the chick
chorioallantoic membrane and that they can be transcystosed across the vascular
endothelium of these vessels into the interstitial space (Peng KW and Russell SJ,
unpublished).

Clinical Translation of Recombinant Oncolytic Measles Viruses
Of the recombinant measles viruses discussed in the previous section, two (MV-CEA and
MV-NIS) are currently being administered to cancer patients in Phase I clinical trials. MV-
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CEA is being infused into the peritoneal cavities of patients with advanced treatment
refractory ovarian cancer, and in a second trial, is being administered into the tumor bed
after surgical excision of high-grade tumors of the brain. MV-NIS is being administered
intravenously to patients with advanced treatment refractory multiple myeloma. Approval
for these clinical protocols was, in each case, preceded by a detailed FDA review of the
clinical protocol design, the manufacturing process, the purity, identity, and sterility of the
manufactured product, the results of preclinical efficacy studies, and the results of
comprehensive toxicology and biodistribution studies conducted in appropriate animal
models.

Manufacture
Based on the doses of MV-CEA and MV-NIS that were required to mediate tumor
regression in mouse xenograft models of human cancer, it was projected that doses of virus
in the region of 109 TCID50 would be required for clinical efficacy. A single dose of the
Moraten measles vaccine contains somewhere between 103 and 104 TCID50 and existing
manufacturing processes used by major measles vaccine suppliers were unsuitable for the
generation of high titer viral stocks required for oncolytic applications.[79] A new process
was therefore developed for the scaled manufacture and partial purification of oncolytic
measles viruses using the immortal Vero cell line as substrate. Manufacture of clinical grade
lots of both MV-CEA and MV-NIS was then completed in a pilot manufacturing facility at
Mayo Clinic Rochester, adhering to the principles of Good Manufacturing Practices (GMP).

Choice of Animal Models for Toxicology Studies
Because they are derived from attenuated laboratory adapted strains of measles virus, the
host range properties of MV-CEA and MV-NIS are quite distinct from those of wild-type
pathogenic measles virus strains. As mentioned previously, these viruses efficiently exploit
CD46 as a receptor for binding, cell entry and cell fusion and this receptor usage is a critical
factor influencing the choice of an appropriate animal model for pharmacology and
toxicology studies. As for other vaccine strains of measles viruses, because they are highly
attenuated (i.e., non pathogenic) there is no model in which to study their pathogenesis. The
three animal models that have proven to be of some considerable value for FDA mandated
preclinical studies of biodistribution and toxicity are Rhesus monkeys (Old World primates),
squirrel monkeys (New World primates), and interferon α/β receptor knockout CD46
transgenic mice.

CD46 transgenic mouse models were originally created in the hope that they might facilitate
the study of measles virus pathogenesis. [122–124] However dissemination of viruses
belonging to the Edmonston lineage has only ever been observed in CD46 mice lacking the
interferon α/β receptor (IFNARko xCD46-Ge).[125] These mice express human CD46 in a
tissue distribution that mimics the pattern of CD46 expression in humans, including low to
absent of expression on erythrocytes.[122, 126] After intranasal challenge with MV-tag the
animals showed local virus replication in the respiratory epithelium followed by
dissemination via the lymph node system, similar to the pattern of wild-type measles virus
dissemination in the human host.[122, 125] Infection of cells of the monocyte macrophage
lineage is prominent in this model.[125, 127]

An alternative and better established model for the study of measles virus pathogenesis is
the Rhesus monkey which, like other Old World non-human primates, develops a measles-
like illness when challenged with wild-type measles virus.[128, 129] However, Rhesus
monkeys do not provide, by any means, a perfect model in which to test the virulence of
tissue culture adapted measles viruses that use CD46 as a receptor.[128, 130–132] Previous
studies have shown repeatedly that Rhesus monkey virulence studies of attenuated measles
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viruses are not predictive of their reactogenicity (i.e., the ability to cause measles-like
illness) in humans.[133–136] Numerous attenuated measles viruses have been tested in
primates during the development of new measles virus vaccines [136–138]and despite the
fact that they have scored completely negative in this Macaque-virulence test, they have
proven to be reactogenic in humans, causing a morbilliform rash, often accompanied by
fever and malaise in a high percentage of recipients.[133–136] The key deficiency of the
Macaque-virulence model is that the tissue distribution of CD46 in Macaque differs
significantly from humans. Most importantly, CD46 is abundant on Macaque red blood
cells, but is absent from human red blood cells.[139] CD46 binding strains of measles virus,
therefore, are agglutinated on Macaque, but not human red blood cells, an interaction that
most likely impedes virus dissemination in the primates. The Macaque model was therefore
considered to be suboptimal for toxicity studies in which recombinant measles viruses are
administered into the bloodstream, but was considered relevant when studying the toxicity
of intracerebral MV-CEA (see below).

Unlike Old World primates, New World primates, such as the squirrel monkey (Saimiri
sciureus) express a truncated CD46 molecule to which MV-Edm does not attach.[139] The
red cells of New World monkeys are, therefore, not agglutinated by attenuated measles
viruses but these animals do get a measles-like illness when challenged with wild-type
measles virus, making them an informative model in which to test the toxicities of oncolytic
measles viruses arising from their interactions with the wild-type measles receptor SLAM.
Squirrel monkeys challenged with wild-type measles virus develop a classical measles-like
illness characterized by fever, coryza rash, immunosuppression, and subsequent recovery.
[128]

Pharmacology / Toxicology Testing of MV-CEA and MV-NIS
To support the first clinical protocol, a Phase I trial of intraperitoneal administration of MV-
CEA in patients with recurrent ovarian cancer, the formal biodistribution and toxicology
studies were conducted in IFNARko xCD46-Ge mice.[127] The key findings were that MV-
CEA administered into the peritoneal cavity efficiently infected peritoneal macrophages and
these trafficked to abdominal draining lymph nodes, as well as to the marginal zones of the
spleen. CEA expression peaked between days 2 and 5 and returned to baseline by day 10,
due to virus elimination. There was no evidence of virus shedding in the urine or respiratory
secretions, but there was some evidence for long-term persistence of viral genomes in the
spleens of infected animals. Measles viruses encoding different marker genes were also
employed for biodistribution studies and green fluorescent protein proved to be highly
informative. Mesothelium and ovarian surface epithelium were remarkably resistant to
infection but peritoneal macrophages were susceptible. Large numbers of infected
macrophages could be detected in the greater omentum concentrated in “milky spots”.
Infected macrophages were also identified outside the peritoneal cavity at diaphragmatic
stomata along lymphatic vessels and in the parathymic lymph nodes. Eventually, the cells
escaped into the blood stream and could be identified in the marginal zones of the white
pulp of the spleen.

In toxicology studies, MV-CEA was administered into the peritoneal cavity (maximum dose
107 TCID50) and the animals were closely monitored for activity level, general appearance,
body weight, key hematological and biochemical parameters, and serum CEA levels (Peng
KW, Myers RM and Russell SJ, unpublished). Necropsies were conducted on days 14, 28,
and 91 after virus administration and all organs were sent for histopathological analysis. The
study was essentially negative with no significant toxicities encountered at any dose level.
Dose response studies in a SKOV3.ip1 intraperitoneal ovarian cancer xenograft model
revealed that the virus was equally effective over a wide range of dose levels, from 6 × 107
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down to 6 × 103 TCID50
. Analysis of CEA profiles in the treated mice was highly

informative, illustrating the variability of virus kinetics at different dose levels. The highest
doses of virus were associated with higher initial levels of tumor cell killing, but the final
outcome of MV-CEA therapy at all dose levels was a partial equilibrium between virus and
tumor, resulting in significant slowing of tumor growth and enhanced survival of the
mice[140].

In support of the Phase I brain cancer study of intratumoral and/or resection cavity
administration of MV-CEA in patients with recurrent glioblastoma multiforme, toxicology
studies were conducted both in IFNARko xCD46-Ge mice and in Rhesus monkeys.[141] In
both cases, the virus was delivered by intracerebral inoculation and animals were carefully
observed for signs of neurological impairment or other organ damage. MV-Edm is known to
be neuropathogenic in measles-naïve IFNARko xCD46-Ge mice and the animals were
therefore pre-immunized by intraperitoneal administration of MV-GFP for one month prior
to the initiation of toxicology. The animals were closely monitored for 90 days after
intracerebral inoculation with MV-CEA but there was no evidence for neurotoxicity, neither
clinically nor upon histological examination of brain sections at various timepoints after
virus administration. For toxicity testing in monkeys, five adult measles-immune Rhesus
Macaques received intracerebral injections of MV-CEA (105 or 106 TCID50) or vehicle
control into the frontal lobe on days 1 and 5. The animals were monitored closely thereafter.
Monitoring studies included clinical observation, analysis of blood samples, throat swabs,
and cerebral-spinal fluid and MRI imaging of the brain. There was no evidence in this study
for MV-CEA-mediated neurotoxicity.

In support of the Phase I clinical trial testing intravenous administration of MV-NIS, with or
without cyclophosphamide, in patients with multiple myeloma, preclinical pharmacology
and toxicology studies were conducted in SCID mice bearing subcutaneous myeloma
xenografts, non-tumor bearing IFNARko xCD46-Ge mice, and in measles-naïve squirrel
monkeys.[142] Dose response studies conducted in the KAS-6/1 myeloma xenograft model
demonstrated that a single intravenous dose of 4 × 106 TCID50 per kilogram of MV-NIS
was the minimum dose that reliably led to tumor regression and prolongation of survival.
Toxicity studies in IFNARko xCD46-Ge mice were negative up to a single intravenous dose
of 4 × 108 TCID50 per kilogram. A single dose of cyclophosphamide given prior to virus
administration did significantly impede the antiviral immune response in this model, leading
to delayed virus elimination. Virus associated toxicities were not observed in measles-naïve
squirrel monkeys, even at very high intravenous doses of 108 TCID50 per kilogram of MV-
NIS given alone or in combination with cyclophosphamide. Viral mRNA was detected in
cheek swabs harvested from the squirrel monkeys on days 1, 2, 8, 15, and 22 after MV-NIS
administration and copy numbers were higher at all timepoints in the cyclophosphamide
treated animals with peak levels seen on day 8. Based on these studies, a safe starting dose
of MV-NIS for the clinical protocol was set at 1.5 by 104 TCID50 per kilogram (106 TCID50
per patient) increasing to a maximum of 1.5 × 107 TCID50 per kilogram (109 TCID50 per
patient) with a single-dose of 10 milligrams per kilogram cyclophosphamide administered
24 hours earlier by intravenous infusion.

Current Status of Clinical Trials
Each of the three Phase I clinical trials discussed above is progressing satisfactorily. The
first patient to receive a recombinant measles virus had advanced ovarian cancer and
received a series of six intraperitoneal infusions of MV-CEA starting in July 2004. To date,
20 patients have been treated in the ovarian cancer study at seven dose levels (103 to 109

TCID50). The study is progressing satisfactorily and the results will be published in the near
future. Two patients with glioblastoma multiforme have so far been enrolled into the
intracerebral MV-CEA study and six patients with multiple myeloma have been enrolled for
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intravenous administration of MV-NIS at two dose levels (106 TCID50 and 107 TCID50).
Each of these clinical studies is progressing satisfactorily but detailed reports of the trial
outcomes will not be published until the trials have been completed.

Enhancing the Efficacy of Oncolytic Measles Viruses: Immune Evasion and
Immune Suppression

For successful virotherapy of disseminated malignancies, oncolytic measles viruses will
have to be delivered via the bloodstream. Optimal treatment outcomes will require efficient
delivery via the bloodstream to sites of tumor growth and this should be followed by
efficient intratumoral spread, leading to tumor destruction. Each of these processes can be
severely constrained by anti-measles immunity; delivery by humoral immunity, and spread
by cell mediated immunity (Figure 3). Considerable attention has therefore been focused on
the use of cells as delivery vehicles to circumvent the humoral anti-measles immune
response, and on the use of immunosuppressive drugs to combat cell mediated anti-measles
immunity. These two approaches are discussed below.

Use of Cell Carriers to Deliver Oncolytic Measles Viruses to Sites of Tumor Growth
Irrespective of the presence of antiviral antibodies, many intravenously administered viruses
are sequestered in the microcirculations of lung, liver, and spleen, where they are
phagocytosed by macrophages.[143, 144] It is the small percentage of intravenously
administered viruses escaping this fate that infect the tumor tissue and mediate the
regressions that are seen in preclinical models. However, these viruses are highly vulnerable
to the neutralizing activities of antiviral antibodies, which have a dramatic titer dependent
effect on the speed of virus inactivation.[145, 146] Also, antibody titers increase
progressively with each successive exposure to the virus.[147, 148] Because of prior
measles infection or measles vaccination, approximately 90% of Americans have protective
titers of anti-measles antibodies which may limit the therapeutic efficacy of systemically
administered measles viruses.[61, 149] In contrast to the general population, patients with
multiple myeloma have profound suppression of their humoral immune-responses and low
antibody titers to measles virus, making them ideal candidates for systemic oncolytic
measles virus therapy.[150, 151] However, most patients suffering from other cancers do
have healthy protective titers of anti-measles antibodies. The protective properties of anti-
measles antibodies were well demonstrated in the pre-vaccination era when serum from
convalescing measles patients was used as post-exposure prophylaxis for children at risk.
[152, 153] Interestingly, serotherapy was only effective if administered within six days of
measles virus exposure, indicating that it cannot prevent the cell associated viremia and
dissemination of measles virus via the bloodstream that occurs towards the end of the
incubation period (days 10–14 after initial exposure, coincident with the prodromal
symptoms and rash).[29] Importantly, cell free viremia has not been recorded in natural
measles infections.[29, 154] The virus enters via the respiratory tract, migrates locally to
lymphoid tissues and then enters the bloodstream, only inside cells, typically monocytes or
lymphocytes which transport it to distant sites where it causes the typical rash and other
disease features.[29]

On the basis of the above insights into how measles virus can travel via the bloodstream,
even the presence of antiviral antibodies, there is considerable interest in the use of infected
cell carriers to deliver oncolytic measles viruses to sites of tumor growth.[155] Not only
does this approach have the potential to avoid neutralization by antiviral antibodies, but
might also prevent mislocalization of the virus in liver and spleen, as well as aiding
extravasation from tumor blood vessels. In vitro studies demonstrated that in contrast to
infection by naked virions, heterofusion between infected cell carriers and tumor cells was
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more resistant to antibody neutralization. [156, 157] Moreover, systemic and intraperitoneal
injection of measles infected cells successfully transferred infection in vivo to sites of tumor
growth (using xenograft models of lymphoma, hepatocellular carcinoma, and multiple
myeloma) even in the presence of neutralizing antibodies.[156, 157] Monocytes, endothelial
progenitor cells, and T lymphocytes were also shown to have potential as measles virus
carriers, but considerable optimization of the approach is required since, to date, the
enhancements in efficacy that have been achieved using this approach have been very small.

Combination Therapy with Oncolytic Measles Viruses and Immunosuppressive Drugs
There are many drugs with immunosuppressive properties currently being used in the clinic,
either for the treatment of autoimmune disease or to suppress the rejection of transplanted
organs. Their profiles of activity vary, some being more effective against a particular subset
of lymphocytes with others having a broader spectrum of activity. While there is a strong
rationale for combining immunosuppressive therapy with oncolytic measles virotherapy,
progress in this research endeavor has been hampered by the lack of suitable animal models
in which a measles susceptible tumor is allowed to grow in a measles susceptible animal
with an intact immune system. However, despite the lack of suitable experimental models,
attempts have nevertheless been made to determine whether cyclophosphamide might be
capable of suppressing anti-measles immune responses and thereby enhancing its
therapeutic potency.

Cyclophosphamide is known to be highly toxic to proliferating lymphocytes and can
modulate both primary and anamnestic immune responses to a variety of antigenic
challenges, including virus infection.[158] Precise effects vary with the dose of antigen, the
dose of cyclophosphamide, and the timing of cyclophosphamide administration relative to
the antigenic challenge.[159] Suppression of B-cell and T-cell responses is most pronounced
when cyclophosphamide is administered at the same time or within three days following
antigen challenge, but is also seen when the drug is administered one or two days before
exposure to antigen, particularly when higher doses of cyclophosphamide are used.[160]
When a single dose of cyclophosphamide was administered to IFNARko xCD46-Ge mice a
few hours prior to intraperitoneal or intravenous injection of MV-CEA or MV-NIS,
respectively, elimination of the viruses was substantially delayed and the primary anti-
measles antibody response was suppressed. A similar delay in virus elimination was
observed when squirrel monkeys were pretreated with cyclophosphamide prior to infusion
of MV-NIS and these data provided part of the justification for the ongoing MV-NIS clinical
trial in which, in later cohorts, the patients will be pretreated with cyclophosphamide before
they receive the virus.[142] Additional preclinical studies were conducted in which
cyclophosphamide was compared with other immunosuppressive agents and found to be
substantially superior to dexamethasone, an equipotent but less toxic than whole-body
irradiation (Myers RM, Peng KW, Russell SJ, unpublished).

Toward the development of an informative immunoincompetent murine model to
experimentally test the role of immunosuppressive agents in measles virus therapy, a CEA
retargeted measles virus was used to treat a CEA positive murine colon adenocarcinoma
implanted in syngeneic C57BL/6 mice.[121] This targeted virus was also armed with the
prodrug convertase purine nucleotide phosphorylase (PNP). Systemic delivery of MV-PNP-
anti CEA had no substantial oncolytic activity, but in combination with the prodrug, 6-
methyl purine-2’-deoxyroboside, it was therapeutic, revealing synergistic affects between
virus and prodrug. Immunosuppression with cyclophosphamide was shown to retard the
appearance of measles neutralizing antibodies and also to enhance oncolytic efficacy.
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Current Status and Future Prospects
Measles virotherapy has recently emerged as a safe and highly promising experimental
approach to the treatment of human cancer. Clinical testing is still at an early stage and it
remains possible that efficacy will be limited by preexisting anti-measles immunity.
However, ongoing research emphasizing the use of engineered viruses, infected cell carriers,
and supplemental therapy within immunosuppressive drugs is already offering viable
strategies to enhance the potency of these agents, even in the face of preexisting anti-
measles immunity.
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Figure 1.
Attenutated measles virus preferentially targets CD46 which is overexpressed on cancer
cells, including multiple myeloma cells. (A) Cytospin of a bone marrow aspirate showing
myeloma cells. (B) Bone marrow aspirates obtained from myeloma patients were separated
into plasma cells (myeloma) and non-plasma cells (all normal hemapoietic cells in the
marrow). Cells were stained with an anti-CD46 antibody and the numbers of CD46
receptors/cell were determined using BD-QuantiBrite Beads.[44] Primary myeloma cells
express 7-fold higher CD46 receptors than normal non-plasma cells in the bone marrow. (C)
Primary myeloma cells expressing high levels of CD46 receptors (shown on the left) are
more susceptible to the cytopathic effects of measles induced syncytial formation compared
to normal bone marrow cells isolated from the same bone marrow aspirates [44].
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Figure 2.
Genetic engineering of attenuated measles virus for cancer therapy. (A) The virus can be
engineered to express soluble marker proteins (eg. MV-CEA) which are secreted into the
circulation, thus enabling noninvasive monitoring of the profiles of viral gene expression
over time by sampling body fluids[81]. (B) The virus can be engineered to express the
sodium iodide symporter (MV-NIS) which concentrates radioiodine in the infected cell, thus
enabling noninvasive monitoring of the sites of MV infection by gamma camera, SPECT-
CT or PET-CT imaging.[84] Virotherapy can also be enhanced by a timely dose of beta-
emitting I-131 to result in synergistic killing of MV infected tumors. (C) Arming of the virus
with genes (e.g. P-gene from wild-type measles) that enable the virus to combat the innate
antiviral immunity [102]. (D) Targeting virus entry, the H glycoprotein of measles virus can
accommodate addition of large polypeptides (eg. Single-chain antibodies) as C-terminal
extensions on the H protein. Mutations in the H protein that ablate fusion via CD46 and
SLAM have been identified and incorporated in the retargeted viruses. The displayed ligand
redirects binding of the virus to the new receptor to mediate virus entry and syncytial
formation via the targeted receptor.[66]
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Figure 3.
Considerations for future improvements of measles virotherapy. Ideally, intravascularly
administered viruses will reach the tumor sites to result in infection of tumor cells, viral
spread and elimination of the tumors. However, anti-measles antibodies can potentially
inhibit delivery of the viruses and viral spread in the infected tumor can be inhibited by cell
mediated immunity. To combat these barriers to successful therapy, virus infected cell
carriers can be exploited to act as Trojan horses to deliver virus to the tumor sites and cell
mediated immunity can be controlled by judicious use of immunosuppressive agents such as
cyclophosphamide.
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