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Abstract

A recombinant measles virus (MV) expressing the sodium iodide symporter (NIS) is being considered for therapy of advanced multi-
ple myeloma. Auger electrons selectively damage cells in which the isotope decays. We hypothesized that the Auger electron emitting
isotope 125I can be used to control viral proliferation. MV was engineered to express both carcinoembryonic antigen and NIS (MV-
NICE). Cells were infected with MV-NICE and exposed to 125I with appropriate controls. MV-NICE replication in vitro is inhibited
by the selective uptake of 125I by cells expressing NIS. Auger electron damage is partly mediated by free radicals and abrogated by glu-
tathione. In myeloma xenografts, control of MV-NICE with 125I was not possible under the conditions of the experiment. MV-NICE
does not replicate faster in the presence of radiation. Auger electron emitting isotopes effectively stop propagation of MV vectors express-
ing NIS in vitro. Additional work is necessary to translate these observations in vivo.
� 2005 Elsevier Inc. All rights reserved.
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Recombinant, replication competent viruses based on
the vaccine strain of measles virus (MV-Edm) are emerging
as powerful oncolytic viruses with the potential to treat a
wide variety of tumors in animal models [1–4]. MV-Edm
binds to cells when the viral hemagglutinin (H) protein
engages the CD46 receptor present on target cells that trig-
gers conformational changes in the fusion (F) protein and
membrane mixing. The vast majority of tumor cells over-
express CD46 and thus, MV-Edm based viruses have a nat-
ural tropism for tumor cells. The cytopathic effect of the
virus in cell-to-cell fusion depends in part on the density
of CD46 expression [5]. Tumor cell lines exposed to MV-
Edm in vitro are uniformly destroyed by the tumor but
in vivo, responses to MV-Edm are more variable and some
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tumors persist despite repeated doses of the virus. In order
to better understand the outcome of these experiments, re-
combinant viruses that induce the expression of inert, sol-
uble marker peptides such as carcinoembryonic antigen
(CEA) or the beta chain of human chorionic gonadotro-
phin (b-hCG) were generated [6]. Administration of these
viruses in tumor bearing mice led to the expression of the
respective protein that could be measured using available
assays. In vivo studies with these viruses showed persistent
virus replication in the presence of ongoing tumor growth.
In order to enhance the oncolytic potential of the virus,
MV-Edm was engineered to induce the expression of the
thyroidal sodium iodide symporter (NIS) in infected cells
(MV-NIS) [7]. MV-NIS replication and spread as well as
gene expression can be monitored non-invasively by the
administration of radioactive iodide isotopes and the
appropriate imaging modality (gamma camera or positron
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emission tomography) [7]. In addition, MV-NIS in combi-
nation with 131I can eliminate tumors that are otherwise
resistant to the virus itself [7].

MV-NIS has been approved by the Recombinant DNA
Advisory Committee (RAC) for a Phase I study in patients
with advanced or refractory multiple myeloma. The virus
was rescued from a plasmid with an MV genome derived
largely from a vaccine related laboratory strain. MV vac-
cines have been administered to millions of people with
an excellent safety record. Children are vaccinated after
the age of 15 months in countries with a low incidence of
measles and earlier in nations with a high incidence of
the disease in attempts to prevent spread of the illness [8].

Patients with myeloma are significantly immunocom-
promised with defects both in the humoral as well as the
cellular arms of the immune system [9,10]. Virus inactiva-
tion in the circulation might be low in patients with myelo-
ma due to low levels of anti-MV neutralizing antibody.
While this may be advantageous during systemic adminis-
tration of the vector, the poor immune response raises con-
cerns regarding unchecked virus replication in patients with
the disease. In patients with hematological malignancies or
HIV infection, wild type measles virus infection is particu-
larly severe, associated with a high incidence of complica-
tions and a mortality rate approaching 70% [11].

The number of pharmacologic agents with activity
against measles virus is limited. While in vitro studies sug-
gest that ribavirin has substantial activity against the virus,
clinical data supporting the use of this drug are based
essentially on case reports [12]. Intravenous immune glob-
ulin is available and has significant activity and anecdotal
reports suggest that the combination of immune globulin
and ribavirin may be effective in immunocompromised pa-
tients [13].

Cells that have been irradiated are more susceptible to
the cytopathic effect of viruses. Both DNA (e.g., adenovi-
rus) as well as RNA viruses (e.g., measles, NDV, and polio-
virus) replicate to higher titers in cells that have been
exposed to electromagnetic radiation [14]. Radiation can
also dampen the immune response against viruses and thus
enhance spread of the virus [15]. In principle, damage from
viral proliferation can be limited by strategies to retarget
recombinant measles viruses for selective infection of tu-
mor cells [16–20].

Exposure of infected cells to radiation can however dam-
age progeny genomes and impede spread of the virus in tu-
mors. The relatively long path length of electrons emitted
by 131I will most likely be deposited outside the cell from
where they originated although (contributing too the
bystander effect) [21], although electron cross-fire has to be
considered. If radiation damage can be confined to infected
cells, it may be possible to use this to control viral prolifera-
tion. Auger electron emitters, concentrated exclusively in
MV-NIS infected cells, may be the key to achieving this goal
since their electrons have very short path length (<1 lm).

Radioactive isotopes can lose an inner shell electron
either by a process of electron capture or by a process of
internal conversion whereby a gamma photon emitted
from the nucleus is absorbed by an inner shell electron that
is then ejected [22]. Either process creates a vacancy in the
inner shell that is filled by an electron from an outer shell.
This is associated with the release of energy that can be
transmitted to another electron in the same or higher orbi-
tal that can also be emitted. Thus, a cascade of electron
emissions are generated that are in general referred to as
Auger electrons [23]. Their energies vary from several elec-
tron volts to tens of kilo-electron volts. As a consequence,
their path length in biological systems is usually in the
nanometer range (subcellular). However, the large number
of electrons emitted by these processes means that local
high energy densities can be achieved and it has been calcu-
lated that 1 MGy is absorbed within 1–2 nm from the de-
cay site per disintegration [24]. Thus, Auger electrons
have high linear energy transfer with the potential to in-
duce considerable damage within very short distances after
they are generated. Many radionuclides emit Auger elec-
trons including a number that are routinely used in clinical
practice such as 99mTc, 111In, and 123I. 125I is a prolific Au-
ger electron emitter with an average of 25 electron emis-
sions per decay [23]. The mean energy of the electrons
emitted by the decay of 125I is less than 1 keV [24]. 123I also
emits approximately 15 Auger electron when it decays [23].

The short path length of Auger electrons imposes spatial
constraints on their biological activity. Various studies
have demonstrated that unless the isotope decays in the
cytoplasm and preferably in the nucleus of the cell, Auger
emitting isotopes may not be an effective form of targeted
radiation for tumor therapy [24,25]. Thus, we hypothesized
that it might be possible to utilize Auger electron-emitting
iodide isotopes to selectively destroy virus-infected cells
and stop virus propagation. We report on our studies of
this approach both in vitro and in vivo with 125I.
Methods

Generation of recombinant MV expressing CEA and NIS (MV-NICE).

Plasmids p(+) MV-CEA and p(+) MV-NIS have been described elsewhere
[6,7]. Both plasmids were both digested with SacII and NotI. The 7025 bp
product from digestion of p(+) MV-CEA and the 16,125 bp product from
the digestion of p(+) MV-NIS were gel purified and ligated to generate
plasmid p(+) MV-NICE. The recombinant virus was rescued by con-
transfection of 293-3-46 cells with plasmids p(+) MV-NICE (5 lg) and
pEMCLa (50 ng) using calcium phosphate precipitation [26]. After 3 days,
the producer cells were overlaid on Vero cells and rescue inferred by the
observation of syncytium formation. Individual syncytia were isolated,
lysed by vortexing, and used to infect new Vero cells. Cell associated virus
was released by freeze–thawing the cells twice in liquid nitrogen and cell
lysates were cleared by centrifugation. For titration of virus stocks, serial
logarithmic dilutions of the virus were used to infect Vero cells in 96-well
plates and the 50% tissue culture infective dose (TCID50/ml) was deter-
mined after 96 h as described by Spearman and Karber. One-step growth
curves were determined by infecting Vero cells in six-well plates at an MOI
of 3. Infected cells were maintained at 32 �C and samples were harvested
every 12 h in Opti-MEM for titration of cell associated virus.

Cell lines. ARH-77 cells and Vero cells were obtained from the
American Type Culture Collection (ATCC, Manassas, VA) while MM1
cells were a generous gift of Dr Rafael Fonseca (Mayo Clinic Rochester).



Fig. 1. Anti-measles virus neutralizing antibodies in patients with plasma
cell disorders and age matched controls. Forty adults were studied
including 10 healthy adults, and 10 patients each with MGUS, advanced
myeloma and patients 1 year after ASCT for myeloma. Antibody titers in
patients with advanced myeloma and after ASCT are significantly lower
than those in control subjects (p = 0.01 and 0.0068, respectively).
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ARH-77 and MM1 cells were maintained in RPMI 1640 with 10% fetal
bovine serum (FBS) while Vero cells were maintained in DMEM with 10%
FBS. All cell lines were kept in humidified incubators at 37 �C with 5%
carbon dioxide. Cell culture media were from Cellgro (Mediatech, Hern-
don, VA).

In vitro studies with MV-NICE. ARH-77 cells were plated at a density
of 5 · 105/ml of medium and infected with MV-NICE or MV-Edm at an
MOI of 0.02. Starting 48 h after infection, conditioned media as well as the
cells were harvested and tested for CEA production (Central Clinical
Laboratory, Mayo Clinic, Rochester) and for NIS expression by in vitro
iodide uptake as previously described [7,18].

In order to study the potential of Auger electrons emitters in con-
trolling MV-NICE replication, ARH-77 cells were infected with MV-
NICE or MV-CEA (control) at an MOI of 0.02 for 2 h (in Opti-MEM)
and then maintained under the following four conditions: RPMI with 10%
FBS, RPMI with 10% FBS and KClO4 (100 lM), RPMI with 10% FBS
supplemented with Na125I with an activity of 3.7 MBq/ml, and RPMI with
10% FBS supplemented with both Na125I and KClO4 (100 lM). Starting
12 h after infection, conditioned media and cells were harvested. The cells
were decontaminated from the isotope by incubating them for 20 min
three times with RPMI/10% FBS and KClO4 (100 lM). After the final
wash, the cells were resuspended in Opti-MEM and frozen at �80 �C. At
the end of the experiment, all the cells were lysed by freeze–thawing twice
in liquid nitrogen. The titer of cell-associated virus from cleared cell lysates
were obtained by serial dilution and infection of Vero cells. Similar
experiments were performed with glutathione (GSH) (Sigma, St. Louis,
MI) substituting for KClO4. GSH, a free radical scavenger, was used at a
concentration of 7 mM [27].

Removal of 125I from cell-conditioned media. Since 125I has a half-life of
60 days, cell-conditioned media were desalted by size exclusion chroma-
tography through Sepharose-G25 PD-10 columns (Amersham Pharmacia,
Piscataway, NJ) after equilibrating the columns with serum free RPMI
1640. In order to harvest the correct fractions with minimal radioiodide, a
trial run with 1 ml of conditioned medium was spiked with Na125I
(1 · 105 cpm total) and loaded onto the column. Serial 1 ml fractions were
collected and analyzed both for protein content by ultraviolet absorbance
(280 nm) and gamma photon emission. The fractions with highest content
of protein and minimal iodide contamination were identified and the same
fractions from all cell-conditioned media were collected for CEA
estimation.

Neutralizing antibody assay for measles virus. After approval from the
Institutional Review Board at Mayo Clinic and in accordance with federal
regulations, we obtained stored sera from patients with monoclonal
gammopathy of undetermined significance (MGUS), patients with ad-
vanced myeloma, and patients who had undergone autologous stem cell
transplantation (ASCT) for myeloma as well as normal age-matched
controls. Sera were evaluated for the presence of anti-measles virus anti-
bodies at the Serology Laboratory, Mayo Clinic Rochester.

In vivo studies with MV-NICE. Sixteen 6-week-old female CB17scid
mice (Harlan Sprague–Dawley, Madison, WI) were given total body
irradiation (250 cGy). Twenty-four hours later, they were injected in their
right flank with washed MM1 cells (1 · 107). The mice were fed levo-
thyroxine in their drinking water (5 mg/L) to suppress thyroidal NIS
expression. Tumor growth was measured in two dimensions with calipers
and when the tumors reached a mean diameter of 0.6 cm, 8 mice (Group
A) were injected intravenously with MV-CEA (2 · 106 TCID50/ml) and
another 8 mice (Group B) were injected with MV-NICE (2 · 106 TCID50/
ml). Four days later 4 mice from each group were injected intraperito-
neally with Na125I (37 MBq). All 16 mice were bled 7 and 11 days after
isotope injection for CEA estimation. The mice were euthanized if the
tumors ulcerated, if they grew to more than 10% of the weight of the
animal or if the tumors interfered with feeding or drinking. The study was
approved by the Institutional Animal Care and Use Committee (IACUC)
at Mayo Clinic.

Statistical analysis. All statistical analyses were performed using
StatView software. Student�s t test was used to evaluate the difference in
means with a p value <0.05 being considered significant. Correlations were
performed with Spearman�s test.
Results

Neutralizing anti-measles virus antibodies in patients with

myeloma

Since patients with myeloma are often immunocompro-
mised, we wanted to quantify the level of neutralizing
anti-measles virus antibody. This is important when a rep-
licating measles virus is being considered for systemic ther-
apy in these patients. High levels of neutralizing antibodies
may rapidly inactivate the virus upon administration while
low levels of immunity may allow unhindered virus prolif-
eration. Thus, we obtained sera from patients with MGUS,
advanced myeloma, and patients with myeloma who have
undergone autologous stem cell transplantation (ASCT)
at least a year before and compared them to age matched
controls. Patients with advanced myeloma or after ASCT
have significantly lower levels of anti-measles virus anti-
bodies compared to age matched controls or patients with
MGUS (Fig. 1; p = 0.01 for myeloma and p = 0.0068 for
patients after ASCT). Due to these observations and given
that MV-NIS will be combined with radioisotopes for
imaging, we wanted to understand the behavior of the virus
in the presence of radiation and explore the possible use of
low energy (Auger) electron emitters to control virus
propagation.

Rescue and characterization of MV-NICE

Since we were interested in monitoring both in vitro and
in vivo virus propagation in the presence of 125I, we opted
to engineer a replicating MV coding both for NIS as well as
the soluble form of human CEA (MV-NICE). In this way,
viral gene expression could be monitored using CEA pro-
duction. A plasmid coding for the full-length genome was
generated and rescued as described under Methods
(Fig. 2A). Parallel one-step growth curves for MV-Edm
and MV-NICE show that the virus propagates slower than



Fig. 3. Characterization of MV-NICE. ARH-77 cells infected with
MV-NICE express NIS and concentrate radioiodide (A) and secrete
CEA into the media. Cells infected with MV-Edm do not express NIS and
do not induce secretion of CEA. (B) Both NIS expression and CEA
production increase with time due to virus propagation. NIS and CEA
expression is tightly correlated (Spearman�s q: 0.99, p < 0.05).

Fig. 2. (A) Schematic representation of the genomes of the viruses used in
this study. (B) One-step growth curves for cell associated virus show that
MV-NICE propagates slower than MV-Edm and to somewhat lower
titers.
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MV-Edm and reaches slightly lower titers (Fig. 2B). ARH-
77 cells infected with MV-NICE express NIS, concentrate
radioiodine in vitro, and secrete CEA (Fig. 3). The pres-
ence of perchlorate has no effect on virus proliferation
and CEA production. Both NIS expression and CEA pro-
duction increase with time as the viral infection spreads in
the culture. There is a close correlation between iodide up-
take and CEA production (Spearman�s q: 0.99, p < 0.05)
indicating that expression of the two genes is concordant.

In vitro MV-NICE control

We wanted to study the behavior of MV in the presence
of radiation and explore the potential of Auger electrons
emitted by 125I to control virus propagation in a culture
system. ARH-77 cells were infected either with MV-NICE
or MV-CEA at an MOI of 0.02 for 2 h. The cells were
infected in a single tube as a ‘‘master mix’’ in Opti-MEM
to minimize variation in infection rates. After the 2-h incu-
bation with virus, the cells were centrifuged and aliquoted
at 1 · 105 cells in 1 ml medium with or without KClO4

(100 lm) and with or without Na125I (3.7 MBq/ml, final
concentration). Every 12 h conditioned media and cells
were harvested, decontaminated as described, and tested
for CEA production as well as virus production by titration
on Vero cells. We used CEA levels as a surrogate for viral
gene expression. Viable virus generation was studied by
titration of serial dilutions of cell lysates on Vero cells.

The presence of 125I or KClO4 in the media had no effect
on CEA production and virus propagation in the MV-
CEA infected culture (Figs. 4A and B). MV-NICE infects
myeloma cells and they start secreting CEA; levels of the
protein increase with time (Fig. 4C). CEA production is
significantly lower in conditioned media from MV-NICE
infected cells in the presence of 125I but the isotope has
no effect if it is prevented from entering virus-infected cells
by perchlorate (Fig. 4C). Titration of cell lysates confirmed
that no viable virus was produced in the presence of



Fig. 4. In vitro control of MV-NICE with 125I. MV-CEA gene expression (A) and virus generation (B) are virtually identical in the presence or absence of
125I. Cells infected with MV-NICE produce small amounts of CEA (C) in the presence of the isotope and this is mirrored by undetectable virus generation
(D). However, if the isotope is prevented from entering the cells by perchlorate, both CEA and viable virus are produced (C,D). Therefore, the isotope has
to decay within the cell for it to have an effect on virus propagation. The viral titers shown are at 60 h for MV-CEA and 96 h for MV-NICE.
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intracellular 125I (Fig. 4D). Thus, it appears that if cells ex-
press NIS and concentrate 125I intracellularly, virus replica-
tion can be stopped. However, the presence of the isotope
in the media has no effect on CEA production and virus
propagation in the MV-CEA infected culture, confirming
that both NIS expression and intracellular isotope decay
are necessary for inhibition of virus proliferation.

Auger electron damage is mediated by free radicals

Decay of 125I in the cell leads to the generation of free
radicals and reactive oxygen species. These induce cell
death by activation of the mitochondrial apoptotic path-
way [28]. Therefore, if free radical scavengers are added
to the cell culture media, the virus and virus infected cells
might be protected from the effect of ionizing radiation.
To evaluate this possibility, we infected ARH-77 cells with
MV-NICE (MOI: 0.02) and incubated the cells with 125I in
the presence or absence of glutathione, a free radical scav-
enger that is taken up by cells [29]. In the presence of glu-
tathione, infected cells produce CEA and detectable
amounts of virus although the levels are not the same as
in cells not exposed to the isotope (Figs. 5A and B). We
conclude that free radicals are, in part, responsible for
the damage to virus infected cells and viral genomes in-
duced by 125I.

Control of MV-NICE in a myeloma xenograft model

We then attempted to inhibit viral replication with 125I
in vivo in a myeloma xenograft model. We detected CEA
production after the systemic administration of MV-NICE
(2 · 106 TCID50/ml) in SCID mice bearing MM1 myeloma
tumor xenografts. CEA levels increased with time as the



Fig. 5. Auger electron damage is via free radical generation. (A) CEA production is not affected by GSH. The presence of the free radical scavenger
protects cells from damage with 125I and CEA production being higher. (B) Glutathione protects MV-NICE from the effect of 125I and some viable virus is
detectable in the presence of the scavenger.

D. Dingli et al. / Biochemical and Biophysical Research Communications 337 (2005) 22–29 27
virus replicated and spread in the tumor (data not shown).
Once the CEA profile was available, we attempted in vivo
control of MV-NICE with 125I. Sixteen female SCID mice
were implanted with MM1 cells after TBI. Eight mice were
injected with MV-CEA (2 · 106 TCID50/ml) and the other
eight with MV-NICE (same dose) via tail vein injection.
Four days later, four mice from each group were treated
with 125I (37 MBq, intraperitoneally). The mice were bled
for CEA estimation 7 and 11 days after isotope injection
(Fig. 6A). Blood levels for the marker peptide, on day 7
and 11, are presented in Figs. 6B–E. In general, CEA levels
increased with time in all mice. As expected, 125I had no ef-
fect on MV-CEA but perhaps surprisingly, it had no effect
on MV-NICE propagation either. The potential reasons
behind this result are discussed in the next section.

Discussion

The vaccine strain of MV has an excellent safety record
since it has been given to millions of people without serious
problems [8]. However, systemic administration of a repli-
cation competent virus in an immunocompromised host re-
quires some mechanism to halt viral proliferation because
of the risk of uncontrolled infection. Apart from anti-MV
immune globulin, there is no proven pharmacotherapy
for MV. Viruses have been reported to proliferate at higher
rates in the presence of radiation; a phenomenon that may
increase the potential danger of MV-NIS when combined
with radioactive iodide for therapy [14]. It is also possible
that radiation from 131I decay may dampen an immune re-
sponse against the virus and further increase the risk of
uncontrolled viral proliferation.

We have studied the behavior of MV in the presence of
radiation and under the conditions of our experiments, MV
derived vectors engineered to express NIS do not prolifer-
ate any faster in the presence of radiation in ARH-77 cells.
Our in vitro data suggest that it might be possible to use
low energy Auger electron emitters to halt virus generation.
No viable MV-NICE was grown from cell lysates in the
presence of the isotope whereas MV-CEA was generated
to titers comparable to the controls with similar CEA lev-
els. Therefore, NIS expression is necessary for the isotope
to stop virus propagation; the mere presence of isotope in
the medium is not enough for therapy. This is in keeping
with the known radiobiology of Auger electron emitters;
unless the isotope decays in the cytoplasm or preferably
in the nucleus of a cell, these electrons have minimal effects
on cell viability [29]. The short path length and the necessi-
ty for intra-cytoplasmic decay make Auger electron emit-
ters such as 125I, an attractive strategy for vector control
since radiation damage will be virtually restricted to infect-
ed cells.

Both 123I and 99mTcO4 emit Auger electrons (15 and 4
per decay, respectively) and therefore potentially might
interfere with virus proliferation in vivo [23]. This may
be a concern during in vivo experiments and more so
in clinical studies when these isotopes might be used to
monitor non-invasively and repeatedly viral gene expres-
sion and vector propagation. Theoretical calculations
suggest that for imaging purposes, 99mTcO4 is the isotope
of choice; it emits a smaller number of electrons and
the mean energy of the emitted electrons is even lower
than those emitted from 123I (0.899 and 27.5 keV, respec-
tively) [23]. Indeed, assuming that the biological half-life
of the three isotopes in an infected cell is the same, the
relative risk of cellular damage as a function of isotope
decay is 376.8 > 34.15 > 1.33 for 123I, 99mTcO4, and

125I,
respectively.



Fig. 6. CEA levels on days 7 and 11 in MM1 xenograft bearing SCID mice. (A) Experimental design with MM1 tumors implanted in SCID mice and
injected intravenously either with MV-CEA or MV-NICE when the tumors reached a mean diameter of 0.6 cm. The mice in (B,C) were injected with MV-
CEA while those in (D,E) were injected with MV-NICE (2 · 106 TCID50/ml) intravenously. Four days later, the mice in (C,E) were treated with Na125I
(37 MBq, intraperitoneally,) and bled 7 and 11 days later.
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To our knowledge, this is the first reported attempt to
use the physical characteristics of Auger electrons to con-
trol an engineered replication competent vector that will
be undergoing Phase I studies in the near future. Our initial
attempts to stop virus propagation in vivo failed. There are
a number of possible explanations for the outcome of this
experiment that can be divided into kinetic or energetic. It
might be possible that there is a small window of opportu-
nity for therapy to work; if viral proliferation is fast rela-
tive to cell death it might be difficult to eliminate viral
propagation (kinetic problem). Thus, the potential interac-
tion between the rate of virus proliferation and timing of
therapy needs to be further explored.

The other major consideration relates to energy
deposition by the intracellular decay of the isotope in
virus-infected cells. Cells need to accumulate a critical
amount of damage before they undergo apoptosis. Cellular
damage is a function of the energy deposited in the cell that
in turn is a function of the number of disintegrations that
occur within that cell [24]. Thus, it is possible that not en-
ough isotope was injected in the mice or the levels of NIS
expression were not high enough for adequate intracellular
iodide accumulation. The isotope must be retained in the
tumor for sufficient time to ensure that enough disintegra-
tions occur in the cell. Isotope uptake and retention is a
dynamic process that is in part determined by the level
of NIS expression [30]. Clearly, the virus infected the
cells and considerable amounts of CEA were generated
and therefore NIS was expressed. The effective half-life
of the isotope in the tumor is a critical determinant of



D. Dingli et al. / Biochemical and Biophysical Research Communications 337 (2005) 22–29 29
the outcome of therapy. Preliminary calculations suggest
that indeed, this might have been a crucial factor. A short
retention time compared to the physical half-life of the iso-
tope means that most of the isotope leaks from inside cells
without decay and therefore has no impact on cell or virus
survival. Strategies to enhance isotope retention or the use
of Auger electron emitting isotopes with a shorter physical
half-life may solve this problem. In addition, strategies to
retarget recombinant measles viruses for infection of tumor
cells selectively will add significantly to the safety of these
vectors in vivo.
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