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Identification of host range mutants of myxoma virus
with altered oncolytic potential in human glioma
cells
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The authors have recently demonstrated that wild-type myxoma virus (MV)
tagged with gfp (vMyxgfp) can generate a tumor-specific infection that produc-
tively infects and clears human tumor-derived xenografts when injected intra-
tumorly into human gliomas transplanted into immunodeficient mice (Lun et
al, 2005). To expand the understanding of MV tropism in cancer cells from a
specific tissue lineage, the authors have screened a series of human glioma cells
(U87, U118, U251, U343, U373) for myxoma virus replication and oncolysis.
To assess the viral tropism determinants for these infections, the authors have
screened myxoma virus knockout constructs that have been deleted for specific
host range genes (M-T2, M-T4, M-T5, M11L, and M063), as well as a control
MV gene knockout construct with no known host range function (vMyx135KO)
but is highly attenuated in rabbits. The authors report wide variation in the
ability of various vMyx-hrKOs to replicate and spread in the human glioma
cells as measured by early and late viral gene expression. This differential
ability to support vMyx-hrKO productive viral replication is consistent with
levels of endogenous activated Akt in the various gliomas. The authors have
identified one vMyx-hrKO virus (vMyx63KO) and one nonhost range knock-
out construct (vMyx135KO) that appear to replicate in the gliomas even more
efficiently than the wild-type virus and that reduce the viability of the infected
gliomas. These knockout viruses also inhibit the proliferation of gliomas in
a manner similar to the wild-type virus. Together these data, as well as the
fact that these knockout viruses are attenuated in their natural hosts, may rep-
resent environmentally safer candidate oncolytic viruses for usage in human
trials. Journal of NeuroVirology (2007) 13, 549–560.
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Introduction

Oncolytic viruses are defined as those viruses that
can infect, selectively replicate, and kill cancer cells
while at the same time sparing normal cells (Liu et al,
2007; Merrill et al, 2006; Roberts et al, 2006; Woo et
al, 2006). Naturally oncolytic viruses have been iden-
tified in both RNA and DNA viral families, including
vesicular stomatitis virus and adenovirus, and are in
varying stages of development for oncolytic virother-
apy in man (Roberts et al, 2006; Woo et al, 2006).

Myxoma virus (MV) is a poxvirus that productively
infects only rabbits in the wild. Our laboratory has
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demonstrated that MV can also infect and spread in
a variety of nonleporid cell lines derived from other
mammalian species in vitro. More surprising still was
the observation that MV could productively infect
and kill the majority (15 of 21) of human cancer cell
lines from the reference NCI-60 panel (Sypula et al,
2004). The same study demonstrated that the permis-
sive human cancer cells could be separated into two
groups: those that required the expression of the MV
host range protein, M-T5 (type II) and those cancer
cells for which the expression of M-T5 by MV was
not required (type I). We later demonstrated that the
requirement of the M-T5 ankyrin-repeat host range
protein was based on the ability of M-T5 protein to
bind, and activate, host cell Akt (Wang et al, 2006).
This interaction between cellular Akt and the MV
host range protein M-T5 was critical for infection of
type II cancer cells and was similar to the ability of
cellular PIKE-A to bind and activate the kinase activ-
ity of Akt (Werden et al, 2007). Recently, we have also
shown that manipulation of the cellular Akt signal-
ing pathway, for example with the drug rapamycin,
also improves the oncolytic potential of MV in type
II human cancer cells (Stanford et al, 2007).

Malignant glioblastomas are human brain cancers
that have proven particularly refractory to treatment
and generally result in death within a year of di-
agnosis (King et al, 2005; Merrill et al, 2006; Woll-
mann et al, 2005). Recently, an enhanced green flu-
orescent protein (EGFP)–tagged wild-type version of
MV (vMyxgfp) was shown to exhibit significant anti-
tumor activity against experimental gliomas grafted
into mice (Lun et al, 2005). The majority of human
gliomas tested (seven of eight) were fully permissive
for vMyxgfp replication and were efficiently killed as
a consequence of the viral infection. As well, intrac-
erebral injections of vMyxgfp into control mice were
well tolerated and produced only minimal inflamma-
tory changes. Finally, orthotopic xenografts of human
glioma cells into nude mice were used to test MV ef-
ficacy. Most animals (92%) injected with vMyxgfp
were “cured” and survived to the end of the study
(>130 days) (Lun et al, 2005).

Recent analysis of viral mutants has demonstrated
improved oncolytic potential (Gaddy and Lyles,
2007; Stojdl et al, 2003; Wollmann et al, 2007). We
have generated a growing collection of tagged wild-
type MV and targeted gene knockout variants based
on the parental Lausanne strain of MV, a normally
rabbit-specific poxvirus. Some of these gene knock-
out viruses were also shown to exhibit host range
defects in specific classes of rabbit cells and most
are dramatically attenuated for myxomatosis when
tested in the susceptible host, the European rabbit
(Johnston and McFadden, 2004). In an attempt to
evaluate these attenuated MV candidates as possible
viral oncolytics, we have selected a series of these
constructs (Table 1) to screen their ability to infect
and kill human glioma cells in the hope of iden-
tifying safer MV oncolytic candidates. This collec-

tion of test viruses represents two controls (vMyxlac
and vMyxgfp) that express markers under either the
vaccinia synthetic early/late promoter (vMyxgfp) or
the vaccinia late P11 promoter (vMyxlac). The gene
knockout viruses all express either β-galactosidase
or enhanced green fluorescence protein (EGFP; Ta-
ble 1). The most extreme gene knockout in this
panel of viral constructs is vMyx63KO, which is
unable to replicate in any rabbit cell type tested
to date and is completely nonpathogenic in rab-
bits (Barrett et al, 2007a). The other vMyx-hrKOs
include vMyxT2KO, which is defective in the vi-
ral tumor necrosis factor (TNF) receptor homolog
(Upton et al, 1991); vMyxT4KO, which is defec-
tive in an endoplasmic recticulum (ER)–localized
protein important for apoptosis regulation (Barry
et al, 1997); vMyxT5KO, which lacks an ankyrin-
repeat host range protein (Mossman et al, 1996); and
vMyxM11LKO, which lacks a key apoptosis regulator
that localizes to the mitochondria (Opgenorth et al,
1992). These latter MV gene knockout constructs are
all tissue-specific host range mutants that have lost
the ability to productively replicate in rabbit T lym-
phocytes (RL5 cells). In infected European rabbits,
the progression of myxomatosis is highly attenuated
and the levels of virulence reduction differ accord-
ing to the mutant (Johnston and McFadden, 2004).
vMyx135KO (Barrett et al, 2007b) is used as a control
attenuated MV that is defective in a cell-surface viro-
ceptor, and functions as a virulence factor in virus-
infected rabbits but is not yet known to exhibit any
host-range defect in cultured cells.

An ideal live oncolytic virus candidate is one that
is not pathogenic to any vertebrate species, including
man. In this study, we screen five human glioblas-
toma cell lines (U87, U118, U251, U343, U373) with
a variety of myxoma viruses in which a single vi-
ral gene has been specifically deleted (Johnston and
McFadden, 2004). These gene knockout viruses were
screened in vitro for their ability to infect, repli-
cate, and kill the human glioma cell lines. We report
that several of the host range gene knockout viruses
(vMyx-hrKOs), which were originally shown to be
defective for replication in subsets of rabbit cells,
were also unable to establish a productive infection
in some, or all, of the tested human glioblastomas.
This result is in contrast to what was previously ob-
served in human cancer cells from other nonglioma
tissue origins (Sypula et al, 2004) and may shed light
on unique intracellular signaling properties of human
glioblastomas. Surprisingly, several vMyx-hrKOs ap-
peared to be as effective as vMyxgfp at infecting
and killing human glioblastoma cells. Because vMyx-
hrKO variants also exhibited an attenuated in vivo
phenotype in rabbits, they represent a safer alter-
native to wild-type MV as an oncolytic therapeutic
in settings where the virus might come into contact
with susceptible rabbits. This study also points the
direction for future work on the oncolytic potential
of vMyxhr-KO viruses for other human cancers.
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Table 1 Description of the myxoma virus host range mutants and controls

Marker Virus name Deleted gene Lost gene function Host range restriction Reference

Viruses express
beta-galactosidase

vMyxlac None Marked wildtype virus,
β-gal under VV late pro-
moter

None, control Opgenorth et al, 1992

vMyxT2KO M-T2 Binding of rabbit TNF;
inhibition of apoptosis

RL-5 Upton et al, 1991

vMyxT4KO M-T4 ER retention RL-5 Barry et al, 1997
vMyxT5KO∗ M-T5 Binding partner for

cullin-1 and activates
cellular Akt

RL-5 Mossman et al, 1996;
Johnston et al, 2005;
Wang et al, 2006

vMyxM11LKO M11L Inhibitor of mitochon-
drial dependent apop-
tosis

RL-5 Opgenorth et al, 1992;
Everett et al, 2000; Wang
et al, 2004; Su et al, 2006

Viruses express fluo-
rescent marker

vMyx63KO M063 Critical for MV replica-
tion in rabbit cells

All rabbit cells Barrett et al, 2007a

vMyx135KO M135 Critical virulence factor ND Barrett et al, 2007b
vMyxgfp None Marked wildtype virus,

EGFP under VV synE/L
promoter

None, control Mansouri et al, 2003

ND, not determined.
∗vMyxT5KO is also available in an EGFP-expressing version.

Results

Myxoma viruses with targeted gene knockouts
exhibit variable levels of replication efficiency in
human glioma cells
To test the ability of various myxoma virus gene
knockout constructs to infect and kill human glioma
cells, we first began by screening the ability of the
various viruses (Table 1) to productively replicate in
the panel of gliomas. The infectivity of each virus
was quantified by single-step growth yields on the
various glioma cells and compared to control baby
green monkey kidney (BGMK) cells, which are fully
permissive for all the knockout constructs used in
this study. Viral titers derived from the gliomas were
compared to those obtained on the control BGMK
cell line and the viral replication efficiency was
calculated. Some of the tested viruses replicated to
levels several logs lower than that observed for the
control cell line (BGMK) (data not shown). In an
effort to evaluate the “relative” replication efficiency
of each virus in a specific glioma, we calculated the
progeny viral titer relative to the observed titer of
vMyxgfp for that specific glioma. This meant that
the titer of vMyxgfp was defined to be 100% in any
particular glioma cell line and the various viruses
were graphed as a percent value relative to their
replication compared to vMyxgfp (Figure 1). In all
of the gliomas, except U118, the knockout virus
vMyx63KO replicated to higher titers and was more
replication competent than other knockouts or the
wild-type controls. Also, some glioma lines (U87,
U343, U373) supported more robust replication
levels than the other glioma cells tested (data not
shown). The glioma cell lines U343 and U373 (Figure
1, lanes 4 and 5) allowed for detectable levels of

replication of all viruses except for vMyxT5KO (both
EGFP and β-gal versions) and vMyxT4KO relative to
vMyxgfp (Figure 1). The least permissive glioma cell
for all viruses tested was the U118 cell line (Figure
1, lane 2). In U118 cells, the most efficient virus
was the control wildtype virus, with vMyx63KO,
vMyx135KO, and vMyxM11LKO replicating to de-
tectable levels (Figure 1). Virus replication efficiency
was also very low for U251 (Figure 1, lane 3) cells,
with all viruses replicating to levels 100× below what
was measured on the control BGMK cells. However,
when we correct for the relative efficiency against
vMyxgfp replication, we find that only vMyxT5KO
(both EGFP and β-gal versions) and vMyxT4KO
were below detectable levels and that vMyx63KO
replicated to titers 2x as high as vMyxgfp (Figure 1).

Some vMyx-hrKOs are unable to transit from early
to late gene expression
A rapid measure of poxvirus initiation of the viral
replication cycle is early viral gene expression, which
begins following virus entry and uncoating. For these
studies we used an antibody against M-T7, the vi-
ral interferon-γ receptor (IFN-γ R) homolog that is
expressed robustly and secreted at early times post
infection (Upton et al, 1992). For late MV gene ex-
pression, we employed monoclonal antibody against
Serp1, a late, secreted serpin (Macen et al, 1993;
Nash et al, 2000). Human glioblastomas were in-
fected with various MV controls or knockout viruses
at a multiplicity of infection (m.o.i.) = 3, and at
24 hour post infection the supernatants were col-
lected. The results suggested that several vMyx-
hrKOs were restricted in their transition from early
(M-T7) to late (Serp1) gene expression (Figure 2A).
These restricted viruses included vMyxT2KO (U118,
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Figure 1 Titers of various myxoma viruses in selected glioma cell lines. Absolute titers were converted to relative measures of replication
efficiency for each virus against the tagged wild-type myxoma virus (vMyxgfp) for each glioma cell line. The y-axis represents percent
replication compared to vMyxgfp.

U251; Figure 2A, lane 3), vMyxT4KO (all gliomas;
Figure 2A, lane 4), and vMyxT5KO (U251; Figure
2A, lane 5). Surprisingly, vMyxT4KO did not even
undergo successful early gene expression in two of
the glioma cell lines (U87, U373) (Figure 2A) and
exhibited significantly decreased early expression
in the other lines (U118, U251, U343). M-T7 pro-
tein expression following vMyxT4KO infection was
only consistently detected in the control cell line
(BGMK), indicating a more generalized defect for
this virus KO construct in all human glioma cells
tested.

To determine whether the reduced levels of se-
creted MV protein detected in the supernatants were
because of decreased viral expression, as opposed to
reduced secretion of the expressed viral protein, we
examined whole-cell lysates of the specific protein
marker (Figure 2B). We observed two bands for each
of M-T7 and Serp1, detected in whole-cell lysates
from infected gliomas. These two bands represent
the native, unglycoslated (lower band) and the pro-
cessed, glycosylated (larger band) forms of the pro-
tein. Generally we observed both the unglycosylated
and glycosylated forms of the Serp1 and M-T7 from
the lysates collected from the gliomas infected with
the majority of the viruses. However, those viruses
that exhibited poor secretion of M-T7 or Serp1 (Fig-
ure 2A) also exhibited low intracellular expression
of the unglycosylated protein. The most dramatic ef-
fect was observed for vMyxT4KO infection of U251
cells, in which we were not able to detect the early

gene product, M-T7, expressed from the lysates (Fig-
ure 2B, lane 4). In fact, we noted reduced M-T7
expression following vMyxT4KO virus infection in
all the gliomas tested, except for the U118 cells.
vMyxT2KO and vMyxT5KO also exhibited restricted
expression of Serp1 protein in several of the infected
gliomas. For example, in U251 cells, both viruses ex-
pressed reduced levels of Serp1 in the glycosylated
form specifically, suggesting that some aspect of the
ER-to-Golgi transit may be impaired in these cells.
This would also explain the low levels of Serp1 in
the supernatants collected from the gliomas infected
with these viruses. In contrast, two of the knock-
out viruses, vMyx63KO and vMyx135KO, exhibited
levels of early and late protein expression and se-
cretion comparable to the wild-type virus infection
(Figure 2).

Single-step growth curves
Comparison of the replication efficiency of the var-
ious viruses suggested that several virus constructs,
including vMyx63KO and vMyx135KO, had the most
optimal replication kinetics for several of the cell
lines. To examine this further, we performed single-
step growth curves of vMyxgfp, vMyx63KO, and
vMyx135KO. Although viral replication of the tested
viruses was observed in all the gliomas tested, the
highest progeny amplification appeared to occur in
the U343 cells and the poorest virus replication oc-
curred in the U251 and U118 cells (Figure 3). U87
and U373 cells appeared to be similar and all three
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Figure 2 Early and late gene expression from infected glioma cells. Gliomas were infected with indicated viruses or left uninfected.
Supernatants (a) or infected cells (b) were collected 20 hpi. (a) Supernatants were concentrated 10× in microconcentrators and then sepa-
rated on 10% SDS-PAGE gels. Membranes were probed with anti-Serp1, a late, secreted MV protein. Following detection the membranes
were striped and probed with anti-M-T7, a strongly expressed and secreted, early gene product. (b) Whole-cell lysates were prepared
from the samples collected above and 50 μg of total protein were separated on 10% SDS-PAGE gels and then probed with the antibodies
above. The various viruses are described in Table 1.

viruses responded in a similar fashion; exhibiting 2
logs of amplification over 48 h. The vMyxgfp titer in-
creased by 3 logs in U343 cells and this was the most
permissive host cell for replication of this control
virus. However, the titer of vMyxgfp only increased
by less than 0.5 logs in U251, thus we classify this
cell (U251) as semipermissive. A similar trend was
observed for vMyx63KO, which increased in titer by
100-fold in U343 cells but by less than 0.5 logs in
U251 cells. In contrast, vMyx135KO increased by 4

logs in U343 and amplified 100-fold in U251 cells
(Figure 3).

MV knockout viruses exhibit differential killing
of gliomas
To evaluate and compare the effects of various myx-
oma virus constructs on glioma cell viability, we used
a WST-1 assay to assess the metabolic status of in-
fected glioma cells. The results suggest that the vari-
ous viral constructs exhibit one of three phenotypes



Poxvirus oncolysis of human gliomas
554 JW Barrett et al

Figure 3 Single-step growth curves to evaluate viral replication were performed with selected viruses (vMyxgfp [solid line], vMyx63KO
[long dash], and vMyx135KO [short dash]) on select glioma cell lines. Infected cells were collected at the times indicated post infection.
The virus was released from the infected cells and then recovered virus was titrated on BGMK cells.

(Figure 4A). The viruses could be grouped into those
viruses that had little effect on cell viability, those
viruses that caused a minor decrease in cell viabil-
ity and those viruses that efficiently killed the target
glioma cells. Our results suggest that this first clus-
ter of viruses included vMyxT4KO and vMyxT5KO
and to a lesser extent vMyxT2KO and vMyxM11LKO
(data not shown). In contrast, infection of human
glioma cells with vMyx135KO or vMyx63KO re-
sulted in greater loss of viability and death than even
the killing effects following infection with the wild-
type virus (vMyxgfp) (Figure 4A). This difference
between the cell viability and virus used for infec-
tion was most dramatic at a high m.o.i. (10). At a
low m.o.i. (0.1 and 1), the differences between the

various viruses were less dramatic as the infections
progressed (data not shown). These results suggest
that there may be some aspect about vMyx135KO or
vMyx63KO cytotoxicity that leads to a decrease of
glioma cell viability and suggests that either of these
two viruses could represent a more potent and safer
oncolytic agent than the parental wild-type virus, at
least for treating gliomas.

Clonogenic assay of gliomas in vitro
Infection of glioblastoma monolayers by the virus
constructs reduced the number and size of the clonal
populations when compared to uninfected controls
(Figure 4B, C, and data not shown). When clonal
populations that had been infected with viruses
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Figure 4 Cell-based cytotoxicity and clonogenic assays. (A) Select control (BGMK) or glioma cells were seeded into 96-well dishes
and left uninfected or infected at an m.o.i. of 0.1, 1 (these m.o.i.s not shown), or 10 with the viruses indicated. Seventy-two hours post
infection, the metabolic dye WST-1 (Roche) was added to the cultures and then change in color was monitored every 60 min for 4 h.
The plates were measured at 450 nm using a Multiskan plate reader (Thermo Labsystems). Each m.o.i. and virus infection was done in
triplicate. Colorimetric values were corrected against the uninfected samples ± SD. (B) U343 monolayers were infected at an m.o.i. =
10 with various viruses and 6 hpi the monolayer was trypsinized and either 100 or 1000 cells were plated back onto fresh plates. Ten
days post infection the cells were fixed and stained with crystal violet. Clones of more than 50 cells were enumerated and graphed. (C)
Monolayers of the glioma cells were infected at an m.o.i. = 10, with the indicated virus and 6 hpi the monolayer was trypsinized and
either 100 or 1000 cells were plated back onto fresh plates. Ten days post infection the cells were fixed and stained with crystal violet,
and representative fields were photographed.
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expressing EGFP were examined for the presence of
fluorescently expressing cells, indicating presence of
virus, no EGFP-expressing cells were observed. This
suggests that individual cells that were able to es-
tablish clonal populations were able to do so be-
cause the initial progenitor cell had not been infected.
This may explain why the best results were obtained
at the highest multiplicity of infection because for
such aggressive cancers, myxoma virus and its vari-
ous knockouts must be able to establish a productive
infection within each cell to prevent tumor enlarge-
ment and spread. If infection is less than 100%, the
virus appears to inhibit cell proliferation and spread,
as observed in the clonogenic assay, and reduce the
size of the clonal expansion but not to block the tu-
mor completely.

Generally, all the viruses tested were least effec-
tive at controlling U373 cells. The clonal populations
were smaller than the uninfected controls (most less
than 50 cells) but were still numerous. The exception
was vMyxgfp, which was able to control both the size
and number of clones most effectively. Most of the
viruses tested were able to control clonal establish-
ment of U87 and U118; and at the highest m.o.i. also
control U343. In contrast, vMyxT4KO exhibited the
most limited ability to inhibit glioma reestablishment
following infection. This was true for all glioblas-
tomas, but was particularly evident for U87, U343,
and U373 (data not shown) because monolayers were
quickly formed. This result is in agreement with the
poor levels of early and late viral gene expression
(Figure 2A and B) for this virus.

For three of the gliomas, the wild-type virus
(vMyxgfp) blocked proliferation most effectively
(Figure 4C; U118, U251, and U373). However, the
ability of vMyx63KO and vMyx135KO to block clonal
development was not much different (Figure 4C).
There was little difference between any of the three
viruses (vMyxgfp, vMyx63KO, or vMyx135KO) in the
U87 and U343 cells. However, in contrast to most
glioma cell lines, U343 cells were able to quickly es-
tablish numerous clonal populations if initially in-
fected at an m.o.i. less than 10 (data not shown).

Human glioma cells exhibit variable levels
of endogenous Akt levels
We have proposed previously that the ability of
myxoma virus (MV) to productively infect human
tumor cells is correlated to the levels of phos-
phorylated Akt expression, either constitutively
expressed or induced as a consequence of the virus
infection (Wang et al, 2006). To confirm whether this
correlation is maintained in human glioma cells, we
screened five glioma lines for their levels of endoge-
nous phospho-Akt at both threonine 308 (T308) and
serine 473 (S473). Three of the five gliomas exhibited
high levels of Akt protein, which is constitutively
phosphorylated at T308 but variably phosphorylated
at S473 (Figure 5A). Thus, the same three cells lines
that exhibited detectable P-Akt S473 endogenously

also expressed P-Akt T308 (Figure 5A). Based on
these observed profiles of endogenous phospho-Akt,
and a previous report of permissive MV infection
(vMyxgfp) of these lines (Lun et al, 2005), we suggest
that the human gliomas may still be subgrouped into
type I (U87, U118, U343) or type II (U251, U373) cells.
There was no evidence of any type III phenotype in
the tested gliomas, in which activated Akt was not
detectable. This observation caused us to predict
that, if the correlation reported by Wang et al (2006)
was correct for all cancer cells, then the gliomas
should all be infected and killed by wild-type MV;
however, there may be a difference in the ability of
the knockout viruses, particularly vMyxT5KO, to
productively infect some of the type II gliomas.

Human glioma cell permissiveness to infection by
myxoma virus is correlated with endogenous levels
of activated Akt
Consistent with earlier observations, we found that
infected type I gliomas (U87, U118, U343), main-
tained high levels of activated P-Akt S473 and T308
following infection with various MV constructs (Fig-
ure 5B and data not shown). In contrast, MV infec-
tion of Type II gliomas (U251, U373) induced an in-
creased level of activated Akt (S473 and T308) when
compared to the level of phosphorylated Akt (S473 or
T308) observed in the mock infected samples (Figure
5A and B). P-Akt S473 and T308 levels comparable to
that observed following wt MV infections were also
noted following infection with either Myx135KO or
Myx63KO viruses.

Discussion

Rapid progress in the area of virotherapy for human
cancer has initiated the search for new candidate
viruses that are potently oncolytic but also safe for
humans and other vertebrate animal hosts (Liu et al,
2007; Liu and Kirn, 2007; Merrill et al, 2006; Parato
et al, 2005; Roberts et al, 2006; Tong, 2006; Woo et
al, 2006). A wide range of candidate viruses from
both human and animal reservoirs (Roberts et al,
2006), which encompass a wide variety of antitumor
mechanisms, are now in various stages of clinical
and preclinical development (Liu et al, 2007; Liu
and Kirn, 2007; Merrill et al, 2006; Parato et al,
2005). An important attribute desired for oncolytic
virus candidates is the ability to infect and kill
human cancer cells without being pathogenic to
man or causing unacceptable levels of infection of
normal tissues (Parato et al, 2005). Several studies
have demonstrated that the rabbit specific poxvirus,
myxoma virus (MV), is capable of infecting and
killing many human tumor cells (Sypula et al, 2004)
in which the activated levels of Akt are sufficiently
high (Wang et al, 2006). In vivo studies using a
GFP-tagged version of wild-type MV, vMyxgfp,
have demonstrated that vMyxgfp was effective at
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Figure 5 Levels of endogenous and virally activated phospho-Akt in human glioblastoma cells. (A) Whole-cell lysate (50 μg/lane)
prepared from uninfected cells was separated on a 10% SDS-PAGE gel and probed overnight at 4oC with the appropriate antibody. Total
Akt was used as a loading control. (B) Each glioma was left uninfected (M) or infected with one of the MV constructs. The various viruses
are described in Table 1. Samples were collected at 8 and 24 hpi and proteins were separated on a 12% SDS-PAGE gel.

eliminating human glioblastoma xenografts in nude
mice (Lun et al, 2005).

Our objective in this study was to identify targeted
gene knockout variants of oncolytic MV that had the
potential to be as oncolytic as the parental virus but
would also be nonpathogenic to rabbits that might
come into contact with patients receiving virother-
apy. Previous studies have examined the ability of
wild-type MV and a few select host range mutants
of MV to infect and kill a wide range of cancers and
tissues in vitro (Stanford et al, 2007; Sypula et al,
2004; Wang et al, 2006). Here we have focused on a

selection of cell lines derived from a single type of
cancer, namely human gliomas, where MV has been
shown to be effective in an animal cancer model (Lun
et al, 2005). A previous study had reported that MV
(vMyxgfp) infection was most robust in U87 cells
and that U118 and U251 were semipermissive (Lun
et al, 2005). The results of this study support and
confirm that MV and various knockouts were most
productive in U87, U343, and U373 and restricted
in U118 and U251 cells (Figure 1). Also, the data
presented here demonstrate for the first time that
productive infection of the three most permissive
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human gliomas was dramatically enhanced when
vMyx63KO or vMyx135KO was used, compared to
even the wild-type control MV (Figures 3 and 4).

We have also observed considerable variability
amongst the MV constructs in their ability to infect
and kill human glioma cells. Most of the viruses,
including the tagged wild-type versions (vMyxlac,
vMyxgfp), were unable to replicate in any of the
glioma cell lines to levels identical to the reference
BGMK cells, which support maximal progeny MV
replication levels. The progeny MV levels in MV-
infected glioma cells were consistent with the level
of MV replication we have previously reported in
other human tumor cell lines (Sypula et al, 2004).
The most productive of all the viruses tested were
vMyx63KO and vMyx135KO. However, even these
infections reached only about 20% to 30% of their
amplification titers observed on BGMK cells (data
not shown), but still were highly efficient at initiating
virus infection and killing the target cells (Figure 4).

Generally, the viruses that expressed fluorescent
markers (vMyxgfp, vMyx63KO, vMyx135KO) were
easier to quantify than the lacZ-tagged constructs,
and observed titers ranged from 5% or less in U118
and U251 to 20% to 30% in U87, U343, and U373 to
those titers obtained in BGMK cells. This difference
in the ability of the various viruses to replicate on
the gliomas does not seem to be related to a benefit
conferred by the fluorescent marker over β-gal, as the
same knockout virus expressing β-gal (vMyxT5KO)
or the green fluorescent protein (vMyxT5KO:gfp) ap-
peared to replicate and respond in similar manner
(data not shown). Rather, the observed differences
may simply reflect the ease of visualizing fluorescent
foci versus counting X-gal–stained foci in the glioma
cell monolayers.

The endogenous levels of activated Akt, observed
in the gliomas (Figure 5A), suggest that human glioma
cells also correlate with the pattern of phospho-
Akt levels reported for other human tumor cells
(Wang et al, 2006). Based on those observations,
we predicted that tagged wild-type MV such as
vMyxlac and vMyxgfp should productively infect all
of the gliomas. In contrast, we would predict that
vMyxT5KO would produce a productive infection
only in type I (U87, U118, U343) cells but not in
type II (U251, U373) glioma cells. vMyxgfp appears
to infect and replicate equally well in all glioma cells
lines we tested. Several of the knockout viruses ex-
hibit restrictions on early and/or late gene expres-
sion (Figure 2), supporting their poorer replication
efficiencies (Figure 1). vMyxT5KO exhibited reduced
late gene expression in two gliomas. The block be-
tween expression of early and late gene products was
observed in U251 and U373 (Figure 2) and is consis-
tent with the prediction of infection based on endoge-
nous levels of activated Akt (Figure 5). The most sen-
sitive virus knockout construct to infection of gliomas
was vMyxT4KO, which only produced detectable in-
fection in U343 cells but was to varying degrees com-

pletely nonpermissive in the other glioma cell lines.
The MV M-T4 protein is localized in the ER by virtue
of a C-terminal RDEL retention sequence, but other-
wise the basis for its host-range defect is unknown
(Barry et al, 1997; Hnatiuk et al, 1999). vMyxT2KO,
which fails to express a TNF inhibitor (Macen et al,
1996; Schreiber et al, 1997; Upton et al, 1991), also ex-
hibited some replication restriction in U251 gliomas
(Figure 2A and B). Further, study on how these gene
products interact with glioma-specific host proteins
might provide insights into how MV is able to show
cross-species tropism and the ability to productively
infect human cancer cells. Glioblastoma cells exhibit
a uniquely restrictive tropism and MV likely manip-
ulates multiple signaling pathways that require viral
micromanagement to allow for optimal viral replica-
tion (McFadden, 2005). Although we have focused
on the role of Akt in MV permissiveness in gliomas,
this is only one pathway of many that may be in-
volved or altered. For example, previous studies have
demonstrated that glioblastomas exhibit variable
abilities to produce or respond to interferon (Stojdl
et al, 2003) and so numerous other factors may be
involved.

We would expect that glioma cell lines should be
an ideal tumor type to test the oncolytic potential
of vMxy-hrKOs because many gliomas express
aberrant levels of phosphatase and tensin homolog
(PTEN) as a result of mutations or deletions in
this control molecule (Hill et al, 2003; Rao and
James, 2004). A search of the catalogue of somatic
mutations in cancer cells at the Sanger Institute
(http://www.sanger.ac.uk/perl/genetics/CGP/cosmic)
indicate that primary gliomas of the five types of
human gliomas tested in this study have been tested
and found to contain either mutations to the coding
region that are silent or result in alteration to the
coding sequence for three genes. U118, U251, and
U373 all contain mutations in the CDKN2A gene
and U251 also has a mutated P53 gene, but all
five gliomas contain mutations of the PTEN gene
(Ishii et al, 1999; Li et al, 1997; Steck et al, 1997).
The consequence of these PTEN mutations would
result in activated Akt in human glioblastoma cells.
Activated Akt is a critical pathway that MV utilizes
for productive infection of cancer cells (Stanford
et al, 2007; Wang et al, 2006; Werden et al, 2007).
The correlation between a set of known mutations
within a cancer and levels of activated Akt might
lead to the development of “personalized medicine”
in which patients with gliomas that exhibit activated
Akt could receive therapeutic MV whereas glioma
patients with wild-type PTEN and could be treated
by over expression of the EGFR variant EGFRvIII
and EGFR kinase inhibitors (Mellinghoff et al,
2005).

Twelve percent of all human glioblastomas have
been shown to up-regulate a cellular protein called
PIKE-A (Knobbe et al, 2005). We have previously
demonstrated that human PIKE-A can functionally
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replace the MV gene product M-T5 by activating
Akt and improving MV replication in nonpermissive
human cancer cell lines (Werden et al, 2007). How-
ever, we were unable to detect any endogenous PIKE-
A expression from the gliomas tested in this study
(data not shown).

Based on the results of this study, and because
vMyx63KO and vMyx135KO infect and kill glioma
cells more effectively than the control wild-type
viruses and both viruses are nonpathogenic in their
susceptible natural host (European or domestic rab-
bits), we propose that these two virus constructs rep-
resent safer candidates for development of MV as an
oncolytic virus candidate in man. These knockout
viruses will still need to be tested in animal cancer
models, but because of their dramatically reduced
pathogenicity in rabbits, they are a safer alternative to
wild-type MV for human oncolytic virotherapy trials
in the future.

Materials and methods

Viruses and cells
Glioma cell lines were obtained from ATCC. Baby
green monkey kidney (BGMK) cells were a gift of Sam
Dales (University of Western Ontario). All cells were
maintained in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 U penicillin/ml, and 100 μg strepto-
mycin/ml. Cells were routinely treated with pro-
phylatic levels (2.5 mg/ml) of plasmocin (Invivogen)
to prevent mycoplasm contamination. The viruses
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