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Attenuated Semliki Forest virus (SFV) may be suitable for targeting malignant glioma due to its natural neurotropism, but its
replication in brain tumor cells may be restricted by innate antiviral defenses. We attempted to facilitate SFV replication in
glioma cells by combining it with vaccinia virus, which is capable of antagonizing such defenses. Surprisingly, we found paren-
chymal mouse brain tumors to be refractory to both viruses. Also, vaccinia virus appears to be sensitive to SFV-induced antiviral
interference.

Brain tumors are particularly life-threatening due to their sen-
sitive anatomical location. Recently, temozolomide plus ra-

diotherapy has provided a measurable survival benefit to a subset
of patients (1), but more effective therapies are still needed. In this
regard, oncolytic viruses (OVs) seem particularly promising, as
they display higher tumor specificity and possibly fewer side ef-
fects than standard therapies (2). One of our OV candidates, at-
tenuated Semliki Forest virus (SFV), was able to fully eradicate
orthotopic U87 xenografts in 100% of treated nude mice follow-
ing a single systemic injection (3). However, in other models, we
and others have identified limitations to oncolytic virotherapy; in
particular, innate antiviral defenses limit virus replication in
tumor cells (4, 5).

In order to probe further and overcome the mechanisms of
glioma resistance to oncolytic SFV, we combined it with oncolytic
vaccinia virus (VV), which itself has shown promise in glioma
targeting and also has the capacity to facilitate replication of type I
interferon (IFN)-sensitive OVs by antagonizing innate antiviral
defenses (6–8). First, we demonstrate efficient killing of DBT
mouse glioma cells in vitro but not in vivo by SFV alone, mirroring
the results we observed in our previous rat model (4) (Fig. 1A and
B). Lack of efficacy could not be explained simply by the immune
competence of the animals, as SFV successfully eradicated another
type of syngeneic tumor (CT26LacZ) at a similar dose (not
shown). Next, we observed that SFV limits its own spread in DBT
cells under spatially restrictive conditions (under agarose) and
that this limitation could be lifted by coinfecting cells with VV or
neutralizing type I IFN using polyclonal antibody (anti-beta inter-
feron [IFN-�]) or recombinant vaccinia virus-encoded B18R pro-
tein (Fig. 1C). Facilitation of SFV spread in DBT cells by VV is
dependent on B18R, as we did not see enhancement when B18R-
deleted VV was used. While the spread of SFV under agarose was
enhanced when SFV was combined with VV, replication of VV
itself was strongly inhibited (Fig. 1C), which was also confirmed
by quantifying virus output from coinfected DBT cells in free cul-
ture (Fig. 1D). DBT cell killing by the virus combinations was
synergistic, as calculated by the Chou-Talalay method (Fig. 1E).
However, combination of SFV with VV in an orthotopic DBT
model did not provide statistically significant improvement in

survival compared to the next best therapy, VV alone, by either
systemic injection or direct intracranial administration or when
viruses were coinjected or given 48 h apart (P � 0.0729, log rank
test) (Fig. 1F and G). Moreover, systemic delivery of the viruses
resulted in one mouse of five displaying hind leg paralysis in two
separate experiments. Following intravenous administration, VV
is known to reduce the ability of plasmacytoid dendritic cells to
secrete type I interferon, thereby increasing systemic infection lev-
els and pathogenesis of at least lymphocytic choriomeningitis vi-
rus and Pichinde virus (9, 10).

In order to understand whether the difference in treatment
efficacy between coinjected and 48-h-sequenced treatment groups
(VV-SFV versus VV– 48-h–SFV, P � 0.0037, log rank test)
(Fig. 1G) was due to inhibition of VV replication by SFV or due to
enhancement of SFV by VV, we tracked virus replication in the
brains of tumor-bearing animals using luciferase-encoding vi-
ruses. Correlating with survival data and arguing for both mech-
anisms, replication of intracranially injected SFV was enhanced by
VV but only when VV was given 48 h before SFV, and, conversely,
VV replication was dramatically inhibited only when VV was
coinjected with SFV (Fig. 2A). However, since heterologous virus
interference did not occur when VV was given 48 h prior to SFV,
we still needed to find an explanation for the overall lack of ther-
apeutic efficacy of the combination in the intracranial DBT
model. Subsequently, upon immunohistochemical examination
of the brains of tumor-bearing virus-treated mice using virus-
specific polyclonal rabbit antibodies, we observed a lack of infec-
tion of intraparenchymal DBT tumors by either virus (Fig. 2B).
This demonstrated that when growing in the brain, DBT cells
acquire resistance to both type I IFN-sensitive and IFN-insensitive
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FIG 1 Vaccinia virus facilitates replication of Semliki Forest virus in mouse glioma cells in culture but not in vivo. (A) Dose-dependent killing of BALB/c mouse DBT
glioma cells by SFV in vitro, assessed by alamarBlue measurement from triplicate wells 48 h postinfection. (B) Apart from a transient delay in subcutaneous DBT tumor
growth upon a single intratumoral injection of 108 PFU SFV, efficacy of SFV in the DBT model is lacking. (C) Plaque expansion assay (20) in DBT cell monolayers in
6-well plates showed that while SFV is unable to spread on its own under agarose, VV coinfection as well as VV-encoded soluble type I interferon scavenger protein B18R
(0.1�g per well; eBioscience, San Diego, CA) and neutralizing polyclonal IFN-�antibody (peripheral blood lymphocyte interferon source) can overcome this restriction,
confirming that type I IFN may limit SFV replication in DBT cells. (D) Plaque assay of infected DBT cell culture supernatants (VV MOI, 0.1; SFV MOI, 0.01) shows that
while SFV replication is enhanced in DBT cells when SFV is combined with VV at 48 h p.i., replication of VV is significantly inhibited in the presence of SFV (*, P � 0.02
[Mann-Whitney U test]). (E) SFV and VV synergize in cell killing, as measured 72 h postinfection in DBT cells infected with various ratios of VV to SFV. The plot
represents the algebraic estimate of the combination index (CI) as a function of the fraction of cells affected (fa)� the standard deviation, where a CI of�0.7 is considered
synergistic. (F) A single systemic injection of 108 PFU of VV followed 48 h later by SFV into mice harboring intracranial (day 6 postimplantation) DBT tumors showed
a trend toward increased survival compared to the next treatment, VV alone (P � 0.0729 [log rank test]). One mouse in each of two experiments in the combination
group displayed hind leg paralysis and was promptly sacrificed (censored). (G) Survival of mice treated intracranially with 107 PFU virus (sum of two experiments). While
the results for the sequential (VV–48-h–SFV) combination were statistically different from those for the VV-SFV-coinjected group and the group receiving SFV alone
(P � 0.0132 [log rank test]), they did not differ statistically from those for the group receiving VV alone, which in turn did not differ from those for any other group.
Censored animals are shown as small vertical bars along the curves (F and G, top).
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viruses, suggesting broad-spectrum IFN-independent mecha-
nisms of antiviral resistance. Our results also suggest that virus-
expressed luminescence (Fig. 2A) originates from infected normal
cells in the case of SFV and from tumor tissue growing outside the
brain parenchyma in the case of VV (Fig. 2B).

As DBT cells are permissive to both SFV and VV in vitro, we
wanted to explore the stability of the brain-dependent virus resis-
tance; therefore, we extracted DBT tumor tissue from the brains of
tumor-bearing mice and infected it ex vivo. We observed infection
of explanted tumor tissue by each virus alone as well as facilitation
of SFV replication when SFV was combined with VV (Fig. 2C),
mirroring our findings in cultured DBT cells (Fig. 1C and D) and
corroborating the idea that DBT cells acquire reversible and con-
text-dependent antiviral resistance when implanted and growing
in the brain. In line with our findings, a recent collaborative report
showed that GL261 mouse glioma cells preinfected with SFV at
very high MOI in vitro (and thus destined to succumb to the in-
fection) formed intracranial tumors with an efficiency similar to
that of uninfected glioma cells (5).

Both tumor stroma (11) and the brain microenvironment (12)
significantly modulate global gene expression pathways in glioma
cells, making them more resistant to a variety of challenges in vivo
than in vitro. Such mechanisms may not only hinder oncolytic
SFV or VV but also underlie the previously reported reduced rep-
lication of oncolytic adenovirus in intracranial gliomas compared
to cultured glioma cells (13). While reducing type I IFN-mediated

antiviral defenses has been shown to enhance replication and on-
colytic efficacy of several other OVs in other tumor models (14–
17), our paper underscores the fact that such strategies may not
automatically translate into better therapy and may be hazardous
if not controlled precisely. Fortunately, glioma resistance to OVs
may be context dependent and reversible, which opens the possi-
bility of developing specific countermeasures. Also, combination
therapy of cancer with heterologous viruses, even with SFV and
VV, is still an appealing concept, as safety may be increased by
using replication-defective vectors or vectors carrying microRNA
targets or by employing prime-boost-type vaccination regimens
where virus injections are temporally separated and do not allow
uncontrolled virus enhancement (18, 19).
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FIG 2 Mouse glioma growing in the brain is not permissive to oncolytic SFV or VV. (A) Day 6 DBT tumor-bearing mice were injected intracranially with Renilla
luciferase-expressing SFV, with firefly luciferase-expressing VV, or with both viruses given either in the same injection or 48 h apart; virus replication was tracked
by the IVIS in vivo imaging system over 5 days (72 h after the last administration of virus). Results show transient (up to 2 days) enhancement of SFV signal in
mice that were sequentially treated (48 h apart) but not in those that were coinjected. Conversely, VV replication is strongly inhibited by simultaneous
coadministration of SFV but not when SFV is given 48 h after VV. (B) Immunohistochemical analysis of brains sampled 24 h postinfection shows absence of
infection of DBT tumor tissue deep in the brain by either SFV or VV or their comixture but prominent infection of healthy brain by SFV. VV is able to infect only
DBT tumor tissue growing outside the brain parenchyma. (C) In contrast to the results obtained in vivo, SFV is able to infect DBT brain tumor explants and VV
is able to enhance SFV replication in them. Tumor pieces were infected with 107 PFU of each virus immediately upon extraction from the brain and visualized
24 h postinfection.
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