
Abstract. Background: Glioblastoma multiforme is a highly
aggressive tumor with a median survival of 14 months despite
all standard therapies. Focusing on alternative treatment
strategies, we evaluated the oncolytic potential of varicella
zoster virus (VZV) in malignant glioma cell cultures. Materials
and Methods: Replication of wildtype and mutant VZV was
comparatively analyzed in glioma cell lines (U87, U251 and
U373) and in primary malignant glioma cells (n=10) in vitro
by infectious foci assay, immunofluorescence microscopy and
western blot analysis. Additionally, the tumor-targeting
potential of VZV-infected human mesenchymal stem cells was
evaluated. Results: VZV replicated efficiently in all the glioma
cells studied here followed by rapid oncolysis in vitro. The
attenuated vaccine VZV mutant rOKA/ORF63rev[T171]
exhibited most efficient replication. Human mesenchymal stem
cells were found suitable for targeting VZV to sites of tumor
growth. Conclusion: VZV exhibits an intrinsic oncolytic
potential in malignant glioma cell cultures and might be a
novel candidate for virotherapy in glioblastoma multiforme.

Glioblastoma multiforme (GBM) of World Health
Organization (WHO) grade IV is the most common and most
malignant primary brain tumor in adults (1). The high
proliferation rate and invasive growth pattern of the tumor,
as well as its broad resistance to conventional therapies,
critically limit clinical prognosis and necessitate exploration
of alternative treatment strategies. 

Oncolytic virotherapy has been explored as a potential
anticancer modality for many tumor types. Efficacy in
malignant glioma, however, frequently suffers from i) poor
penetration of the viral particles across the blood-brain
barrier, ii) ineffective transduction of sufficient numbers of
malignant glioma cells, iii) poor oncolytic potential, iv)
limited tumor cell selectivity of stable gene delivery, as well
as v) uncontrolled host immune reaction and considerable
side-effects of viral infections (2-13). Some viruses,
however, have properties that might help to overcome some
of these common difficulties. 

Varicella zoster virus (VZV) is an ubiquitous human
alpha-herpesvirus that causes varicella (chicken-pox) and
herpes zoster upon reactivation from latency in sensory
ganglia. A highly cell-associated propagation which may
facilitate efficient viral spread within cell-rich tissues and
may allow for targeted delivery by cellular carriers, as well
as a lytic capacity in several non glial cell types make this
neurotropic virus an interesting candidate for use in oncolytic
virotherapy of malignant glioma (14-16). Moreover,
recombinant mutants may be developed in order to enhance
safety and efficacy, if needed.

The purpose of our study was to identify oncolytic
properties of wild-type VZV and three recently engineered
VZV mutants in human malignant glioma cell cultures and to
evaluate human mesenchymal stem cells (hMSCs) as
potential carriers for targeted VZV delivery in vitro (17, 18). 

Materials and Methods

Cell culture. Human melanoma (MeWo), fibroblast (MRC5) and
glioma (U87, U251 and U373) cell lines were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA);
hMSCs were obtained from Lonza (PT2501, Basel, Switzerland).
Primary cell cultures were generated from surgical specimens of
untreated malignant glioma (5 GBM WHO grade IV and 5
anaplastic astrocytomas WHO grade III) according to standard
protocols (19). All donors gave their written informed consent. Cell
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cultures were maintained in standard culture medium (SCM)
consisting of Dulbecco’s modified Eagle’s minimal essential
medium (DMEM) supplemented with 10% heat-inactivated fetal
calf serum (FCS), 1% penicillin/streptomycin, 1% glutamine, 0.2%
amphotericin B, 0.1% gentamicin, 1% NaHCO3 and 1% non
essential amino acids. Cultures were cultivated in a humidified
atmosphere at 37˚C, with 5% CO2. 

Viruses. Wild-type and mutant VZV were obtained from Dr. Ann
Arvin (Stanford University, CA, USA). The VZV mutant
rOKA/ORF63rev[T171] is based on a vaccine OKA (vOKA)
backbone and contains a point mutation (T171A) within the
transcriptional regulatory protein IE63 (20). The VZV mutant
rOKA/47ΔC is based on a vOKA backbone and contains a C-
terminal truncated version of the viral serine/threonine kinase
ORF47 (21). Finally, the VZV mutant pOKA66S is based on a
parental OKA (pOKA) backbone and contains a deletion of the viral
serine/threonine kinase ORF66 (22). All viruses were propagated in
MRC5. Viral titers within infected MRC5 cells, indicated as plaque
forming units (pfu), were determined by single dilution assays on
MeWo cells. 

Viral infection of malignant glioma cell cultures and spheroids. Viral
replication and phenotypic effects of VZV infections were analyzed
in glioma cell lines and in primary human malignant glioma cell
cultures and compared to non-glial cell lines MeWO and MRC5 as
well as in hMSCs. Cell cultures were seeded on slides (Becton
Dickinson, Bedford, MA, USA) for two days in SCM and
subsequently infected with 120 pfu of VZV. After three days, the
infected cells were processed for immunofluorescence microscopy. 

Comparative analysis of viral replication kinetics was performed
in U251 and two primary malignant glioma cell cultures (TB402
and TB426). Cells were seeded in 6-well plates and infected with
250 pfu of wild-type or mutant VZV. Viral replication was assayed
several days post infection (p.i.) by serial dilution plaque assays on
MeWo cells, as described recently (20).

Sensitivity towards virostatic treatment was assessed in semi-
confluent malignant glioma cells cultured in 10 μg/ml acyclovir
containing SCM. Replication foci of VZV were investigated at day
6 p.i. by crystal violet staining.

The spheroids used in our experiments were prepared by liquid
overlay cultures as described previously (23). Briefly, 96-well plates
were coated with 60 μl of 1% Agar noble diluted in PBS. Four
thousand cells were dissociated in SCM and seeded into each well.
After three days, spheroids were selected and infected with 240 pfu
of wild-type or mutant VZV. Infected spheroids were selected after
four and 14 days, respectively, and embedded in Cryo Tissue Tek
medium for subsequent cryosectioning at –20˚C (15μm slices;
Reichert Jung 1800; Leica, Vienna, Austria).

Immunofluorescence microscopy. Slides with cells or spheroid
sections prepared for immunostaining were fixed in ice-cold 4%
paraformaldehyde for 10 min, washed several times in phosphate-
buffered saline (PBS), blocked at room temperature for one hour in
PBS containing 30% goat serum and 0,3% Triton X-100 and
incubated overnight with polyclonal antiserum (human anti-VZV;
1:1000; a generous gift from Dr. Ann Arvin, Stanford University,
CA, USA). Incubated probes were washed 3 times in PBS and a
secondary antibody including mouse anti human (Alexa 488, 1:500;
invitrogen, Eugene, Oregon, USA) in a solution of PBS, 3% goat

serum and Triton X-100 was applied for one hour. Probes were
washed and stained with 4',6-diamidino-2-phenylindole (Dapi) using
standard protocols. Slides were mounted with Vectashield (Vector
Laboratories, Burlingame, CA, USA). Immunofluorescence
microscopy was performed with an Olympus microscope. 

Western blot. Lysates of wild-type (pOKA) and mutant
(rOKA/ORF63rev(T171), rOKA47ΔC or pOKA66S) VZV-infected
U251 cells were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis in 10% gels. Viral protein loads
were adjusted to ORF4 expression (20). Analysis included the
expression profiles of the major transactivator IE62, the
transcriptional regulatory protein IE63, the two serine/threonine
kinases ORF47 and ORF66, as well as the membrane-bound surface
glycoprotein ORF68. The respective polyclonal antibodies were
kindly provided by Dr. Ann Arvin, Stanford University, CA, USA. 

Confrontational assay. Glioblastoma and MRC5 spheroids were
created as described above. Spheroids of 1,1'-dioctadecyl-3,3,3'3'-
tetramethylindocarbocyanine perchlorate (DiI)-labeled hMSCs were
generated with 3000 cells and infected with 120 pfu of wild-type
VZV. After three days, the infected hMSC spheroids were
confronted with the GBM or MRC5 spheroids on a Agar noble-
covered 96-well plate. After seven days, spheroid aggregates were
selected, embedded and prepared for cryosectioning.

Results

Viral replication foci reveal phenotypic differences in various
malignant glioma and non-glial cell cultures. Replication of
wild-type and mutant VZV was observed in monolayer
cultures of both established glioma cell lines (U87, U251 and
U373) and various primary malignant glioma cells of WHO
grade III (TB477, TB414, TB372, TB275, and TB022) and
WHO grade IV (TB428, TB426, TB403, TB402, and
TB389), as well as in three-dimensional malignant glioma
models. Expression of surface glycoprotein ORF68 (aka
glycoprotein E), indicating permissive viral replication, was
observed as early as two days p.i. (Figure 1). Notably, foci of
viral replication exhibited phenotypic differences in
monolayer cell cultures: Whereas MeWo and MRC5
typically presented syncytia and plaque formation (Figure
1A), the viral replication foci within the glioma cell lines
U87, U251, and U373 rather presented a cauliflower-like
phenotype, with rounded cell conglomerates and only a
marginal tendency towards cell-to-cell fusion (Figure 1B). In
contrast, all assayed primary human malignant glioma cell
cultures exhibited a spider web-like reorganization. Here, the
integrity of the cell monolayer was strongly impaired and
infected cells were contracted (Figure 1C). This latter
phenotype was also observed within VZV-infected hMSCs
(data not shown). Of note, similar phenotypic effects were
observed for cells infected with mutant VZV (data not
shown). Phenotypic alterations were commonly followed by
effective cytolysis within 6-14 days p.i.. As exemplified in
Figure 1D (here TB426), efficient replication of VZV in
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three-dimensional primary WHO grade IV spheroids was
observed within four days p.i.. Immunocytochemistry against
VZV proteins confirmed viral propagation throughout the
spheroids. Disintegration of spheroids was observed within
14 days p.i., whereas uninfected glioblastoma spheroids
remained aggregated.

Wild-type and mutant VZV reveal different replication
kinetics in malignant glioma cell cultures. Replication
kinetics of wild-type (pOKA) and mutant (rOKA/
ORF63rev(T171), rOKA47ΔC and pOKA66S) VZV
infections were comparatively assessed in the established
glioma cell line U251 (Figure 2A) and the two primary
GBM cell cultures TB402 (Figure 2B) and TB426 (Figure
2C), respectively. Replication rates of wild-type and mutant
VZV were comparable in all cell lines. Replication kinetics
of mutant pOKA66S was similar to that of wild-type VZV
(bold line). In comparison, the mutant rOKA47ΔC
consistently exhibited a qualitatively lower rate, and the
mutant rOKA/ORF63rev[T171] increased growth kinetics
by half a log (Figure 2). Notably, maximum replication of
wild-type and mutant VZV was observed four days p.i.,
followed by a constant decline due to effective lysis of
entire cell cultures thereafter. 

Replication of wild-type and mutant varicella zoster virus is
accompanied by stable expression of viral transcription
factors, kinases and cell surface proteins. Replication of
wild-type and mutant (rOKA/ORF63rev[T171],
rOKA47ΔC, and pOKA66S) VZV in the glioma cell line
U251 was comparatively evaluated by western blot analysis
of viral indicator proteins. Viral loading was adjusted based
on the detection of equal amounts of the immediate early
protein ORF4 (Figure 3). Four days p.i. stable expression of
early, intermediate and late viral proteins indicated
permissive replication of wild-type and mutant VZV strains.
However, some differences in protein expression profiles
were noted: In both mutants VZV pOKA66S and
rOKA/ORF63rev[T171], protein levels of the
serine/threonine kinase ORF47 tended to be higher as
compared to wild-type VZV (Figure 3), respectively. The
serine/threonine kinase ORF66 was absent from mutant
VZV pOKA66S, due to the stop mutation within this ORF
(Figure 3). In comparison, VZV mutant rOKA47ΔC (Figure
3) exhibited a slightly lower expression of the immediate
early major transactivator ORF62 (Figure 3) and late surface
glycoprotein ORF68 as compared to wild-type VZV (Figure
3). Integrity of this VZV mutant was verified by expression
of the truncated ORF47 kinase (Figure 3, asterisk). 
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Figure 1. Phenotypes of varicella zoster virus (VZV) replication foci in different human cell lines. Cell cultures were infected with VZV. Viral protein
expression was determined two days post inoculation (p.i.) in monolayer cultures and four days, as well as 14 days, p.i. in spheroid models by
immunocytochemistry (Alexa 488). Viral replication caused different phenotypic alterations including typical syncytia (Sy) and plaque formation
(Pl) in MeWo (A), a cauliflower-like phenotype in U373 (B) and a spiderweb-like formation in primary human malignant glioma cells (C). In the
three-dimensional model, strong viral protein expression was observed throughout the entire spheroid volume (+VZV) followed by disintegration of
the spheroids as compared to non-infected tumor controls (-VZV). Nuclei were counterstained with DAPI (blue) (original magnification: ×100).



Virostatic treatment inhibits viral replication in vitro. In
order to test the effects of virostatics on viral replication,
cultures of the glioma cell line U373 (Figure 4, first row), of
non-glial fibroblasts MRC5 (second row), of primary human
malignant glioma cells (TB428 is exemplarily shown in the
third row), and hMSC culture (fourth row) were infected
with VZV and were kept in culture with or without addition
of acyclovir (Figure 4). All cells were cultivated in 24-well
plates and inoculated with 120 pfu of wild-type VZV at day
zero (Figure 4, first column). Typical wild-type VZV
replication foci and early tumor cell lysis were observed
around six days after inoculation in the absence of acyclovir
(Figure 4, second column). No replication focus was
observed when cells were cultivated in media supplemented
with 10 μg/ml acyclovir (third column) or in the absence of
wild-type VZV (fourth column), confirming that viral
replication was effectively inhibited by acyclovir treatment
in all cell cultures investigated. 

hMSCs serve as cellular vehicles for tumor targeted delivery
of VZV in vitro. In order to evaluate the tumor-targeting
potential of hMSCs as a putative carrier for cell-bound VZV to
the tumor site, an in vitro spheroid confrontation assay was
designed (Figure 5). For this purpose, DiI-labeled and wild-
type VZV-infected hMSC spheroids were confronted with
native glioblastoma spheroids (TB426 is exemplarily shown in
Figure 5). After seven days, infected hMSCs were found along
the surface of the glioblastoma spheroids and even opposite to
the site of primary confrontation indicating a migratory
capacity of VZV-infected hMSCs (Figure 5A, B). Moreover,
individual DiI-negative glioblastoma cells became positive for

VZV protein expression, indicating permissive viral replication
within infected glioma spheroid cells. In contrast, wild-type
VZV-carrying hMSCs did not show active migration towards
control MRC5 spheroids and viral transmission was limited to
the primary site of confronation (data not shown). 
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Figure 2. Replication of wild-type and mutant varicella zoster virus in glioma cells. Replication kinetics of wild-type and mutant
(rOKA/ORF63rev[T171], rOKA47ΔC and pOKA66S) VZV in the glioma cell line U251 and in primary malignant glioma TB402 and TB426 cell
cultures were analyzed by serial dilution plaque assay on MeWo cells. Each time point represents the mean of results for at least three wells. 

Figure 3. Qualitative analysis of viral protein expression patterns in
malignant glioma cells. Expression analysis of viral transcriptional
activators ORF62/63, the kinases ORF47/66 and ORF68 (aka
glycoprotein E) after malignant glioma cells (U251) were infected with
either wild-type (wt) or mutant (rOKA/ORF63 rev[T171], rOKA47ΔC
or pOKA66S) VZV. Expression of late surface protein ORF68 was
increased in cultures infected with ORF63 rev[T171] as compared to wt
VZV and pOKA66S-infected cultures, whereas rOKA47ΔC infected
cultures exhibited a reduced expression pattern.



Discussion

To our knowledge, VZV has never been used for oncolytic
virotherapy of brain tumors. This study introduces VZV
replication in established glioblastoma cell lines and primary
malignant glioma cultures. The reason for phenotypic

differences between various cell cultures remains unclear but
might be at least partially caused by heterogeneous in vitro
growth properties (16, 24). 

In oncolytic virotherapy, the velocity of viral replication
critically determines the therapeutic efficacy: viral spread
and subsequent cell lysis should be more rapid than tumor
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Figure 4. Inhibition of wild-type varicella zoster virus (VZV)-replication with acyclovir treatment. Each cell population (U373, MRC5, TB428 and
hMSC) was cultured for six days in standard culture medium (SCM) either infected with 120 plaque forming units (pfu) of wild-type VZV (first and
second row) or exposed to both wild-type VZV and 10 μg/ml acyclovir (third row). In comparison to mock controls (fourth row), VZV infections
were accompanied by cytomorphological changes, including plaque formation, cell aggregation and lytic foci, in all cell populations analyzed,
which were efficiently inhibited by acyclovir treatment (original magnification: ×40).

Figure 5. Infected human mesenchymal stem cells (hMSCs) are able to deliver wild-type varicella zoster virus (VZV) to malignant glioma spheroids.
VZV infected (120 pfu) and DiI-labeled hMSC spheroids were confronted with glioblastoma spheroids (TB426 shown) as well as MRC5 fibroblast
spheroids for seven days. A: The DiI-labeled hMSCs exhibit strong viral protein expression (Alexa 488). B: Human MSCs selectively migrated along
the entire surface of the tumor spheroid and DiI-unlabeled tumor cells became positive for VZV protein expression (Alexa 488). Nuclei were
counterstained with DAPI (blue) (original magnification: A 100; B 400).



growth. Our growth experiments showed effective viral
replication and subsequent malignant glioma cell lysis in
monolayer cultures and spheroids within about one week p.i.
Viral protein expression was present even at the core of
three-dimensional spheroids (Figure 4D), indicating that viral
spread, consisting of replication and penetration was
sufficiently rapid to infect dense aggregates of tumor cells
followed by their efficient disintegration in vitro. 

Of note, viral replication was efficiently inhibited by
virostatic treatment, which might be of importance in order
to prevent undesired dissemination of VZV infection in situ.
Efficient acyclovir treatment, however, might be hampered
in heavily immune compromised patients (as described for
stem cell transplant recipients but rarely in a patient with
malignant glioma) making alternative treatment, e.g. with
foscarnet necessary (25, 26). 

A comparative analysis of replication of wild-type VZV and
mutant VZV indicated differences in glioma cell tropism. The
first mutant, rOKA/ORF63rev[T171], has a point mutation
within the regulatory protein ORF63 which is necessary for
optimal expression of early and late gene products and
therefore causes a dramatic reduction of virulence and e.g. an
attenuated replication phenotype within human skin tissue in
vivo (20). The second mutant rOKA47ΔC is characterized by
a C-terminal deletion of the viral protein kinase ORF47, which
also results in a markedly attenuated virulence as ORF47 is
required for viremia and cutaneous replication (21, 27). The
third assayed parental virus mutant, pOKA66S, has a stop
mutation within the gene encoding for the viral protein kinase
ORF66 and has been characterized by attenuation within
human T-cells in vivo (22). Interestingly, in our experiments,
rOKA/ORF63rev[T171] revealed an increased replication of
half a log in comparison to wild-type VZV (Figure 2). This
effect was validated by western blot analysis which indicated
the up-regulation of ORF47 and strong ORF68 expression,
both being important for viral replication. Notably, the same
mutant exhibits reduced replication potential and plaque
formation in MeWo cells and a dramatic reduction of
virulence in differentiated human skin cells (21). The reasons
for these differences in growth rate and protein expression in
glioma cell lines remain unclear, but suggest intrinsic glioma
cell tropism, and might favor this mutant for further
investigation in vivo. 

Since viral propagation of VZV is strictly cell associated
(and have not been described for the infectious form) (28),
cellular carriers that bear an intrinsic tumor cell tropism
might be exploited for targeted delivery and enable broad
infection of cell-rich tumors while reducing the risk of
uncontrolled dissemination within normal brain
parenchyma. Moreover, the virus might be shielded against
the host immune system. Interestingly, hMSCs exhibit an
intrinsic glioma cell tropism and tend to migrate even
towards invading glioma cells (17, 18). This characteristic

has already been exploited for oncolytic adenoviruses (29).
In monolayer cultures, hMSCs facilitated efficient
replication of VZV followed by early cytolysis. Here, the
potential application of hMSC as local carriers for VZV
delivery was evaluated in the three-dimensional spheroid
confrontation model. VZV-infected, DiI-labeled hMSCs
were stable enough to transmit their viral load to the
neighboring cells. Moreover, hMSC maintained their
intrinsic tumor cell tropism and migrated along the surface
of the three-dimensional tumor cell spheroids, an effect that
was not observed in MRC5 fibroblast spheroids (data not
shown). Hereby, viral replication was found from the rim to
the core before disintegration of the spheroids occurred.
Even though these in vitro results are auspicious, it remains
unclear whether VZV-infected hMSCs survive long enough
to deliver the viral package and transfect enough viruses to
tumor cells for therapeutic effects in vivo.

The efficacy and safety of viral replication and VZV-
induced tumor cell lysis in vivo has not been addressed so
far. However, the preference of VZV for human hosts
critically interferes with animal models in order to asses
important aspects such as the influence of the host immune
response and associated side-effects (28). In turn, viral
replication, lytic capacity and potential neurotoxicity will
have to be analyzed in vivo before this human pathogen can
be further evaluated for oncolytic purposes in patients with
brain tumors. As wild-type VZV can cause meningitis and
encephalitis, especially in immune-suppressed patients,
future experiments should rather concentrate on less
virulent strains, such as the vaccine VZV mutant
rOKA/ORF63rev[T171] that combines an increased
oncolytic efficacy in malignant glioma cell cultures with a
dramatic reduction of virulence and most probably fewer
side-effects in humans. Similar aspects were described for
the genetically modified herpes simplex virus G207, which
also efficiently replicates within glioma cells but without
evidence of viral encephalitis in humans (30, 31) Therefore,
even though our preliminary results indicate favorable
oncolytic effects of VZV in malignant glioma, further
experiments are needed to confirm VZV as a novel
candidate for oncolytic virotherapy. 
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