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Oncolytic virotherapy is a promising strategy for safe and effective treatment of malignancy.
We have reported previously that recombinant vesicular stomatitis virus (VSV) vectors are
effective oncolytic agents that can be safely administered via the hepatic artery in immunocompetent rats to treat multifocal hepatocellular carcinoma (HCC), resulting in tumor
necrosis and prolonged survival. Though the results were encouraging, complete tumor
regression was not observed, which led us to explore alternative approaches to further
enhance the efﬁcacy of VSV treatment. Transarterial embolization techniques have been
shown to improve the efﬁciency and tumor selectivity of anticancer treatments. Degradable
starch microspheres (DSM) are one such embolic agent that provides transient embolization
of the therapeautic agent before being degraded by serum amylases. Here we demonstrate via
dynamic contrast-enhanced magnetic resonance imaging that in our rat model of multifocal
HCC, DSM injection into the hepatic artery results in a substantial reduction in tumor
perfusion of systemically applied contrast agent. VSV, when administered in combination
with DSM, results in enhanced tumor necrosis and synergistically prolongs survival when
compared with VSV or DSM monotherapy. Conclusion: This regimen of viroembolization
represents an innovative therapeutic modality that can augment the future development of
transarterial oncolytic virus therapy for patients with advanced HCC. (HEPATOLOGY 2008;48:
1864-1873.)

H

epatocellular carcinoma (HCC) represents a
major worldwide health concern, ranking
among the top ﬁve most prevalent malignancies.1 The incidence of HCC has more than doubled over
the last two decades,2 and now accounts for over 500,000
new cases annually.3-5 Recent reports suggest that the rate
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of HCC diagnoses will continue to rise, presumably as a
consequence of an ever-increasing prevalence of hepatitis
C virus infection and increased alcohol consumption observed in most industrialized countries.6,7
Whereas the incidence of HCC has been increasing
steadily, the emergence of new and effective therapeutic
agents remains relatively stagnant. The majority of HCC
cases are detected at an advanced stage, at which time the
treatment options are even further limited.5 Surgical resection and liver transplantation are considered curative;
however, the majority of patients do not meet the strict
criteria designated by such treatments. In general, surgical
therapy is indicated only in patients with limited HCC
progression (1 to 3 nodules), without portal hypertension
or advanced underlying liver disease.8,9 The feasibility of
liver transplantation is further limited by a shortage of
donor livers, resulting in waiting times in excess of 12
months in some Western countries.10
For patients with nonresectable HCC or patients on
the waiting list for liver transplantation, local regional
therapy using transarterial embolization (TAE) or transarterial chemoembolization (TACE) are considered stan-
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dard palliative treatment.11-13 The rationale for such
therapies lies in the dual blood supply feeding the liver.
Whereas normal hepatocytes receive the majority of their
blood ﬂow from the portal vein, with only about 25%
being supplied by the hepatic artery, tumors receive their
blood almost exclusively from the hepatic artery.14 TAE
and TACE therapies exploit this unique feature by blocking the arterial blood ﬂow in the liver, thereby delivering
a concentrated dose of a chemotherapeutic drug and/or
embolizing agent selectively to the tumor, resulting in
ischemia-induced necrosis and enhanced oncolysis due to
a prolonged exposure time of the tumor cells to the chemotherapeutic agent.15,16 Although it is generally accepted that TAE and TACE techniques result in
substantial tumor response after treatment,17,18 several
trials have produced controversial data regarding a resulting prolongation of survival.19-21 Furthermore, it is not
yet clear whether the incorporation of chemotherapy provides an additional survival beneﬁt over TAE alone.
Due to the overwhelming deﬁcit in effective treatment
options for HCC, several alternative approaches have
emerged. Oncolytic viruses are a promising option due to
their intrinsic ability to selectively replicate and kill tumor
cells while sparing the surrounding normal tissue.22-24 Vesicular stomatitis virus (VSV), a negative-strand RNA virus of the Rhabdoviridae family, is a particularly appealing
oncolytic vector because of its wide host range, short replication cycle, and ability to reach high titers in many
rodent and human tumor cell lines. VSV is nonpathogenic in humans and derives its tumor selective replication through its extreme sensitivity to the antiviral effects
of type I interferon responses in normal cells, which are
defective in most tumor cells.25 Furthermore, because the
general population has never been exposed to VSV, it is
presumed that there will be no issue of pre-existing immunity, which would interfere with its future potential
for clinical application.26
We have previously described the efﬁcacy of recombinant VSV vectors as oncolytic agents for treatment of
orthotopic HCC in immunocompetent rats.27 We demonstrated that, by vector infusion through the hepatic
artery, VSV could effectively gain access and selectively
replicate in multifocal HCC tumors of various sizes, resulting in tumor necrosis and prolongation of survival.28-30 Though these results are encouraging, complete
tumor regression was not achieved, and the remaining
viable tumor eventually relapsed, preventing the possibility of long-term survival. Based on these observations, we
sought an alternate strategy to improve upon the outcome
of VSV therapy for HCC.
We present a therapeutic approach for the treatment of
multifocal HCC, involving recombinant VSV adminis-
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tered in combination with an embolization agent, and
infused through the hepatic artery in tumor-bearing rats.
In this study, we used degradable starch microspheres
(DSM), an embolic agent currently being used clinically
for TAE of HCC and metastatic liver tumors, injected as
a mixture with a low dose of our previously reported
rVSV-F vector. This strategy, which we have termed viroembolization, resulted in massive tumor necrosis and
translated to substantial prolongation of survival in comparison to monotherapy with either VSV or DSM alone.

Materials and Methods
Cell Lines. The rat HCC cell line McA-RH7777 was
purchased from the American Type Culture Collection
(Manassas, VA) and maintained in Dulbecco’s modiﬁed
Eagle’s medium adjusted to contain 1.5 g/L sodium bicarbonate and 4.5 g/L glucose (American Type Culture
Collection). BHK-21 cells purchased from the American
Type Culture Collection were maintained in Glasgow
minimum essential medium (GIBCO, Carlsbad, CA). All
culture media were supplemented with 10% heat-inactivated fetal bovine serum (Biochrome, Berlin, Germany),
and all cells were cultured in a humidiﬁed atmosphere at
5% CO2 and 37°C.
Recombinant Virus. The construction and rescue of
the rVSV vector expressing a mutant (L289A) NDV fusion protein (rVSV-F) has been described.28 The virus was
ampliﬁed on BHK-21 cells, and the supernatant was puriﬁed with a sucrose gradient. Brieﬂy, the cells were infected at a multiplicity of infection of 0.0001, and 48
hours later, the supernatant was collected and centrifuged
to clear ﬂoating cells. The supernatant was then subjected
to ultra-centrifugation at 24,000 rpm for 1 hour. The
pellet was resuspended in phosphate-buffered saline
(PBS) and layered on top of a sucrose gradient ranging
from 60% to 10%, and ultra-centrifuged for 1 hour at
24,000 rpm. The band containing the virus was carefully
collected with a syringe and 20-gauge needle, aliquoted,
and stored at ⫺80°C.
Growth Curves. Viral growth in the presence and absence of degradable starch microspheres (EmboCept,
PharmaCept, Berlin, Germany) was compared in McARH7777 cells. The cells were plated in 6-well dishes at
1 ⫻ 106 cells per well, and infected with rVSV-F at a
multiplicity of infection of 10, mixed with an equal volume of either DSM or PBS in triplicate. After infection at
room temperature for 30 minutes, cells were washed three
times with PBS, and fresh complete medium was added.
Aliquots of supernatant were collected at 0, 8, 16, and 24
hours postinfection, and assayed for viral titer via tissue
culture infectious dose 50 (TCID50) analysis.
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Cell Proliferation Assay. McA-RH7777 cells were
seeded overnight in 24-well dishes at 2 ⫻ 105 cells per well
and infected the following day with rVSV-F at a multiplicity of infection of 10, mixed with an equal volume of
either DSM or PBS. Cell viability was measured at 0, 6,
12, 24, 48, and 72 hours after infection using the 3-(4,5dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2(4-sulfophenyl)-2H-tetrazolium (MTS) tetrazolium
compound (CellTiter96 AQueous One Solution Cell Proliferation Assay, Promega, Madison, WI). All cell viability
data are expressed as a percentage of viable cells compared
withmock-infected controls at each time point.
Animal Studies. All procedures involving animals
were approved and performed according to the guidelines
of the institution’s animal care and use committee and the
government of Bavaria, Germany. Six-week-old male
Buffalo rats were purchased from Harlan Winkelmann
(Borchen, Germany), and housed under standard conditions. To establish multifocal HCC lesions within the
liver, 107 syngeneic McA-RH7777 rat HCC cells were
infused as a 1-mL suspension in serum-free Dulbecco’s
modiﬁed Eagle’s medium through the portal vein. A second laparotomy was performed 21 days after tumor cell
implantation, and animals with visible tumors within the
range of 1 to 10 mm in diameter were randomly assigned
to the following treatment groups: PBS, DSM, rVSV-F,
or combination treatment of rVSV-F plus DSM. All
treatments were administered as a 1-mL solution injected
via the hepatic artery. A dose of 1 ⫻ 106 plaque-forming
units (pfu) of VSV was used in the monotherapy and
combination group. 500 L of DSM was diluted 1:1 with
either PBS or rVSV-F, depending on the treatment
group. Representative animals from each group were sacriﬁced on day 1 and day 3 for histology and immunohistochemical analysis of tumor and liver sections. In
addition, TCID50 analysis of extracts from snap-frozen
tumor samples was performed for quantiﬁcation of VSV
yield on day 1. Finally, animals were followed for survival
to compare the therapeutic outcome of each treatment.
The animals were monitored daily and euthanized at humane endpoints.
Magnetic Resonance Imaging Acquisition and Image Analysis. Magnetic resonance images were acquired
on a 1.5-T whole-body magnetic resonance imaging scanner (Philips, Achieva, Netherlands). Buffalo rats bearing
multifocal McA-RH7777 HCC tumors, either untreated
or treated with transarterial injection of DSM, were subjected to dynamic contrast-enhanced magnetic resonance
imaging (DCE-MRI) approximately 30 minutes after infusion of the embolization agent. Rat livers were imaged
individually using a 47-mm surface coil (Philips). Axial
images were obtained for tumor localization using a T1-
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weighed three-dimensional gradient echo sequence (Repetition Time [TR] ⫽ 20 ms, Echo Time [TE] ⫽ 4.6 ms,
ﬂip angle ⫽ 30°, Field of View [FOV] ⫽ 6.4 ⫻ 4.0 cm,
imaging matrix ⫽ 224 ⫻ 179, slice thickness ⫽ 1 mm).
Contrast dynamics with three baseline scans and 27 postcontrast scans were then visualized using an axial T1weighted three-dimensional gradient echo sequence
(TR ⫽ 20 ms, TE ⫽ 2.9 ms, ﬂip angle ⫽ 45° slice thickness ⫽ 2 mm) with a time resolution of 28 seonds/dynamic. Bolus injection via the tail vein of 0.2 mmol/kg
GdDTPA (Magnevist, Bayer HealthCare Pharmaceuticals) was performed manually within 2 seconds. Data
were quantitatively analyzed using View Forum software
(Philips, Netherlands) by measuring gray-scale signal intensities in equally sized regions of interest within tumor
nodules and adjacent normal liver tissue.
Histology and Immunohistochemistry. Liver sections
containing tumor were ﬁxed overnight in 4% paraformaldehyde and parafﬁn-embedded. Three-micrometer-thin
sections were subjected to either hematoxylin-eosin staining for histological analysis or immunohistochemical
staining using monoclonal antibodies against VSV/G
protein (Alpha Diagnostic, San Antonio, TX), CD31
(Santa Cruz Biotechnology, Santa Cruz, CA), and natural
killer (NK) cell marker ANK61 (Santa Cruz Biotechnology). Terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling was performed using the In Situ
Cell Death Detection Kit, Flourescein (Roche, Indianapolis, IN) according to the manufacturer’s protocol. ImageJ software (National Institutes of Health, Bethesda,
MD) was used for morphometric analysis of tumors, and
necrotic areas were measured and expressed as a percentage of the entire tumor area.
Statistical Analyses. For comparison of individual
data points, a two-sided Student t test was applied to
determine statistical signiﬁcance. Survival curves were
plotted according to the Kaplan-Meier method, and statistical signiﬁcance between different treatment groups
was determined using the log-rank test. Statistical data
were obtained using GraphPad Prism 5.0 (GraphPad
Software, San Diego, CA). P values of less than 0.05 were
considered statistically signiﬁcant.

Results
In Vitro Characterization of DSM Treatment on
HCC Cells. To rule out an inhibitory effect of the embolization agent on viral replication, rVSV titers in McARH7777 cells were monitored in the presence versus
absence of DSM. Aliquots of the supernatants were harvested at the indicated time points and subjected to
TCID50 analysis, and the growth curves were plotted
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Fig. 1. DSM does not alter viral replication and cell killing of rVSV-F in McA-RH7777 rat HCC cells in vitro. Rat McA-RH7777 cells were infected
at a multiplicity of infection of 10 in the presence or absence of degradable starch microspheres (DSM). Left: TCID50 assays were performed on
conditioned media at 0, 8, 16, and 26 hours after infection. Right: MTS assays for cell viability were performed at 0, 6, 12, 24, 48, and 72 hours
after infection. Triplicate samples were analyzed at each time point. Data are expressed as the mean ⫾ standard deviation.

(Fig. 1). The virus replicated to similar titers at all time
points tested, regardless of the presence of DSM during
infection. Furthermore, to determine a cytotoxic effect
incurred by DSM on VSV-infected McA-RH7777 cells,
MTS assays were performed at various time points after
treatment with rVSV alone or with rVSV plus DSM. The
kinetics of cell killing in each group was nearly identical.
In Vivo Imaging of Embolized Tumors. To monitor
the effectiveness of transarterial infusion of DSM in HCC
tumor-bearing rats, animals were randomly assigned as
untreated controls or treated with DSM via the hepatic
artery. Approximately 30 minutes after embolization, the
animals were subjected to DCE-MRI. Perfusion of the
gadolinium contrast agent within the tumors and normal
surrounding liver was analyzed (Fig. 2). The resulting
intensity plots revealed perfusion of tumor and liver tissue

with a prolonged washout phase in the tumor tissue compared with the normal liver tissue, while in the embolized
animals only the normal liver tissue is perfused with contrast agent. These data indicate that hepatic arterial infusion of DSM results in nearly complete embolization of
tumors, while having little effect on normal liver perfusion at early time points.
VSV/G Expression Within Tumors Treated by Viroembolization. To assess the in vivo effect of VSV administered in combination with an embolization agent,
animals were randomly assigned to receive rVSV-F
monotherapy or combination therapy of rVSV-F plus
DSM. To compare the contents of VSV within tumor
and normal liver tissues administered in the presence versus absence of embolization agent, three animals per
group were sacriﬁced on day 1 after treatment for histo-

Fig. 2. Dynamic contrast-enhanced magnetic resonance imaging. McA-RH7777 tumor-bearing rats, either nonembolized or 30 minutes after
hepatic arterial embolization with DSM, were imaged with DCE-MRI. (A) Axial T1-weighed precontrast (a, c) and postcontrast (b, d) images show lack
of contrast in embolized tumor nodules (d). (B) Data were quantitatively analyzed by measuring gray-scale signal intensities in equal-sized regions
of interest of tumor nodules and adjacent normal liver tissue. One representative data set is shown.
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Fig. 3. Tumor-speciﬁc VSV/G expression localized in viable border region of HCC after treatment with rVSV-F and DSM. Tumor-bearing rats were
treated via hepatic arterial infusion with PBS, DSM, rVSV-F, or DSM plus rVSV-F with a viral dose of 1 ⫻ 106 pfu/animal. Tumor samples were obtained
on day 1 after treatment. (A) Three-micrometer-thin parafﬁn sections were stained with hematoxylin-eosin (upper panel) and a monoclonal anti-VSV/G
antibody counterstained with hematoxylin (lower panel). Representative sections of liver and tumor are shown at low (⫻5) and high (⫻40) power.
(B) Tumor samples were snap frozen, and lysates were subjected to TCID50 analysis to compare intratumoral virus titers in rVSV-F versus rVSV-F and
DSM-treated rats. Results are expressed as the mean ⫹ standard deviation.

logical and immunohistochemical staining, as well as
quantiﬁcation of viral titers via TCID50 analysis (Fig. 3).
Immunohistochemical staining using a monoclonal antibody against VSV/G revealed VSV/G protein localized
within the viable tumor rim of viroembolized animals.
Importantly, the histology of neighboring hepatic parenchyma in both treatment groups was completely normal,
and in consecutive sections there was no evidence for
VSV/G expression via immunohistochemistry (Fig. 3A).
TCID50 analyses of snap-frozen tumor lysates demonstrated similar viral titers in the two groups (Fig. 3B).
Infectious VSV particles within the normal liver were below the level of detection (10 pfu/mg wet weight) and
subsequently could not be determined.
Enhanced Tumor Response in Viroembolized HCC
Tumor-Bearing Rats. To determine the impact of
transarterial viroembolization on tumor viability, multifocal HCC-bearing rats were treated with PBS, DSM,
rVSV-F, or rVSV-F plus DSM and were euthanized on
day 3 after treatment. Liver sections containing tumor
were prepared for hematoxylin-eosin staining and analyzed morphometrically for quantiﬁcation of necrotic areas (Fig. 4). ImageJ software was employed to measure
necrotic areas, which were then calculated as a percentage
of the entire tumor area. In the PBS control group, less
than 15% necrosis was observed, which can be attributed
to spontaneous necrosis that occurs naturally in most tumors. Whereas VSV treatment alone resulted in less than
30% necrosis, DSM treatment caused nearly 60% necrosis, and combination treatment resulted in more than
90% tumor necrosis. The morphometric analysis data are

statistically signiﬁcant for each group compared with every other group (that is, PBS versus rVSV-F, P ⬍ 0.05;
DSM versus rVSV-F plus DSM, P ⬍ 0.0001).
Enhanced Apoptosis Observed in HCC Tumors
Treated with rVSV-F. To identify a potential mechanism for the additive effect of rVSV-F plus DSM on tumor response, we compared the degree of apoptosis

Fig. 4. Enhanced tumor response in multifocal HCC-bearing rats
treated with rVSV-F and DSM. Rats bearing multifocal HCC tumors were
infused via the hepatic artery with PBS, DSM, rVSV-F, or DSM plus rVSV-F
with a viral dose of 1 ⫻ 106 pfu/animal, and sacriﬁced 3 days after
treatment. Three-micrometer-thin tumor sections were stained with hematoxylin-eosin and analyzed. The percentage of necrotic area within
each tumor was measured morphometrically using ImageJ software. Data
are expressed as the mean ⫹ standard deviation, and the results were
analyzed statistically via two-sided Student t test. All data were statistically signiﬁcant compared with all other treatment groups (P ⬍ 0.05).
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Fig. 5. Treatment with rVSV-F or viroembolization results in enhanced apoptosis in HCC tumors. Rats bearing multifocal HCC were treated via
hepatic arterial infusion of PBS, DSM, rVSV-F, or DSM plus rVSV-F with a viral dose of 1 ⫻ 106 pfu/animal, and sacriﬁced 3 days after treatment.
Three-micrometer-thin parafﬁn sections containing liver and tumor were subjected to hematoxylin-eosin analysis (top) or ﬂuorescein-conjugated
terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling and counterstained with 4’,6-diamidino-2-phenylindole for localization of
nuclei (bottom). Representative sections are shown (original magniﬁcation ⫻20).

among treatment groups. Although on day 1 there were
no remarkable differences (data not shown), on day 3 we
observed patches of apoptosis in tumors treated with
rVSV-F alone, and signiﬁcantly enhanced apoptosis in
the outer borders of those tumors subjected to transarterial viroembolization (Fig. 5) compared with those treated
with either monotherapy or PBS.
Attenuated CD31 Expression Following Treatment
with rVSV-F. To investigate a possible anti-angiogenic

effect of rVSV-F in HCC, we performed immunohistochemical analysis of CD31 in tumor sections on day 3
after treatment (Fig. 6, upper panel). Whereas normal
vasculature with CD31⫹ endothelial staining was observed in tumors treated with PBS, rVSV-F and viroembolization resulted in almost complete loss of positive
staining on vessel walls. In the DSM monotherapy group,
we observed CD31 staining localized mainly to the border
regions of tumors, indicating that the vasculature in this

Fig. 6. rVSV-F causes reduction in CD31⫹ endothelial cells and stimulation of NK cell inﬁltration within tumors. Rats bearing multifocal HCC were
treated via hepatic arterial infusion of PBS, DSM, rVSV-F, or DSM plus rVSV-F with a viral dose of 1 ⫻ 106 pfu/animal and sacriﬁced on day 3 after
treatment. Three-micrometer-thin parafﬁn sections containing liver and tumor were analyzed via immunohistochemistry using a polyclonal antibody
against CD31 (top) or NK cell marker ANK61 (bottom). Sections were counterstained with hematoxylin. Representative sections are shown (original
magniﬁcation ⫻20).
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more, combination therapy with rVSV-F and DSM signiﬁcantly prolonged survival compared with DSM treatment alone, resulting in more than 60% of viroembolized
animals experiencing complete tumor regression. As dictated by Kaplan-Meier analysis, these data indicate a synergistic effect of the combination therapy. Furthermore,
the long-term surviving rats were sacriﬁced after 150 days
and evaluated for signs of residual malignancy. Macroscopically, there was no visible tumor within the liver or
elsewhere, and there was no histological evidence of residual tumor cells or liver toxicity.

Discussion
Fig. 7. DSM combined with rVSV-F results in signiﬁcant survival
prolongation in HCC-bearing rats. Multifocal hepatocellular carcinomabearing rats were treated with PBS (n ⫽ 10), DSM (n ⫽ 14), rVSV-F
(n ⫽ 10), or DSM plus rVSV-F (n ⫽ 14) via hepatic arterial infusion and
were followed for survival. Animals were monitored daily, and data were
plotted as a Kaplan-Meier survival curve. Statistical signiﬁcance was
determined via log rank test.

area is still viable, and new angiogenesis has possibly been
initiated.
Enhanced Inﬁltration of Inﬂammatory Cells in
rVSV-F Infected Tumors. Because we postulated an inﬂammatory response conferred by the virus, we performed immunohistochmical staining of various immune
cell markers on tumor tissue following treatment with
PBS, DSM, rVSV-F, or rVSV-F plus DSM. Although we
observed no signiﬁcant differences in the numbers of
macrophages and neutrophils among treatment groups
(data not shown), we observed a signiﬁcant inﬁltration of
NK cells in tumors treated with virus, either alone or in
combination with DSM (Fig. 6, bottom panel). To a
lesser degree, DSM monotherapy also appeared to stimulate NK cell accumulation within tumors.
Signiﬁcant Prolongation of Survival After Transarterial Viroembolization in Multifocal HCC-Bearing Rats.
To assess the potential long-term beneﬁt of the combination treatment modality for multifocal HCC tumor-bearing rats, a survival experiment was conducted. Tumorbearing rats were randomly assigned to receive one of the
following treatments via the hepatic artery: PBS (n ⫽ 10),
DSM (n ⫽ 14), rVSV-F (n ⫽ 10), or DSM combined
with rVSV-F (n ⫽ 14). Animals were monitored daily for
survival, and the data were plotted as a Kaplan-Meier
survival curve (Fig. 7). Although monotherapy with
rVSV-F at this low dose did not signiﬁcantly alter survival
compared with PBS treatment, DSM treatment resulted
in statistically signiﬁcant survival beneﬁt (P ⬍ 0.0001),
both alone and in combination with rVSV-F. Further-

Although oncolytic virus therapy represents a promising approach for treatment of multifocal cancers, it has
several limitations. In our previous studies, we reported
that VSV administration via the hepatic artery in HCC
tumor-bearing rats results in tumor-selective viral replication and oncolysis27-30; however, intratumoral virus
spread and treatment efﬁcacy is limited, highlighting the
need for an improved strategy. We report a treatment
modality in which oncolytic VSV therapy was signiﬁcantly enhanced by coadministration with a clinically approved embolization agent, which resulted in an
impressive cure rate.
In this study, we used EmboCept, a representative of
the group of embolization agents known as DSM. DSM
are manufactured from hydrolyzed potato starch and provide relatively transient embolization before being degraded by serum amylases.31 Although the physical
presence of DSM within tumor vessels is temporary, the
effect can be long-lasting due to the formation of emboli
at the arterio-capillary level, as well as hypoxia and ischemic necrosis, which prevent reperfusion of the tumor.32,33 After ﬁrst conﬁrming in vitro that DSM do not
interfere or alter the ability of VSV to replicate in or kill
tumor cells, our next major concern was the ability of
DSM, when administered via the hepatic artery, to effectively embolize multifocal HCC lesions in our rat model.
By performing DCE-MRI with embolized and nonembolized tumor-bearing rats, we were able to conﬁrm that
DSM resulted in complete embolization of all tumors
analyzed, regardless of size. Furthermore, although there
was a slight delay in gadolinium uptake in the livers of
embolized animals, the peak was equivalent to that in the
control animals, indicating that the embolic effect was
tumor-speciﬁc.
It is well documented that the peripheral border of
HCC lesions close to the surrounding nonneoplastic liver
tissue has a tendency to survive TAE treatment, because
this area is supplied by portal blood ﬂow and collateral
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circulation. Therefore, we hypothesized that transient
TAE therapy for HCC could be signiﬁcantly enhanced
via coadministration of oncolytic VSV. We envisioned
that extensive tumor necrosis could be induced through
hypoxia and ischemia–reperfusion injury secondary to
transient embolization, and the remaining viable rim
could then be eradicated via VSV replication. Indeed, this
is exactly what we observed through immunohistochemical analysis of VSV/G, which did in fact colocalize to the
viable peripheral tumor regions. Although the number of
recovered infectious viral particles, as determined by
TCID50 analysis, was not signiﬁcantly higher in the viroembolization group compared with VSV monotherapy,
we speculated that this was due to the extent of tumor
necrosis, which limited the areas where the virus could
replicate to the border regions where viable tumor remained.
A comparison of the in vivo efﬁcacy of transarterial
viroembolization to each monotherapy revealed that,
while VSV resulted in a modest effect, and embolization
with DSM caused signiﬁcantly enhanced tumor response,
the most striking results were achieved by viroembolization, which resulted in more than 90% tumor necrosis.
Impressively, we were able to achieve 60% long-term tumor-free survival through transarterial viroembolization
of multifocal HCC in our rat model. Statistical analysis
indicated that a synergistic effect was derived through
combination of each monotherapy. These data clearly illustrated a superior effect of the combination treatment;
however, it left open questions regarding the mechanism
of the additive response. Because the effects of transarterial embolization in HCC have been fairly well characterized, we chose to focus on the contribution of VSV
therapy to elucidate the mechanism whereby combination therapy confers its enhanced therapeutic outcome. In
particular, we investigated the roles of apoptosis, antiangiogenesis, and inﬂammation as potential players.
VSV causes lysis of infected tumor cells through activation of apoptotic pathways, induced by expression of
the viral matrix protein.34,35 We hypothesized that VSV
localized to the viable rim of tumors following embolization could induce apoptosis in the infected cells. Terminal
deoxynucleotidyl transferase-mediated dUTP nick-end
labeling revealed large areas of apoptosis in tumors treated
with rVSV-F, whereas there was signiﬁcantly less evidence
of apoptosis in the PBS and DSM groups. Furthermore,
apoptosis secondary to viroembolization was, in fact,
mostly conﬁned to the outer borders of the lesions, while
in tumors treated with VSV monotherapy, it appeared in
seemingly random patches, mainly in the core. Together,
this implicated VSV induced-apoptosis as a contributing
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factor in eliminating the viable tumor rim, which survived
embolization.
In addition to direct tumor cell lysis, it has been shown
that VSV is also responsible for indirect killing of uninfected tumor cells through inhibition of vascular perfusion within infected tumors induced by the rapid
recruitment of inﬂammatory cells to the tumor bed.36
Furthermore, it was demonstrated that in situ expression
of the VSV M protein resulted in decreased tumor vasculature in implanted glioma tumors in a rat model.37 While
embolization is known to stimulate angiogenesis,38 in our
model, we observed a clear reduction in CD31 staining
within tumors treated in combination with VSV. The
anti-angiogenic effect of VSV could provide a powerful
tool for improving the efﬁcacy of TAE by preventing new
vessel formation feeding the remaining viable tumor cells.
In addition to the effect of inﬂammation on tumor
blood ﬂow, the inﬁltration of inﬂammatory cells in virusinfected tumor has the complimentary function of killing
infected and surrounding tumor cells. The recruitment of
NK cells to sites of VSV-infected tumor has been demonstrated,39 and we have reproduced this phenomenon here.
NK cells represent a distinct population of cytotoxic lymphocytes that act as an integral component of the innate
cellular immune response system to invading viruses,
prior to the launch of the adaptive immune responses.40
These cells function by directly killing infected cells and
inducing antiviral cytokines, and can result in a bystander
effect by killing neighboring uninfected cells. Interestingly, several groups have recently attempted to combine
TAE with adoptive immunotherapy in the clinic, and
have shown enhancement of efﬁcacy in patients.41,42 In
addition, oncolytic virus therapy may also promote crosspresentation of released tumor antigens to CD8⫹ T cells,
leading to a long-term antitumor effect long after the virus
is cleared.43,44 Therefore, it is possible that long-term survival in the current study may be mediated by a tumor
immune response, which is elicited through viral infection and oncolysis of the HCC cells.
Although we have not yet performed a direct comparison between TACE and viroembolization, several key
factors indicate that viroembolization with VSV vectors
might be the more effective therapy. Whereas a recent
clinical report conﬁrmed that TACE prolongs survival,45
a comparison of TACE versus TAE alone demonstrated
no survival difference.46 This phenomenon can be explained by the well-documented fact that many HCCs are
resistant to chemotherapeutic drugs,47,48 which would
support the concept that embolization is the more important component of TACE than chemotherapy. In addition, it has also been shown that hypoxia can further
contribute to drug-resistance of cancer cells.49 Because
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TAE blocks arterial blood ﬂow to the tumor, and subsequently results in hypoxia, it would follow that the efﬁcacy of a chemotherapeutic drug might be further limited
in this scenerio. In contrast, VSV has an inherent capacity
for infecting and killing hypoxic cancer cells.50 This ability could represent a critical advantage over existing therapies in treating established tumors.
In conclusion, this study has provided conclusive data
to support the concept of viroembolization therapy for
multifocal HCC. This is an innovative and effective treatment modality that results in massive tumor necrosis and
extensive prolongation of survival compared with VSV or
DSM monotherapy. Furthermore, through combination
of VSV with a transient embolization agent, we were able
to achieve enhanced efﬁcacy despite administration of virus at 10-fold lower than the maximum tolerated dose,
thereby improving the therapeutic index of viral therapy.
Thus, viral therapy in combination with clinically approved embolization agents has the potential for providing potent oncolytic therapy for HCC and, potentially,
metastatic liver tumors in cancer patients.
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