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Abstract

Purpose Oncolytic viral therapy is a newly developed
modality for treating tumors. Many clinical trials using
oncolytic virus have been performed worldwide, but most
of them have used local injection in the tumor. Determina-
tion of the effect and safety of intravascular virus injection
instead of local injection is necessary for clinical use
against multiple liver metastases and systemic metastases.
Methods To evaluate the efficacy and safety of intravas-
cular virus therapy, mice bearing multiple liver metastases
were treated by intraportal or intravenous administration of
the herpes simplex virus type 1 (HSV-1) mutant, hrR3.
Mice treated with hrR3 were killed and organs were har-
vested for lacZ staining and PCR analysis. Inactivation of
oncolytic virus in bloodstream was assessed by neutraliza-
tion assay in vitro. Infectious activity of hrR3 with vascular
endothelial cells was evaluated by replication and cytotox-
icity assay.

Results  The survival rate of animals treated by hrR3 was
significantly improved compared with the untreated group.
lacZ staining and PCR analysis demonstrated detectable
virus in the tumor but not in normal tissue or other organs
except for the adrenal glands. We also showed that vascular
endothelial cells allowed virus replication, while normal
hepatocytes did not, and human anti-HSV antibody
revealed attenuation of the infectious activity of hrR3.
Conclusions Intravascular delivery of hrR3 is effective in
treating multiple liver metastases, however, several points
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must be kept in mind at the time of human clinical trials
using intravascular virus administration in order to avoid
critical side effects.
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Introduction

Colorectal cancer is one of the leading causes of cancer
death [20], and the liver is the most frequent site of distant
metastases. Most patients have multiple metastases and are
not candidates for surgical resection [1]. Although various
types of chemotherapy have been used to treat patients with
unresectable liver metastases, they have had limited success
[4, 41]. Oncolytic viral therapy has been viewed as a new
strategy for the treatment of advanced cancers.

Researchers have examined the oncolytic activity of sev-
eral viruses, including adenovirus [36], herpes simplex
virus [27], vaccinia virus [28], measles virus [40], reovirus
[10], and Newcastle disease virus [25]. Many published
reports describe the effectiveness of genetically engineered
herpes simplex virus type 1 (HSV-1) [5, 15, 21]. HSV-1
has many advantages over other viruses for cancer gene
therapy: (1) it has a broad host range and high efficiency of
infection, (2) it has a large genome capacity for delivery of
therapeutic transgenes and tumor-specific promoter genes
[22, 32], and (3) it can be controlled by anti-herpetic drugs
to treat unwanted or uncontrolled viral infection.

Replication-competent HSV-1 infection of cancer cells
results in viral replication with cell destruction and libera-
tion of progeny virion that infects adjacent tumor cells. The
genetically engineered HSV-1 mutant, hrR3, is defective in
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viral ribonucleotide reductase expression as a result of
insertion of the Escherichia coli lacZ gene into the ribonu-
cleotide reductase gene locus (ICP6) (Fig. 1). Actively
dividing cells such as cancer cells express high levels of
endogenous ribonucleotide reductase for synthesis of DNA
precusors. If hrR3 infects actively dividing cells, viral repli-
cation can proceed because the endogenous ribonucletide
reductase complements the absence of viral ribonucleotide
reductase [14]. The safety and efficacy of this oncolytic
viral therapy are dependent on selective viral replication in
cancer cells rather than in normal cells.

Most clinical trials using oncolytic viral therapy have
been performed using direct intratumor injection. We have
performed a Phase 1 clinical trial of the treatment of recur-
rent breast cancer using intratumor injection of the HSV-1
mutant, HF10 [23, 35, 43]. The results revealed a signifi-
cant tumor-reducing effect without any side effects, and
complete tumor cell disappearance was seen in one of six
patients participating in this trial. However, this mode of
administration would not be feasible for patients with mul-
tiple liver metastases and systemic metastases.

Recently, several studies have reported the efficacy of
intravascular therapy using an oncolytic HSV-1 mutant.
Pawlik et al. [39] demonstrated that intraportal administra-
tion of the HSV-1 mutant, rRp450, effectively treated
diffuse hepatocellular carcinoma in Buffalo rats. Several
reports have demonstrated the efficacy of intraportal admin-
istration of HSV-1 mutants (hrR3, G207, Myb34.5) against
established liver metastases from colon carcinoma [8, 24,
34, 50]. Intravenous delivery of G207 has been reported to
cause regression of distant subcutaneous prostate and blad-
der cancers in animal models [38, 46]. Intravenous therapy
with IL-12-expressing oncolytic HSV (NV1042) has been
reported to significantly improve survival in animals with
disseminated pulmonary squamous cell carcinoma [48].
However, we can find only one report to evaluate the
efficacy of intravenous therapy using oncolytic HSV
against diffuse liver metastases [12].

UL us
TRL IRL
ICP6 (UL39) HSV-1 wild type

hrR3 includes lacZ gene
in ICP6 locus

Fig. 1 Schematic gene arrangement of hrR3. hrR3 is a genetically
engineered herpes simplex virus type 1 (HSV-1) that has the lacZ gene
inserted into the viral ribonucleotide reductase gene locus (/CP6). Ac-
tively dividing cells such as cancer cells express high levels of endog-
enous ribonucleotide reductase for synthesis of DNA precusors. If
hrR3 infects an actively dividing cell, viral replication can be triggered
because the endogenous ribonucleotide reductase complements the
absence of viral ribonucleotide reductase
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HSV-1 is a natural human pathogen and up to 90% of
adults have circulating antibodies against HSV [11]. Pre-
existing immunity has the potential to attenuate the
efficacy of HSV-1 based oncolytic agents. There also
remains the possibility that hrR3 can infect and replicate
in normally dividing nontumor cells such as vascular
endothelial cells, and it has been reported repeatedly that
HSV preferentially infects the adrenal gland after intrave-
nous [18], intraperitoneal [19, 42] and intranasal inocula-
tion [33]. In this study, we demonstrate that intravascular
delivery of hrR3 is effective in treating multiple liver
metastases, although there are several points that should
be taken into account in clinical trials using intravascular
virus administration.

Materials and methods
Cells and viruses

Vero, African Green monkey kidney cells and HT29, a
human colon carcinoma cell line, were obtained from
American Type Culture Collection (Manassas, VA).
MC26, a mouse colon carcinoma cell line, was obtained
from the National Cancer Institute Tumor Repository
(Frederick, MD). hNHeps, normal human hepatocytes,
and HMVEC-L, normal human lung microvascular endo-
thelial cells, were obtained from Takara Bio Inc. (Otsu,
Japan). Vero, MC26 and HT29 were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) with 10%
fetal bovine serum (FBS) and 1% penicillin/strepto-
mycin. hNHeps were maintained in hepatocyte culture
medium (HCM) containing fatty acid-free bovine serum
albumin (BSA-FAF), insulin, transferrin, hydrocortisone,
ascorbic acid, hEGF, gentamicin, and amphotericin B on
collagen-coated plates. HMVEC-L were maintained in
endothelial cell basal medium-2 containing FBS, hydro-
cortisone, ascorbic acid, hEGF, hFGF-B, VEGF, R3-1GF,
gentamicin, and amphotericin B. The HSV-1 mutant,
hrR3 was kindly provided by Sandra K. Weller Ph.D.
(University of Connecticut, Storrs, CT) and was propa-
gated and titered on Vero cells and stored in stocks at
—80°C before use.

Viral replication assay

MC26, HT29, hNHeps and HMVEC-L cells ( 10° cells)
were plated onto 10-cm plates and incubated overnight. The
next day, medium was removed and cells were washed with
HBSS. The cells were infected with 2 x 10° plaque form-
ing units (pfu) of hrR3 in 200 pl HBSS and the plates were
incubated for 1h and rotated every 20 min. After 1 h of
incubation, 5 ml medium was added and the plates were
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incubated another 1 h. After 2 h of total incubation time,
the medium was removed and unadsorbed virus was
removed by washing with a glycine—saline solution (pH
3.0). Five milliliters of medium was then added, and after
40 h of total infection time, the cells and supernatant were
harvested, exposed to three freeze—thaw cycles to release
virus particles, and titered on Vero cells. The number of
plaques was counted after 5 days. The results were divided
by the cell number (10°) and were reported as the mean of
three independent experiments.

Viral cytotoxic assay

Cells were plated onto 96-well plates at 5,000 cells per well
for 36 h. hrR3 was added at multiplicity of infection (MOI)
values ranging from 0.001 to 10 and incubated for 6 days.
The number of surviving cells was quantitated by a colori-
metric MTT assay, and the percent cell survival was calcu-
lated by comparison with the control (mock-infected) cells.
Tests were performed in quadruplicate.

Animal studies

BALB/c mice were obtained from Japan CLEA (Hamama-
tsu, Japan). Animal studies were performed in accordance
with the guidelines issued by the Nagoya University Ani-
mal Center. Liver metastases models were generated by
the injection of a single-cell suspension of 10 MC26 cells
in 100 pl HBSS into the spleens of BALB/c mice. Mice
were randomized into three groups (n = 18/group). The
first group was left untreated. The second group was
treated with intraportal injection (intrasplenic injection) of
107 pfu of hrR3 2 days after tumor implantation. The third
group was treated with intravenous injection (tail vein
injection) of 107 pfu of hrR3 2 days after tumor implanta-
tion. Six mice in each group were killed 13 days after
tumor implantation, and the livers and spleens were
weighed. The remaining mice were followed for survival
(n = 12/group). In another set of experiments, 10’ pfu of
hrR3 was injected into the spleen or tail vein 7 days after
tumor implantation. Two days later, mice were killed and
organs (liver, spleen, adrenal gland, kidney, lung, and
brain) were harvesterd for examination of lacZ expression
and analysis of extracted DNA by PCR amplification of
HSV-1 sequences.

Histochemical analysis

Harvested tissues were frozen rapidly in OCT compound in
liquid nitrogen. Cryostat sectioning of the tissue was per-
formed at a thickness of 10 pm using a microtome. Sections
were fixed with 1% glutaraldehyde and evaluated for lacZ
expression by staining with X-gal solution.

PCR analysis

PCR amplification of HSV-1-specific sequences was per-
formed to investigate the biodistribution of HSV-1 follow-
ing intravascular administration in mice. DNA extraction
from mouse tissues was performed using a BioRobot EZ1
Workstation (QIAGEN, Tokyo, Japan). The forward
oligonucleotide primer, 5'-GGAGGCGCCCAAGCGTCC
GGCCG-3’, and the reverse oligonucleotide primer, 5'-TG
GGGTACAGGCTGGCAAAGT-3', were used to amplify
a 229-bp fragment of the HSV-1 DNA polymerase gene.
We then subjected 0.3 pg of DNA to PCR amplification.
PCR reactions were performed in a 25-pl volume using
rTth DNA polymerase according to the manufacturer’s
instructions (Applied Biosystems, Foster City, CA) with a
GeneAmp® PCR system 9700 (Applied Biosystems) for 35
cycles of 95°C for 1 min, 58°C for 1 min, and 72°C for
I min. HSV-1 genomic DNA was used as a positive
control. The amplified fragments were electrophoresed on
3.0% agarose gel and stained with ethidium bromide.

In vitro assay of hrR3 infection in vascular endothelial cells

We determined whether or not hrR3 could infect and repli-
cate in normally dividing nontumor cells, such as vascular
endothelial cells, when delivered into the bloodstream.

10° HMVEC-L cells were plated onto 10-cm plates and
incubated for 24 h. hrR3 in 100 pl of HBSS was infected at
an MOI values ranging from 0.01 to 1.0 and the plates were
incubated for 1 h and rotated every 20 min. After 24 h of
incubation, X-gal staining was performed.

Effect of anti-HSV antibody to hrR3 in the bloodstream

To examine the effect of anti-HSV antibody on hrR3 in the
circulation, we performed an in vitro viral neutralization
assay using serum of human adults and immunized mice.
Serum was harvested from six human adults, three of
whom had anti-HSV antibodies (IgG > 4.0) and the other
three did not have anti-HSV antibodies (IgG < 2.0). Serum
(900 pl) was mixed with 10* pfu of hrR3 in 100 pl HBSS.
The mixture was incubated for 1 h at 37°C and then hrR3
was titered on Vero cells. The number of plaques was
counted after 5 days. BALB/c mice were immunized via
intraperitoneal injection with 107 pfu of hrR3. Ten days
later, mice received a second intraperitoneal injection of the
same dose of hrR3. The neutralization assay was performed
10 days after the second immunization. Fifty microliters of
serum was harvested from immunized or nonimmunized
mice and mixed with 10° pfu of hrR3 in 100 ul HBSS. The
mixture was incubated for 1 h at 37°C and then hrR3 was
titered as described above. All samples were processed in
triplicate.
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Statistical analysis was performed using an unpaired
two-tailed ¢ test. The survival data were analyzed using the
Kaplan—-Meier method and log-rank test.

Results
hrR3 replication in vitro

hrR3 can preferentially replicate in actively dividing cells
compared with normal cells because actively dividing cells,
such as cancer cells, express high levels of endogenous
ribonucleotide reductase. We hypothesized that hrR3 also
could replicate in normally dividing nontumor cells such
as vascular endothelial cells. Therefore, we compared the
number of infectious virus particles produced 40 h after
infection by hrR3 in MC26, HT29, hNHeps, and HMVEC-
L. In Fig. 2, greater than log 0 means that hrR3 replicated,
while less than log 0 means that hrR3 did not replicate. The
viral replication assay revealed that hrR3 could not repli-
cate in normal human hepatocytes, however, as we
expected, it could replicate in HMVEC-L as in the carci-
noma cell lines.

Viral cytotoxity assay in vitro

We examined the cytotoxic effect of hrR3 in the colon car-
cinoma cell lines (MC26, HT29) and HMVEC-L. The cyto-
toxity assay revealed that hrR3 had cytotoxic effect in both
carcinoma cell lines and vascular endothelial cells (Fig. 3).

Intravascular treatment of diffuse liver metastases by hrR3
We examined the antitumor efficacy of intravascular

administration of hrR3 against a diffuse liver metastases
model. BALB/c mice bearing MC26 diffuse liver metastases
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Fig. 2 Replication of hrR3 in colon carcinoma cell lines (MC26,
HT29), normal human hepatocytes, and microvascular endothelial
cells (HMVEC-L). hrR3 did not replicate in normal hepatocytes, while
it replicated in HMVEC-L as much as in colon carcinoma cell lines
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Fig. 3 Cytotoxity assay in vitro. Two colon carcinoma cell lines and
(MC26, HT29) and microvascular endothelial cells (HMVEC-L) were
infected with hrR3 at several MOI values, and surviving cells were
quantitated after 6 days. hrR3 had cytotoxic effects both in carcinoma
cell lines and HMVEC-L

were treated by intraportal or intravenous injection of hrR3
and killed 13 days after tumor implantation. Livers of
untreated mice had numerous tumor nodules, whereas liv-
ers of mice treated by intraportal or intravenous injection of
hrR3 were almost normal and the liver weights were sig-
nificantly less than those of untreated mice (Fig. 4). Spleen
weights of mice treated by intravascular injection of hrR3
also were significantly less than those of untreated mice.
However, there was no statistical difference in liver and
spleen weights between the two treatment groups (Table 1).

Survival rate

Significantly higher survival rates were observed with
intraportal and intravenous hrR3-treated animals compared
with untreated animals (P < 0.0001). There was no statisti-
cal difference in survival among the two treatment groups
(Fig. 5). None of the mice treated with hrR3 displayed any
neurologic symptoms or other toxic side effects after injec-
tion. The efficacy of intravenous oncolytic HSV therapy
and its potential toxicities have not been well demonstrated.
Previous studies have suggested that intraportal delivery of
oncolytic HSV is more effective than intravenous systemic
delivery [21, 22]. However, our results indicate that intra-
venous oncolytic virus administration has the potential to
become a new solid strategy in the treatment of multiple
liver metastases.

X-gal histochemistry

hrR3 possesses the E. coli lacZ gene, enabling detection
of hrR3-infected cells by histochemical staining for lacZ
expression. The mice were killed 2 days after intravascular
viral treatment, and organ sections were examined histo-
chemically for lacZ gene expression. When mice were
treated with intraportal injection of hrR3, lacZ expression
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Fig. 4 Treatment of diffuse liv- Liver
er metastases with intravascular
administration of hrR3. Mice
bearing diffuse liver metastases
were treated with intraportal or
intravenous administration of
107 pfu of hrR3 2 days after tu-
mor implantation. Mice were
killed, and livers and spleens
were analyzed 13 days after tu-
mor implantation. The control
group was left untreated. Livers
of untreated mice had numerous
tumor nodules, whereas livers of
mice treated by intraportal (mid-
dle row) or intravenous (lower
row) injection of hrR3 were al-

most normal Spleen

Table 1 Liver and spleen weights following treatment of diffuse liver
metastases

Treatment Liver weight Spleen weight
(g) = SD (g) = SD

No treatment 4.55+0.74 1.40 £ 0.49

Intraportal injection 1.60 £+ 0.18* 0.22 £ 0.04**

Intravenous injection 1.68 + 0.15% 0.28 £ 0.12%**

* P<0.0001, ** P =0.0002, and *** P = 0.0003 when compared with
no treatment group

X No treatment

0.8 1 A |Intraportal injection

L

@ Intavenous injection

£ 061
% * P < 0.0001
= 0.4 A
c
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@ 02 -
)
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Fig. 5 Survival rates for mice bearing diffuse liver metastases, fol-
lowed by intraportal or intravenous administration of 107 pfu of hrR3
2 days after tumor implantation. The survival rate of treated mice was
significantly improved compared with untreated mice (P < 0.0001).
However, there was no statistical difference in survival between the
two treatment groups

was detected in liver tumor, spleen tumor, normal spleen
(hrR3 injection site), and adrenal gland. When mice were
treated with intravenous injection of hrR3, lacZ expression
was detected in liver tumor, spleen tumor, and adrenal
gland. The sections of normal liver, brain, lung, and kidney
were not stained for lacZ expression. In both treatment
groups, sections from the adrenal gland had the strongest
staining (Fig. 6).

PCR analysis

We extracted DNA from hrR3-treated mouse tissues and
examined biodistribution of HSV by PCR amplification of
the HSV-1 DNA polymerase gene. Organs were harvested
2 days after intravascular injection of hrR3 into mice bear-
ing diffuse liver metastases. HSV-1 DNA was detected in
the same tissue and organs that lacZ expression was
detected. HSV-1 DNA was more strongly detected in adre-
nal gland rather than in tumor tissue (Fig. 6). The degree of
HSV-1 DNA expression in liver and spleen tumor tissue
was compared using an image processing and analysis pro-
gram. The analysis demonstrated that the amount of HSV-1
DNA expression in the tumors from intravenously treated
mice was less than that of intraportally treated mice. These
results suggest that oncolytic HSV may be consumed and
reduced before reaching target cancer cells after intravascu-
lar administration, and reduced amounts of virus can reach
and infect target cancer cells when the site of virus injection
is far from the target cancer.
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Fig. 6 HSV-1 detection in mice by PCR assay and histochemical lacZ
analysis. Mice bearing diffuse liver metastases were treated with intra-
vascular inoculation of 107 pfu of hrR3 7 days after tumor implanta-
tion. Mice were killed 2 days later to harvest tissue for PCR
amplification of a 229-bp portion of the HSV-1 DNA polymerase gene
and histochemical examination of lacZ expression. When mice were
treated by intraportal injection, HSV-1 DNA and lacZ expression was

In vitro assay of infection of hrR3 in vascular
endothelial cells

In vitro infection efficiency was measured by staining for
f-galactosidase with X-gal solution 24 h after infection
with hrR3 at MOI values ranging from 0.01 to 1.0. Many
HMVEC-L cells had positive staining by X-gal histo-
chemistry in a dose-dependent fashion. Stained cells were

Fig. 7 In vitro infection effi- - *-"’
ciency was measured by staining A A
for f-galactosidase with X-gal '
solution 24 h after infection with
hrR3 at MOI values ranging
from 0.01 to 1.0. Many
HMVEC-L cells stained blue
by X-gal histochemistry in

a dose-dependent fashion
(aMOI=0.01, b MOI=0.1,

¢ MOI = 1.0). Stained cells were
shrunken or swollen in shape
compared with the nonstained
cells (x200)
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detected in liver tumor, spleen tumor, normal spleen (hrR3 injection
site), and adrenal gland. When mice were treated with intravenous
injection, HSV-1 DNA and lacZ expression was detected in tumor but
not in normal tissue or organs except for the adrenal gland. In both
treatment groups, the sections of adrenal gland had the strongest stain-
ing. lacZ staining: dash no lacZ staining, plus few lacZ staining, double
plus moderate lacZ staining, triple plus strong lacZ staining

shrunken or swollen in shape compared with the non-
stained cells (Fig. 7). This result indicates that hrR3 can
infect vascular endothelial cells and replicate in the cells.
We herein hypothesize that if vascular endothelial cells
are in an actively dividing state, such as that seen with
trauma and inflammation, hrR3 has a possibility to infect

vascular endothelial cells when delivered in the
bloodstream.
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Effect of anti-HSV antibody on hrR3 in circulation

Most human adults possesses anti-HSV antibodies, so
it is theoretically possible that oncolytic virus is
attenuated by circulating antibodies when delivered by
intravascular injection in humans. To examine the effect
of antibodies against hrR3 in the bloodstream, we
performed an in vitro viral neutralization assay. The
values of anti-HSV IgG tested by enzyme immunoassay
(EIA) were >92, >92, and 9.4, respectively, in the
anti-HSV antibody-positive individuals, and <2.0 in all
antibody-negative individuals. When hrR3 was mixed
with anti-HSV antibody-negative serum, the titer of
hrR3 was 4.1 +£5.1 x 103 pfu. In contrast, when hrR3
was mixed with anti-HSV antibody-positive serum, the
titer of hrR3 was O pfu for all three serum samples
(Fig. 8). Next we performed viral neutralization assay
using immunized mice. When hrR3 was mixed with
serum from nonimmunized mice, the titer was
2.0+ 1.0 x 102 pfu. In contrast, when hrR3 was mixed
with serum from immunized mice, the titer was O pfu in
all sumples. These results demonstrated that the infec-
tious activity of hrR3 could be significantly attenuated
by anti-HSV antibodies in serum of human and
immunized animals.

Fig. 8 Anti-HSV antibody
inactivates oncolytic HSV.
Serum was harvested from six
human adults, three of whom
had anti-HSV antibodies

(IgG > 4.0) and three who did
not (IgG < 2.0). When hrR3 was
mixed with anti-HSV antibody-
negative serum, the titer of hrR3
was 4.1 £ 5.1 x 103 pfu. In con-
trast, when hrR3 was mixed with
anti-HSV antidody positive se-
rum, the titer of hrR3 was 0 pfu
in all three samples. Mice were
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Discussion

Genetically engineered, conditionally replicating HSV-1 is
a promising therapeutic agent for cancer therapy. Because
the HSV-1 mutant, hrR3, lacks a functional ribonucleotide
reductase gene, it preferentially replicates in cells with high
levels of endogenous ribonucleotide reductase activity. The
main antitumor mechanism of oncolytic viruses results
from viral replication within infected tumor cells, resulting
in cell destruction, and liberation of progeny virus particles
that can directly infect adjacent tumor cells. Recently, the
antiangiogenic activity of oncolytic HSV was reported as
an additional antitumor mechanism [3, 31, 47]. Angiogene-
sis, the process through which new blood vessels develop
from preexisting vascular endothelial cells, plays a crucial
role in solid tumor growth [13]. Because one endothelial
cell can support 5-50 tumor cells [30], disruption of vascu-
lature is an efficient strategy to control tumor growth and
metastases. Benencia et al. [3] demonstrated that HSV-
1716 lacking ICP34.5 could infect and kill tumor endothe-
lial cells and exert antiangiogenic effects by intravascular
inoculation in an ovarian cancer animal model.

In this study, we demonstrated the efficacy of intravascu-
lar oncolytic virus therapy for the treatment of multiple
colorectal liver metastases. We established a diffuse liver

Mouse
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metastases model by splenic injection of MC26 colon carci-
noma cells. We performed intraportal or intravenous ther-
apy using hrR3, and compared the therapeutic efficacy
between the two intravascular delivery systems. Both intra-
portal and intravenous treatments with hrR3 demonstrated
significant tumor growth inhibition and prolongation of sur-
vival, and hrR3-treated mice developed no clinical side
effects attributable to hrR3 administration. However, there
was no statitistical difference in liver weights or survival
rates among the two treatment groups. The effect of the
oncolytic virus administered in blood vessels may depend
not only on the direct cytotoxic effect of the virus but also
on the antiangiogenic effect exerted as a result of direct
infection of tumor endothelial cells.

In a separate experiment we compared the biodistribu-
tion of hrR3 by examining mouse tissue for the presence
of the HSV-1 DNA polymerase gene. HSV-1 DNA was
detected in liver tumor but not in normal liver after either
intraportal or intravenous injection, but the amount of
HSV-1 DNA expressed in liver tumor was significantly less
after intravenous injection compared with intraportal injec-
tion. This result indicates that the greater the distance from
the injection site to the target tumor, the less the amount of
virus can reach and infect the target cancer cells.

We assumed that hrR3 was consumed and reduced in the
bloodstream before reaching target cancer cells. Because
hrR3 preferentially replicates in dividing cells, there still
remains the possibility that hrR3 can replicate in normally
dividing nontumor cells, such as vascular endothelial cells,
intestinal epithelial cells and bone marrow cells [49]. Yoon
et al. [50] reported that hrR3 could replicate in regenerating
mouse liver cells after partial hepatectomy. Miyatake et al.
[29] reported that hrR3 could replicate in the proliferative
phase of vascular smooth muscle cells after balloon angio-
plasty and prevent restenosis.

We showed that hrR3 can infect and replicate in human
lung microvascular endothelial cells (HMVEC-L) in vitro. In
normal vessels, vascular endothelial cells are stable and not
actively dividing, so that hrR3 cannot infect stable endothe-
lial cells. However, if the vessels are injured by trauma, infla-
mation or oxidative stress, vascular endothelial cells of the
injured vessels may be in an actively dividing state to heal
the injury and be easily infected by hrR3. Several reports
indicate that HSV infection of endothelial cells attracts leu-
kocytes with subsequent inflammatory damage, activates
procoagulant changes in endothelium with increased throm-
bin generation and platelet adhesion, changes the interaction
of endothelium with extracellular matrix proteins, and leads
to atherosclerosis [26, 44, 45]. If oncolytic virus infects some
locus of vascular endothelial cells before reaching target
tumor and replicating, the virus would be detected for 2—
3 days and then wiped out by human immunity. We think
that virus cannot maintain a continuous infection on the
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vascular endothelial cells, and releasing the progeny to a tar-
geted tumor. That means the amount of virus that reaches
target organs would be reduced if the virus were to infect
vascular endothelial cells en route.

HSV-1 is a natural human pathogen, and the majority of
adults have circulating anti-HSV antibodies. Preexisting
immunity is a theoretical obstacle for virus-based therapies.
Herrlinger et al. [17] demonstrated that gene transfer to
brain tumors using hrR3 was greatly reduced, but not com-
pletely abolished in the setting of strong anti-HSV-1 immu-
nity and that there was no difference in the efficacy of tumor
treatment whether or not animals were seropositive. Chahl-
avi et al. [9] showed that the HSV-1 mutant vector, G207,
inhibited tumor growth to a similar extent whether the mice
had anti-HSV immunity or not, and multiple treatments
with G207 were far superior to a single treatment. How-
ever, these results were induced by intratumor inoculations
of oncolytic HSV mutants. It is conceivable that oncolytic
HSV mutants administered by intravascular injection may
be more easily blocked by anti-HSV immunity compared
with intratumor injection. Results from our in vitro viral
neutralization assay showed that anti-HSV immunity
greatly attenuated infectious activity of hrR3 delivered into
blood vessels. Delman etal. [12] tested the anticancer
effects of NV1020 or G207, two multimutated HSV-1
oncolytic viruses, in immunocompetent mice previously
immunized with wild-type HSV-1. They treated multiple
hepatic metastatic cancers in immunized mice by intrapor-
tal or intravenous injection of oncolytic viruses. Intraportal
viral therapy in immunized mice significantly reduced
hepatic tumor nodule counts, and low-dose portal therapy
with 10° pfu yielded results similar to those of high-dose
therapy with 107 pfu. When virus is administered intrave-
nously, high-dose therapy significantly reduced tumor
nodule counts, whereas low-dose therapy did not show a
significant reduction. Their results indicate that when the
distance from the site of viral administration to target cells
is long, virus is likely to be affected by circulating antibod-
ies, but that when given at appropriate doses, circulating
antibodies have minimal measurable effects on viral onco-
Iytic therapy. On the other hand, pre-existing anti-HSV-1
immunity is considered to serve a positive role in prevent-
ing the nonspecific toxicity of the vector [17]. Thus, in clin-
ical trials using HF10 for breast cancer, we chose patients
who had serum anti-HSV antibodies [35].

Results of X-gal histochemistry and PCR analysis indi-
cated that hrR3 could selectively replicate within cancer cells
but not within normal cells except for the adrenal gland. It is
well known that the adrenal gland is an important target for
HSV infection [11, 18, 19, 33]. High concentrations of corti-
costeroid hormone in the adrenal cortex are supposed to
suppress local immunity and increase the sensitivity to HSV
infection [37]. Moreover, macrophages serve as a frontal



Cancer Chemother Pharmacol (2009) 63:321-330

329

barrier to acute HSV infection, but the number of macro-
phages in the adrenal gland is lower than the number found in
the liver or spleen [2, 16]. Previous studies involving adrenal-
ectomy in mice have demonstrated that the adrenal gland is
the main source of virus entering the central nervous system
[18]. After replication in the adrenal gland, virus enters the
preganglionic nerve fibers, which supply the medulla, and
spreads through tracts of autonomic fibers in the ventral white
matter of the thoracic spinal cord [6, 7]. Such involvement of
the spinal cord is associated with demyelination and bilateral
hind limb paralysis. In our experiments, no mice showed any
complications, such as paralysis or convulsions, after intravas-
cular injection of hrR3. Furthemore, neither HSV-1 DNA nor
lacZ expression were detected in the brains of hrR3-treated
mice. We hypothesize that because adrenal cells are normal
and nondividing, hrR3-infected adrenal cells fall into apopto-
sis preventing viral replication. In our clinical experiments
with intratumor injection of HF10, there seemed to be no evi-
dence of histochemical damage in the adrenal glands and
irregular corticosteroid hormone from the adrenal glands.
However, before starting clinical trials of intravascular injec-
tions, attention should be paid to avoid harmful side effects.
In conclusion, the present study supports the feasibility of
intravascular administration of oncolytic HSV-1 mutants for
the treatment of multiple liver metastases with several cave-
ats: (1) HSV oncolytic virus can reach the target tumor and
reduce tumor growth after intravascular administration, but
anti-HSV antibodies may attack and attenuate the virus;
(2) vascular endothelial cells might be damaged by oncolytic
virus if they are in the dividing state; and (3) adrenal glands
might be infected by virus. These points should be taken
into account in clinical trials using intravascular virus
administration. Although the most common route of deliv-
ery of oncolytic HSV-1 has been a direct intratumor inocula-
tion, an intravascular, especially intravenous, delivery
would further broaden the clinical application of oncolytic
HSV-1 vectors and may be used as a form of combination
therapy together with chemotherapy or radiation in the near
future. Preclinical studies of the possible toxicity after intra-
vascular administration of oncolytic HSV will be nessesary
in order to consider this therapeutic strategy for human use.
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