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Oncolytic herpes viruses show promise for cancer treatment.
However, it is unlikely that they will fulfill their therapeutic potential
when used as monotherapies. An alternative strategy is to use
these viruses not only as oncolytic agents but also as a delivery
mechanism of therapeutic transgenes to enhance tumor cell
killing. The herpes simplex virus 1 deletion mutant HSV1716 is a
conditionally replicating oncolytic virus that selectively replicates in
and lyses dividing tumor cells. It has a proven safety profile in
clinical trials and has demonstrated efficacy as a gene-delivery
vehicle. To enhance its therapeutic potential, we have engineered
HSV1716 to convey the noradrenaline transporter (NAT) gene
(HSV1716/NAT), whose expression endows infected cells with the
capacity to accumulate the noradrenaline analog metaiodoben-
zylguanidine (MIBG). Thus, the NAT gene–infected cells are sus-
ceptible to targeted radiotherapy using radiolabeled 131I-MIBG,
a strategy that has already shown promise for combined targeted
radiotherapy–gene therapy in cancer cells after plasmid-mediated
transfection. Methods: We used HSV1716/NAT as a dual cell
lysis–gene delivery vehicle for targeting the NAT transgene to
human tumor xenografts in vivo. Results: In tumor xenografts that
did not express NAT, intratumoral or intravenous injection
of HSV1716/NAT induced the capacity for active uptake of 131

I-MIBG. Administration of HSV1716/NAT and 131I-MIBG resulted
in decreased tumor growth and enhanced survival relative to in-
jection of either agent alone. Efficacy was dependent on the
scheduling of delivery of the 2 agents. Conclusion: These findings
support a role for combination radiotherapy–gene therapy for can-
cer using HSV1716 expressing the NAT transgene and targeted
radionuclide therapy.
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Herpes simplex virus type 1 (HSV-1) is an attractive
vector for cancer gene therapy because of its broad tropism,
high infectivity in nondividing and dividing cells, lack of host
genome integration, and ease of preparation of high-titer
stocks (1). Furthermore, 30 kb of the HSV genome can be
replaced by transgenes, allowing the combination of onco-
lytic therapy with transgene delivery.

Generation of safe, selectively replication-competent viruses
has been predominantly accomplished by disruption of the
HSV virulence factor ICP34.5 (1,2). Several such viruses have
been used in clinical trials (3,4) and have demonstrated effi-
cacy in preclinical studies (5). One such conditionally replicat-
ing virus is HSV1716 (6), a mutant lacking both copies of the
RL1 gene that encodes the protein ICP34.5. It selectively rep-
licates in and lyses dividing but not terminally differentiated
cells (7) and has been shown to be safe after injection into the
normal animal brain (8). On administration, HSV1716 signif-
icantly increased survival times in mice bearing human tumor
cell xenografts (9–12). HSV1716 has been used in phase 1
clinical trials to treat patients with malignant glioma (13–15),
refractory melanoma (16), and advanced squamous cell carci-
noma of the head and neck (17). These trials demonstrated the
safety and limited toxicity of HSV1716 and provided proof of
principle that the virus is capable of directly destroying human
tumor cells while leaving normal cells intact.

Although encouraging results have been obtained using
conditionally replicating HSV-1 mutants as oncolytic mono-
therapies, the optimal application of these viruses will be in
combination with cytotoxic agents. Accordingly, second-
generation viruses are being developed. These combine the
oncolytic activity and safety of the first-generation HSV-1
mutants with the delivery of tumoricidal transgenes (2,4,5).
Because of the difficulty in targeting every cell within a tu-
mor, either for oncolysis or for transgene delivery, a success-
ful cancer gene therapy strategy will mediate killing of
infected and noninfected bystander tumor cells.

Targeted radionuclide therapy is the selective irradiation
of tumor cells by radionuclides conjugated to tumor-seeking
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molecules. One such agent, metaiodobenzylguanidine
(MIBG), has high affinity for the noradrenaline transporter
and is used for imaging and treatment of noradrenaline
transporter (NAT)–expressing neuroendocrine tumors. Unfor-
tunately, few tumor types have radiotargetable features such
as endogenous NAT expression. However, we have demon-
strated the possibility of rendering various tumor types sus-
ceptible to 131I-MIBG by transfer of the NAT gene, endowing
the cells with the capacity for uptake of 131I-MIBG and result-
ing in toxicity to tumor cells in vitro (18) and in vivo (19).
A limitation to cancer gene therapy is the low efficiency

of gene transfer to malignant cells in tumors. Therefore, an
attractive feature of the combination of targeted radiotherapy
with gene transfer is the cross-fire irradiation of surrounding
untargeted cells, from cells that have accumulated radio-
pharmaceutical. Furthermore, intracellular concentrated
radionuclides induce a potent radiation-induced biologic
bystander effect (RIBBE) (20), which results from the pro-
cessing of the physical radiation insult into toxic factors that
impinge on neighboring cells (20). RIBBEs are especially
significant as a response of cells to low-dose and dose-rate
radiation (21) characteristics of targeted radiotherapy (22).
To develop NAT gene transfer to enable 131I-MIBG ther-

apy for nonneural crest–derived tumors, we constructed an
HSV1716 recombinant virus containing the NAT gene. Pre-
viously, we reported that infection of glioma cells in vitro
with HSV1716/NAT (recombinant HSV1716 virus express-
ing the NAT transgene) resulted in expression of a func-
tional transporter and uptake of 131I-MIBG in a time- and
viral dose–dependent manner, indicating the effectiveness
of HSV1716 as a transgene delivery vehicle (23). Here we
report the utility of this virus in vivo.

MATERIALS AND METHODS

Viral Constructs
HSV1716 was derived from HSV Glasgow strain 171 as previ-

ously described (6). HSV1716/NAT was constructed, characterized,
and titrated in BHK21/13C as previously described (23,24).

No-Carrier-Added Synthesis of 131I-MIBG
Chemicals were purchased from Aldrich Chemical Co. High-

performance liquid chromatography–grade solvents were obtained
from Rathburn Chemicals. Carrier-free sodium 131I was purchased
from GE Healthcare. No-carrier-added 131I-MIBG was synthesized
by electrophilic iododesilylation of trimethylsilylbenzylguanidine,
as described previously (25).

Cells
Xenografts were established from the human glioma cell line

UVW and the human malignant melanoma cell line SK-MEL-3
(American Type Culture Collection). UVW cell lines were main-
tained in Eagle minimum essential medium (Invitrogen) with 10%
(v/v) fetal bovine serum, penicillin and streptomycin (100 U/mL),
fungizone (2 mg/mL), and glutamine (200 mM) (Invitrogen). The
SK-MEL-3 cell line was maintained in McCoy 5a medium (Invi-
trogen) supplemented as described for the UVW cell lines. The cells
were cultured at 37�C in an atmosphere of 5% CO2.

Experimental Animals
Six-week-old female congenitally athymic nude mice of strain

MF1 nu/nu were obtained from Charles River. In vivo experiments
were performed in accordance with the U.K. Coordinating Com-
mittee for Cancer Research guidelines on experimental neoplasia
in animals (26).

Tumor Xenografts
Xenografts were established in nude mice by subcutaneous

injection of 3 · 106 UVW or SK-MEL-3 cells freshly harvested at
60%–70% confluency. After 8 d (for UVW cells) or 16 d (for SK-
MEL-3 cells), mice bearing tumors of approximately 100 mm3 in
volume were randomized into treatment groups and placed in the
biohazard containment facility for use of category 2 virus and
targeted radionuclides as determined by local safety regulations.

To monitor potential toxicity, body weight was measured daily
and experimental animals were evaluated for signs of distress
using standard guidelines (27). Mice whose xenografts reached
1,900 mm3 were euthanized.

Biodistribution of 131I-MIBG
Biodistribution experiments were undertaken to determine

whether HSV1716/NAT conferred on UVW or SK-MEL-3 tumor
xenografts the ability to take up 131I-MIBG.

Mice with tumors of approximately 250 mm3 were randomized into
treatment groups of 12 mice per group. In the groups that received
intratumoral injection of the virus, each mouse received 1 · 106

plaque-forming units (PFU) of either HSV1716 or HSV1716/NAT
virus diluted in 50 mL of phosphate-buffered saline (PBS) or 50 mL
of PBS alone. In the groups that received an intravenous injection of
virus, each mouse received 1 · 107 PFU HSV1716/NAT diluted in
100 mL of PBS or 100 mL of PBS alone. Mice then received in-
traperitoneal injection of either PBS or 131I-MIBG (2 MBq) either
simultaneously with or 24 h after virus or PBS delivery.

Twenty-four or 48 h after radiopharmaceutical administration,
mice were euthanized. Tumor, heart, lung, adrenal glands, kidney,
spleen, and liver were excised and weighed, and the associated
radioactivity was measured in an automated g-counter (Packard Bio-
sciences Ltd.). The activity of each sample, in counts per minute, was
converted to an absolute value in megabecquerels, by comparison
with standards of known activity. From this value, the weight of
the tissue sample, and the activity of 131I-MIBG administered, the
activity in each organ and the tumor was expressed as the percentage
of the injected dose per gram of tissue. Correction was made for
radioactive decay since the time of injection.

Biodistribution of HSV1716/NAT
An assay for the presence of infectious HSV in mice bearing

SK-MEL-3 tumors was performed by homogenizing tissue
samples 3 and 7 d after HSV1716/NAT injection. Briefly, tissue
samples were homogenized using an Omni TH-02 homogenizer in
1 mL of PBS before titration on BHK21/13C cells as described
previously (24).

Immunohistochemical analysis for the presence of HSV was
performed on 3-mm-thick paraffin sections of tissue samples from
mice bearing UVW and SK-MEL-3 tumors using a monoclonal
antibody recognizing an unspecified epitope of HSV1 strain Stoker
(Dako). Sections were pretreated by microwaving for antigen re-
trieval. Bound antibody was visualized using the enVision system
(Dako). Tissue sections were imaged using a Zeiss Axioplan 2
microscope and ISIS software (Metasystems) for capturing images.
Negative controls were sections from tumors treated with PBS.
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Tumor Therapy
Mice with tumors of approximately 100 mm3 diameter were ran-

domized into treatment groups of 12 mice each. Groups of animals
received 1 · 105, 1 · 106, or 1 · 107 PFU of either HSV1716 or
HSV1716/NAT diluted in 50 mL of PBS by intratumoral injection.
Control animals received injection of 50 mL of PBS. Virus injection
was followed by intraperitoneal injection of 10 MBq of 131I-MIBG
simultaneously with or 24 h after virus or PBS injection.

To determine the efficacy of systemic administration HSV1716/NAT
on tumor growth, groups of animals received an intravenous in-
jection of 1 · 107 PFU of HSV1716/NAT diluted in 100 mL of
PBS or PBS alone, followed by an intraperitoneal injection of 10
MBq of 131I-MIBG 24 h after virus or PBS injection.

Subcutaneous tumors were measured with calipers immediately
before treatment and every 2 or 3 d thereafter. On the assumption
of ellipsoidal geometry, diameter measurements were converted to
an approximate volume by multiplying half the longest diameter
by the square of the mean of the 2 shorter diameters. Mice whose
xenograft volume reached 1,900 mm3 were euthanized. For every
animal, relative tumor volume (volume at any time point divided
by volume immediately before treatment) was plotted against
time, and the area under the time–volume curves was determined
by trapezoidal approximation. The area under the time–volume
curves was used as a measure of treatment effectiveness for the
purpose of comparison between groups. For animals that were
euthanized because of fast tumor growth, before the termination
of the experiment, the tumor volume curve was extrapolated at
constant volume from the time of euthanasia.

Statistical Analysis
One-way ANOVA was used to compare the magnitude of

radiopharmaceutical uptake after various administration schedules
of virus. Post hoc testing used Bonferroni correction for multiple
comparisons. A P value of less than 0.05 was considered significant
for all results.

To test for differences in tumor growth between experimental
therapy groups, the Kruskal–Wallis test was used, with post hoc
testing by the Mann–Whitney U test with Bonferroni correction.

RESULTS

Biodistribution of 131I-MIBG After
Virus Administration

NAT expression in UVW and SK-MEL-3 xenografts and
normal organs, after administration of HSV1716/NAT, was
assessed using a functional 131I-MIBG uptake assay.
The concentration of 131I-MIBG (in both tumor types)

from animals treated with the radiopharmaceutical and virus
via 2 different schedules was compared: 131I-MIBG was ad-
ministered either simultaneously with 1 · 106 PFU of
HSV1716, HSV1716/NAT, or PBS or with virus–PBS pre-
ceding 131I-MIBG administration by 24 h (½Fig: 1� Fig. 1A; Supple-
mental Fig. 1A [supplemental materials are available online
only at http://jnm.snmjournals.org]). HSV1716 and PBS were
used to determine the biodistribution of 131I-MIBG in the
absence of the NAT transgene. One-way ANOVA revealed
no significant difference in the accumulation of radioactivity
between xenografts infected with HSV1716, compared with
PBS administration, in any schedule examined. However, in
both xenografts, there was a statistically significant difference
in 131I-MIBG uptake after administration of HSV1716/NAT,

compared with HSV1716 or PBS, regardless of the delivery
schedule (P , 0.001, 1-way ANOVA). Post hoc analysis
showed that in both xenografts, tumor uptake of 131I-MIBG
was significantly enhanced when HSV1716/NATwas adminis-
tered 24 h before 131I-MIBG, relative to uptake after simulta-
neous administration (P , 0.001). There was no significant
difference between radiopharmaceutical retention in either tu-
mor xenograft at 24 and 48 h after radiopharmaceutical admin-
istration within each schedule, indicating that 131I-MIBG was
retained within the tumor.

To determine whether intratumoral injection of HSV1716/NAT
or PBS delivered by either schedule affected the biodistribu-
tion of 131I-MIBG in other organs, we compared the uptake
in liver, spleen, adrenals, kidney, lung, and heart in UVW
and SK-MEL-3 tumor–bearing mice 48 h after radiophar-
maceutical administration (Fig. 1B; Supplemental Fig. 1B).
Compared with PBS, HSV1716/NAT did not significantly
affect the accumulation of radioactivity in any of the organs
examined (1-way ANOVA, P . 0.05), regardless of the
delivery schedule. Furthermore, the biodistribution of
131I-MIBG between the 2 tumor types was similar.

Braidwood et al. (28) previously showed that an intrave-
nous injection of 1 · 107 PFU of HSV1790 (HSV1716 with
nitroreductase gene) resulted in significant accumulation of
virus within UVW tumor xenografts. Therefore, to assess the
effect of intravenous administration of HSV1716/NAT on
131I-MIBG uptake in SK-MEL-3 and UVW xenografts, 1 ·
107 PFU of virus was administered 24 h before radiopharma-
ceutical by tail vein injection. Uptake of 131I-MIBG into the
tumor was significantly higher after an intravenous injection
of HSV1716/NAT than of PBS (P , 0.01, 1-way ANOVA)
( ½Fig: 2�Fig. 2). No difference was found in the accumulation of 131

I-MIBG in any other organs investigated after HSV1716/NAT
administration, compared with PBS (data not shown).

No toxicity was observed in any animal after intratumoral
injection of 1 · 106 PFU of HSV1716/NAT or HSV1716
with or without 131I-MIBG administration or indeed with
any other virus titers or treatment schedules administered
throughout the experimental cohort.

Biodistribution of HSV1716/NAT

The biodistribution of HSV1716/NAT in UVW and SK-
MEL-3 tumor xenografts and major organs was determined
by immunohistochemistry 24 h after intratumoral injection
or intravenous administration of the virus. ½Fig: 3�Figures 3A and
3B show representative images of HSV staining in UVW
tumor sections after intratumoral injection of the virus. Fig-
ure 3A shows several areas with HSV-positive cells (brown).
Figure 3B shows an area with a typical HSV infection, char-
acterized by giant multinucleated cells and holes, in which
the cells have been killed. In all animals treated with an
intratumoral injection of HSV1716/NAT, evidence of HSV
was found in the tumors, whereas there was no indication of
positive staining in any other organ investigated.

After intravenous administration, however, HSV was
undetectable in the tumor or any other tissues, as determined
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by immunohistochemistry (data not shown). Therefore, we
measured the level of infectious virus present 3 and 7 d after
virus administration (intravenous or intratumoral injection)
by titration of virus from SK-MEL-3 tumors and major organ
samples onto BHK21/13C cells. Infectious virus was
detected in tumor samples from animals injected with
HSV1716/NAT intravenously or intratumorally 3 d after
virus injection (Fig. 3C). Higher titers than injected were
measured on days 3 and 7 after intratumoral injection of 1 ·
106 PFU of HSV1716/NAT, indicating virus replication

within the tumor. The lower amount of virus titrated 3 d
after intravenous administration (Fig. 3C) is consistent with
the indirect administration route. The failure to detect virus
by titration on day 7 after intravenous injection suggests
that little HSV1716/NAT lodged in this tumor. No infec-
tious virus was found in any of the other organs examined
after either route of infection (Fig. 3C).

Tumor Growth Delay After Intratumoral
Administration of HSV1716/NAT and 131I-MIBG

Before proceeding to the assessment of combination
therapy, it was important to determine a concentration of
HSV1716/NAT alone that did not cure tumors and thus
allowed any additional benefit of radiopharmaceutical to be
determined. We further wished to confirm the absence of
additional tumor growth delay in the presence of 131I-MIBG
but in the absence of the NAT transgene (HSV1716 and PBS
as controls). We therefore assessed tumor growth delay that
was attributable to intratumoral injection of HSV1716/NAT
alone at different viral titers (1 · 105 to 1 · 107 PFU) and the
effect on tumor growth delay of HSV1716 or PBS alone or in
combination with 131I-MIBG (10 MBq) administered 24 h
after viral injection ( ½Fig: 4�Fig. 4A).

Comparisons by the Kruskal–Wallis test of differences
between growth curves for UVW tumor xenografts injected
with PBS or HSV1716 or with HSV1716/NAT at different
viral titers indicated that there were significant differences
in the growth of tumors between these groups (P , 0.001).
Pairwise comparisons revealed that 1 · 105 PFU of
HSV1716/NAT produced significantly greater growth delay
than did PBS treatment (P , 0.02). Administration of 1 ·
106 PFU of HSV1617/NAT significantly reduced tumor
growth relative to that achieved by 1 · 105 PFU of the virus
(P , 0.02). Similarly, the tumor growth rate after treatment
with 1 · 107 PFU of the virus was significantly slower than
that of mice treated with 1 · 106 PFU (P , 0.02). When

FIGURE 1. Effect of scheduling of viral delivery on accumulation of
131I-MIBG by human UVW glioma tumor xenografts (A) and normal

organs (B). HSV1716/NAT or HSV1716 (1 · 106 PFU) was injected

intratumorally 24 h before (b) or simultaneously (s) with intraperito-
neal administration of 2 MBq of 131I-MIBG. Radiation accrual was

measured 24 or 48 h after radiopharmaceutical administration in

excised tumors and 48 h after in normal organs. Data are means

and SDs of 12 determinations.

FIGURE 2. Effect of intravenous injection of HSV1716/NAT on ac-

cumulation of 131I-MIBG in human UVW glioma and SK-MEL-3 tumor

xenografts. HSV1716/NAT (1 · 107 PFU) was administered 24 h before
intraperitoneal administration of 2 MBq of 131I-MIBG. Radioactivity in

excised tumors was measured 24 or 48 h after radiopharmaceutical

administration. Data are means and SDs of 12 determinations.
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comparing tumor growth between animals treated with the
same titer of HSV1716 (lacking the NAT transgene) or
HSV1716/NAT (with the NAT transgene), no significant
difference in tumor growth delay was evident (P 5 0.3).
Compared with the virus alone, when HSV1716 (lacking
the NAT transgene) was administered in combination with
131I-MIBG, no additional effect on tumor growth delay was
evident. PBS treatment followed by 131I-MIBG injection,
compared with injection of PBS alone, also showed no signif-
icant effect on tumor growth delay (P . 0.05). These experi-
ments show that in the absence of the HSV1716-delivered
NAT transgene, treatment with 131I-MIBG did not affect tumor
growth. Tumor cure rates are shown in Figure 4B. Tumor cures
occurred only after the injection of 1 · 107 PFU of HSV1716
or HSV1716/NAT, indicating that virus titers lower than 1 ·
107 PFU (1 · 105 and 1 · 106 PFU) should be used for sub-
sequent evaluation of combination therapy.

Comparison of Treatment Schedules for Tumor
Growth Delay After Intratumoral Administration of
HSV1716/NAT and 131I-MIBG

In the combination schedules assessed, virus was injected
intratumorally into UVWor SK-MEL-3 xenografts either 24 h
before or simultaneously with 131I-MIBG (½Fig: 5� Figs. 5A and 5B).

In control animals, PBS was injected 24 h before 131I-MIBG
administration. For both tumor types, there were significant
differences in growth between tumors treated with 1 · 105

PFU of HSV1716/NAT alone or in combination with 10 MBq
of 131I-MIBG either simultaneously or 24 h later (P , 0.001,
Kruskal–Wallis test). Pairwise comparisons revealed signif-
icant differences between the growth of tumors treated with
1 · 105 PFU of HSV1716/NAT alone and with each of the
131I-MIBG schedules (P , 0.001), indicating that the addi-
tion of 131I-MIBG caused greater tumor cell sterilization than
was achieved by the virus alone. Similar statistically signif-
icant differences were observed after injection of 1 · 106

PFU of HSV1716/NAT with or without 131I-MIBG (P ,
0.001) for both tumors. For both tumor types, there was also
a statistically significant enhancement of cell kill when
HSV1716/NAT at 1 · 105 or 1 · 106 PFU was administered
24 h before rather than simultaneously with 131I-MIBG

FIGURE 3. (A and B) Representative images of immunohistochem-

ical staining of HSV (brown) in UVW xenograft tumors 24 h after intra-

tumoral administration of 1 · 106 PFU of HSV1716/NAT (n 5 3). (C)

Titer of infectious virus (PFU/mL) present 3 and 7 d after administration
of HSV1716/NAT (intratumor, 1 · 106 PFU; intravenous, 1 · 107 PFU) in

tumor samples from mice bearing melanoma tumors. Data are means

and SDs of 3 determinations. IT 5 intratumorally; IV 5 intravenously.

RGB

FIGURE 4. Determination of appropriate dose of virus to use in

combination therapies: 1 · 105, 1 · 106, and 1 · 107 PFU of
HSV1716/NAT and 1 · 106 and 1 · 107 PFU of HSV1716 were

administered and assessed against growth (A) and cure (B) of hu-

man glioma xenografts. As control for absence of NAT transgene

delivery, treatment with 131I-MIBG (10 MBq) was preceded by intra-
tumoral delivery of HSV1716 or PBS. Cure was defined as failure of

xenografts to grow over experimental period (days 0–30). Data are

means and SDs of 12 determinations.
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(P , 0.001 for both tumor types), demonstrating the im-
portance of appropriate scheduling to achieve maximum
therapeutic benefit.
Tumor cures were achieved in both xenografts by

combination of HSV1716/NAT and 131I-MIBG only when
HSV1716/NAT was injected 24 h before the radiopharma-
ceutical (Fig. 5C).

Tumor Growth Delay After Intravenous
Administration of HSV1716/NAT and 131I-MIBG

We also investigated the effect of intravenous injections of
1 · 107 PFU of HSV1716/NAT and 131I-MIBG combination
therapy on the growth of UVW and SK-MEL-3 xenografts
(½Fig: 6� Figs. 6A and 6B, respectively). Greatest growth delay was
previously observed (Fig. 4) when virus was administered 24 h
before 131I-MIBG; therefore, this schedule was used. For both
xenografts, there were significant differences in growth between
tumors treated with an intravenous injection of HSV1716/NAT
alone or in combination with 10 MBq of 131I-MIBG (P ,

0.01). Tumor cures (although modest) were achieved in both
xenografts only with the combination of HSV1716/NAT and
131I-MIBG (Fig. 6C).

DISCUSSION

Radiotherapy efficacy is limited by normal-tissue toxicity.
One way to increase the therapeutic ratio is by targeted
radionuclide therapy. 131I-MIBG is one of the most promising
radiopharmaceuticals currently used for the imaging and treat-
ment of neural crest–derived tumors, because of its high af-
finity for the noradrenaline transporter (29). Unfortunately,
this approach is limited to a few tumors possessing molecular
characteristics rendering them amenable to targeting (29).

We describe the combination of oncolytic virus therapy
and cancer gene therapy incorporating delivery of the NAT
gene, which endowed human glioma and melanoma cancer
cells grown as xenografts in athymic mice with the capacity
for uptake of 131I-MIBG, an ability that these cells do not
normally possess.

FIGURE 5. Effect of intratumoral administration of various titers of HSV1716/NAT alone or in combination with 131I-MIBG treatment (10

MBq) on growth of UVW (A) and SK-MEL-3 (B) xenografts. Radiopharmaceutical was administered either simultaneously with (s) or 24 h
after (b) virus injection. (C) Cure of UVW and SK-MEL-3 xenografts after treatment schedules was defined as failure of xenografts to grow

over experimental period. Data are means and SDs of 12 determinations.

FIGURE 6. Effect of intravenous administration of HSV1716/NAT (1 · 107 PFU) or PBS alone or in combination with 131I-MIBG treatment

(10 MBq) on growth of xenografts derived from UVW glioma (A) and SK-MEL-3 melanoma (B) cells. Radionuclide was administered 24 h
after injection of virus. (C) Cure of UVW and SK-MEL-3 xenografts after treatment was defined as failure of xenografts to grow over

experimental period. Data are means and SDs of 12 determinations.
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The results corroborate that HSV1716 alone has significant
antitumor activity. We demonstrated, first, that virally induced
inhibition of tumor growth is enhanced by the administration
of 131I-MIBG after infection with the recombinant HSV1716
expressing the NAT transgene; second, that therapeutic benefit
of the application of HSV1716/NAT and radiopharmaceutical
is scheduling-dependant; and third, that cure is achievable
after the combination of the 2 modalities.
Intratumoral and intravenous administration of HSV1716/

NAT enhanced the accumulation of 131I-MIBG in xenografts
but did not affect uptake of the radiopharmaceutical by normal
tissues. Intratumoral virus injection 24 h before radiopharma-
ceutical, compared with the simultaneous administration of the
2 agents, resulted in approximately twice the concentration of
131I-MIBG in tumors. In the absence of the NAT transgene
(injection of PBS or HSV1716), 131I-MIBG accumulation
was negligible, indicating that 131I-MIBG did not accrue in
tumor tissue without the introduction of the NAT transgene
via HSV1716/NAT. Furthermore, the greater accumulation
achieved by sequential application of virus and 131I-MIBG
was reflected in a measurable increase in the inhibition of
tumor growth and an enhanced cure rate, probably because
of the enabling of HSV1716/NAT infection of tumor cells with
concomitant expression of the NAT before 131I-MIBG uptake.
The preferred route of administration of HSV1716 in

clinical trials has been by intratumoral injection. This,
however, would not benefit patients with metastatic disease.
We have demonstrated in these proof-of-principle studies
that intravenous injection of HSV1716/NAT results in NAT
expression and active uptake of 131I-MIBG within tumor
tissue, with no evidence of virus or additional uptake of
131I-MIBG in normal tissues.
For several decades, viruses and their replication-selective

counterparts have been investigated as a means of killing
tumor cells (30) and have shown considerable promise for
cancer treatment (5). HSV1716, an avirulent HSV-1 mutant
(31), does not replicate in nondividing or terminally differ-
entiated cells (7) or cause encephalitis after intracerebral in-
oculation of mice (6), but replication and lysis readily occur
in dividing tumor cells (7). These characteristics render
HSV1716 a promising candidate for tumor-specific cell lysis,
in particular for brain tumors, which rapidly proliferate
within a background of nondividing cells.
The safety of intratumoral injection of HSV1716 has

been demonstrated in clinical studies (13–17,32). Although
HSV1716 has shown promise as a monotherapy, enhanced
therapeutic potential is achievable via combination with
conventional treatments, in which the expression of several
different targets in the rapidly evolving cells of tumors is
exploited. Because the mode of action of HSV toxicity is
distinct from conventional chemotherapy and radiotherapy,
the benefit of the combination with chemotherapeutic drugs
or radiation is implied (33,5). Another strategy used to en-
hance HSV efficacy has been the creation of HSV variants
expressing prodrug activation enzymes that, compared with
virus alone, have increased antitumor efficacy (34).

Radiation in combination with HSV-1 mutants has demon-
strated enhanced kill in tumor models (35–39). Moreover, there
are indications that the interaction between HSV-1 and radia-
tion is synergistic, possibly because of increased viral replica-
tion and improved dissemination of the virus within tumors
(36,39).

We demonstrated that HSV1716 can be modified to
express the NAT transgene and endow cells with the
capacity for uptake of 131I-MIBG, allowing tumor cells to
be targeted both by the oncolytic activity of HSV1716 and
by the selective concentration of radionuclide without in-
creased toxicity. Because of the physical limitations to ef-
ficient delivery of viruses, it is likely that most of the tumor
cells are uninfected by initial virus inoculums. Although
subsequent viral replication cycles result in increased tumor
cell infection, it is improbable that all the infected cells will
be killed, and additional modalities will be required to en-
sure 100% tumor cell kill. Furthermore, variations in cell
state and cell cycle have a determining impact on the rep-
lication capacity of the virus, and HSV1716 may not enter
its lytic replication cycle in all infected cells.

An attractive feature of oncolytic viral therapy combined
with targeted radiotherapy is an intrinsic radiologic bystander
effect derived from the transfer of radiation-induced toxic
factors to, and cross-fire irradiation of, noninfected cells (21).
Consequently, control of tumor growth may result from virus
replication resulting in direct lysis of cells and the expression
of the NAT transgene in other cells whose state does not allow
a full virus replication. NAT gene expression allows the ac-
cumulation of 131I-MIBG, resulting in direct radiation kill of
such cells plus toxicity to neighboring, nontargeted cells
(which have not been infected with virus) via cross-fire irra-
diation and RIBBE.

CONCLUSION

Scheduling experiments to further optimize delivery of
virus and uptake of radionuclide by tumor cells are in
progress. It is evident from these data that the delivery of
HSV1716/NAT, followed by treatment with 131I-MIBG,
could have exciting clinical applications. Third-generation
versions of the virus are under construction with tumor-
targeting moieties for enhanced infection rates after sys-
temic administration.
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