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Myb34.5 is a herpes simplex virus 1 (HSV-1) mutant deleted in the gene for ribonucleotide reductase
(ICP6). It also carries a version of ¥;34.5 (a viral gene product that promotes the dephosphorylation of
elF-20r) that is under control of the E2F-responsive cellular B-myb promoter, rather than of its endoge-
nous promoter. Myb34.5 replication in tumor cells results in their destruction (oncolysis). y;34.5 expres-
sion by HSV-1 subverts an important cell defense mechanism against viral replication by preventing
shutoff of protein synthesis after viral infection. Infection of colon carcinoma cells with Myb34.5 results
in greater elF-20. dephosphorylation and viral replication compared with infection with HSV-1 mutants
completely defective in ¥;34.5 expression. In contrast, infection of normal hepatocytes with Myb34.5
results in low levels of eIF-20. dephosphorylation and viral replication that are similar to those observed
with HSV-1 mutants completely defective in y;34.5 and ICP6. When administered intravascularly into
mice with diffuse liver metastases, Myb34.5 has greater antineoplastic activity than HSV-1 mutants with
completely defective y;34.5 expression and more restricted biodistribution compared with HSV-1
mutants with wild-type y;34.5 expression. Myb34.5 displays reduced virulence and toxicity compared
to HSV-1 mutants with wild-type 7:34.5 expression. Portal venous administration of Myb34.5 signifi-
cantly reduces liver tumor burden in and prolongs the life of mice with diffuse liver metastases. Preex-
isting Ab’s to HSV-1 do not reduce the antitumor efficacy of Myb34.5 in vivo.

J. Clin. Invest. 109:871-882 (2002). DOI:10.1172/JCI1200210623.

Introduction
The vast majority of cancer gene therapy strategies for
transgene delivery rely on genetically modified viruses
(1, 2). These viruses generally have been engineered
such that they are capable of replication only in special
packaging cell lines and incapable of replication in
humans. Antineoplastic activity is dependent on trans-
gene delivery and expression. An alternative strategy
relies on and exploits viral replication for tumor
destruction, whereby infection of tumor cells by virus
leads to cell destruction and simultaneous release of
progeny virion that can infect adjacent tumor cells. The
antineoplastic activity of viral oncolysis is dependent
on the very efficient process of viral replication; how-
ever, it is critically important to maintain robust viral
replication in neoplastic cells and simultaneously
attenuate viral replication in non-neoplastic cells.
Several viruses have been examined for their oncolyt-
ic activity, including adenovirus (3, 4), herpes simplex
virus (5), vaccinia virus (6), and reovirus (7). These virus-
es have been directly inoculated into tumors, which is
an approach that has clinically significant drawbacks
specifically for treatment of liver tumors in comparison
with intravascular delivery. The first is that this

approach requires direct visualization or radiographic
imaging of the liver lesions. Both primary and second-
ary liver tumors are most commonly multifocal, and a
majority of patients with these tumors harbor numer-
ous, undetectable foci of hepatic neoplastic cells (8). The
inability to precisely determine the boundary between
malignancy and normal liver represents another draw-
back to a strategy that is dependent on direct intratu-
moral inoculation. Although it is more difficult to
demonstrate efficacy following intravascular adminis-
tration rather than direct intratumoral inoculation of
viral vectors, it is important to succeed in this goal.

A modest number of published reports describe the
use of genetically engineered herpes simplex virus 1
(HSV-1) for cancer therapy. These reports have general-
ly involved direct intratumoral inoculation of mutant
HSV-1 that are defective in expression of thymidine
kinase (5), ribonucleotide reductase (9, 10), uracil-N-gly-
cosylase (11), ory;34.5 (12). We have demonstrated pre-
viously that intravascular administration of an HSV-1
mutant (hrR3) that is defective in the large subunit of
ribonucleotide reductase (ICP6) selectively targets liver
metastases (13). In this first-generation HSV-1 vector
hrR3, the missing viral gene function (ribonucleotide
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Figure 1

Diagram of the regulation of protein synthesis by ¥;34.5 in HSV-
1-infected cells. Protein kinase R (PKR) recognizes viral double-
strand RNA and is subsequently activated by autophosphorylation.
Activated (phosphorylated) PKR phosphorylates elF-20, which
inhibits initiation of protein translation within the cell and in turn
inhibits viral replication. HSV-1 y;34.5 interacts with cellular protein
phosphatase-1a (PP10) to dephosphorylate elF-2a, thus allowing
continued protein synthesis.
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reductase), is effectively complemented by liver metas-
tases but not by normal liver, which results in hrR3
replication preferentially in liver metastases rather than
in normal liver. However, hrR3 can replicate at low lev-
els in non-neoplastic cells and demonstrates virulence
in vivo at high titer. Accordingly, we have concentrated
our efforts on development and characterization of an
HSV-1 mutant that is as effective in its oncolytic poten-
tial, but less toxic and virulent in vivo.

Myb34.5 is a second-generation replication-condi-
tional HSV-1 mutant in which ICP6 expression is defec-
tive and expression of the HSV-1y,34.5 gene is regulat-
ed by the cellular B-myb promoter (14). Following
HSV-1 infection, ¥;34.5 normally interacts with the cel-
lular protein phosphatase-1a, which leads to eIF-20
dephosphorylation (Figure 1) (15-18). This allows ini-
tiation of protein translation to proceed, which is nec-
essary for robust viral replication. HSV-1 mutants with
completely defective ¥;34.5 expression display signifi-
cantly attenuated replication in both normal and neo-
plastic cells. In contrast, regulation of y;34.5 expression
by the cellular B-myb promoter following infection by
Myb34.5 theoretically permits y;34.5 expression in
cycling cells and in cells with deregulated E2F activa-
tion. Accordingly, Myb34.5 replication in quiescent
cells should be more attenuated than that of ICP6-
defective HSV-1 mutants with normal y;34.5 expres-
sion. And Myb34.5 replication in tumor cells should be
greater than that of HSV-1 mutants with completely
defective y;34.5 function.

In the present study we have correlated replication of
several HSV-1 mutants that differ in their expression of
ICP6 and 7v,34.5 with their ability to induce eIF-2a
dephosphorylation. We are specifically interested in the
applicability of Myb34.5-mediated oncolysis of liver
metastases following regional intravascular delivery,
and therefore we have examined replication and cyto-

pathic effects in human hepatocytes and colon carci-
noma cells. We have demonstrated that (a) the HSV-1
v134.5 gene product in Myb34.5 dephosphorylates
eIF-2a in infected colon carcinoma cells but not in nor-
mal hepatocytes, which represents the fundamental
mechanism by which we intended to regulate viral
replication in this engineered construct and leads to
more restricted biodistribution and less toxicity than
hrR3; (b) Myb34.5 replication in colon carcinoma cells
is more robust than that of HSV-1 mutants complete-
ly defective in y;34.5 and ICP6, and this is associated
with greater antineoplastic activity; (c) portal venous
administration of Myb34.5 reduces liver tumor burden
more effectively than HSV-1 mutants completely defec-
tive in ¥;34.5 and ICP6 and produces greater than 50%
improvement in median survival of mice despite only a
single administration; greater efficacy is observed fol-
lowing multiple Myb34.5 administrations.

Methods

Cells and viruses. The Vero African monkey kidney cells,
HT29 human colon carcinoma cells, and MC26 mouse
colon carcinoma cells were propagated in DMEM with
8% FBS, 100 U/ml penicillin, and 100 mg/ml strepto-
mycin. Primary human and mouse hepatocytes were
prepared as described (13). HSV-1 vectors F strain
(wild-type HSV-1) and R3616 (defective y;34.5 expres-
sion) (15) were kindly provided by Bernard Roizman
(University of Chicago, Chicago, Illinois, USA). The
hrR3 (defective ICP6 expression) (19) was kindly pro-
vided by S.K. Weller (University of Connecticut, Storrs,
Connecticut, USA). Recombinant HSV-1 vectors
Myb34.5 (defective ICP6 expression and y;34.5 expres-
sion regulated by the B-myb promoter) and MGH1
(defective ICP6 and v;34.5 expression) were both
derived from F strain (14, 20). Heat inactivation of
viruses was performed as described (21).

Determination of eIF-20c phosphatase activity. The bacter-
ial expression vectors pQE-elF-20. and pGEX-PKR were
kindly provided by Bryan R.G. Williams (Lerner
Research Institute, Cleveland, Ohio, USA) (22).
Escherichia coli BL21 cells harboring the pQE-eIF-2ar and
PGEX-PKR expression vectors were grown overnight in
50 ml Luria-Bertani (LB) broth containing 50 pg/ml
ampicillin. Following 1:10 dilution in fresh LB broth,
cells were grown for 3 hours to an optical density of 0.8,
at which time isopropyl-1-thio-B-p-galactopyranoside
(IPTG) was added to a concentration of 1 mM for an
additional 4 hours. Bacteria were pelleted and resus-
pended in modified NTEN (20 mM Tris-HCI, pH 7.6;
150 mM NaCl; 1 mM EDTA; 0.2 mM PMSF; 10 pg/ml
aprotinin; 10 pg/ml leupeptin). Cells were lysed and
sonicated, and lysates were centrifuged at 22,500 g at
4°C for 20 minutes. To purify the His-tagged eIF-2x
protein, the supernatants of these lysates were incu-
bated in a 50% Ni-NTA slurry (QIAGEN Inc., Valencia,
California, USA) at 4°C for 60 minutes. The lysate-Ni-
NTA mixture was loaded into a column and eluted
with modified NTEN buffer including 250 mM imida-
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zole. To purify the GST-PKR fusion protein the super-
natant was incubated with glutathione-Sepharose
beads (Amersham Pharmacia Biotech Inc., Piscataway,
New Jersey, USA) for 60 minutes at 4°C, and the
lysate-glutathione-Sepharose beads mixture was
loaded into a column and eluted with buffer contain-
ing 50 mM Tris, pH 8.0; 1 mM EDTA; and 10 pg/ml
reduced glutathione. Purified eIF-2¢ protein (2 [g) was
reacted with GST-PKR protein (2 pg) in 20 mM Tris-
HC], pH 7.5; 40 mM KCl; 2 mM MgCl,; and [y3?P]ATP
(5 Ci) in a final volume of 50 pl for 30 minutes at 32°C
to yield phosphorylated eIF-20.. HT29 cells and human
hepatocytes were harvested 15 hours after mock infec-
tion or infection with 20 plaque-forming units (pfu) of
HSV-1 F strain, Myb34.5, or MGH1 per cell, and S10
fractions were prepared from these lysates and diluted
to a final volume of 15 ul with 20 mM Tris-HCI (pH
7.5), 50 mM KCl, 2 mM MgCl,, and 0.1 mM EDTA. The
amount of protein in each sample was quantified by
BCA protein assay kit (Pierce Chemical Co., Rockford,
Illinois, USA) (17, 23). ATP was added to a final con-
centration of 0.8 mM. After 30 seconds at 32°C, each
sample received 2 pl of eIF-20-32P and was reincubated
at 32°C. The rate of dephosphorylation of elF-20.-32P
was determined by placing 10-pl aliquots into a solu-
tion containing SDS at various time points, followed
by electrophoresis on 10-20% gradient gels. The 2P
remaining in eIF-20.-32P was quantified by an image
analyzer (ImageQuant; Molecular Dynamics, Sunny-
vale, California, USA) (24).

Viral replication and cytotoxicity assays. Viral replication
and viral cytotoxicity assays were performed as
described previously (25, 26).

PCR assay. PCR amplification of HSV-1-specific
sequences was used to investigate the biodistribution
of HSV-1 following administration to mice. Forward
oligonucleotide primer 5-GGAGGCGCCCAAGCGTC-
CGGCCG-3’ and reverse oligonucleotide primer 5’-
TGGGGTACAGGCTGGCAAAGT-3" were used to ampli-
fy a 229-bp fragment of HSV-1 DNA polymerase gene.
BALB/c mouse tissues were incubated in digestion
buffer (10 mM Tris-HCI, pH 7.4; 5 mM EDTA; 0.5%
SDS; and 200 pg/ml proteinase K, pH 8.0) at 56°C
overnight. Following phenol and chloroform (1:1)
extraction, DNA was precipitated in 70% ethanol,
lyophilized, and resuspended in distilled water. DNA
(0.1 ng) was then subjected to PCR amplification.
PCR reactions were performed in a 25-ul volume
using rTth DNA polymerase per manufacturer’s
instructions (Perkin-Elmer Applied Biosystems, Fos-
ter City, California, USA) with a DNA Thermal Cycler
480 (Perkin-Elmer Applied Biosystems) for 35 cycles
0f 95°C for 1 minute, 60°C for 1 minute, and 72°C
for 1 minute. Appropriate negative controls were used
for all PCR reactions, and no contamination of
reagents was detected.

Western blot analysis. Measurements of ribonu-
cleotide reductase protein were performed as previ-
ously described (10).

Animal studies. BALB/c mice were obtained from
Charles River Laboratories Inc. (Wilmington, Massa-
chusetts, USA). Animal studies were performed in accor-
dance with policies of the Massachusetts General Hos-
pital. To assess the therapeutic efficacy of HSV-1 against
diffuse liver metastases, a single-cell suspension con-
sisting of 105 MC26 cells in 100 ul HBSS without Ca?*
or Mg?* was injected into spleens of BALB/c mice, fol-
lowed 3 days later by 5 x 107 pfu hrR3, MGH1, Myb34.5,
or heat-inactivated Myb34.5 in 100 ul media (» = 5 per
group). Mice were sacrificed 14 days after tumor
implantation, and the livers and spleens were weighed.
To assess survival, mice were treated in the same man-
ner and then followed for survival. To examine the ther-
apeutic efficacy of Myb34.5 in HSV-1-vaccinated mice
bearing diffuse liver metastases, mice were vaccinated
with 107 pfu KOS or Myb34.5 in 100 ul HBSS media by
subcutaneous flank injection (27). Control mice were
vaccinated with mock-infected media. Two mice in each
group were sacrificed after 28 days to collect serum for
measurement of the presence of Ab’s capable of neu-
tralizing Myb34.5-mediated cytotoxicity against HT29
cells. The remaining mice were injected with 10> MC26
cells into the spleen 25 days after vaccination and then
treated with an intrasplenic injection of 5 X 107 pfu
Myb34.5 after 3 more days (n = 6 per group).

To permit multiple intraportal inoculations with-
out repeated laparotomies, we transposed spleens to
a subcutaneous position without disruption of the
vascular pedicle. We used methylene blue to confirm
that injection into the spleen several weeks later still
perfused the entire liver. One week after splenic trans-
position, diffuse liver metastases were established by
inoculation of 5 X 103 MC26 cells directly into the
mesenteric vein. Mice were then treated with multiple
intrasplenic inoculations of hrR3, MGH1, Myb34.5,
or heat-inactivated Myb34.5 in the same experiment
and followed for survival.

To analyze liver metastases separately from liver tissue
for the presence of HSV-1, single liver metastases were
established via intrahepatic inoculation of 10° MC26
cells during laparotomy. Intrasplenic HSV-1 injections
were performed 1 week later, and the animals were sac-
rificed 3 days later. Tumors were harvested separately
from normal liver tissue, and each was processed and
examined for HSV-1. For determination of viral titers in
liver and tumor, the tissue was weighed, then minced in
1 mg/ml collagenase A in PBS. After centrifugation at
2,000 g, viral plaque-forming units in the supernatants
were measured on confluent Vero cell monolayers.

Statistical analysis. Two nonparametric statistical analy-
ses, the log-rank test and Peto-Wilcoxon test, were used
to compare survival between groups. Mean liver and
spleen were compared using an unpaired two-tailed ¢ test
(InStat; Graphpad Software, New York, New York, USA).

Results
elF-2a phosphatase activity in HSV-1-infected cells. R3616 is
a genetically engineered HSV-1 mutant derived from F
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HSV-1 mutants

Virus Genotype ICP6 expression Y134.5 Expression Parental strain Reference
F strain Wild-type Wild-type Wild-type F strain (671)
hrR3 UL39lacz* Absent Wild-type KOS (19)
R3616 Y134.5 Wild-type Absent F strain (15)
MGH1 ¥:134.5-UL39 lacZ* Absent Absent F strain (20)
Myb34.5 UL39-B-myb promoter*-y;34.5* Absent Regulated by B-myb promoter F strain (14)
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strain and is defective in y;34.5 expression (Table 1) (15,
16). MGH1 was derived from R3616 and contains the
B-galactosidase gene inserted into the ICP6 gene locus
(20), thereby disrupting expression of the large subunit
of viral ribonucleotide reductase. Myb34.5 was derived
from MGHI1 and contains the HSV-1y;34.5 gene under
control of the E2F-responsive, cellular B-myb promot-
er (14). To understand the mechanisms by which
HSV-1 regulates protein synthesis in infected hepato-
cytes and colon carcinoma cells, we examined eIF-20
dephosphorylation following viral infection. Although
elF-20.is normally phosphorylated by PKR in response
to HSV-1 infection, HSV-1y;34.5 interacts with protein
phosphatase-1a to dephosphorylate eIF-20 to block
the shutoff of protein synthesis (Figure 1). Proteins in
the lysates of human hepatocytes and HT29 colon car-
cinoma cells infected with F strain, Myb34.5, and
MGH1 were examined for their ability to dephospho-
rylate eIF-20.. Reaction of eIF-20.-32P with the S10 frac-
tion cells or human hepatocytes infected with MGH1
(defective ¥,34.5 expression) or mock infected resulted
in minimal eIF-20 dephosphorylation (Figure 2). And
as expected, the S10 fraction of HT29 cells or human
hepatocytes infected with F strain (wild-type y134.5
expression) dephosphorylated elF-2a significantly. Of
importance, lysates prepared from HT29 cells infected
with Myb34.5 (regulated v;34.5 expression) signifi-
cantly dephosphorylated eIF-20., and lysates prepared
from hepatocytes infected with Myb34.5 did not de-
phosphorylate eIF-2a. In HT29 cells, the eIF-20. phos-
phatase activity observed following infection with
Myb34.5 was more than fourfold higher than that
observed following infection with the y;34.5-deficient
MGHI. In hepatocytes, the elF-20. phosphatase activi-
ty observed following infection with Myb34.5 was as low
as that observed with MGH1. We concluded thaty;34.5
regulation by the B-myb promoter in Myb34.5 is associ-
ated with significantly greater eIF-20. dephosphoryla-
tion in HT29 cells than in hepatocytes, which represents
one of the fundamental mechanisms by which we
intended to regulate viral replication in this engineered
construct. These data provide strong evidence to sup-
port the hypothesis that Myb34.5 will replicate prefer-
entially in liver metastases compared with the normal
liver following portal venous administration.

Viral replication. We demonstrated previously that
replication of hrR3 (ICP6 defective) is several log orders
greater in human colon carcinoma cells than in human
hepatocytes (13). This pattern of hrR3 replication is

associated with significantly higher levels of cellular
ribonucleotide reductase and nucleotide pools in colon
carcinoma cells as compared with hepatocytes (26).
Myb34.5 is similar to hrR3 in its absence of ICP6
expression and additionally hasy;34.5 regulated by the
E2F-responsive, B-myb promoter. The pattern of eIF-20
dephosphorylation that we observed in colon carcino-
ma cells versus hepatocytes following infection with
Myb34.5 suggests that ¥;34.5 regulation provides an
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Figure 2

In vitro elF-20 dephosphorylation assay. (a) Autoradiograph of puri-
fied phosphorylated elF-20. reacted with S10 fractions from mock-
infected cells (lanes 1-3), F strain-infected cells (lanes 4-6),
Myb34.5-infected cells (lanes 7-9), and MGH1-infected cells (lanes
10-12). S10 fractions were collected from HT29 colon carcinoma
cells (upper panel) and primary cultures of normal human hepato-
cytes (lower panel). The reaction time measured in seconds is shown
at the top of each panel. (b) The elF-2a dephosphorylation rates of
HT29 colon carcinoma cells (left) and human hepatocytes (right)

was determined by densitometric quantification of the bands.
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Replication of HSV-1 mutants in colon carcinoma
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assays were performed using F strain, hrR3,
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Western blot analysis. (b) Single-step viral replication
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additional mechanism to attenuate replication in hepa-
tocytes compared with carcinoma cells.

We therefore examined the correlation between
v134.5 function in HSV-1-infected cells and viral repli-
cation. We compared the number of infectious virion
produced 40 hours after infection by Myb34.5 with
that of F strain, hrR3, R3616, and MGH1 in HT29
human colon carcinoma cells and human hepatocytes.
Myb34.5 infection of HT29 cells yielded 10,000-fold
more infectious progeny virion than did infection of
human hepatocytes (Figure 3a). In contrast, the num-
ber of infectious virion measured fol-
lowing infection by F strain was nearly

O7F strain Myb34.5

of mouse hepatocytes.

murine cells as compared with human
cells. Nonetheless, the same pattern of
Myb34.5 replication was observed in the
murine tissue system as was observed in
the human tissue system. From these
data we conclude that (a) Myb34.5 repli-
cation is several log orders greater in colon carcinoma
cells than hepatocytes in vitro; (b) Myb34.5 replication
in colon carcinoma cells is as robust as that of the sin-
gle mutants hrR3 and R3616; and (c) Myb34.5 replica-
tion in hepatocytes is as attenuated as that of the dou-
ble-mutant MGH1. These data support the notion that
Myb34.5 should be equally effective as hrR3 in oncoly-
sis, but less toxic.

Viral cytopathic effects in vitro. To examine the potential
for therapeutic oncolysis, we investigated whether
Myb34.5 replication is associated with cytopathic

identical in HT29 cells and hepatocytes. 100 SWe20 fmgl.s 100 Widr
Furthermore, Myb34.5 replication was & ;E’Sﬂt?ain S
similar to that of hrR3 and R3616 in = & 3
colon carcinoma cells, but more than % 50 E 50
tenfold less than that of hrR3 or R3616 3 E
and identical to that of MGHI1 in E & S 2
human hepatocytes. We also compared 0
replication of Myb34.5 and F strain in R 10 G001 0010t N
MC26 mouse colon carcinoma cells and (moi) (moi)
primary hepatocytes. As observed in the 100 HT29 Lovo
human system, F strain replication was 100
nearly identical in colon carcinoma cells 2_; 75 &
and hepatocytes, whereas Myb34.5 repli- 2 o [ %
cation was four log orders less in the 3 =
hepatocytes than in the colon carcinoma 3 25 225
cells (Figure 3b). HSV-1 displays tropism B 8 0
for human and primate cells relative to 0001 001 01 1 10 0.001 001 01 1 10
murine cells, which results in lower lev- (moi) (moi)
els of viral replication overall in the HCT116 MC26
100 100
9:1 75 S:i 75
Figure 4 2 g
Cytotoxicity assay in vitro. Five human colon carci- % %0 g %0
noma cell lines and one mouse colon carcinoma cell 2 35 b 25
line (MC26) were infected with F strain, Myb34.5, S 3
MGH?1, or hrR3 at several moi values, and surviving 0.001 0.0 0.1 7 10 0.001  0.01 0.1 1 10
cells were quantitated after 6 days. (moi) (moi)
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effects. We compared the cytopathic effect of Myb34.5
hrR3,R3616, and F strain infection of five human and
one murine colon carcinoma cell lines in vitro. The
cytopathic effect of Myb34.5 was consistently greater
than that of MGH1 and similar to that of hrR3 and
wild-type F strain (Figure 4).

Oncolysis of diffuse colon carcinoma liver metastases. We
next examined the antitumor efficacy of Myb34.5
against diffuse experimental liver metastases. Balb/c
mice bearing syngeneic MC26 diffuse liver metastases
were treated with a single portal venous injection of
5% 107 pfu of Myb34.5, hrR3, MGH1, or heat-inacti-
vated Myb34.5 (control group). At the time of animal
sacrifice 2 weeks later, mice treated with MGHI1 or
heat-inactivated virus had distended abdomens with
bloody ascites. In contrast, mice injected with Myb34.5
or hrR3 appeared healthy and had no ascites. Livers of
mice treated with MGH1 or heat-inactivated virus con-
tained numerous (greater than 50) tumor nodules,
whereas livers of mice treated with either Myb34.5 or
hrR3 contained ten or fewer nodules (Figure 5a). There
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Figure 5

Treatment of diffuse liver metastases with Myb34.5. (a) Diffuse
MC26 liver metastases were treated with 5 x 107 pfu of either MGH1
(top row), heat-inactivated Myb34.5 (second row), Myb34.5 (third
row), or hrR3 (bottom row). Mice were sacrificed, and livers and
spleens were analyzed 11 days later. (b) Mice bearing diffuse liver
metastases established as described were treated with either 5 x 107
pfu Myb34.5, hrR3, MGH1, or heat-inactivated Myb34.5 (control)
and followed for survival. Top graph: P = 0.24 by log-rank analysis
for MGH1 versus control; Middle graph: P < 0.05 for hrR3 versus
control; Bottom graph: P<0.01 for Myb34.5 versus control. (c) Mice
with subcutaneous spleens bearing diffuse liver metastases were
treated with either 107 pfu Myb34.5 or heat-inactivated Myb34.5
every 3 days for a total of four doses. P < 0.002 by log-rank analysis.

was no difference in liver weights between mice treated
with MGH1 and mice treated with heat-inactivated
(control) virus. However, the liver weights in mice treat-
ed with either Myb34.5 or hrR3 were significantly less
than those of mice treated with MGH]1 or heat-inacti-
vated virus (Table 2, group A). The liver tumor weights
in Myb34.5-treated mice were less than those of hrR3-
treated mice; however, this difference did not reach sta-
tistical significance. There was no statistical difference
in spleen weights among these three groups, indicating
that the reduction in liver tumor burden did not result
from reducing splenic tumor burden.

In a separate experiment we investigated whether
these antitumor effects translate to improved survival
in the Myb34.5-treated mice. Separate groups of mice
were treated with My34.5, hrR3, MGH1, or heat-inac-
tivated Myb34.5 and followed for survival. Mice treat-
ed with Myb34.5 or hrR3 demonstrated substantially
enhanced survival compared with control mice, with
greater than 50% improvement in median survival (Fig-
ure 5b). The improvement in survival observed with
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Myb34.5 treatment was more statistically significant
than the improvement in survival observed with hrR3
treatment. In contrast, no improvement in survival was
observed in mice treated with MGH1. The cause of
death in all mice was progressive intra-abdominal
tumor burden in the liver and spleen (site of tumor
inoculation). Mice in these experiments were necessar-
ily treated with only a single administration of virus.
Because tumor implantation and subsequent treat-
ment each require a laparotomy, it is not feasible to per-
form a third laparotomy to administer a second dose of
Myb34.5 using this model. Nonetheless, Myb34.5 sig-
nificantly reduced liver tumor burden and enhanced
survival of mice bearing diffuse liver metastases fol-
lowing intravascular delivery of only a single dose.

This commonly used animal model has two signifi-
cant limitations. The first is that only a single dose can
be administered into the portal vein via the spleen. The
second limitation is the continued growth of tumor in
the spleen at the site of initial tumor inoculation,
which limits animal survival. To overcome these prob-
lems, we developed a new model in which the spleen is
first transposed to a subcutaneous location while keep-
ing its vascular pedicle intact. Subsequently, tumor
cells are inoculated into a mesenteric vein to establish
diffuse liver metastases. We first used methylene blue
to confirm that subsequent injections into the subcu-
taneous spleen perfused the entire liver. We also deter-
mined that mesenteric inoculation of 5§ x 103 MC26
cells led to diffuse and rapidly growing liver metastases
without growth in the mesentery at the site of tumor
injection. We then assessed survival of mice with dif-
fuse liver metastases treated with four injections of
Myb34.5 (107 pfu) each separated by 3 days. The sur-
vival of these mice was markedly prolonged compared
with mice treated with similar injections of heat-inac-
tivated Myb34.5, and one mouse remains alive 6
months after treatment (Figure Sc).

Myb34.5 toxicity and biodistribution following administra-
tion to mice. Direct comparison of HSV-1 mutants in
their ability to replicate in primary hepatocyte cultures
suggested that Myb34.5 would be less toxic than F
strain or hrR3 following intravascular delivery into the
liver (Figure 3). We therefore compared toxicity of F
strain, Myb34.5, MGH1, and hrR3 in mice. Humans
represent the only species naturally infected by HSV-1,
and there are no animal models that accurately reca-
pitulate the natural progression of HSV-1 infection
humans. However, mice serve as an excellent model for
comparison of the relative virulence between different
HSV-1 mutants (28-30).

We observed that following subcutaneous inoculation
of 107 pfu of F strain, mice uniformly developed paral-
ysis followed by death within 25 days. In contrast, no
toxicity was observed following subcutaneous inocula-
tion of 107 pfu of MGH1 or Myb34.5. To better quanti-
fy the extent to which virulence of Myb34.5 is attenuat-
ed compared with that of F strain, BALB/c mice were
injected with F strain (107 pfu, 10° pfu, or 10° pfu) or

Myb34.5 (108 pfu). None of the mice injected with
Myb34.5 died in 30 days. In contrast, all of the mice
injected with 107 pfu F strain died of overwhelming viral
infection within 11 days, and 75% of mice inoculated
with 10° pfu F strain died similarly within 12 days.

To directly address whether Myb34.5 is less toxic than
the HSV-1 single-locus-mutant hrR3 following portal
venous inoculation, we examined survival of mice fol-
lowing intrasplenic inoculation of either Myb34.5 (108
pfuand 10° pfu) or hrR3 (108 pfu and 10° pfu). None of
the mice that received Myb34.5 died, whereas three of
four mice that received 10° pfu hrR3 died, and one of four
mice receiving 108 pfu hrR3 died within 5 days. These
results are consistent with those observed in vitro and
suggest that because Myb34.5 replication is more atten-
uated than that of hrR3 in normal hepatocytes, it is less
toxic than hrR3 following intraportal administration.

In a separate experiment we compared biodistribu-
tion of F strain, Myb34.5, MGH1, and hrR3 by exam-
ining mouse tissues for the presence of HSV-1 DNA by
PCR amplification of the HSV-1 DNA polymerase
gene. When mice were sacrificed 8 days after subcuta-
neous inoculation, HSV-1 DNA was detected in all tis-
sues examined (brain, lung, spleen, liver, colon) from
mice injected with F strain; however, it was not detect-
ed in any tissues of the mice injected with Myb34.5,
hrR3, or MGH1 (Figure 6a). When mice were sacrificed
10 days after portal venous inoculation, HSV-1 DNA
was detected in all tissues examined from mice inject-
ed with 10° pfu F strain, but only in the spleen and liv-
ers from mice infected with Myb34.5, hrR3, or MGH1,
even though they were injected with 500-fold more
virus (5 X 107 pfu) (Figure 6b). To determine whether
replication in liver metastases contributes to persist-
ence of Myb34.5 in other sites, the experiment was
repeated using mice bearing diffuse MC26 liver metas-
tases. Notably, no evidence of Myb34.5, hrR3, or
MGH1 was identified in tissues outside the liver and
spleen (Figure 6¢), and this biodistribution was similar
to that observed in mice without liver metastases (Fig-
ure 6b). These data suggest that Myb34.5 replication in
tumor nodules in the liver does not contribute to seed-

Table 2

Liver and spleen weight following treatment of MC26 liver metastases

Group  Immunization Treatment ~ Number  Liver weight
(g)+SD
A None Mock 5 2.73+0.27
None MGH1 5 2.99 £1.26
None hrR3 5 1.50 £ 0.20*
None Myb34.5 5 1.24+0.17A8
B Myb34.5 Mock 6 2.50+0.80
Myb34.5 Myb34.5 6 1.63 +0.28%P
Mock Myb34.5 6 1.70 £0.19¢

Group A: No immunization prior to tumor implantation. Livers and spleens
were weighed 14 days after tumor implantation. Group B: Immunization was
performed 25 days before tumor implantation. AP < 0.01 when compared with
nonimmunized mice treated with either MGH1 or mock virus. 8P > 0.05 when
compared with nonimmunized hrR3-treated animals. P < 0.05 when com-
pared with Myb34.5-immunized mock-treated animals. PP value not signifi-
cant when compared with mock-immunized Myb34.5-treated animals.
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ing of the virus to distant sites. Finally, we established
single liver tumors by direct subcapsular tumor cell
inoculation, and then treated the mice 7 days later with
an intrasplenic injection of either 10° pfu F strain or
5 x 107 pfu Myb34.5, MGH1, or hrR3. HSV-1 DNA
polymerase was amplified from both the liver tcumors
and normal liver tissue 12 days after F strain or hrR3
administration (Figure 6d). In contrast, Myb34.5 and
MGH1 were detectable only in the metastases and not
in normal liver. We examined liver tumors and normal
liver at an earlier time point (3 days after viral inocula-
tion) and quantitated infectious virus on Vero cell
monolayers. The process of viral recovery from tissues
is inefficient, and even when tissue is harvested imme-
diately after viral inoculation, we measure 100- to 1000-
fold less virus than inoculated. The titers of Myb34.5

Figure 6

HSV-1 detection in mice by PCR assay. (a) Mice inoculated subcu-
taneously with F strain, Myb34.5, MGH1, or hrR3 were sacrificed 8
days later to harvest tissues for PCR amplification of a 220-bp por-
tion of the HSV-1 DNA polymerase gene. A 1-kb marker is shown in
lane M, with the location of the 220-bp bands indicated. A negative
control reaction without template is shown in lane N, and a positive
control reaction using HSV-1 genomic DNA as template is shown in
lane P. (b) Mice inoculated intrasplenically with either 105 pfu
F strain or 5 X 107 pfu Myb34.5, MGH1, or hrR3 were sacrificed 10
days later to harvest tissues for PCR analysis as above. (¢) Mice bear-
ing diffuse liver metastases were treated with an intrasplenic inocu-
lation of either 10° pfu F strain or 5 X 107 pfu Myb34.5, MGH1, or
hrR3, as above, and sacrificed 10 days later to harvest tissues for PCR
analysis. In these animals, analysis of liver tissue included normal liver
homogenized together with liver metastases. (d) Mice bearing a sin-
gle liver metastases were treated with an intrasplenic inoculation of
either 105 pfu F strain (1 and 2) or 5 X 107 pfu Myb34.5 (3 and 4),
MGH?1 (5 and 6), or hrR3 (7 and 8). Mice were sacrificed 12 days
(rather than 8 days) later to harvest tissue for PCR analysis of either
normal liver (N) or liver tumor (T). Positive (P) and negative (Ne)
controls are shown. (e) Mice bearing a single liver metastases that
had been treated with an intrasplenic injection of either 10° pfu
F strain (n = 3), 5 X 107 pfu hrR3 (n = 3), or 5 X 107 pfu Myb34.5
(n = 6). Normal liver and metastases were harvested separately and
titered for the presence of HSV-1. The differences in viral titers in liver
tumors are not statistically significant. The difference in viral titer in
normal liver are statistically significant by ¢ test as follows: F strain
versus hrR3, P=0.03; F strain versus Myb34.5, P=0.03; hrR3 versus
Myb34.5, P=0.04.

and hrR3 in tumor nodules were identical to that of
F strain (Figure 6e). The titer of Myb34.5 in normal
liver was significantly less than those of hrR3 and F
strain, despite having inoculated 500-fold more
Myb34.5 into the spleen than F strain. In concert, these
results suggest that the toxicity and virulence of
Myb34.5 and MGH1 are attenuated compared with F
strain and hrR3. Myb34.5 and MGH1 biodistribution
are significantly more restricted and appear to be lim-
ited to liver tumors after portal venous administration,
and these viruses persist for a longer period of time in
liver metastases compared with normal livers.

Host immune effects on Myb34.5-mediated oncolysis. HSV-
1-mediated oncolysis may theoretically be influenced
by host immune responses to the virus (31). A large
percentage of patients have Ab’s to HSV-1 (32), and
the presence of these Ab’s might decrease the efficien-
cy of viral infection and oncolysis. On the other hand,
it has been reported that the host immune response
can enhance the antitumor effects of HSV-1-mediat-
ed oncolysis (33, 34). Accordingly, we investigated how
the presence of neutralizing Ab’s affects Myb34.5-
mediated oncolysis of diffuse liver metastases. Mice
were subcutaneously vaccinated with mock-infected
media, 107 pfu of KOS, or 107 pfu of Myb34.5. Two
mice in each group were sacrificed after 28 days to col-
lect serum for measurement of the presence of Ab’s
capable of neutralizing Myb34.5 cytotoxicity against
HT29 cells. Sera from the mice vaccinated with mock-
infected media had little neutralizing effect, whereas
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the sera from mice vaccinated with either Myb34.5 or
KOS significantly reduced Myb34.5-mediated cyto-
toxicity (data not shown). MC26 liver metastases were
established in mice that had been vaccinated with
either Myb34.5 or mock-infected media. The mice
were then treated with a single portal venous injection
with either Myb34.5 or mock-infected media. We sac-
rificed the mice 14 days after tumor implantation and
examined the livers. Livers from mice treated with a
single portal venous injection of Myb34.5 had fewer
tumor nodules and significantly less tumor burden
(Figure 7). The liver tumor burden in Myb34.5-treat-
ed mice was the same whether or not the mice had
been vaccinated to produce neutralizing anti-HSV-1
Ab’s (Table 2, group B). These results indicate that pre-
existing Ab’s to HSV-1 neither enhance nor attenuate
Myb34.5-mediated oncolysis.

Discussion

Viruses have developed efficient mechanisms to infect
cells, subvert cellular defenses, express viral genes, and
produce progeny virion. Scientists have exploited these
natural processes for purposes of therapeutic gene
delivery, and genetically engineered viruses are present-
ly the most commonly used gene delivery vehicles in
clinical trials today (1, 2). Viruses that serve solely as
gene delivery vehicles have been genetically modified
such that they are incapable of replication to minimize
the risk of uncontrolled replication in the host. How-
ever, because viral replication results in tissue destruc-
tion, several investigators have examined strategies of
injecting replicating viruses into tumors to destroy the
tumors as a result of viral replication (3-7, 35). The
concept of viral inoculation to destroy tumors was
described nearly a century ago (36).

Oncolysis achieved by viral replication has several
potential advantages compared with traditional cancer
therapies (for review see ref. 35). Viral replication within
a tumor amplifies the administered dose, because tumor
cells produce progeny virion that infect adjacent tumor
cells. Cell-to-cell propagation of virus enhances infection

throughout the tumor. This is in contrast to vascular
spread, as occurs with traditional therapeutic agents, in
which it has been observed that high interstitial pressures
and dysregulation of tumor neovasculature combine to
limit delivery of these agents to tumor cells (37). Anoth-
er advantage of replicating viruses is their ability to serve
dual roles: induction of oncolysis by viral replication and
delivery of transgenes for added therapeutic efficacy (38).

The safety of replication-conditional viruses used in
humans for cancer therapy remains of paramount
importance, and these viruses should meet specific
safety criteria. First, viral replication should be limited
to neoplastic cells, with negligible if any replication in
normal cells. Second, the potential for spontaneous
reversion to a virulent strain should be minimized.
Third, an effective antidote (antiviral agent) should be
safe to administer and readily available if needed. Final-
ly, the therapeutic window should be large.

We reported previously our observations on the pref-
erential localization of hrR3 within diffuse liver metas-
tases following portal venous administration (10).
Based on these initial observations, we subsequently
examined strategies to engineer an HSV-1 mutant that
displays an enhanced safety profile, with attenuation
in pathologic virulence but equally effective oncolytic
activity. Myb34.5 is unique because of its regulation of
v134.5 by a heterologous promoter. Only two other
HSV-1 mutants have been described in which replica-
tion is regulated by a heterologous promoter (39, 40).
In both of these mutants the heterologous promoter
regulates ICP4 expression; however, we have observed
that some cells effectively complement the absence of
ICP4 (data not shown). In addition, the HSV-1 thymi-
dine kinase gene is disrupted in both of these ICP4-
locus mutants such that they are not suitable for clini-
cal trials. The absence of a functional HSV-1 thymidine
kinase gene destroys sensitivity to acyclovir, which is an
effective therapeutic agent for HSV-1 infection in clin-
ical use today (41). Myb34.5 retains an active HSV-1
thymidine kinase gene and is sensitive to acyclovir.
Another safety issue addressed in Myb34.5 is its con-

Figure 7

Treatment of diffuse liver metastases with
Myb34.5 in mice with neutralizing Ab’s to
HSV-1. Mice were vaccinated with either
Myb34.5 (top and middle row) or mock-
infected media (lower row) 25 days before
intrasplenic inoculation of MC26 cells. After
confirmation of the presence of neutralizing
Ab’s to HSV, mice were treated with 5 x 107
pfu Myb34.5 3 days after tumor implanta-
tion and sacrificed 14 days after tumor
implantation (middle and lower row). To
serve as a control group, mice vaccinated
with Myb34.5 were treated with heat-inacti-
vated Myb34.5 (upper row).
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struction with multiple genetic alterations, thereby dra-
matically reducing the risk of spontaneous reversion of
Myb34.5 to a wild-type virus.

Myb34.5 displays a larger therapeutic window than
hrR3 or MGH1 as assessed by measurements of viral
replication in colon carcinoma cells versus hepatocytes
and attenuated virulence and toxicity in vivo. Moreover,
it retains equivalent oncolytic activity and significant-
ly enhances survival in mice bearing diffuse liver metas-
tases following administration of only a single dose.
Long-term survival was observed following adminis-
tration of multiple doses. The genetic modifications in
Myb34.5 are designed to attenuate its replication in
hepatocytes without attenuating replication in neo-
plastic cells. These modifications alone would not be
expected to enhance its destruction of neoplastic cells
compared with either wild-type HSV-1 or hrR3. A sep-
arate strategy, such as expression of transgenes (e.g.,
suicide genes, cytokine genes), is required to enhance
the endogenous oncolytic potential of HSV-1 mutants
(42). Not surprisingly, Myb34.5 replication in vitro is
not as robust as that of F strain in some cell lines. How-
ever, studies quantifying replication in liver metastases
demonstrate equivalent titers of either virus 3 days
after intraportal inoculation. The factors governing
replication in vivo are numerous and complex.

Humans represent the only species that is naturally
infected by HSV-1. Both rodent and nonhuman pri-
mate models for comparing the relative virulence of
HSV-1 and HSV?2 strains have been described (27-29,
43-47). None of these models, including Aotus monkey
models, fully recapitulate HSV-1 infection observed in
humans. Aotus monkeys are both expensive and diffi-
cult to acquire for research purposes. The mouse
model has several advantages compared with the Aotus
monkey model, including the absence of any ambigu-
ity over the strain or age of the animals (44, 45), ability
to examine toxicity in several animals for each dose
level and each strain of HSV-1, significantly greater
research experience with this model, and the absence
of significant logistical or financial barriers. We
demonstrated that the LDso of Myb34.5 is at least one
log order greater than that of hrR3 and at least two log
orders greater than that of wild-type F strain in a
mouse model. The observed biodistribution of
Myb34.5 compared with F strain as assessed by PCR
amplification provides additional evidence that
Myb34.5 replication is highly specific for liver metas-
tases, whereas PCR evidence of F strain replication was
detected in all of the tissues examined.

PKR activation in response to viral infection remains
an important cellular defense (48, 49). The importance
of this mechanism is underscored by the observation
that most viruses have incorporated strategies to over-
come the shutoff of protein translation that accompa-
nies PKR activation. For example, adenovirus produces
VAI RNA to associate with PKR to inhibit its activation
(50). Similarly, HIV produces TAR RNA, which per-
forms a function similar to VAI RNA (51). P58™K is an

inhibitor of PKR that is constitutively expressed in
mammalian cells and is normally inactivated by specif-
ic inhibitory molecules. Influenza virus disrupts this
P58"K-inhibitory molecule complex following infec-
tion, thereby functionally activating the PKR inhibito-
ry activity of P58PK (52, 53). As another example, the
E3L and NS5A proteins that are expressed by HCV are
known inhibitors of PKR (54, 55).

HSV-1 circumvents the consequences of PKR activa-
tion by expression of ¥;34.5 (Figure 1). HSV-1 vy;34.5
contains sequences that share homology with the
GADD 34 protein (18), which normally interacts with
protein phosphatase-10. to dephosphorylate eIF-20.
Following HSV-1 infection, ¥;34.5 interacts with cellu-
lar protein phosphatase-10a. to dephosphorylate elF-20,
which prevents shutoff of cellular protein synthesis
(18). Consequently, HSV-1 mutants that are defective
iny;34.5 expression display attenuated replication and
virulence (15). For example, HSV-1 mutants R3616 and
MGHT1 are both completely defective in their expres-
sion of ¥134.5, and the magnitude of their replication
is significantly attenuated compared with that of wild-
type HSV-1 (15, 20). MGHL1 is essentially identical to
another HSV-1 mutant, G207 (45, 56, 57), which has
been examined in a clinical trial for brain tumor
patients (58) and is presently under examination for
treatment of liver tumors. These HSV-1 mutants are
defective in both ¥;34.5 and viral ribonucleotide reduc-
tase expression. In a direct comparison of MGH1 and
Myb34.5, we observed that their replication in hepato-
cytes is similar, yet Myb34.5 replication in carcinoma
cells is substantially greater than that of MGH1. This
difference correlates with the greater efficacy observed
in vivo of Myb34.5 compared with MGH1. Our data
suggest that this difference in oncolytic potential
between MGH1 and Myb34.5 results from the differ-
ence in Y;34.5 expression and function between these
two mutants following infection of carcinoma cells. In
addition, Myb34.5 replication in hepatocytes was more
attenuated than that of the mutant hrR3, which is
defective only in ICP6 expression. This resulted in a
higher LDso in mice for Myb34.5 compared with hrR3,
yet Myb34.5 retains similar oncolytic efficacy as hrR3
against diffuse liver metastases.

A large percentage of patients with colorectal carci-
noma liver metastases develop metastases only in the
liver and without evidence of disease in other sites (59).
Because of this tumor biology, several approaches to
regional (hepatic) therapy for colorectal carcinoma
liver metastases have been examined in clinical trials,
including hepatic arterial and portal venous infusion
(60). We examined portal venous viral inoculation
because it is not possible to cannulate the hepatic
artery of mice. The hepatic tumor burden in patients
with colon carcinoma liver metastases is generally
greater than that which was treated in this study. How-
ever, Myb34.5 replication is two to three log orders
greater in human colon carcinoma cells than in
murine colon carcinoma cells.
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Both innate and elicited antiviral responses reduce the
efficiency of HSV-1-mediated oncolysis of tumors fol-
lowing intravascular delivery in the brain (31). Howev-
er, delivery through the vasculature into the liver is like-
ly to be much more efficient than delivery into the
brain. Biodistribution studies of HSV-1 after intra-
venous administration demonstrate that most of the
virus localizes to the liver (61). It is thus conceivable that
the effect of innate and elicited antiviral responses may
not be as limiting for tumors in the liver as for tumors
in the brain. We observed equally impressive Myb34.5-
mediated oncolysis of liver metastases in naive mice as
in mice with neutralizing Ab’s to HSV-1. This is an
important finding, given that the prevalence of Ab’s to
HSV-1 in the United States is as high as 80% in some
populations (32). We have demonstrated previously that
the HSV-1-mediated antineoplastic activity observed in
this liver metastases model is dependent on viral repli-
cation and not dependent on host immune responses
(10). The importance of this lies in the observation that
responses to immunotherapy observed in mouse mod-
els are often not reproducible in humans.

Myb34.5 effectively destroys diffuse liver metastases
following intravascular administration. It is attenuated
invitro and in vivo compared with wild-type strains and
HSV-1 vectors harboring a single mutation and displays
a much more restricted biodistribution following por-
tal venous administration. These encouraging results
warrant pursuit of clinical studies of Myb34.5 in the
treatment of patients with liver metastases.

Acknowledgments

This work was supported in part by NIH grants CA-
64454 and CA-76183 (K.K. Tanabe), GM-07035 (T.M.
Pawlik), DK-43352 (core facilities), CA-71345 (S.S.
Yoon and J.T. Mullen), and CA-69246 (E.A. Chiocca),
and the Claude E. Welch Research Fellowship (S.S.
Yoon and J.T. Mullen). We thank David Knipe for
insightful discussions.

—_

.Rosenberg, S.A., et al. 2000. Human gene marker/therapy clinical pro-
tocols. Hum. Gene Ther. 11:919-979.

.Roth,J.A., and Cristiano, R.J. 1997. Gene therapy for cancer: what have
we done and where are we going? J. Natl. Cancer Inst. 89:21-39.

.Bischoff, J.R., et al. 1996. An adenovirus mutant that replicates selec-
tively in p53-deficient human tumor cells. Science. 274:373-376.

4.Kirn, D., Hermiston, T., and McCormick, F. 1998. ONYX-015: clinical
data are encouraging. Nat. Med. 4:1341-1342.

.Martuza, R.L.,, Malick, A., Markert, J.M., Ruffner, K.L., and Coen, D.M.
1991. Experimental therapy of human glioma by means of a genetical-
ly engineered virus mutant. Science. 252:854-856.

.Puhlmann, M., et al. 2000. Vaccinia as a vector for tumor-directed gene
therapy: biodistribution of a thymidine kinase-deleted mutant. Cancer
Gene Ther. 7:66-73.
7.Coffey, M.C,, Strong, J.E., Forsyth, P.A., and Lee, P.W. 1998. Reovirus

therapy of tumors with activated Ras pathway. Science. 282:1332-1334.
8.Zimmerman, A. 1994. Tumours of the liver — pathological aspects. In
Surgery of the liver and biliary tract. L. H. Blumgart, editor. Churchill Liv-
ingstone. New York, New York, USA. 1277-1323.
9.Mineta, T., Rabkin, S.D., and Martuza, R.L. 1994. Treatment of malig-
nant gliomas using ganciclovir-hypersensitive, ribonucleotide reduc-
tase-deficient herpes simplex viral mutant. Cancer Res. 54:3963-3966.
10.Yoon, S.S., et al. 2000. An oncolytic herpes simplex virus type 1 selec-
tively destroys diffuse liver metastases from colon carcinoma. FASEBJ.
14:301-311.

11. Pyles, R.B.,and Thompson, R.L. 1994. Evidence that the herpes simplex

virus type 1 uracil DNA glycosylase is required for efficient viral repli-

[

)

wn

N

cation and latency in the murine nervous system. J. Virol. 68:4963-4972.

12. Andreansky, S.S., et al. 1996. The application of genetically engineered
herpes simplex viruses to the treatment of experimental brain tumors.
Proc. Natl. Acad. Sci. USA. 93:11313-11318.

13.Yoon, S.S., Carroll, N.M., Chiocca, E.A., and Tanabe, K.K. 1998. Cancer
gene therapy using a replication-competent herpes simplex virus type
1 vector [erratum 1998, 5:228]. Ann. Surg. 228:366-374.

14.Chung, R.Y,, Saeki, Y., and Chiocca, E.A. 1999. B-myb promoter retar-
geting of herpes simplex virus gamma34.5 gene-mediated virulence
toward tumor and cycling cells. J. Virol. 73:7556-7564.

15.Chou, J,, Kern, E.R., Whitley, R J., and Roizman, B. 1990. Mapping of
herpes simplex virus-1 neurovirulence to gamma 134.5, a gene
nonessential for growth in culture. Science. 250:1262-1266.

16. Chou, J., and Roizman, B. 1992. The gamma 1(34.5) gene of herpes sim-
plex virus 1 precludes neuroblastoma cells from triggering total shut-
off of protein synthesis characteristic of programmed cell death in neu-
ronal cells. Proc. Natl. Acad. Sci. USA. 89:3266-3270.

17.He, B., Gross, M., and Roizman, B. 1997. The gamma(1)34.5 protein of
herpes simplex virus 1 complexes with protein phosphatase lalpha to
dephosphorylate the alpha subunit of the eukaryotic translation initi-
ation factor 2 and preclude the shutoff of protein synthesis by double-
stranded RNA-activated protein kinase. Proc. Natl. Acad. Sci. USA.
94:843-848.

18.He, B., Gross, M., and Roizman, B. 1998. The gamma134.5 protein of
herpes simplex virus 1 has the structural and functional attributes of a
protein phosphatase 1 regulatory subunit and is present in a high
molecular weight complex with the enzyme in infected cells. J. Biol.
Chem. 273:20737-20743.

19. Goldstein, D J., and Weller, S.K. 1988. Factor(s) present in herpes sim-
plex virus type 1-infected cells can compensate for the loss of the large
subunit of the viral ribonucleotide reductase: characterization of an
ICP6 deletion mutant. Virology. 166:41-51.

20. Kramm, C.M,, et al. 1997. Therapeutic efficiency and safety of a second-
generation replication-conditional HSV1 vector for brain tumor gene
therapy. Hum. Gene Ther. 8:2057-2068.

21. Lelie, P.N., Reesink, H.W., and Lucas, C.J. 1987. Inactivation of 12 virus-
es by heating steps applied during manufacture of a hepatitis B vaccine.
J. Med. Virol. 23:297-301.

22.Cai, R, and Williams, B.R. 1998. Mutations in the double-stranded
RNA-activated protein kinase insert region that uncouple catalysis
from elF2alpha binding. J. Biol. Chem. 273:11274-11280.

23.Azrolan, N, Odaka, H., Breslow, J.L., and Fisher, E.A. 1995. Dietary fat
elevates hepatic apoA-I production by increasing the fraction of
apolipoprotein A-I mRNA in the translating pool. J. Biol. Chem.
270:19833-19838.

24. Gross, M., and Kaplansky, D.A. 1983. Differential effect of Mn2+ on the
hemin-controlled translational repressor and the double-stranded
RNA-activated inhibitor. Biochim. Biophys. Acta. 740:255-263.

25.Rice, S.A., Lam, V., and Knipe, D.M. 1993. The acidic amino-terminal
region of herpes simplex virus type 1 alpha protein ICP27 is required
for an essential lytic function. J. Virol. 67:1778-1787.

26. Carroll, N.M., Chiocca, E.A., Takahashi, K., and Tanabe, K.K. 1996.
Enhancement of gene therapy specificity for diffuse colon carcinoma
liver metastases with recombinant herpes simplex virus. Ann. Surg.
224:323-330.

27.Morrison, L.A., and Knipe, D.M. 1994. Immunization with replication-
defective mutants of herpes simplex virus type 1: sites of immune inter-
vention in pathogenesis of challenge virus infection. J. Virol. 68:689-696.

28. Meignier, B., Longnecker, R., and Roizman, B. 1988. In vivo behavior of
genetically engineered herpes simplex viruses R7017 and R7020: con-
struction and evaluation in rodents. J. Infect. Dis. 158:602-614.

29.Dix, R.D., McKendall, R R., and Baringer, J.R. 1983. Comparative neu-
rovirulence of herpes simplex virus type 1 strains after peripheral or
intracerebral inoculation of BALB/c mice. Infect. Immun. 40:103-112.

30. Pelosi, E., Rozenberg, F., Coen, D.M., and Tyler, K.L. 1998. A herpes sim-
plex virus DNA polymerase mutation that specifically attenuates neu-
rovirulence in mice. Virology. 252:364-372.

31.1keda, K., et al. 1999. Oncolytic virus therapy of multiple tumors in the
brain requires suppression of innate and elicited antiviral responses.
Nat. Med. 5:881-887.

32.Becker, T.M,, Lee, F., Daling, J.R., and Nahmias, A.J. 1996. Seropreva-
lence of and risk factors for antibodies to herpes simplex viruses, hepa-
titis B, and hepatitis C among southwestern Hispanic and non-His-
panic white women. Sex. Transm. Dis. 23:138-144.

33.Toda, M., Martuza, R.L., Kojima, H., and Rabkin, S.D. 1998. In situ can-
cer vaccination: an IL-12 defective vector/replication-competent herpes
simplex virus combination induces local and systemic antitumor activ-
ity. J. Immunol. 160:4457-4464.

34.Toda, M., Rabkin, S.D., Kojima, H., and Martuza, R.L. 1999. Herpes
simplex virus as an in situ cancer vaccine for the induction of specific
anti-tumor immunity. Hum. Gene. Ther. 10:385-393.

35.Kirn, D.H. 2000. Replication-selective microbiological agents: fighting

The Journal of Clinical Investigation |

April 2002

| Volume109 | Number?7

881



882

cancer with targeted germ warfare. J. Clin. Invest. 105:837-839.
36.Asada, T. 1974. Treatment of human cancer with mumps virus. Cancer.
34:1907-1928.

37.Jain, RK. 1996. Delivery of molecular medicine to solid tumors. Science.
271:1079-1080.

38.Freytag, S.O., Rogulski, K.R., Paielli, D.L., Gilbert, J.D., and Kim, J.H.
1998. A novel three-pronged approach to kill cancer cells selectively:
concomitant viral, double suicide gene, and radiotherapy. Hum. Gene
Ther. 9:1323-1333.

39. Miyatake, S., Iyer, A., Martuza, R.L., and Rabkin, S.D. 1997. Transcrip-
tional targeting of herpes simplex virus for cell-specific replication. J.
Virol. 71:5124-5132.

40. Yamamura, H,, et al. 2001. Identification of the transcriptional regula-
tory sequences of human calponin promoter and their use in targeting
a conditionally replicating herpes vector to malignant human soft tis-
sue and bone tumors. Cancer Res. 61:3969-3677.

41.Brigden, D., Fiddian, P., Rosling, A.E., and Ravenscroft, T. 1981. Acy-
clovir-a review of the preclinical and early clinical data of a new antiher-
pes drug. Antiviral Res. 1:203-212.

42.Nguyen, L.H., Knipe, D.M., and Finberg, R.W. 1992. Replication-defec-
tive mutants of herpes simplex virus (HSV) induce cellular immunity
and protect against lethal HSV infection. J. Virol. 66:7067-7072.

43.Meignier, B., Martin, B., Whitley, RJ., and Roizman, B. 1990. In vivo
behavior of genetically engineered herpes simplex viruses R7017 and
R7020. II. Studies in immunocompetent and immunosuppressed owl
monkeys (Aotus trivirgatus). J. Infect. Dis. 162:313-321.

44. Hunter, W.D., et al. 1999. Attenuated, replication-competent herpes sim-
plex virus type 1 mutant G207: safety evaluation of intracerebral injec-
tion in nonhuman primates. J. Virol. 73:6319-6326.

45.Morrison, L.A., and Knipe, D.M. 1996. Mechanisms of immunization
with a replication-defective mutant of herpes simplex virus 1. Virology.
220:402-413.

46. Sydiskis, RJ., and Schultz, I. 1966. Interferon and antibody production
in mice with herpes simplex skin infections. J. Infect. Dis. 116:455-460.

47.Gale, M., Jr., and Katze, M.G. 1998. Molecular mechanisms of interfer-
on resistance mediated by viral-directed inhibition of PKR, the interfer-
on-induced protein kinase. Pharmacol. Ther. 78:29-46.

48.Jagus, R, Joshi, B., and Barber, G.N. 1999. PKR, apoptosis and cancer.
Int. J. Biochem. Cell Biol. 31:123-138.

49. Ghadge, G.D., Malhotra, P., Furtado, M.R., Dhar, R., and Thimmapaya,
B. 1994. In vitro analysis of virus-associated RNA I (VAI RNA): inhibi-

tion of the double-stranded RNA-activated protein kinase PKR by VAI
RNA mutants correlates with the in vivo phenotype and the structural
integrity of the central domain. J. Virol. 68:4137-4151.

50.Park, H,, et al. 1994. TAR RNA-binding protein is an inhibitor of the
interferon-induced protein kinase PKR. Proc. Natl. Acad. Sci. USA.
91:4713-4717.

51.Lee, T.G., Tang, N., Thompson, S., Miller, J., and Katze, M.G. 1994. The
58,000-dalton cellular inhibitor of the interferon-induced double-
stranded RNA-activated protein kinase (PKR) is a member of the tetra-
tricopeptide repeat family of proteins. Mol. Cell Biol. 14:2331-2342.

52.Tang, N.M., Ho, C.Y., and Katze, M.G. 1996. The 58-kDa cellular
inhibitor of the double stranded RNA-dependent protein kinase requires
the tetratricopeptide repeat 6 and DnaJ motifs to stimulate protein syn-
thesis in vivo. J. Biol. Chem. 271:28660-28666.

53.Gale, M.J,, Jr., et al. 1997. Evidence that hepatitis C virus resistance to
interferon is mediated through repression of the PKR protein kinase by
the nonstructural SA protein. Virology. 230:217-227.

54. Davies, M.V., Chang, H.-W., Jacobs, B.L., and Kaufman, RJ. 1993. The E3L
and K3L vaccinia virus gene products stimulate translation through
inhibition of the double-stranded RNA-dependent protein kinase by dif-
ferent mechanisms. J. Virol. 67:1688-1692.

55.Mineta, T., Rabkin, S.D., Yazaki, T., Hunter, W.D., and Martuza, R.L.
1995. Attenuated multi-mutated herpes simplex virus-1 for the treat-
ment of malignant gliomas. Nat. Med. 1:938-943.

56.Kooby, D.A,, et al. 1999. Oncolytic viral therapy for human colorectal
cancer and liver metastases using a multi-mutated herpes simplex virus
type-1(G207). FASEB]. 13:1325-1334.

57. Markert, J.M., et al. 2000. Conditionally replicating herpes simplex virus
mutant, G207 for the treatment of malignant glioma: results of a phase
I trial. Gene Ther. 7:867-874.

58. August, D.A., Ottow, R.T., and Sugarbaker, P.H. 1984. Clinical perspec-
tive of human colorectal cancer metastasis. Cancer Metastasis Rev.
3:303-324.

59.Yoon, S.S., and Tanabe, K.K. 1999. Surgical treatment and other region-
al treatments for colorectal cancer liver metastases. Oncologist. 4:197-208.

60. Schellingerhout, D., et al. 1998. Mapping the in vivo distribution of her-
pes simplex virions [erratum 1998, 9:2652]. Hum. Gene Ther.
9:1543-1549.

61. Ejercito, P.M., Kieff, E.D., and Roizman, B. 1968. Characterization of her-
pes simplex virus strains differing in their effects on social behaviour of
infected cells. J. Gen. Virol. 2:357-364.

The Journal of Clinical Investigation |

April 2002

| Volume109 | Number7



