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Abstract

Previously, we reported that a recombinant vaccinia virus
(VACV) carrying a light-emitting fusion gene enters, replicates
in, and reveals the locations of tumors in mice. A new
recombinant VACV, GLV-1h68, as a simultaneous diagnostic
and therapeutic agent, was constructed by inserting three ex-
pression cassettes (encoding Renilla luciferase–Aequorea green
fluorescent protein fusion, B-galactosidase, and B-glucuroni-
dase) into the F14.5L, J2R (encoding thymidine kinase) and
A56R (encoding hemagglutinin) loci of the viral genome,
respectively. I.v. injections of GLV-1h68 (1 � 107 plaque-
forming unit per mouse) into nude mice with established
(f300–500 mm3) s.c. GI-101A human breast tumors were
used to evaluate its toxicity, tumor targeting specificity, and
oncolytic efficacy. GLV-1h68 showed an enhanced tumor
targeting specificity and much reduced toxicity compared
with its parental LIVP strains. The tumors colonized by GLV-
1h68 exhibited growth, inhibition, and regression phases
followed by tumor eradication within 130 days in 95% of the
mice tested. Tumor regression in live animals was monitored
in real time based on decreasing light emission, hence
demonstrating the concept of a combined oncolytic virus–
mediated tumor diagnosis and therapy system. Transcription-
al profiling of regressing tumors based on a mouse-specific
platform revealed gene expression signatures consistent with
immune defense activation, inclusive of IFN-stimulated genes
(STAT-1 and IRF-7), cytokines, chemokines, and innate
immune effector function. These findings suggest that
immune activation may combine with viral oncolysis to
induce tumor eradication in this model, providing a novel
perspective for the design of oncolytic viral therapies for
human cancers. [Cancer Res 2007;67(20):10038–46]

Introduction

Numerous reports have confirmed that intratumoral injection
of various viruses can result in virus replication in tumors,

followed by oncolysis of tumor cells (1, 2). More recent findings
support the notion that, upon systemic delivery, both DNA and
RNA viruses are capable of entering, replicating, and persisting in
established tumors. Attenuated adenovirus ONYX-015, when
delivered intravenously has been shown to enter and replicate
in subcutaneous and intraparenchymal tumor xenografts (3).
Likewise, a live attenuated Edmonston-B strain of measles virus
replicates in large established human lymphoma xenografts and
interferes with tumor growth post i.v. injection (4). Furthermore,
naturally occurring variants of vesicular stomatitis virus, when
delivered systemically, replicates in human ovarian xenografts,
causing tumor size reduction in immunocompetent mice (5).
Additional examples of systemically delivered viruses with
antitumor activity include Newcastle disease virus (6, 7), reovirus
(8, 9), lentivirus (10), herpes simplex virus (11, 12), enterovirus
(13), Sindbis virus (14), and Semliki Forest virus (15). Similar
observations of tumor targeting and therapy were also reported
using systemically delivered bacteria (16, 17).

Due to the large size of its genome, vaccinia virus (VACV) is
particularly attractive as a potential antitumor agent. Cytoplas-
mically replicating wild-type (wt) and mutant VACVs also show
tumor-specific entry and replication upon systemic delivery.
Deletional mutations introduced into nonessential genes, such as
J2R [encoding thymidine kinase (TK); refs. 18, 19], A56R (encoding
hemagglutinin; ref. 20), and vaccinia growth factor (VGF) gene (19)
of the viral genome, resulted in significant attenuation of wt
Western Reserve (WR) strain. Intraperitoneal delivery of the TK�

and VGF� viral strain shows growth retardation of tumors in mice
(19). Additionally, foreign genes encoding tumor suppressor
proteins, immunostimulatory proteins, and cytokines, as well as
pro–drug-activating enzymes, have been inserted into the nones-
sential loci of VACV genome for therapy of tumors (21–23).

In addition to its therapeutic potential, VACV has also been
studied as a gene delivery tool for tumor detection. Previously,
we have visualized in real time the translocation and distribution of
a recombinant VACV in tumorous mice. Due to tumor-specific
replication and the expression of light-emitting proteins by the
virus, the location of tumors and metastases were revealed by
optical imaging (24). The expression of the VACV (WR strain)–
encoded somatostatin receptor in tumors has been tested as a
method to bind radiolabeled ligands for the detection of tumors
in mice using positron emission tomography (25).

In this paper, we describe the construction and characterization
of a new recombinant VACV (LIVP strain), GLV-1h68, and show its
function as a simultaneous diagnostic and, most importantly, as a
therapeutic agent. GLV-1h68 was constructed by inserting three
expression cassettes [Renilla luciferase–Aequorea green fluorescent
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protein (RUC-GFP) fusion, h-galactosidase, and h-glucuronidase]
into the F14.5L, J2R , and A56R loci of the viral genome, respectively.
The recombinant GLV-1h68 virus was subsequently injected i.v.
into human breast GI-101A tumor-bearing nude mice for
characterizing its tumor targeting and replication capability and
its toxicity. Furthermore, the effect of tumor colonization by GLV-
1h68 on growth, regression, and eradication of tumors without the
need for therapeutic transgenes was also investigated. Tumor
regression in live animals was monitored in real time based on
decreasing light emission, thereby demonstrating the concept of a
combined oncolytic virus–mediated tumor diagnosis and therapy
system. Species-specific transcriptional profiling was applied to
evaluate the host contribution in the process of tumor regression.

Materials and Methods

Cell lines. African green monkey kidney fibroblasts (CV-1) were obtained

from the American Type Culture Collection (ATCC). Cells were cultured in

DMEM supplemented with antibiotic-antimycotic solution (100 U/mL

penicillin G, 250 ng/mL amphotericin B, 100 units/mL streptomycin) and
10% fetal bovine serum (FBS; Invitrogen Corporation) at 37jC under 5%

CO2. Cell line GI-101A (kindly provided by Dr. A. Aller, Rumbaugh-Goodwin

Institute for Cancer Research, Inc.), a highly metastatic derivative of GI-101
human ductal adenocarcinoma (26), was cultured in RPMI 1640 supple-

mented with 5 ng/mL h-estradiol and 5 ng/mL progesterone (Sigma),

10 mmol/L HEPES, 1 mmol/L sodium pyruvate, 20% FBS, and antibiotic-

antimycotic solution (all reagents except noted were supplied by Mediatech,
Inc.). Mouse embryonic fibroblasts MEF (CF-1) were originally obtained

from ATCC and cultured in DMEM with 15% FBS.

Plasmid DNA and virus construction. All cloning steps were done

using vaccinia DNA homology-based shuttle plasmids generated for
homologous recombination of foreign genes into one of the target loci in

the VACV genome through double reciprocal crossover. In a previous study,

a RUC-GFP fusion gene was inserted into a NotI site in the LIVP genome

to generate a recombinant virus, rVV-RG, for visualization of VACV
infection (27). This NotI site is located within a small open reading frame

(ORF) between the F14L and F15L loci in the genome of VACV, thus

named F14.5L . Based on sequence analysis, ORF F14.5L encodes a short
polypeptide of 49 amino acids, which was found to be highly conserved

among different vaccinia strains, as well as other poxviruses.6

Plasmid pSC65 (28) and pVY6 (29) were used to direct the insertions

into the J2R and A56R loci of the LIVP genome, respectively. The human
transferrin receptor encoding cDNA (TFR) was excised from pCDTR1

(ATCC), and cloned into pSC65 for generating the shuttle vector for

insertion of h-galactosidase (lacZ) and TFR genes into the J2R locus. The

TFR cDNA was inserted in the reverse orientation to vaccinia synthetic
early/late promoter to serve as a negative control for a TFR-expressing

recombinant virus. As a result, TFR was not expressed (data not shown).

The double mutant virus GLV-1f65, therefore, carried a lacZ gene and a
reverse TFR cDNA in the J2R locus, plus the RUC-GFP fusion gene in the

F14.5L locus. To generate the triple mutant virus GLV-1h68, the lacZ gene in

pVY6 was exchanged with the cDNA of h-glucuronidase (gusA), excised

from pLacGUS (Invitrogen Corporation, Carlsbad, CA), and the resulting
plasmid was used as the shuttle vector for insertion of gusA into the A56R

locus. Because the J2R and A56R homologous flanking regions in the shuttle

vectors pSC65 and pVY6 were of WR origin, upon recombination into wt

LIVP genome, the corresponding regions in the LIVP derivatives were
replaced by the highly homologous WR sequences.

Recombinant viruses were generated by transformation of shuttle

plasmid vectors using the FuGENE 6 transfection reagent (Roche Applied

Science) into CV-1 cells, which were preinfected with the LIVP parental
virus or one of its mutant derivatives. The expression of RUC-GFP fusion

protein by the recombinant viruses was confirmed by luminescence assay
and fluorescence microscopy. Expressions of h-galactosidase and h-
glucuronidase A were confirmed by blue plaque formation upon addition

of 5-bromo-4-chloro-3-indolyl-h-D-galactopyranoside (X-gal, Stratagene)

and 5-bromo-4-chloro-3-indolyl-h-D-glucuronic acid (X-GlcA, Research
Product International Corporation), respectively. Positive plaques formed

by the recombinant virus were isolated and purified. The clonal purity of

each mutant virus isolate was verified by expression of the corresponding

marker gene(s) in the F14.5L, J2R , and A56R loci, which was also confirmed
by PCR and DNA sequencing. Viruses were propagated in CV-1 cells, and up

to 7 � 109 plaque-forming unit (pfu)/mL of GLV-1h68 could be purified

from 2 � 108 infected CV-1 cells through sucrose gradients (30).

Viral replication in cell cultures. CV-1 (1 � 105) and GI-101A (4 � 105)

cells were seeded onto 24-well plates, and MEF (CF-1) (1.1 � 105) cells were

seeded onto 12-well plates. After 24 h in culture, the cells were infected

with individual viruses at MOI of 0.001 ( for CV-1 or GI-101A cells) or MOI of

0.01 ( for MEF cells). The cells were incubated at 37jC for 1 h with brief

agitation every 10 min to allow infection to occur. The infection medium

was removed, and cells were incubated in fresh growth medium until cell

harvest at 24, 48, 72, or 96 h after infection. Viral particles from the infected

cells were released by a quick freeze-thaw cycle, and the titers determined

as medium (pfu/mL) in duplicate by plaque assay in CV-1 cell monolayers.

The same procedure was followed using a resting CV-1 cell culture, which

was obtained by culturing a confluent monolayer of CV-1 cells for 6 days in

DMEM supplemented with 5% FBS before viral infection.

Toxicity and survival studies. All mice were cared for and maintained
in accordance with animal welfare regulations under an approved protocol

by the Institutional Animal Care and Use Committee of LAB Research

International, Inc.

A total of 68 mice with GI-101A xenograft tumors were developed to
assess the biodistribution and toxicity of individual viruses. Tumors were

generated by implanting GI-101A cells (5 � 106 in 100 AL PBS) s.c. on the

right hind leg into 6- to 8-week-old female nude mice (NCI/Hsd/Athymic

Nude-Foxn1nu, Harlan). Tumor growth was recorded twice weekly in three
dimensions using a digital caliper. Tumor volume was calculated as

[(length � width � height)/2] and reported in cube millimeter. On day 30

after cell implantation (tumor volume, f300–500 mm3), a single i.v.

inoculation of individual viruses (1 � 107 pfu in 100 AL PBS) was delivered.
Animals were observed daily for any sign of toxicity, and body weight was

checked twice weekly. Fourteen days post–virus injection, four animals from

each group were killed for analysis of viral distribution. The tumors and
organs were excised, weighted, inspected, and homogenized using MagNA

Lyser (Roche Diagnostics) at a speed of 6500 for 30 s. After three cycles

of freeze and thaw, the supernatants were collected by centrifugation at

1000�g for 5 min. The viral titers were determined in duplicate by standard
plaque assays using CV-1 cells.

The remaining mice (n = 8) for each group were followed up to 130 days

to determine survival. Both body weights and tumor volumes were

monitored continuously, and the animals were euthanized when tumors
reached a volume of 4000 mm3 or their body weight loss exceeded 50%.

Virotherapy of GI-101A xenografts with GLV-1h68. To assess growth

of GI-101A tumors in nude mice upon colonization with GLV-1h68, three
different doses of the virus were injected systemically via different routes.

Thirty days after subcutaneous tumor cell implantation, a single dose of

GLV-1h68 at 1 � 105, 1 � 106, or 1 � 107 pfu in 100 AL PBS was injected

via the left femoral vein or at 1 � 106 pfu in 100 AL PBS via the tail vein.
A total of 25 mice, five for each dosing group, were included in this study.

Tumor measurements were recorded twice weekly for 130 days after initial

virus injection, in parallel with fluorescence imaging of tumors. Six

extra mice were included for the 1 � 107 pfu dosing group, allowing
tumor tissues to be collected at 14, 28, and 56 days after GLV-1h68 injections

for immunohistochemical analysis of h-galactosidase in 5-Am paraffin

embedded tissue sections.
Gene profiling analysis on Affymetrix mouse oligoarrays. To evaluate

the involvement of host mechanisms in the eradication of transplanted

xenografts, we implanted human GI-101A cells (5 � 106 in 100 AL PBS) s.c.

on the right hind leg of 6- to 8-week-old female nude mice. On day 30 after6 Q. Zhang, C. Liang, Y.A. Yu, N. Chen, T. Dandekar, A.A. Szalay, unpublished data.
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cell implantation, a single dose of virus (5 � 106 pfu of GLV-1h68 in 100 AL
PBS) was delivered via the femoral vein. Four mice per group were killed

3 and 6 weeks after GLV-1h68 injection. An identical number of control
mice treated with PBS alone were killed in parallel. Total RNA was extracted

from excised tumors using a QIAGEN RNeasy Protect Mini kit. Each RNA

sample was eluted into 50 AL of DEPC-treated H2O with addition of 2 AL of

RNase inhibitor (Invitrogen) for storage at �80jC. Four tumor RNA samples
from control animals sacrificed at the same time point were pooled

together as reference after RNA isolation. Five micrograms of total RNA

were amplified into cRNA and hybridized onto GeneChip Mouse Genome
430 2.0 arrays consisting of 45,000 probe set using GeneChip One-Cycle

Target Labeling and Control Reagents (Affymetrix) according to manufac-

turer’s instructions. Species-specific hybridization was tested by hybridizing

in identical conditions amplified cRNA to the Human Genome U133 Plus
2.0 Array (Affymetrix).

Statistical analysis. Statistical analyses were done with SPSS, version 10

(SPSS, Inc.). The comparisons among treatment groups were made by

ANOVA, and the differences between different groups were analyzed with
LSD test when the ANOVA showed an overall significance. Statistical

analysis of survival time was assessed using the log-rank test. P values of

<0.05 were considered significant.

Array data analysis used the BRB array tool7 developed by Dr. Richard
Simon and Amy Peng Lam at NIH. Data were filtered at intensity of >10,

excluding absent calls and normalized via median centering. Probes with

missing value or notations with absent calls in >50% of the entire
experiments were also excluded. Class comparison was adopted to identify

genes differentially expressed at 3 or 6 weeks compared with the

corresponding control samples. Differentially expressed genes were defined

by univariate test (P < 0.005), false discovery rate (FDR < 0.12), and fold

change (z2). Selected genes were then further processed with Gene

Ontology8 to evaluate observed overexpected gene contributions within

predetermined functional categories.

Results

GLV-1h68 retains its replication capacity in GI-101A cells.
Schematic diagrams of wt LIVP and its derivatives used in this
study are shown in Fig. 1. To examine whether insertions in the
F14.5L, J2R , or A56R locus affected the infectivity and replication
of individual recombinant viruses, infection studies were carried
out using wt, single, double, and triple mutant LIVP viruses.
Replication was determined in both dividing and resting CV-1 cells
and in human breast tumor GI-101A cells. Compared with wt LIVP,
all LIVP derivatives showed comparable replication in dividing
CV-1 cells, but were approximately one-fifth as efficient in resting
CV-1 cells 96 h after virus inoculation (Fig. 2A). Similarly, in GI-
101A cells the infection and replication of LIVP mutant viruses
were not very different from those of wt LIVP, suggesting that the
single, double, or triple insertions within the LIVP genome did not
detrimentally affect the entry and replication of the virus in CV-1 or
GI-101A cells. In MEFs, however, the replication capacity of LIVP
mutant viruses was greatly reduced or diminished compared with
its wt strain.
Comparison of distribution of VACV strains in nude mice.

Table 1A summarizes the virus distribution data in GI-101A tumor-
bearing nude mice after i.v. injection of VACVs at a single dose of

Figure 1. VACV constructs and marker genes. The wt LIVP was used for the generation of modified VACV with designations of GLV-1d27, GLV-1f65, and GLV-1h68.
The wt VACV strain WR was used for the construction of GLV-0b05 virus. P11, VACV late P11 promoter; PE/L, VACV synthetic early/late promoter; P7.5, VACV
early/late promoter.

7 http://linus.nci.nih.gov/BRB-ArrayTools.html 8 http://www.geneontology.org/
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1 � 107 pfu per mouse. As shown in Table 1A , similar titers were
recovered from the GI-101A tumors upon colonization with wt
LIVP or its mutants. However, the systemic distribution data
suggested that LIVP mutants were cleared more efficiently from
the body than the wt virus. Compared with the distribution of
wt LIVP and its derivatives, drastically elevated viral distribution
was found in all organs of mice injected with wt WR. As high as
5.9 � 106 pfu of the virus per gram of tissue was found in the brain,
and an even higher titer was recovered from the ovaries. Notable
reduction in viral titer was achieved by using a virus with insertion
into the TK gene in the WR genome (GLV-0b05), but still as high as
103 pfu of GLV-0b05 per gram of tissue was recovered from brain
and 107 pfu of the virus per gram of tissue from ovaries. In contrast,
both the brain and ovaries were found to be free of virus particles
in mice injected with wt LIVP or its mutants.
GLV-1h68 shows remarkable safety profile in tumor-bearing

nude mice. The toxicity of VACV infection on tumor-bearing nude
mice was assessed by changes in body weight and macroscopic
examinations of various organs (Fig. 2B and C). GI-101A tumor-
bearing mice were i.v. injected with individual viruses at 1 � 107

pfu per mouse. Ten days after virus injection, significant weight
loss (25%) was observed when wt WR was used as the inoculum.
Mice injected with WR TK� or wt LIVP lost f15% to 20% of their
body weight 2 weeks after the injection. In contrast, no significant
weight loss was noted when LIVP mutants were injected. These
findings were in agreement with the viral distribution data and

suggested that body weight loss might have been due to systemic
infections of various organs by wt VACV.

Mice injected with wt WR or its TK� derivative exhibited 8-fold
to 14-fold enlargement of ovaries compared with those in
uninfected control mice (Fig. 2C). The viral titer recovered from
ovary tissue 9 days after wt WR injection was 4.1 � 107 pfu/g,
f2.5-fold above the viral titer found in the ovaries of mice treated
with WR TK� insertional mutant (Table 1A). In contrast, mice
treated with wt LIVP or its insertional mutant derivatives had
normal-sized ovaries, and no virus was recovered from these
ovaries. Therefore, ovarian infection by wt WR or WR TK� might
have caused the enlargement of ovaries.

Surprisingly, whereas the spleen weight of the mice treated with
WR strains was not significantly different from that of the PBS
control, those injected with LIVP or its mutants showed visible
increases in spleen weight (Table 1B). The spleen enlargement
could not be explained by virus infection in spleen tissues because
there were no LIVP mutants recovered from spleen 2 weeks after
virus injection.
Effect of GLV-1h68 colonization on the survival of tumor-

bearing nude mice. To investigate whether successive attenuation
of wt LIVP virus affects the survival of GI-101A tumor-bearing nude
mice, these mice were monitored continuously for 130 days after
virus injection (Fig. 2D). All tumor-bearing mice injected with
107 pfu of wt WR died within 11 days after infection. Those injected
with wt LIVP survived up to 35 days. The insertion of the RUC-GFP

Figure 2. GLV-1h68 retains its replication capacity in tumor cells and shows a remarkable safety profile in tumor-bearing nude mice. A, viral replication in cell culture.
CV-1 and GI-101A cells were inoculated with VACVs at MOI of 0.001 and MEFs at MOI of 0.01. The infected cells were harvested 24, 48, 72, or 96 h after infection.
Viral titers were determined as pfu per ml of medium in duplicate by plaque assay in CV-1 cell monolayers. B, toxicity of VACV strains to mice with tumors. VACV
strains were individually injected i.v. at single dose of 1 � 107 pfu in 100 AL PBS into mice with GI-101A (30 d old) tumors. Body weight was monitored twice a week
thereafter. Change of body weight was calculated as [(b ¶ � t ¶) � (b � t )]/(b � t ), where b and t are the body weight and tumor weight on day of virus injection,
respectively, and b ¶ and t ¶ are their corresponding weights on the day of monitoring (n = 4). The color coding for each virus also applies to C and D . C, effect of VACV
strains on ovaries in nude mice with breast tumors. Mice were killed 9 d (WR-injected) or 14 d (other viruses injected) after virus injection. The ovaries were
removed and weighed, and photographic images were taken. Enlargement of ovaries were seen in mice injected with WR viruses, but not in mice injected with
LIVP and its mutants. D, survival of GI-101A tumor-bearing nude mice after treatment with VACV strains. GI-101A tumor-bearing mice were i.v. injected with individual
VACV strains at a single dose of 107 per mouse at 30 d after tumor cell implantation. The difference in survival of the mice treated with GLV-1h68 was statistically
significant compared with those treated with all other viruses (P < 0.0001).
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expression cassette in the F14.5L locus of the LIVP genome
significantly attenuated the virus so that the virus-injected tumor-
bearing mice survived up to 57 days. When the double mutant virus
(with insertions in the F14.5L and TK loci) was injected, mice lived
up to 116 days after virus injection. The triple mutant GLV-1h68
was the most attenuated and showed an outstanding safety profile,
with 100% of the tumor-bearing mice injected with the virus
surviving without ill effect for the duration of the study (130 days
postinfection). More remarkably, GLV-1h68–treated mice exhibited
tumor eradication or reduction, and no metastases were observed
at the end of the study. On the other hand, the control mice
injected with PBS had to be euthanized by day 57 due to excessive
tumor burden, often accompanied by visceral metastases.
GLV-1h68 eradicates human breast tumor xenografts in

nude mice. During the survival studies, we observed that GLV-
1h68 caused a remarkable decrease in the size of human breast
tumor xenografts in nude mice. Examination over time revealed
that, after i.v. injection of the virus, breast tumors (f300–500 mm3

initially) showed a three-phase growth pattern (Fig. 3A). In Phase
I (growth phase), the size of tumors increased continually until
they reached an aggregate volume of f1,500 to 2,000 mm3.
A slightly larger tumor volume was observed in this phase upon
viral colonization compared with control mice with no virus
infection. Fourteen days post–virus injection, tumor growth was
arrested (Phase II, inhibitory phase) when compared with the
uninfected control group. The inhibitory phase persisted for f2

weeks, followed by tumor regression. This regression phase
(Phase III) then continued and resulted in complete tumor
elimination in >95% of the mice within 130 days after virus
injection.

The three-phase tumor progression pattern was observed when
a single dose of 105, 106, or 107 pfu of GLV-1h68 was delivered
through the tail or femoral veins, indicating that 105 pfu of virus
was sufficient to achieve tumor colonization and therapeutic
efficacy in nude mice. No release of infectious viral particles was
found in the blood 14 days after virus injection or during subse-
quent tumor progression stages.
Tumor regression monitored by light extinction. In previous

studies, we showed that viral titers in tumors could be estimated
based on levels of luminescent and fluorescent light emission (24).
In this study, virus-mediated light emission was used to monitor
the progression of breast tumors that were colonized by GLV-1h68.
Imaging data obtained during the three phases of tumor growth
observed after virus injection is shown in Fig. 3B . Images obtained
14 days after virus infection (at end of Phase I) indicated a
massive viral replication only within the tumor region. At the end
of Phase II, f28 days postinfection, a significant reduction in
tumor size was visible. This also corresponded with drastic
reduction in GFP signal within regressing tumor tissue. In Phase
III, 56 days after VACV injection, the photographic image showed
a nearly complete regression of the implanted breast tumors, in
parallel with complete light extinction in the same tumor region.

Table 1.

(A) Distribution of VACV in tissues of GI-101A tumor-bearing nude mice

Tissue Median of viral recovery, pfu/g of tissue (n = 4)

WR wt* GLV-0b05 LIVP wt GLV-1d27 GLV-1f65 GLV-1h68

Brain 5.9 � 106 3.8 � 103 0 0 0 0
Kidneys 1.1 � 107 2.3 � 104 4.1 � 102 4.3 � 102 0 0

Lungs 1.7 � 106 2.2 � 103 1.7 � 102 1.3 � 103 8.0 � 102 7.7 � 102

Spleen 1.7 � 106 4.3 � 102 4.1 � 103 0 0 0
Ovaries 4.1 � 107 1.6 � 107 0 0 0 0

Bladder 1.1 � 104 0 0 0 0 0

Liver 2.6 � 105 8.6 � 103 3.5 � 103 0 2.3 � 102 0

Heart 6.3 � 104 4.3 � 102 0 0 0 0
Serum

c
1.2 � 103 0 0 0 0 0

Tumor 3.0 � 109 5.9 � 108 1.1 � 109 1.0 � 109 4.9 � 108 1.0 � 109

(B) Relative spleen weight in mice with or without tumors after virus injection

Relative spleen weight,b mean F SD (n = 4–8)

PBS WR wt* GLV-0b05 LIVP wt GLV-1d27 GLV-1f65 GLV-1h68

No tumor 50.5 F 11.2 48.0 F 13.1
GI-101A 84.1 F 14.6 57.9 F 10.9 73.1 F 19.3 108.4 F 39.4x 151.8 F 27.9x 159.9 F 22.7x 117.7 F 15.3x

Note: Each mouse was inoculated with 107 pfu of virus, and unless specified otherwise, mice were sacrificed 14 d after virus injection.
*Mice were sacrificed 9 d after virus injection.
cpfu/20 AL of serum.
bRelative spleen weight = weight of spleen (g) � 104/[body weight (g) � tumor weight (g)].
x P < 0.05 when compared with nonmarked groups (LSD test).
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These findings indicated strongly that, concomitantly with the
elimination of breast tumor cells or tissues, the colonizing viral
particles and the virus-encoded light-emitting proteins were also
eliminated from the tumor site. Therefore, we were able to show
the real-time monitoring of tumor regression based on light
extinction.

The GLV-1h68–mediated h-galactosidase expression in regress-
ing tumors was also analyzed with immunohistochemical staining.
The presence of h-galactosidase (brown) in tumor sections 14 days
after virus infection (Phase I) was shown in Fig. 3B, c and d . The
immunohistochemical staining of h-galactosidase was also visible

in the tumor section 28 days after virus infection. However, at
end of Phase III, in parallel with extinction of GFP fluorescence,
h-galactosidase staining from infected tumor section was com-
pletely absent. Neither GFP fluorescence nor h-galactosidase
staining could be documented outside of tumor tissues or in
uninfected tumors.
Host-specific transcriptional changes during tumor growth

inhibition and regression. Affymetrix mouse arrays are relatively
species specific.9 Hence, genes identified in this study as diffe-
rentially expressed may primarily represent host cells infiltrating
the tumor. Previous work in our laboratory using human specific
arrays did not identify significant changes in human xenografts
at earlier time points after GLV-1h68 injection (20 h and 7 days).
Significant alterations were noted at day 21 corresponding to the
plateau of tumor growth and the beginning of the regression phase
(data not shown). Thus, the analyses of host responses were limited
to 3 and 6 weeks during the growth inhibition and the regression
phases after viral injection. Host gene profiling analysis (F test)
identified 681 differentially expressed genes at 3 and 6 weeks
(P < 0.005; false discovery rate < 0.12; permutation P < 0.05),
compared with corresponding control samples (Fig. 4A and
Supplementary Table S1). Gene Ontology database was queried
to assign genes to functional categories; expected (number of genes
present in the array platform belonging to each category) versus
observed (number of genes actually identified by the study
belonging to each category) gene number for each respective
category is reported. This approach pointed at major histocom-
patibility class I, chemokine receptor binding, chemokine activity,
and cytokine activity as functional categories over represented
among up-regulated genes in virus-injected mice (Fig. 4B).
Peptidases, proteases, and other enzymatic function-related genes
were preferentially down-regulated (Fig. 4B and Supplementary
Table S1). Based on biological processes function, the analysis
confirmed a predominance of host immune defense functions
(Fig. 4C). To assess the changes of potential cross hybridization of
human genes to the mouse chip, we hybridized amplified cRNA
also to a Human Genome U133 Plus 2.0 Array and identified genes
differentially expressed between control and treated samples. This
analysis confirmed that fewer than 50% of the genes identified with
the mouse arrays were differentially expressed according to the
human chip, and among them, the few immune-related genes that
resulted differentially expressed displayed very low fluorescence
intensity in the human (<100) compared with the high or very high
intensity displayed by the same genes in the mouse arrays (data not
shown). This suggests that the same probes favor hybridization
to mouse targets compared with the human targets. Histologic
evaluation of control and treatment samples also supported a
stronger peritumoral and intratumoral inflammatory infiltrate in
treated samples (Fig. 5). Overall, it seems reasonable to conclude
that a mouse-related immune response is part of the process
leading to tumor regression. Evaluation of individual gene
annotations suggested preferential activation of proinflammatory
transcripts, such as chemokine ligands (Ccl2, Ccl27–Ccl9, Ccl212,
Cxcl9, Cxcl10, Cxcl12), interleukin, and chemokine receptors (Il13r,
Il18, and Ccr2). In addition, a panel of IFN-stimulated genes
(Ifi202b, Ifi203, Ifi204, Ifi205, Ifi35, Ifi44, Ifi47, Ifih1, Ifit1, Ifit2, Ifit3,
Ifitm3, Igtp, Iigp1, Isgf3g ) were significantly induced in association

Figure 3. Characterization of tumor progression after virus injection.
A, GLV-1h68 eliminates human breast tumors in nude mice. Mice with breast
tumors (30 d old) were injected i.v. with GLV-1h68 virus at three different
doses (105, 106, and 107 pfu/100 AL PBS per mouse) or with PBS as control.
Tumor growth was monitored by measuring the tumor volume twice a week.
B, monitoring of tumor and VACV elimination by light extinction in nude mice
treated with GLV-1h68. Mice were i.v. injected with a single dose (1 � 107 pfu per
mouse) of GLV-1h68 or PBS as control 30 d after breast tumor cell implantation.
Bright field photographs (a ) and fluorescence (b ) images were taken 14, 28, and
56 d after virus or PBS injection. One representative mouse is presented. The
data show a drastic reduction of tumor volume in mice injected with GLV-1h68.
Two weeks after virus injection, strong fluorescence of GFP was seen in tumors
with a volume of f1400 mm3. An additional 2 wk later, a much reduced GFP
fluorescence was observed at tumor size off480 mm3 in the same mouse. After
56 d, no GFP fluorescence was seen in the tumor which was f180 mm3 in size.
c and d, immunohistochemical analyses of expression of GLV-1h68–encoded
h-galactosidase in tumors excised from mice that were killed 14, 28, and 56 d
after virus delivery. h-Galactosidase activity was detected concomitant with light
emission and was completely eliminated as light emission was extinguished
(at day 56). c, magnification, 10�. d, magnification, 40�.

9 http://www.affymetrix.com/support/technical/comparison_spreadsheets.affx
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with the up-regulation of STAT-1 and IFN regulatory factor-7 (Irf7);
the latter is strongly indicative of the activation of type I IFN
pathways. Finally, genes denoting infiltration and activation of
immune cells were observed, including Cd69, Cd48, Cd52, and
Cd53, expressed on activated T cells, natural killer (NK) cells,
macrophages, granulocytes, and dendritic cells and associated with
leukocyte activation and NK cytolytic function.

Discussion

This paper describes the construction of a novel VACV, GLV-
1h68, which carries three separate insertions in the F14.5L, J2R
(TK), and A56R (hemagglutinin) loci of LIVP genome. We have
documented that, whereas the triple insertions greatly reduced
the replication of GLV-1h68 in normal mouse cells (e.g., MEF), the
replication of GLV-1h68 in tumor cells (e.g., GI-101A) was not
detrimentally affected. Injection (i.v.) of GLV-1h68 into nude mice
with human breast tumor xenografts showed enhanced preference
for colonization of tumors when compared with wt LIVP and WR
strains. The differential colonization is reflected in the restricted
distribution of GLV-1h68, mostly to tumors but not to other organs,
and therefore resulted in less toxicity, allowing extended survival
of tumor-bearing nude mice. Moreover, we discovered GLV-1h68
caused regression and complete elimination of human breast
tumor xenografts in nude mice.

The regression of GI-101A tumor xenografts in mice by GLV-1h68
occurred in three phases. In Phase I, a slightly larger tumor was
observed in the infected tumors compared with the uninfected

control. This may be the result of an inflammatory response in
tumors after viral infection (31) and/or expression of VGF by VACV
after virus infection (32). The 3-fold to f4-fold increase in tumor
volume in both virus-treated and untreated mice suggested that
the initial viral colonization did not seem to be sufficient to visibly
interfere with tumor growth. The viral colonization and replication
in tumors was shown through increasing light emission. Approx-
imately 14 days after virus injection, the growth of GI-101A tumor
xenografts was reduced and subsequently inhibited (Phase II),
indicating that the oncolytic VACV GLV-1h68 started interfering
with tumor growth, probably by massive oncolysis of tumor cells.
In this inhibition phase, the number of lysed tumor cells was
presumably equal to that of the dividing tumor cells. Phase II lasted
for f7 to 14 days. A constant level of fluorescence signal was also
exhibited in this phase, indicating the balance between oncolytic
activity and tumor cell infection. In contrast to Phase I and
Phase II, at the initial stage of Phase III, a rapid tumor regression
occurred, concomitantly with a gradual light extinction in tumors.

In previous studies, conventional chemotherapy treatments have
been conducted in mice with subcutaneous GI-101A tumors.10

Multiple doses of different agents, such as 5-fluorouracil,
methotrexate, cyclophosphamide, and mitomycin-c, at different
strengths were given i.v. into tumor-bearing mice. Treatment by
methotrexate, cyclophosphamide, and mitomycin-c did show a

Figure 4. Host gene expression profiling analysis. A, supervised cluster visualization of differentially expressional genes among control, 3 and 6 wk post–virus injection
(F test, P < 0.005, FDR < 0.12, and fold change z 2). Heat map was generated using centralized log2 intensity (37). B, gene ontology expected versus observed
gene analysis based on gene molecular function. Red labeled gene function group are up-regulated genes. C, gene ontology expected versus observed gene analysis
based on biological processing function. Red labeled legends are gene groups with immunologic function and up-regulated.

10 Y.A. Yu, A. Aller, A.A. Szalay, unpublished data.
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noticeable slowing of tumor growth 3 months after treatment;
however, none of the chemotherapy regimens were able to shrink
or eradicate the xenograft tumors. Therefore, the VACV-mediated
tumor therapy clearly showed an advantage over traditional
chemotherapy methods in nude mice bearing GI-101A tumors.

The fact that tumor-bearing nude mice successfully overcame
infection by GLV-1h68 and survived the duration of the experi-
ments suggests both considerable attenuation of the triple mutant
of VACV and active involvement of the immune system. We
believe that the one key factor that makes the successful
elimination of tumors possible is the high attenuation status of
GLV-1h68. This allowed the time for the virus to replicate and
subsequent oncolysis to continue until tumor reduction and
elimination. Wt WR, on the other hand, was lethal to mice before
tumor regression or elimination could be completed. Although it
is known that nude mice retain some residual T-cell activity (33)
and antiviral cytotoxic T cells have been shown to play a crucial
role in recovery from primary VACV infection, it is not clear how
much residual T cells might have contributed to the clearance of
GLV-1h68 in tumor-bearing nude mice. The involvement of the
activated immune system is also suggested by the spleen
enlargement observed in tumor-bearing mice infected with LIVP
and its mutants. The spleen enlargement could not be explained
by viral colonization of the spleen, because no LIVP mutants were
recovered from spleens 2 weeks after i.v. injection. A likely
explanation is that the LIVP viruses caused the tumor cells to lyse
and that debris from the dying cells act locally or enter the
circulation, producing extensive proinflammatory signals. In
addition, cytokine and chemokine produced by the cancer cells
stressed by the infections process may trigger a general immune
response in the spleen and other lymphoid tissues, resulting in
their enlargement.

Transcriptional analysis suggested that the host immune system
may be involved in the process leading to the inhibition and
regression phases of xenografts. Genes with immune function were
incrementally enriched at tumor sites, particularly during the
tumor regression phase (Fig. 4). These genes included cytokines,
chemokines and their receptors, and a broad array of IFN-
responsive genes. The up-regulation of STAT-1 , IFN-regulated
genes, and genes associated with immune cell migration/activation
have all been previously described in humans in association with
immune-mediated tumor rejection, acute allograft rejection,
clearance of viral infection, and autoimmunity (34). Thus,
transcriptional profiling supports the hypothesis that tumor
regression after viral colonization is at least in part mediated
through host defense mechanisms most likely belonging to the
innate immune systems, because nude mice are deficient in T-cell
and B-cell function. This conclusion is in accordance with a recent
publication by Hicks et al. (35), suggesting that innate immunity
plays a predominant role in the control of tumor growth. This
notion is also supported by a recent study demonstrating that,
indeed, VACV infection elicits a Toll-like receptor 2–mediated
activation of the innate immune responses indirectly resulting in
the predominant secretion of type I IFNs (36).

The latent induction of gene expression changes denote that
the initiation of tumor rejection was mediated by viral replication.
The production of proinflammatory cytokines, chemokines, and
growth factors at the tumor site function as chemoattractants to
recruit DC, monocytes, NK cells, and neutrophils and to trigger
stroma cell infiltration. Activated infiltrating cells secrete more
soluble proinflammatory molecules and promote cytolytic killing of
tumor cells.

Based on the above findings, we therefore propose that the
following mechanism may promote complete elimination of

Figure 5. Representative example of
inflammatory infiltrate in tumors from
control mice (A ) and mice that received
GLV-1h68 injection (B, C and D). Tumors
from virally injected mice displayed intense
mononuclear cell infiltrates in peritumoral
(B) and intratumoral (C and D ) areas.
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human breast tumor xenografts in nude mice. The first step
requires reaching high viral titers (e.g., 1 � 109/g of tissue) in the
tumor, which cause efficient oncolysis of tumor cells, followed by
an inflammatory response. Upon continued massive lysis of tumor
cells, proinflammatory signals are released, resulting in activation
of the immune response. Subsequently, ongoing oncolysis, in
combination with the elicited immune response, eliminates tumors
from the mice. Ongoing experiments in our laboratory are designed
to document the molecular events during this virus-mediated
tumor elimination process. Unpublished data from our laboratory
also indicate that the antitumoral effect of GLV-1h68 is not limited
to GI-101A breast tumors. In summary, the light-emitting oncolytic
virus GLV-1h68 may be viewed as a ‘‘live nanoparticle’’ or ‘‘live
nanovector’’ with a natural tumor targeting, entry, and amplifica-

tion capability and may be used as a simultaneous diagnostic and
therapeutic vector for tumor treatment.
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