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Abstract

Purpose: Replication-competent retrovirus (RCR) vectors have been shown to achieve highly
efficient and tumor-restricted replicative spread and gene transfer in vivo after direct intratumoral
injection in a variety of primary cancer models. In this setting, the intrinsic inability of retroviruses
to infect postmitotic normal cells, combined with their unique ability to persist through stable
integration, allow further transduction of ectopic tumor foci as the infected cancer cells migrate.
However, i.v. delivery of RCR vectors has never been tested previously, particularly in an immunocompetent tumor model.
Experimental Design: We combined optical imaging, flow cytometry, and molecular analysis to
monitor RCR vector spread after administration via locoregional infusion in a hepatic metastasis
model of colorectal cancer.
Results: Robust RCR replication was first confirmed in both human WiDr and murine CT26
colorectal cancer cells in vitro, with transduction levels reaching >90% in <12 days after virus inoculation at multiplicities of infection of 0.01 to 0.1. In vivo, infusion of RCR supernatant into the
portal circulation resulted in progressive and significant transduction of multifocal intrahepatic
CT26 tumors in syngeneic mice, averaging about 30% but with up to 60% transduction in some
tumors within 4 weeks. However, immunohistochemistry and quantitative PCR analysis showed
no evidence of RCR spread to adjacent normal liver or to any other normal tissues.
Conclusions: Our results thus show that locoregional infusion of RCR vectors can be used to
deliver therapeutic genes selectively to tumor cells in the liver while sparing normal hepatocytes
and without dissemination to extrahepatic normal tissues.

Colorectal cancer is still one of the leading causes of cancerrelated death (1). The liver is the most common site of distant
metastasis due to the direct flow of blood from the intestinal
tract to the liver via the portal system, and liver metastases will
develop in 60% of patients with colorectal cancer. Of these,
surgical resection may result in long-term survival or cure in
30% who present without metastasis to extrahepatic sites.
However, the 5-year survival rate after surgical resection
remains only about 30% due to the high frequency of
recurrence after hepatic resection (2 – 4).
In clinical trials of gene therapy for cancer, among the most
commonly used gene delivery vehicles have been replicationdefective retroviral vectors; however, transduction efficiencies
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have been insufficient for clinical use due to the inability of
replication-defective viral vectors to diffuse throughout the
entire tumor mass (5, 6). Current strategies to improve tumor
transduction efficiency include the use of replication-competent
instead of replication-defective viral vectors. Theoretically, the
use of replicating viruses would be more efficient, as each
transduced tumor cell will itself become a producer cell,
generating more viral progeny, thereby amplifying the effect of
the initial inoculum. A variety of tumors selectively replicating
oncolytic viruses are being developed for oncolytic virotherapy
of various solid cancers. However, although clinical trials have
shown some efficacy and safety (7 – 12), the possibility of
premature clearance by immune responses (13, 14) or
nonspecific replication in normal cells (15 – 17) still needs to
be more thoroughly evaluated.
Replication-competent retrovirus (RCR) vectors of the type
used in the present study have been developed based on
murine leukemia virus (MLV) as a novel vehicle for cancer gene
therapy (18 – 20). These vectors have been found to be highly
stable, capable of replicating without observable deletions
through multiple serial infection cycles in culture (20) and can
achieve highly efficient gene delivery to solid tumors in vivo
(18). We have shown previously that, whereas transduction
efficiency of replication-defective wild-type MLV vector was
only 1.2%, RCR vector could achieve >90% transduction of s.c.
injected glioma with almost same titer of virus (21). Compared
with other replicating virus systems, RCR vectors exhibit unique
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characteristics, including intrinsic selectivity for actively dividing cells and noncytolytic replication leading to stable
integration in the target cell. These properties contribute to
selective and persistent replication in tumors, and we and
others have shown previously that RCR vectors could achieve
efficient and tumor-restricted gene transfer and propagation,
resulting in significant therapeutic benefit after direct intratumoral injection (21 – 24).
Whereas direct intratumoral injections could be used
clinically for gene delivery to a few localized tumor foci, for
example by ultrasound-guided percutaneous injection in the
context of metastatic spread of colorectal cancer to the liver, a
more practical solution for multifocal metastatic disease might
be locoregional infusion of virus vectors via portal vein or
hepatic artery. In previous studies, although significant
therapeutic efficacy has been reported after locoregional
infusion of retrovirus producer cells for immunocytokine gene
transfer (25), the actual transduction efficiency with replication-defective retrovirus vector supernatant (4  105 to 5  105
total colony-forming units) has been reported to be <5% in 0%
to 2% of metastatic tumors, and even with infusion of virus
producer cells, the median transduction efficiency was reported
to be on the order of 5% to 10% of tumor cells within a given
lesion (25). Therefore, in the present study, we tested the replication kinetics, transduction efficiency, and tumor-selectivity of
RCR vectors by locoregional administration via the portal
system in a syngeneic mouse model of intrahepatic multifocal
colorectal cancer metastasis. This represents the first study to
examine locoregional delivery of RCR vectors, as well as the use
of this vector system in an orthotopic model of gastrointestinal
cancer, and the first use of optical imaging to monitor the spread
of RCR vector spread in situ.

Materials and Methods
Cell lines and RCR vector plasmid. Transformed human embryonic
kidney cell line 293T, human colon adenocarcinoma cell line WiDr,
and BALB/c-derived murine colon adenocarcinoma cell line CT26 were
obtained from American Type Culture Collection (Manassas, VA) and
maintained in a humidified atmosphere with 5% CO2 in DMEM,
MEM, and RPMI 1640, respectively, each supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin.
The plasmid pACE-GFP has been described previously (21) and is a
modification of RCR vector plasmid pAZE-GFP, which contains a fulllength replication-competent amphotropic MLV provirus with an IRESGFP cassette inserted between the env gene and 3¶-untranslated region
(20). In pACE-GFP, the U3 region of the 5¶ long terminal repeat was
replaced by the cytomegalovirus promoter to increase the initial level of
viral mRNA transcription and RCR vector production on transient
transfection of the plasmid. To develop pACE-CD, the IRES-GFP
cassette of pACE-GFP was replaced with an IRES-CD cassette, which was
amplified by PCR from the plasmid pCR-Blunt-CD, kindly provided by
Dr. P. Roy-Burman (Department of Pathology, University of Southern
California, Los Angeles, CA).
Virus production, titer determination, and analysis of replication
kinetics in vitro. For production of the ACE-GFP virus, 293T cells were
transiently transfected with plasmid pACE-GFP using LipofectAMINE
2000 (Invitrogen Life Technologies, Carlsbad, CA) and replenished
with serum-free medium 8 hours after transfection. After incubation for
an additional 48 hours, the supernatant medium was harvested, filtered
through a 0.45-Am syringe filter, and stored frozen at 80jC. Polybrene
(4 Ag/mL; Sigma, St. Louis, MO) was added for all infections in culture.
To determine viral titers, a precounted number of cells were infected
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with serial dilutions of viral supernatant, incubated for 24 hours, after
which 50 Amol/L 3¶-azido-3¶-deoxythymidine (Sigma) was added to
prevent virus spread. After an additional 24 hours, the cells were
trypsinized and analyzed for green fluorescent protein (GFP) expression
on a Coulter EPICS flow cytometer (Beckman Coulter, Fullerton, CA).
The viral titer was calculated as described previously (21) and
represented as transducing units (TU) per milliliter.
For analysis of replication kinetics in colorectal cancer cells in vitro,
virus vector stock at multiplicity of infection (MOI) of 0.01 or 0.1 was
used to infect WiDr or CT26 cells at 20% confluency. At serial time
points after virus infection, the cells were trypsinized, one fourth was
replated, and the remainder was analyzed for GFP expression by flow
cytometry. When the CT26 cells had reached f100% transduction with
ACE-GFP, this stably transduced cell population (CT26.GFP) was
maintained for further experiments.
In vitro cytotoxicity assay. Cell viability was determined using a
tetrazolium dye conversion [3-(4-5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (MTS)] assay
(Promega, Madison, WI). To assess drug cytotoxicity, triplicate wells
containing CT26 or WiDr cells (2  103 per well) were cultured in 96well plates with 1 mmol/L 5-fluorocytosine (5FC). On day 5, dye
conversion was read using an ELISA plate reader at 490 nm following
the 2 hours of reaction at 37jC. Cytotoxicity was determined by
calculation of the absorbance of viable cells as measured against wells
containing no 5FC. Drug cytotoxicity experiments were confirmed on
each transduced cell line in at least three independent experiments.
Subcutaneous tumor and orthotopic liver metastasis models. Six-to
eight-week-old female nude mice (Charles River Laboratories, Inc.,
Wilmington, MA) and female BALB/c mice [University of California at
Los Angeles (UCLA) Division of Experimental Radiation Oncology
animal facility] were bred and maintained in accordance with
institutional guidelines under specific pathogen-free conditions, and
all studies were conducted under protocols approved by the UCLA
Animal Research Committee.
For s.c. tumor models, cell suspensions of WiDr (1  106/100 AL) or
CT26 (5  104/100 AL) in HBSS were injected into the right dorsal
flanks of nude mice or BALB/c mice, respectively. One week later, ACEGFP (1  104 TU/100 AL) was given by direct intratumoral injection,
and the tumors were dissected at different time points for analysis.
To establish a standard curve for fluorescence imaging of s.c. tumors,
uninfected parental CT26 cells were mixed with CT26.GFP cells at
various ratios (0-100%), and these CT26 cell mixtures (5  104 cells) in
100 AL HBSS were s.c. injected into each mouse. Two weeks later, the
s.c. tumors were excised and analyzed by fluorescence imaging and flow
cytometry as described below.
A syngeneic mouse model of colorectal cancer metastasis to the liver
was also established as described previously (26), with minor
modifications, by infusion of tumor cells into the portal system via
intrasplenic injection. Briefly, after making a left subcostal incision
under isoflurane anesthesia, CT26 tumor cells (5  104) in 200 AL
HBSS were inoculated by intrasplenic injection through a 30-gauge
needle followed by hemostasis for 5 minutes and wound closure. Three
days after tumor cell inoculation, following anesthesia and a second
laparotomy, ACE-GFP vector (2  104 TU/200 AL) was also given via
intrasplenic injection, after which splenectomy was done.
Optical imaging and flow cytometric analyses of tumor transduction
in vivo. GFP fluorescence in s.c. and liver tumors dissected at different
time points, as well as other extratumoral normal tissues, was examined
by optical imaging using a Xenogen-IVIS cooled CCD optical system
(Xenogen IVIS, Alameda, CA). Gray-scale background photographic
images of the tissues were overlaid with color images of emitted
fluorescent light using Living Image software (Xenogen) and IGORPRO Image analysis software (Wave Metrics, Lake Oswego, OR).
Following optical imaging, tumors were minced and extraneous
tissue was removed under sterile conditions. Samples were digested
with collagenase/dispase (1 mg/mL; Roche Diagnostics, Mannheim,
Germany) by incubation for 2 hours at 37jC, and the dissociated cells
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were passed through a 100-Am cell strainer, pelleted by low speed
centrifugation, and resuspended in PBS. Half of the cells were analyzed
by flow cytometry to further quantitate GFP expression, and the
remainder was placed in explant culture.
Immunohistochemical analysis. Livers frozen in ornithine carbamyl
transferase (Sakura Tek, Torrance, CA) were cryosectioned (10 Am) at
four different levels and fixed with 4% paraformaldehyde for 10
minutes. All incubations were done at room temperature. After
endogenous peroxidase activity was blocked with 3% hydrogen
peroxide for 10 minutes, the slides were washed, and nonspecific
binding was blocked with 10% normal goat serum for 30 minutes.
Tissue sections were then incubated with rabbit anti-GFP polyclonal
antibody (Abcam, Inc., Cambridge, MA) diluted 1:200 with 1% bovine
serum albumin for 90 minutes, washed in PBS followed by biotinylated
secondary antibody, avidin-biotin horseradish peroxidase complex, and
diaminobenzidine substrate according to the manufacturer’s specifications (Vectastain avidin-biotin complex method Elite kit, Vector
Laboratories, Burlingame, CA), counterstained with Hematoxylin QS
(Vector Laboratories), and mounted.
Quantitative real-time PCR analysis of vector biodistribution.
Genomic DNA was isolated from excised tissues (liver tumor, lung,
small intestine, colon, kidney, and bone marrow) of transduced and
untransduced animals using the DNeasy Tissue kit (Qiagen, Inc.,
Valencia, CA). To detect integrated RCR sequences, quantitative realtime PCR was done in a 25 AL reaction mixture containing genomic
DNA from liver tumor or tissues of ACE-GFP-infected mice, 12.5 AL of
2 Taqman Universal PCR Master Mix (PE Applied Biosystems, Foster
City, CA), 300 nmol/L each primer, and 100 nmol/L fluorogenic probe.
Amplifications were carried out in duplicate using the ABI Prism 7700
sequence detector (PE Applied Biosystems); after initial denaturation
(10 minutes at 95jC), amplification was done with 40 cycles of 15
seconds at 95jC and 60 seconds at 60jC. To calculate retrovirus copy
number in the samples, a reference curve was prepared by amplifying
serial dilutions of pACE-GFP plasmid in a background of genomic DNA
from untransduced normal bone marrow cells and by plotting C t values
against the input plasmid. The threshold for vector detection was
determined by a control sample with no plasmid. The primers and
probe for analysis of vector copy number were designed to target the
4070A amphotropic envelope gene [4070A, 5¶-GCGGACCCGGACTTTTGA-3¶(forward), 5¶-ACCCCGACTTTACGGTATGC-3¶ (reverse),
and FAM-CAGGGCACACGTAAAA-NFQ (probe)]. Mouse h-actin was
also quantified as an internal control gene in each reaction [h-actin,
5¶-GGTCGTACCACAGGCATTGT-3¶ (forward), 5¶-CTCGTAGATGGGCACAGTGT-3¶ (reverse), and FAM-CCCGTCTCCGGAGTCC-NFQ
(probe)].
Statistical analysis. Statistical analyses were done with Student’s
t test to determine significance. Coefficient of determination (r 2) values
>0.9 were defined as a strong correlation. P values <0.05 were
considered statistically significant in all analyses, which were done
with Prism 4 statistical software (GraphPad Software, San Diego, CA).

Results
RCR vector replication and transgene transmission in human
and murine colorectal cancer cell lines. The MLV-based RCR
vector ACE-GFP (21) contains an encephalomyocarditis
IRES-GFP cassette inserted precisely at the env stop codon,
3¶-untranslated region boundary (Fig. 1A). Compared with
previously described replication-competent MLV vectors containing transgene inserts in the U3 region of the 3¶ long
terminal repeat (27 – 29), this configuration greatly improves
genomic stability over multiple replication cycles (19, 20).
Virus stocks were prepared by transient transfection of 293T
cells with pACE-GFP plasmid, and the titer of initial vector
stocks as determined by flow cytometric analysis for GFP
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expression, after infection of human (WiDr) and murine
(CT26) colorectal cancer cell lines in the presence of 3¶-azido3¶-deoxythymidine to inhibit virus replication, ranged between
2  105 and 1  106 TU/mL.
Replication kinetics and transgene transmission efficiency at
low MOI were then examined by flow cytometric monitoring of
GFP expression at serial time points after infection with ACEGFP in the absence of 3¶-azido-3¶-deoxythymidine. In WiDr
human colorectal cancer cells, the initial percentage of GFPpositive cells was already f25% by day 3 after infection at a
MOI of 0.1 and increased rapidly to reach 97% by day 9. After
infection of WiDr cells at a MOI of 0.01, a lag phase of about 3
days was followed by logarithmic increase in GFP expression,
which reached >90% by day 12 (Fig. 1B, left). Subsequently,
GFP expression in the fully transduced WiDr cell populations
remained stable for at least several months. WiDr cells were
also infected with another MLV-based RCR vector, ACE-CD,
expressing the yeast cytosine deaminase (CD) suicide gene, at a
MOI of 0.1 in parallel with ACE-GFP produced under identical
conditions. After an 18-day culture period, >95% transduction
by ACE-GFP was confirmed in the parallel control cells by flow
cytometry. As the CD enzyme converts the nontoxic prodrug
5FC into the chemotoxin 5-fluorouracil directly inside infected
tumor cells, in vitro cytotoxicity was then examined by MTS
assay after exposure of transduced cells to the 5FC prodrug (Fig.
1B, right). Whereas ACE-GFP-transduced cells showed no
growth inhibition after 5FC treatment, the cell viability of
ACE-CD-transduced cells was reduced by >80% after 5 days of
exposure to the prodrug. Similar results were obtained after
ACE-GFP transduction of the CT26 murine colorectal cancer
cell line, although the increase in the percentage of GFPpositive cells was somewhat slower, taking 12 days to reach
92% at a MOI of 0.1 and showing a lag phase of a little under
6 days followed by logarithmic increase to >90% by day 15 at a
MOI of 0.01 (Fig. 1C, left). As with WiDr cells, the fully
transduced CT26 cell populations showed stable GFP expression for at least several months. To confirm further RCR
production from this stably transduced cell population
(CT26.GFP), fresh CT26 cultures were infected with conditioned cell culture supernatant from the CT26.GFP cells.
Subsequently, the percentage of GFP-positive cells increased
and reached >95% in a same kinetics with that in the initial
experiment (data not shown). Also as above, >85% reduction
in cell viability was observed on exposure to 5FC after CT26
cells were fully transduced with ACE-CD, whereas CT26 cells
transduced with ACE-GFP in parallel maintained >90%
viability after 5FC treatment (Fig. 1C, right). Thus, the RCR
vector could achieve robust, dose-dependent spread, associated
with efficient and stable transmission of transgenes, in both
human and murine colorectal cancer cell lines, as confirmed by
GFP transmission and suicide gene activity.
RCR vector mediates intratumoral spread of GFP in s.c.
colorectal cancer models. We first evaluated the in vivo transduction efficiency and replicative spread of the ACE-GFP vector
in s.c. tumor models established by inoculation of 1  106
WiDr human colorectal cancer cells in nude mice and 5  104
CT26 murine colorectal cancer cells in syngeneic BALB/c mice,
respectively; the more aggressive growth rate of the CT26
tumors necessitates a smaller initial inoculum. One week after
establishment, each tumor was injected with 1  104 TU total
dose of the ACE-GFP vector. At weekly intervals, cohorts of
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tumors were excised and disaggregated into single-cell suspensions by collagenase treatment and immediately analyzed by
flow cytometry to evaluate the percentage of GFP-positive cells
within each tumor. In s.c. WiDr tumors, the percentage of GFPpositive cells averaged 16% at 1 week and reached >50% by
2 weeks after virus injection. In s.c. CT26 tumors, the percentage of GFP-positive cells increased >7-fold between weeks 2
and 3 after virus injection, from <3% to f20% of the entire
tumor mass (Fig. 2). These results are consistent with the
previous results of in vitro RCR replication kinetics in each cell
line, with more rapid transmission of the GFP transgene
observed in the human colorectal cancer cell line. Although
even higher levels of tumor transduction could presumably be
achieved starting from the same initial RCR dose if virus spread
was allowed to continue, further monitoring was not possible,
as both WiDr and CT26 tumors had grown to the size limit of
2,500 mm3 as defined by institutional guidelines by 2 to 3
weeks after virus injection.
Comparison of optical imaging and flow cytometry in CT26 s.c.
tumor model. We also used a CCD optical imaging system to
examine the GFP signal from RCR-transduced CT26 tumors.
First, to determine the sensitivity, specificity, and linearity of

GFP fluorescence signals detected by CCD optical imaging, s.c.
tumors consisting of uninfected parental CT26 cells mixed with
ACE-GFP-transduced CT26 cells (CT26.GFP) in various ratios
(0-100%) were established in BALB/c mice and then excised
and analyzed by optical imaging 2 weeks later. All of the GFP
fluorescence images were taken under the same conditions
2 weeks after tumor establishment. After imaging analysis, each
tumor was digested and analyzed by flow cytometry to compare
the percentage of GFP-positive cells with the imaging results.
The GFP fluorescence signal intensity and the percentage of
GFP-positive cells in each tumor were shown in Fig. 3. The
comparative results show the strong correlation between the
signal intensities and the percentage of GFP-expressing cells in
the tumors (r 2 = 0.91; P < 0.0001).
Locoregional infusion of ACE-GFP vector supernatant results in
widespread and progressive transduction of multifocal CT26 liver
metastases. We then tested the ability of the RCR vector to
transduce hepatic mestastases in vivo after direct locoregional
infusion of virus supernatant in syngeneic BALB/c mice. This
results in the rapid development of multifocal tumors in the
liver that generally prove fatal about 4 weeks later. Three days
after tumor establishment by portal infusion, a total dose of

Fig 1. A, design of RCR vectors. This vector contains a
full-length replication-competent amphotropic MLV proviral
sequence, in which an IRES-GFP or IRES-CD (CD suicide
gene) cassette has been inserted between the env gene
and 3¶-untranslated region, and the U3 region of the 5¶
long terminal repeat has been replaced by the
cytomegalovirus (CMV) promoter. B and C, in vitro
replication kinetics and suicide gene activity in human
colorectal cancer cell line WiDr (B) or murine colorectal
cancer cell line CT26 (C). To examine replication kinetics,
both cell lines were infected with ACE-GFP at a MOI of
0.01or 0.1and analyzed for GFP expression by flow
cytometry every 3rd day after virus infection for a period of
21days (B and C, left). To examine suicide gene activity,
18 days after infection with ACE-CD, or ACE-GFP in parallel
(MOI, 0.1), the viability of transduced cells with (+) or
without ( ) 5-day exposure to the prodrug 5FC was
measured by MTS assay (B and C, right). IRES, internal
ribosome entry site.
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Analysis of ACE-GFP biodistribution. To better visualize
ACE-GFP distribution within the liver, tissue sections were
examined by immunohistochemistry using an anti-GFP antibody. Consistent with the results from optical imaging and
flow cytometry, tumor masses showing strong positive staining
could be observed at 4 weeks after virus injection (Fig. 5).
However, there was no staining for GFP in the normal liver
parenchyma, suggesting that viral replication was well restricted
to the rapidly dividing cells within the tumor foci. Similarly, no
signals were detected in extratumoral normal tissues by
fluorescence imaging or standard PCR methods (data not
shown). For more rigorous detection of any possible RCR
vector spread to normal organs, quantitative real-time PCR
analysis of genomic DNA extracted from peritumoral normal
liver tissue, bone marrow, lung, kidney, small intestine, and
colon was done using primers and probe sequences specific for
the 4070A amphotropic envelope (Table 1). This method was
determined to be sensitive enough to detect 35 copies of the
RCR provirus per 5  104 cellular genomes (0.07%). As
expected, proviral RCR signals were strongly detected in
genomic DNA from ACE-GFP-transduced tumor tissues. However, no detectable signals were observed in genomic DNA from
uninvolved normal liver tissue or any other extratumoral
normal tissues after ACE-GFP tumor transduction.

Discussion
In the present study, we used both optical imaging as well as
flow cytometric analysis to examine GFP expression in
multifocal tumors after locoregional delivery of a RCR vector
in a syngeneic model of colorectal cancer metastasis to the liver.
This vector was capable of efficient in vitro transduction in both
human and murine colorectal cancer cell lines, reaching >90%
transduction levels within <2 weeks in culture starting from
Fig. 2. Spread of ACE-GFP in s.c. tumor models of colorectal cancer. ACE-GFP
(1  104 TU/100 AL) was injected into each tumor 1week after tumor establishment.
At weekly intervals after virus injection, individual tumors were dissected,
enzymatically disaggregated, and immediately analyzed by flow cytometry for GFP
expression. Columns, mean (n = 4 for each group at each time point); bars, SD.
*, P < 0.05.

2  104 TU ACE-GFP virus supernatant in 200 AL total volume
was infused by the same route, and 2 and 4 weeks later, the
excised livers were analyzed by optical imaging. Two weeks after
virus infusion, only very small areas of weak GFP expression
could be observed in some tumors by fluorescence imaging.
However, by 4 weeks after injection, there were significant
increases in the intensity and area of GFP expression that could
be observed in multiple tumor sites (Fig. 4A and B).
Tumors larger than 5 mm in diameter were randomly
dissected from the liver tissue of mice, digested with collagenase, and immediately analyzed by flow cytometry to evaluate
the percentage of ACE-GFP-transduced cells. Despite the
development of multifocal liver tumors in this metastatic colon
cancer model, the transduction efficiency of RCR-mediated GFP
marker gene transfer averaged 2.9% (range, 0-11%) and 30%
(2.8-60%) in liver tumors at 2 and 4 weeks after virus infusion,
respectively (Fig. 4C). Thus, there was again a positive trend
toward increasing transduction levels over time, although the
CT26 hepatic metastases were lethal within 4 to 5 weeks and so
later time points could not be examined.
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Fig. 3. Signal intensity of GFP fluorescence imaging and the percentage of
GFP-expressing cells in ACE-GFP-transduced tumors. To analyze the correlation
between the obtained GFP fluorescence signals and the actual percentage of
GFP-expressing cells, the standard s.c. tumors for GFP fluorescence imaging were
established. Parental CT26 cells were mixed with CT26.GFP cells transduced with
ACE-GFP, in various ratios (0-100%), and then the mixture of CT26 cells were
s.c. injected into mice. Two weeks later, the s.c. tumors were excised and analyzed
for GFP fluorescence imaging and for GFP expression by flow cytometry. The signal
intensities strongly correlated with the percentage of GFP-expressing cells in the
tumors (r 2 = 0.91; P < 0.0001).
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Fig. 4. Locoregional infusion model. A, 3 days after
splenic injection of CT26 tumor cells, ACE-GFP
vector was injected by the same route. Two and
4 weeks after virus injection, the livers were excised
for fluorescence imaging for GFP expression in the
liver tumors. No virus vector was injected into the
control mice (No vector). B, fluorescence signal per
liver tumor of the liver surface was quantified at each
time point. C, transduction of metastatic liver tumors
with ACE-GFP vector. The dissected tumors were
dissociated and analyzed by flow cytometry for GFP
expression at each time point. ACE-GFP vector
was injected into spleen 3 days after tumor cell
inoculation. The intensity of GFP signal and the
percentage of GFP-expressing cells significantly
increased in liver tumor model. Points, mean of four
mice. *, P < 0.05.

MOIs of 0.1 to 0.01. In vivo, comparative analysis showed that
optical imaging allowed rapid and convenient examination of
overall GFP expression and distribution, and the results
obtained with this modality were generally highly well
correlated and quite consistent with the more precise quantitation afforded by flow cytometry.
These experiments also showed that locoregional infusion of
RCR vector supernatant via the portal system can mediate
specific and significant transduction of multiple metastasized
liver tumors, even in immunocompetent hosts. The average
transduction efficiency of randomly harvested liver tumors
>5 mm in size was about 30%, with transgene expression in
some tumors reaching up to 60% by 4 weeks after injection of
2  104 total RCR vector supernatant. In contrast, in prior
studies using 20-fold higher levels of replication-defective
retrovirus vector supernatant delivered via the same route,
transduction could be detected in only 2% or less of all
metastatic intrahepatic tumors and did not account for >5% of
the tumor cells in any positive tumor (25).
One of the main limitations of this model was the restricted
observation period due to the highly aggressive nature of CT26
tumor growth; multifocal tumor growth in the liver resulted in
lethality within 4 to 5 weeks after tumor cell inoculation.
However, in clinical situations, generally, tumor growth in
many human malignancies can be slower than that of
experimental tumors originating from cancer cell lines, and
this is predicted to affect the replication kinetics of RCR spread
within the tumor mass. Allowing a longer period for intra-
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tumoral spread after initial viral injection, or administering
higher dose of virus to achieve a higher level of initial
transduction and shorten the lag phase, could enable transduction of larger numbers of cancer cells. However, it should
also be noted that the retrovirus has the capability to
permanently integrate into the genome of the host tumor cell
and will continue to produce progeny virus transcribed from
the integrated copy whether the infected tumor cell is itself
dividing or not. Thus, once any tumor cells have been infected,
these will serve as a stable source for continued virus
production so that the virus will still be available when
adjacent uninfected tumor cells eventually divide even if this
occurs slowly.
There was also a considerable heterogeneity of the level of
transduction among multiple liver tumors; this is also
consistent with previous experiments using intrasplenic infusion for retroviral vector supernatant and producer cell delivery
in similar hepatic metastasis models (25), which represents one
of the few studies to rigorously examine the transduction levels
achieved in multifocal tumor lesions via this mode of delivery.
In this previous report, even when 1  106 retroviral producer
cells were introduced via intrasplenic infusion, the majority of
metastatic tumor foci showed a median level of transduction
within any given tumor of only 5% to 10%, with about 90% of
transduced tumors showing transduction levels of <30% (25).
With RCR vector infusion, we observed a bimodal distribution
of intratumoral transduction efficiency, with almost half of the
tumors showing transduction levels of 30% or more but half of
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Fig. 5. Immunohistochemical analysis of GFP expression on sections of liver
tumors from ACE-GFP-injected mice. Four weeks after virus injection, frozen liver
sections were stained with GFP-specific antibodies. Brown, positive staining.
Normal part of the liver (original magnification, 400; A) or positive stained tumor
[original magnifications, 400 (B) and 10 (C)]. Arrows, positive stained tumor
nodule.

the tumors showing transduction levels of 10% or less. This
suggests that tumor establishment in this model is so aggressive
that some of the multifocal tumors that formed had very few
ACE-GFP-transduced cells to begin with and showed the
usefulness of optical imaging to understand the topological
distribution of vector spread compared with overall average
transduction levels determined from flow cytometry. This high
level of heterogeneity in the transduction level among different
tumors also suggests that the RCR vector itself is incapable of
spreading through normal liver parenchyma from tumor to
tumor.

One possible reason of this heterogeneity is that, despite a
more even distribution of the initial virus inoculum, due to the
aggressive nature of this model, secondary tumors might have
formed from the initial tumor nodules, some of them at very
early time points after RCR vector injection, before significant
virus spread had occurred. Because a small difference of the
level of initial transduction in each tumor would result in a
large difference during the logarithmic replication phase, it
would take longer time to achieve higher level of transduction
of tumors with low levels of initial transduction, such as
secondary tumor. Another possibility, which can occur commonly in human disease, is the formation of tumor thrombi
(i.e., clumps or small nodules of cancer cells in the lumen of
the portal vein that might obstruct the transfer of injected
retrovirus to tumor foci distal to the obstruction). To increase
the amount of virus particles transferred to the targeted tumor
sites, transcatheter hepatic arterial infusion of therapeutic virus
by a vascular interventional radiology procedure might enable
us to avoid loss of virus activity by leading the tip of the
catheter selectively into the section of intrahepatic artery
supplying the tumor vasculature. In addition, to improve the
transduction efficiency of replication-defective MLV vectors in
liver tumors, instead of using a single dose of virus-containing
supernatant, injection of conventional retroviral vector producer cells has been reported to achieve major improvements in
transduction efficiency (25, 30, 31), and a similar approach
could be used with RCR vector producer cells.
For the clinical use of replication-deficient retrovirus vectors,
the possible production of RCR has been a major concern
because of the risk of pathogenic insertion of virus genome into
host genomic DNA. Theoretically, most normal cells could not
be infected with RCR because of the intrinsic selectivity of MLV
solely for actively dividing cells. However, the possibility still
remains that some normal dividing cells infected with RCR
vector might increase the risk of insertional mutagenesis.
Certainly, the RCR vector described in this study also has the
potential to transduce actively dividing normal cells, such as
endothelial cells, fibroblasts, lymphocytes, and hepatocytes.
However, despite the use of an untargeted RCR vector in this
study, we could not detect the transgene sequence by PCR
analysis in any normal tissues, including lung, liver, small
intestine, colon, kidney, and bone marrow. Consistent with
this result, it has been reported previously that after i.v.
injection of wild-type MLV, although low levels of transduction
were detected in bone marrow and spleen in nude mice by

Table 1. Biodistribution of RCR vector 4 weeks after locoregional virus infusion in immunocompetent hepatic
metastasis model
Copy number of RCR vector/5  104 cells
Mouse
ACE-GFP-1
ACE-GFP-2
ACE-GFP-3

Tumor

Bone marrow

Liver

Lung

Kidney

Small intestine

Colon

2960
2995
7890

—*
—
—

—
—
—

—
—
—

—
—
—

—
—
—

—
—
—

NOTE: Genomic DNA, extracted from liver tumor, bone marrow, normal liver, lung, kidney, small bowel, and colon tissue of ACE-GFP-infected
mice, was analyzed by quantitative real-time PCR as described in Materials and Methods. As an internal control, each sample was also amplified
with mouse h-actin-specific primers.
*Not detectable (detection limit was 35 copies/5  104 cells).
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real-time PCR, there was no transduction observed in any
tissue after injection into immunocompetent mice (24). This
is consistent with the classic reports of MLV-induced leukemogenesis, which occurs after virus inoculation in immunologically immature newborn mice but not in fully
immunocompetent adult mice (32), and studies conducted
before the initiation of the first gene therapy trials in humans
showing that wild-type amphotropic MLV is nonpathogenic in
normal immunocompetent primates after i.v. injection (33),
bone marrow transplantation (34), or even producer fibroblast
implantation with immunosuppression (33). Furthermore,
administration of anti-retroviral drugs, such as 3¶-azido-3¶deoxythymidine, could effectively eliminate viral contamination of bone marrow and spleen in nude mice (24).
Additionally, with suicide gene therapy using RCR vectors,
prodrug administration would not only kill infected cancer
cells but also unintentionally transduced noncancerous cells.
Additional mechanisms to enhance tumor selectivity could
be added by making alterations to the virus construct. To
improve the selectivity of retroviral vector targeting, major
advances have been made in the modification of retroviral
envelope (35, 36) or replacement of the transcriptional control
elements within the U3 region of the long terminal repeat with
tissue-specific promoters (37 – 39). Envelope modifications that
allowed specific adhesion of conventional replication-defective
retroviruses to exposed collagen in tumor neovasculature were
reported to improve therapeutic efficacy in liver metastasis

models (40 – 44). We have shown previously high specificity
and effective replication of RCR vector transcriptionally
targeted to the prostate epithelium by replacement of the U3
region with sequences from the probasin promoter (18). For
colon cancer, the carcinoembryonic antigen promoter (40 – 44)
might be a suitable candidate for transcriptional targeting.
Our results thus show that RCR vectors can efficiently replicate
and achieve significant levels of tumor transduction even in
immunocompetent hosts, and locoregional infusion of RCR
vectors via the splenic vein can mediate highly efficient
transduction of multifocal liver tumors without detectable
spread to normal tissues. Therefore, RCR vectors may represent
a highly suitable vehicle for delivering therapeutic genes
selectively to metastatic tumor cells in the liver while sparing
normal hepatocytes. Furthermore, stable integration of RCR
vectors in the host cell genome may allow greater persistence of
therapeutic gene expression compared with many other replicating oncolytic viruses, which often rapidly kill the host cell
during infection but achieve only transient tumor suppression.
We are now further evaluating the therapeutic efficacy of RCR
vector-mediated suicide gene and immunocytokine gene transfer
for treatment of colorectal cancer metastasis.
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