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Abstract

A major obstacle in cancer gene therapy is the limited efficiency of /in vivo gene transfer by
replication-defective retrovirus vectors in current use. One strategy for circumventing this
difficulty would be to use vectors capable of replication within tumor tissues. We have developed a
replication-competent retrovirus (RCR) vector derived from murine leukemia virus (MuLV). This
vector utilizes a unique design strategy in which an internal ribosome entry site—transgene cassette
is positioned between the envgene and the 3’ long terminal repeat (LTR). The ability of this
vector to replicate and transmit a transgene was examined in culture and in a solid tumor model /n
vivo. The RCR vector exhibited replication kinetics similar to those of wild-type MuLV and
mediated efficient delivery of the transgene throughout an entire population of cells in culture after
an initial inoculation with 1 plaque-forming unit (PFU) of vector per 2000 cells. After injection of
6 x 102 PFU of vector into established subcutaneous tumors, highly efficient spread of the
transgene was observed over a period of 7 weeks, in some cases resulting in spread of the
transgene throughout the entire tumor. MuLV-based RCR vectors show significant advantages over
standard replication-defective vectors in efficiency of gene delivery both in culture and /n vive.
This represents the first example of the use of an RCR vector in an adult mammalian host, and
their first application to transduction of solid tumors.

OVERVIEW SUMMARY

Low efficiency of gene delivery by currently used viral vectors remains a significant barrier to the
success of gene therapy of cancer. To examine the possibility of achieving superior transduction
efficiency utilizing retroviral vectors that are capable of replication, we inserted an IRES—
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transgene cassette between the envgene and 3 LTR of an infectious full-length murine leukemia
virus (MuLV) clone. We found that the resulting vector replicated with kinetics similar to those of
wild-type MuLV, and was stable through multiple serial passages in cultured cells. Injection of this
vector into established subcutaneous tumors in mice resulted in highly efficient transmission of the
transgene and, in some cases, transduction of entire tumor masses. These results demonstrate the
potential utility of replication-competent retroviral vectors for cancer gene therapy.

INTRODUCTION

Advances in techniques for gene transfer and expression have made feasible the treatment of
cancer at the genetic level by introduction of exogenous genes into tumor cells (Anderson,
1984). Clinical trials utilizing various gene therapy strategies are underway for a variety of
malignancies. However, all of these strategies require efficient gene transfer and this step has
been a major impediment (Robbins ef a/,, 1998; Smith, 1999; Vile et al., 2000). Despite the
use of viral vectors such as retroviruses, gene transfer efficiency /n vivo has generally been
inadequate for achieving significant therapeutic benefit.

Defective murine leukemia virus (MuLV)-based retroviral vectors, which have been the most
commonly used gene delivery vehicles in clinical gene therapy protocols (Robbins et al.,
1998), are incapable of secondary infection of adjacent cells because of the deletion of
essential viral genes. More efficient transduction could be achieved if replication-competent
retroviruses were used, as the virus would multiply after the initial infection event and each
infected target cell would itself become a virus-producing cell. However, uncontrolled virus
spread could result in adverse consequences, and the possibility of generating replication-
competent retrovirus (RCR) during vector production has been a primary concern of gene
therapy investigators (Cornetta ef a/., 1991a).

Nevertheless, replicating forms of other virus species, including adenovirus (Bischoff et al.,
1996; Wildner et al., 1999; Alemany et al., 2000; Heise et al., 2000), paramyxoviruses
(Lorence et al., 1988; Sinkovics and Horvath, 2000), herpesvirus (Walker et al., 1999;
Pawlik et al., 2000), and reovirus (Coffey et al,, 1998; Norman and Lee, 2000) have been
exploited for cytolytic treatment of cancer. Replicative retroviral vectors have also been
proposed for use in gene therapy (Russell, 1994; Vile et al,, 1998), but there have been no
previous studies reporting the development of RCR vectors for therapeutic applications.
Although retroviruses are not cytolytic, the incorporation of a suicide transgene into an RCR
vector could be used as a means to kill tumor cells, and would also serve as a safety
mechanism to eliminate the vector after adequate levels of transduction are achieved.
Furthermore, the initial rationale for use of defective retroviral vectors in cancer gene
therapy would still hold true for RCR vectors, that is, MuLV-based vectors can transduce
only cells that are actively dividing (Miller et al., 1990), and since the majority of normal
cells are quiescent, transduction would be relatively selective for tumor cells.

All previously described replicating murine retroviral vectors have contained transgene
inserts, ranging from 100 to 1200 bp, in the U3 region of the 3" long terminal repeat (LTR)
(Goff et al., 1981; Reik et al., 1985; Stuhlmann et al., 1989; Dillon ef al., 1991). However,
vectors based on this design have proven to be quite unstable, as most of these earlier
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constructs began losing their transgene inserts from the first infection cycle (Goff et al.,
1981; Reik et al., 1985; Stuhlmann et a/., 1989; Dillon et al., 1991), and even nonreplicating
retroviral vectors containing U3 inserts show a high frequency of recombination and
deletion events (Mavilio et al., 1984; Junker et al., 1995). Thus, none of these previous
replicating MuLV vectors has been sufficiently stable to be useful for efficient and reliable
gene delivery in vivo.

We therefore sought to develop a stable, nondefective retroviral vector capable of high-level
transduction both in culture and within solid tumors. Employing a unique construct design,
we have developed an MuLV-based RCR vector that contains an internal ribosome entry site
(IRES)-transgene expression cassette inserted precisely at the em<3” untranslated region
(UTR) boundary in the MuLV genome. We have previously utilized this type of vector to
achieve delivery of the cell cycle regulator p27(kip-1) to osteoblasts /in vitro (Smith et al.,
2000), demonstrating that this construct design produces a retroviral vector that can
efficiently replicate and transduce mammalian cells in culture. Here we demonstrate that this
vector is highly stable, being capable of replicating without observable deletions through
multiple serial infection cycles in culture, and can achieve highly efficient gene delivery to
solid tumors /in vivo, hence this report represents the first use of such a nondefective
retrovirus vector to achieve gene delivery in an adult mammalian host.

MATERIALS AND METHODS

Retroviral vector plasmid construction

An Nhel fragment from plasmid pZAP (Shoemaker et al., 1981) (generously provided by
J.A. Young, University of Wisconsin, Madison, WI) containing the wild-type ecotropic
Moloney murine leukemia virus (MuLV) provirus was recloned to eliminate flanking rat
genomic sequences, producing plasmid pZAP2. Overlap-extension polymerase chain
reaction (PCR) (Horton et a/., 1989) was used to fuse the 3" end of the env gene to the
encephalomyocarditis virus internal ribosome entry site (IRES) amplified from plasmid
pPEMCEF, and the resulting plasmid was designated pZAPd. Insertion of the enhanced green
fluorescent protein (GFP) cDNA (Cormack et a/., 1996) from plasmid pEGFP-N1 (Clontech,
Palo Alto, CA) into pZAPd, in frame with the authentic start codon of the IRES, resulted in
the final construct pZAPd-GFP. All PCRs were performed with Pfu polymerase (Stratagene,
La Jolla, CA), and the integrity of the pZAPd-GFP construct was verified by sequencing.
The prefix p is omitted when referring to virus derived from plasmid pZAPd-GFP.

Cell culture and virus production

Dulbecco’s modified Eagle’s medium, supplemented with 10% fetal bovine serum, was used
for culture for 293T (DuBridge et al., 1987) and NIH 3T3 (Jainchill ef a/., 1969) cell lines.
NMU rat mammary carcinoma cells (Cohen, 1982) were grown in minimum essential
medium supplemented with 10% fetal bovine serum. All cells were grown at 37°C under 5%
CO». The calcium phosphate precipitation method was used to transfect 293T cells with
either pZAP2 or pZAPd-GFP for transient production of virus. The conditioned medium was
harvested 48 hr posttransfection and filtered through 0.45-zm pore size syringe filters prior
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to use in transduction assays. All in vitro infections were carried out in the presence of
Polybrene (4 pg/ml; Sigma, St. Louis, MO).

Retroviral assays

To determine the kinetics of virus spread in culture, NIH 3T3 cells were transfected with
either pZAPd-GFP or pZAP2, using LipofectAMINE 2000 (Life Technologies, Rockville,
MD). Reverse transcriptase assays were performed on the culture supernatants as described
previously (Telesnitsky ef al., 1995), followed by quantitation of reaction products with a
Storm Phosphorlmager and ImageQuant software (Molecular Dynamics, Sunnyvale, CA).
Vector titers were determined by the XC syncytial assay (Rowe et al., 1970) and are
expressed as plaque-forming units (PFU) per milliliter.

Single cycle transduction with replicating vector

Virus vector stock at a multiplicity of infection (MOI) of 0.01 or 0.0005 was used to
transduce NIH 3T3 cells at 20% confluence. On posttransduction days 3, 5, and 8, the target
cells were examined by phase contrast and UV light microscopy using an Olympus IMT-2
inverted microscope (Olympus America, Melville, NY) with a 100-W mercury arc lamp and
fluorescein filter cube. In some experiments, the transduced cells were trypsinized at each
time point and one-fifth was replated, while the remainder was analyzed by flow cytometry.

Multiple cycle transductions with replicating vector

Virus vector stock at a dilution of 1:1000 was used to transduce NIH 3T3 cells at 20%
confluence. On posttransduction day 2, the cells were trypsinized, one-fifth was replated,
and the remainder was analyzed for GFP expression by fluorescence-activated cell sorting
(FACS) as described below. On posttransduction day 4, the cells were again analyzed by
FACS, and the conditioned medium was harvested, diluted 1:100, and used for the next
round of transduction on a fresh plate of NIH 3T3 cells. This procedure was repeated for
several cycles.

Flow cytometric analysis

NIH 3T3 cells were trypsinized, pelleted, and resuspended in phosphate-buffered saline
(PBS). Flow cytometric analysis was performed on a FACScan (Becton Dickinson, Franklin
Lakes, NJ), using the FL1 channel to quantitate GFP-expressing cells.

Southern blot analysis

After NVhel digestion and agarose gel electrophoresis, 10 1g of genomic DNA from NIH 3T3
cells or NMU cell tumors was transferred onto Hybond-N+ filters (Amersham Pharmacia
Biotech, Piscataway, NJ). The blots were hybridized with a random-prime [32P]dCTP-
labeled probe for GFP or the 5 LTR-gag region of MuLV, washed at high stringency, and
analyzed by Phosphorimager.

Analysis of vector spread in solid tumors in vivo

Tumors were established by the subcutaneous injection of 2 x 108 NMU rat breast
adenocarcinoma cells into the anterior flanks of 8-week-old ru/nu BALB/c mice (Simonsen
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Laboratories, Gilroy, CA). Four weeks later, the tumors had grown to 1-1.5 cm3, at which
time they were injected with 6 x 103 PFU of vector. At regular intervals thereafter, subsets of
the mice were humanely sacrificed, and their tumors were surgically removed. A portion of
each tumor sample was immediately frozen in liquid nitrogen for later sectioning and
immunohistochemical staining. The remaining portion of each tumor was used for FACS
analysis, explantation, and isolation of genomic DNA for Southern hybridization. For
immunohistochemistry, tumor sections were incubated overnight at 4°C with a 1:8000
dilution of GFP-specific monoclonal antibody (Clontech). Immunoreactivity was visualized
with a Vectastain ABC kit (Vector Laboratories, Burlingame, CA) and diaminobenzidine as
chromogen. All sections were counterstained with hematoxylin. For FACS analysis and
explantation, cell suspensions from tumors were prepared by mincing of the tissue and
incubation for 1-2 hr at 37°C on a rocking platform in Hanks’ balanced salt solution
containing collagenase type I11 (100 U/ml) and 3 mA/ CaCl,. After removal of tissue
fragments by passage through a cell strainer, dissociated cells were pelleted by low-speed
centrifugation, resuspended in PBS, and either analyzed by FACS as described above or
explanted into Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum,
and grown at 37°C under 5% CO5.

Detection of extratumoral spread of vector

RESULTS

Genomic DNA was extracted at autopsy from spleen, lung, kidney, liver, and heart tissue of
ZAPd-GFP-injected animals. Six hundred nanograms of each DNA sample was used in a
50-44 PCR with PCR SuperMix (Life Technologies) and primers for the enhanced GFP. Five
microliters of the reaction products was resolved on a 1% agarose gel and visualized by
ethidium bromide staining. The detection sensitivity of this assay was determined by
amplification of the GFP gene from serially diluted pZAPd-GFP plasmid in the presence of
untransduced tissue genomic DNA. As an internal control for the amplification procedure,
each DNA sample was used in PCR with primers that amplified a 500-bp target within the
mouse S-casein gene. Tissues from the same organs were also dissociated and grown in
explant cultures as described above.

Design and production of a unique MuLV-based RCR vector

As the U3-insert construct design utilized in all previously reported MuLV-derived
replicative vectors apparently predisposes the vector to rapid loss of the inserted sequences,
we hypothesized that insertion of the transgene into a less sensitive position might enhance
the stability of the vector. To this end, we inserted a transgene expression cassette, consisting
of the 0.6-kb internal ribosome entry site (IRES) from encephalomyocarditis virus (Jang et
al., 1988) and the 0.7-kb green fluorescent protein (GFP) marker gene, precisely between the
envstop codon and a region of the 3 untranslated region (UTR) that binds reverse
transcriptase during viral DNA synthesis (Wohrl et a/., 1995); the resulting construct was
designated pZAPd-GFP (Fig. 1A and B).

Vector stocks were prepared by calcium phosphate transfection of 293T cells with pZAPd-
GFP. The transfected cells were examined by UV light microscopy 48 hr later and found to
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brightly express GFP fluorescence (data not shown), confirming that the IRES-GFP
transgene cassette was functional. Conditioned medium containing ZAPd-GFP vector
particles was harvested from the 293T cells 48-72 hr after transfection. The initial vector
stock titer as determined by XC assay ranged between 3 x 103 and 4 x 103 PFU/m.

The ZAPd-GFP vector replicates efficiently in culture

To determine whether the insert-containing ZAPd-GFP vector was capable of efficient
replication in culture, we transiently transfected NIH 3T3 cells with pZAPd-GFP or pZAP2.
Every 2 days thereafter for a 2-week period, the transfected cell culture medium was
sampled and assayed for reverse transcriptase activity. On the basis of the resulting reverse
transcriptase activity profiles, the replication kinetics of the ZAPd-GFP vector appeared to
be somewhat attenuated compared with that of wild-type MuLV (Fig. 1C). The titer of
ZAPd-GFP on a fully transduced culture of NIH 3T3 cells reached 1.5-3.6 x 10° PFU/ml. In
contrast, the titer of the parental wild-type MuLV when propagated on NIH 3T3 cells under
the same conditions reached 2.0-3.4 x 108 PFU/ml. This suggests that the presence of the
1.3-kb IRES-transgene insert may have reduced virion production or impaired the
replicative ability of the virus by approximately one order of magnitude.

The RCR vector mediates efficient in vitro expression and transmission of the GFP

transgene

The reverse transcriptase activity profiles observed per se demonstrate that ZAPd-GFP can
replicate but do not indicate whether the vector remained structurally intact and retained the
IRES-GFP insert sequence through replication; nor does it indicate whether the transgene
would be expressed from the virus. To answer these questions, we transduced NIH 3T3 cells
with ZAPd-GFP at an MOI of 0.0005 and examined GFP expression in the culture by UV
fluorescence microscopy at regular intervals thereafter (Fig. 2A). On day 3 postinoculation,
GFP fluorescence was almost undetectable by microscopy; however, on day 5, GFP
expression was detectable in about 10 to 20% of the cell population, and by day 9, almost
the entire target cell population exhibited GFP fluorescence (Fig. 2B). Thus an initial
inoculum of ZAPd-GFP on the order of 1 PFU per 2000 cells is sufficient to achieve highly
efficient gene transfer to an entire cell population in culture.

These experiments were repeated using MOIs of 0.01 as well as 0.0005 and the percentage
of GFP-expressing cells was quantitated by FACS analysis (Fig. 2C). At an MOI of 0.0005,
the FACS results demonstrate a classic lag phase over the first 2-3 days, followed by a
logarithmic increase in GFP expression as the ZAPd-GFP vector replicates through the
culture, reaching the plateau phase as the entire cell population is transduced (Fig. 2C). The
average burst size from a retrovirus-infected cell has been calculated to be on the order of
100 infectious virions (Dimitrov et al,, 1993), hence at an MOI of 0.01 (i.e., 1 PFU per 100
target cells) it is expected that a single replication cycle should be sufficient to achieve
transduction of the entire culture. Indeed, at an MOI of 0.01, an almost immediate log-phase
increase in GFP-positive cells is observed because of the higher initial input of vector
particles, and the transduction kinetics are markedly accelerated as indicated by the
transduction curve shifting to the left (Fig. 2C).
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RCR vector-mediated GFP transmission is stable over multiple replication cycles

As the ability of the ZAPd-GFP vector to successfully transduce target cells during one or
two rounds of replication had been established, we then sought to determine whether the
RCR vector could stably retain and transmit the inserted transgene sequence through
multiple replication cycles. Accordingly, we serially inoculated fresh populations of target
cells and monitored spread of the GFP transgene through each culture. After initial
inoculation of NIH 3T3 cells with ZAPd-GFP at an MOI of 0.001, the cells were examined
by FACS on day 2, replated, and again examined by FACS on day 4 as described above.
Prior to trypsinizing the cells for FACS analysis on day 4, the virus-containing culture
medium was harvested, and a 100-fold dilution was used to inoculate a fresh population of
NIH 3T3 cells. This procedure was repeated 6 additional times, using 100-fold dilutions of
conditioned medium for each subsequent cycle, and GFP fluorescence was monitored by
FACS on day 2 and day 4 of each cycle (Fig. 3A). Figure 3B shows the composite FACS
results from three independent experiments. These results demonstrate that the percentage of
GFP-positive cells increased between day 2 and day 4 during each individual replication
cycle in a highly consistent and reproducible manner throughout, always reaching nearly
100% by day 4 of each cycle. This indicates that the ZAPd-GFP vector is highly stable in its
ability to repeatedly transmit the GFP transgene throughout each fresh population of target
cells.

The full-length RCR vector genome is retained during prolonged replication

To examine the structural stability of the ZAPd-GFP vector genome over the course of
multiple replication cycles, and to rule out the possibility that the observed spread of the
GFP transgene was primarily due to copackaging of a replication-defective vector retaining
the GFP transgene and a replication-competent wild-type revertant lacking the transgene, we
harvested genomic DNA from each serially infected NIH 3T3 cell population for Southern
blot analysis. The genomic DNA samples were digested with NAel, which cuts once within
each LTR and thereby releases the linear provirus, and probed with the GFP transgene
sequence. Genomic DNA from all seven serial infection cycles demonstrated the presence of
the full-length ZAPd-GFP provirus, predicted to be approximately 9.6 kb (equals
approximately 8.3-kb wild-type MuLV genome plus 1.3-kb IRES-GFP transgene insert)
(Fig. 3C). The presence of full-length ZAPd-GFP retaining the transgene, and the absence of
deletion variants, was also observed by Southern blot analysis of unintegrated proviral DNA
probed with the MuLV LTR-gag sequence (data not shown). Faint bands shorter than the
full-length vector can be seen in some of the infection cycles, although it is unknown
whether these represent deleted forms of the vector or nonspecific hybridization. The
predominance of the full-length species in every infection cycle, however, suggests that
serial GFP transmission was mediated primarily by the intact RCR vector.

The RCR vector spreads through solid tumors and achieves highly efficient gene transfer

in vivo

The ability of ZAPd-GFP to transmit its transgene through multiple serially infected cultures
indicated that this vector might be able to spread within solid tumors /7 vivo and mediate
transfer of the transgene into large numbers of tumor cells. To examine the ability of ZAPd-
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GFP to achieve efficient gene delivery in tumors, we injected the vector into preestablished
mammary cancer xenografts in nude mice. Tumors were established by subcutaneous
injection of 2 x 108 NMU rat mammary carcinoma cells; after 4 weeks, the tumors had
reached volumes of 1.0-1.5 cm3, and were injected with 6 x 103 PFU of ZAPd-GFP (Fig.
4A). Subsets of the mice were sacrificed and their tumors surgically removed 12, 22, 37, and
49 days after injection of the vector. After dissociation of the tumors into single-cell
suspensions, the tumor cells were analyzed by flow cytometry for GFP expression (Fig. 4B).
The first tumor harvest revealed minimal transduction in three out of four of the tumors
examined. One of the four tumors examined, however, exhibited a moderate transduction
level, with approximately 8% of its constituent cells expressing the GFP transgene. By day
22, the number of tumor cells infected with the virus had greatly increased. All four of the
tumors removed from the mice at this time showed significant levels of infection, averaging
approximately one-third of the cell population. Comparable increases in transduction levels
occurred by the two subsequent tumor harvests, on the 37th and 49th days after injection of
the vector. By the 49th day, the average transduction level was approximately 75%, with
some tumors showing transduction levels approaching 100%. Explantation of dissociated
tumor tissue and subsequent examination by fluorescence microscopy revealed that host-
derived stromal cells within the tumor were also transduced by the vector (data not shown).

Tumor tissue taken at the 22- and 49-day time points was also examined by
immunohistochemistry with an anti-GFP antibody to confirm expression of GFP within the
tumors. While tumors removed at the earlier time point revealed patchy staining for GFP,
with clusters of transduced cells adjacent to clusters of untransduced cells (Fig. 4C, top left),
low-magnification views of tumor tissue taken at the later time point demonstrate highly
efficient transduction throughout the tumor mass (Fig. 4C, bottom left). The latter samples
show intense staining in almost every tumor cell, as well as distinct staining in fibroblasts
and some endothelial cells (Fig. 4C, top right).

The full-length RCR vector genome is retained during prolonged replication in vivo

To confirm that integrated vector provirus was present in the tumor cells and that the GFP
transgene had been transmitted as part of the intact vector, we performed Southern analysis
on genomic DNA from tumors removed 12 and 37 days after vector injection. The only
bands detected by the GFP probe were the size expected for full-length ZAPd-GFP (Fig.
5A), demonstrating the presence of integrated vector and that the high-level transduction
shown by FACS analysis and immunohistochemistry, was the result of the transmission of
the GFP transgene by intact ZAPd-GFP. The MuLV LTR-gag probe also hybridized to the
full-length ZAPd-GFP band, as well as to a smaller band that is likely to represent an
endogenous provirus present in the NMU cell line or the BALB/c genome, as the same band
is present in genomic DNA from the untransduced negative control tumors (Fig. 5B). These
results suggest that the transmission of the GFP transgene through the tumors during the
course of the 37 days was mediated primarily or exclusively by the intact vector, and that
deletion variants, if present, occurred only at levels undetectable in our analysis.
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Extratumoral RCR vector spread is not at detectable levels under present conditions

To detect any spread of ZAPd-GFP outside the tumors that might have occurred, a variety of
extratumoral tissues including spleen, lung, kidney, liver, and heart were harvested at the
time of autopsy. High molecular weight DNA was harvested from each of these tissues and
was used, along with DNA extracted from tumors, in PCR with primers specific for the GFP
transgene. Amplification of serial dilutions of pZAPd-GFP plasmid demonstrated that this
assay could detect as few as 140 copies of GFP in a background of approximately 100,000
equivalents (600 ng) of untransduced genomic DNA, representing a transduction level of
about 0.14%. Figure 6 shows the results of PCR using samples taken from mice sacrificed
49 days after vector injections. DNA from the tumor injected with vector revealed the
presence of the full-length GFP transgene, but none of the nontumor tissues or the mock-
treated tumor sample exhibited amplification. This unexpected result was also obtained on
examination of tissues harvested from animals killed at earlier time points (data not shown).
Flow cytometric analysis of the same tissues 1 week after explanting also revealed the
presence of the GFP transgene only in tumors (data not shown). These results suggest that
spread of the vector originating from a total initial inoculum of 6 x 103 PFU was minimal
over the time course of these experiments.

DISCUSSION

This study demonstrates that the insertion of exogenous sequences precisely between the env
gene and 3 UTR of MuLV results in a fully replication-competent vector that exhibits a
high degree of genomic stability, compared with previously reported MuLV-based RCR
vectors that contained inserts within the U3 region of the LTR. We chose this particular
insert position because (1) the packaging signal extends past the start codon of the gag gene,
and thus positioning a transgene just upstream of the gag gene would likely impair
packaging efficiency; (2) the gag and po/ coding sequences are initially translated as a single
polypeptide that is then cleaved, thus positioning a transgene between these coding
sequences might interfere with proteolytic processing; (3) the 3" end of po/ overlaps with the
5’ end of env, precluding the insertion of a transgene between these genes; and (4)
positioning the transgene, preceded by an IRES, just downstream of envwould allow the
transgene to be expressed from both the spliced envtranscript as well as the unspliced
genomic transcript. While the majority of previously reported U3-insert MuLV vectors,
whose inserts were 100-1100 bp smaller than that of ZAPd-GFP, began losing their inserted
sequences during the first replication cycle (Lobel ef al., 1985; Reik et al., 1985; Stuhlmann
et al., 1989; Coulombe et al., 1996), ZAPd-GFP was stable through continuous propagation
over multiple replication cycles in culture, and furthermore, this vector efficiently replicated
within solid tumors /in vivo, leading to widespread delivery of the transgene at efficiencies
significantly higher than those typically achieved using standard replication-defective
retroviral vectors at much higher doses.

Most previous studies using standard replication-defective MuLV vectors for tumor
transduction /7 vivo reported efficiencies of less than 10%, despite the use of large doses of
vector or vector packaging cells, vector injection at multiple time points, or simultaneous
injection of tumor and packaging cells (Short et af., 1990; Yang et al., 1996; Kruse et al.,
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1997; Ram et al., 1997; Smiley et al., 1997). The low /n vivo transduction efficiency of
defective retroviral vectors has been attributed to the inability of the vector particles to
diffuse from the site of injection. The results of clinical trials of retroviral gene transfer into
brain tumors, in which intratumoral injection of packaging cells resulted in transduction of
cells only within a few cell diameters of the injection tracts, lend support to this notion (Ram
et al., 1997; Rainov, 2000). Similar results were observed in studies involving direct
intratumoral injection of defective adenovirus vectors (de Roos et a/., 2000; Kurihara et al.,
2000).

In contrast, the present study suggests that the capacity of replication-competent vectors for
intercellular spread, which allows transduction of cells not initially exposed to the vector
inoculum, largely circumvents such physical obstacles. Furthermore, since MuLV can infect
only mitotically active cells, and the half-life of virion particles (5-8 hr) (Morgan et al.,
1995; Chuck et al., 1996) is much shorter than the average cell cycle time of most human
tumors (3—-6 days), continuous release of replicating vector from initially infected cells also
increases the likelihood that additional target cells will undergo division and thereby become
infected.

The replication competence of the vector described here obviously raises questions about
possible pathogenic effects resulting from spread of the vector in the host. Moloney MuLV
is known to induce thymic lymphoma in newborn mice, and many other murine retroviruses
are associated with characteristic malignancies. However, most of these viruses are not
pathogenic in adult mice (Rosenberg and Jolicoeur, 1997). Nonpathogenic strains of MuLV
have also been described, and these may be amenable for use in the construction of
replicating vectors similar to those described here. Initial studies of the activity of
amphotropic MuLV in rhesus monkeys could find no evidence of pathology in infected
animals over a 3-year observation period, despite severe immune suppression at the time of
infection and the administration of high doses (mean, 7.2 x 107 PFU) of replication-
competent MuLV (Cornetta et al,, 1990, 1991b). A later study, however, revealed that MuLV
can be oncogenic in primates under certain conditions, on the basis of the observation that 3
of 10 rhesus monkey recipients of bone marrow cells infected with replication-competent
MuLV developed T cell lymphoma (Donahue et al.,, 1992; Anderson et al., 1993). These
results suggest that while MuLV has oncogenic potential in primates, the presence of a
normally functioning immune system is sufficient to prevent the realization of this potential.
As the mice used in the present study were athymic, the influence of a fully functional
immune system on the spread of ZAPd-GFP has yet to be determined. The tumor
microenvironment itself is known to be inherently immunosuppressive; therefore it is
possible that RCR vector spread would be facilitated within the tumor even in
immunocompetent hosts, while extratumoral spread would be restricted by the immune
system.

The RCR vector was observed to transduce host-derived cells within the tumors, including
fibroblasts and endothelial cells, apparently as efficiently as the tumor cells themselves. In
some situations, for example, for angiogenesis inhibition strategies, achieving gene delivery
to the nontumor cell compartment of tumors may be advantageous. These cells are more
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homogeneous in nature and lack the propensity of tumor cells to mutate rapidly; hence, such
cells may be less likely to develop resistance to introduced therapeutic genes.

Nevertheless, the desirability of a mechanism to control RCR vector spread is underscored
by the above observation that the vector efficiently transduced host-derived cells within the
tumors. This was not unexpected, since Moloney MuLV is tropic for murine cells, and in its
present form the vector employed in these studies is untargeted, except for its natural
selectivity for proliferating cells. However, the finding that spread of this untargeted vector
appeared to be confined to the tumor tissue was somewhat unexpected. Since the assay used
to detect spread of the vector outside of the tumors, however, was based on amplification of
the GFP transgene, the possibility remains that deletion variants of the vector lacking the
transgene sequence were present in the tissues examined. Such deletion variants were not
apparent by Southern blot analysis of DNA from the tumor tissue itself. The lack of
detectable levels of extratumoral spread may be a consequence of the dilution of any vector
that left the tumor, combined with the relative inability of MuLV to infect nonproliferating
normal tissues.

As mentioned above, incorporating a suicide gene into RCR vectors would not only provide
the means to kill transduced tumor cells, but would also serve as a self-limiting safety
mechanism to terminate vector spread after adequate levels of transduction are achieved. An
additional means of targeting spread of a replicating vector, and thereby minimizing risk to
recipients, would be to engineer the virus to replicate only within particular cell
subpopulations. One strategy that has been used to direct retroviral vector tropism is through
the modification of the viral envelope protein to target the entry of vectors into cells
expressing specific cell-surface proteins (Russell et al,, 1993; Kasahara et al., 1994;
Valsesia-Wittmann et a/,, 1994; Snitkovsky and Young, 1998). Tight control of retroviral
tropism has also been achieved by replacement of the retroviral promoter/enhancer with cell
type-specific transcriptional control elements, to target expression to particular tissues (Diaz
et al., 1998; Jager et al., 1999). The development of tissue-targeted RCR vectors would
represent a significant improvement in vector technology for gene therapy of cancer.
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FIG. 1.
(A) Structure of replication-competent vector ZAPd-GFP, showing site of insertion of IRES-

GFP cassette into the wild-type murine leukemia virus genome. (B) Nucleotide sequence of
ZAPd-GFP at the junctions between envgene and IRES, IRES and GFP, and GFP and
MuLV 3’ untranslated region. Start and stop codons for the envand GFP genes within the
junctions are in boldface. (C) /n vitroreplication kinetics of ZAPd-GFP and wild-type
MuLV in NIH 3T3 cells over a 14-day period after transfection with pZAPd-GFP or pZAP2.
Reverse transcriptase assays were performed with supernatants collected on the indicated
days after transfection. Values represent means obtained from two experiments, and are
expressed in arbitrary units. A control transfection was performed without adding vector
plasmid (mock).
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FIG. 2.
Transmission of GFP transgene through a single culture infected with ZAPd-GFP. (A)

Schematic diagram of experimental procedure. Cells were inoculated with ZAPd-GFP at an
MOI of 0.01 or 0.0005, and 3, 5, 7, and 9 days later the cells were examined by fluorescence
microscopy, passaged, and an aliquot was analyzed by flow cytometry for GFP expression.
(B) Appearance of cells at 95-100% confluence by fluorescence microscopy immediately
prior to passage after initial inoculation at an MOI of 0.0005 (original magnification, x100).
(C) Results of flow cytometric analysis. y axis, means of three independent experiments; x
axis, days postinoculation.
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FIG. 3.

Spread of ZAPd-GFP over multiple serial infections. (A) Diagram depicting the
experimental procedure. NIH 3T3 cells were infected with ZAPd-GFP at an MOI of 0.001
(infection number 1). Six subsequent serial infections were conducted in which a 100-fold
dilution of supernatant from each infection cycle was used to inoculate the subsequent cell
population. Each population of infected cells was examined by flow cytometry and Southern
blot hybridization of genomic DNA. (B) Summary of results of flow cytometric analysis.
Shown are the percentages of cells expressing GFP in each infected culture 2 and 4 days
after the inoculation step of each infection cycle. (C) Southern hybridization analysis of
DNA from each of the seven infected cultures. Each DNA sample was digested with A/fel
prior to blotting and hybridization with the GFP cDNA probe. Ahel cuts once in each LTR
of the ZAPd-GFP provirus, generating a 9.56-kb fragment containing the transgene. Lanes:
V, 30 pg of pZAPd-GFP plasmid DNA; 1-7, genomic DNA from each of the seven infected
cultures; N, DNA isolated from mock-infected NIH 3T3 cells.
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FIG. 4.
Spread of ZAPd-GFP through solid tumors in mice. (A) Subcutaneous tumors, 1 to 1.5 cm?3

in volume, were injected with 6 x 103 PFU of ZAPd-GFP. Twelve, 22, 37, and 49 days after
vector injection, tumors were removed from subsets of the mice and were analyzed for virus
spread by flow cytometry and Southern blot hybridization. (B) Expression of GFP transgene
in tumors. Tumor cells from each of the four time points were dissociated into single-cell
suspensions and analyzed for GFP fluorescence by flow cytometry. Shaded histograms
represent tumors injected with ZAPd-GFP, and open histograms represent untreated tumors.
(C) Immunohistochemical staining of GFP in tumors injected with ZAPd-GFP. Tumors
removed 22 and 49 days after vector injection were stained with a monoclonal antibody to
GFP and counterstained with hematoxylin. 7op /eft. Tumor removed 22 days after vector
injection. 7op rightand bottom left. Tumors removed at 49 days. Open arrowheads indicate
transduced fibroblasts and closed arrowheads indicate transduced endothelial cells. Bottom
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right. Negative control tumor removed 49 days after vector injection. Each panel represents
a different mouse. Original magnification: Top left and bottom right, x300; top right, x400;
bottom left, x6.
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Southern blot analysis of genomic DNA from tumors injected with ZAPd-GFP. Ten
micrograms of DNA from each tumor was digested to completion with Afel. After blotting
onto a nylon membrane, the fragments were hybridized to a random-primed radiolabeled
probe for the GFP transgene or for the MuLV LTR-gag sequence. Lanes: V, 30 pg of
pZAPd-GFP plasmid DNA digested with Afel; P, DNA from tumor originating from cells
that were infected with ZAPd-GFP prior to their injection into mouse; 1 and 2, DNA from
tumors removed 12 days after vector injection; 3, 4, and 5, DNA from tumors removed 37
days after vector injection; N, negative control tumor injected with virus-free supernatant.
(A) GFP-probed blot; (B) MuLV LTR-gag-probed blot. Top band, full-length ZAPd-GFP;
bottom band, nonspecific hybridization signal (also present in negative control tumor).

Hum Gene Ther. Author manuscript; available in PMC 2021 June 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

LOGG et al.

Page 22

Copies of pZAPd-GFP

FIG. 6.
Analysis of extratumoral spread of ZAPd-GFP by PCR amplification of GFP transgene from

genomic DNA. The sensitivity of the assay was determined by amplification, using 4-fold
serial dilutions of pZAPd-GFP as template in the presence of untransduced genomic DNA
(tgp). Six hundred nanograms of DNA, extracted from tumors and various extratumoral
tissues at the time of autopsy, was used in PCR analysis for the GFP transgene (midd/e).
Shown are results with tissues taken from mice 49 days after injection of tumors with vector.
Expected size of full-length amplification product is 730 base pairs. A 500-bp region of the
mouse SB-casein gene was amplified from the same samples as an internal control (bottom).
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