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Abstract
Gene transfer of the E. coli purine nucleoside phosphorylase (PNP) results in potent cytotoxicity
after administration of the prodrug fludarabine phosphate (F-araAMP). Here we have tested whether
application of this strategy in the context of replication-competent retrovirus (RCR) vectors, which
can achieve highly efficient tumor-restricted transduction as well as persistent expression of
transgenes, would result in effective tumor inhibition, or alternatively, would adversely affect viral
replication. We found that RCR vectors could achieve high levels of PNP expression concomitant
with the efficiency of their replicative spread, with significant cell killing activity in vitro and potent
therapeutic effects in vivo. In U-87 xenograft models, replicative spread of the vector resulted in
progressive transmission of the PNP transgene, as evidenced by increasing PNP enzyme activity with
time following vector inoculation. Upon F-araAMP administration, high efficiency gene transfer of
PNP by the RCR vector resulted in significant suppression of tumor growth and extended survival
time. As the RCR mediates stable integration of the PNP gene and continuous expression, an
additional round of F-araAMP administration resulted in further survival benefit. RCR-mediated
PNP suicide gene therapy thus represents a highly efficient form of intracellular chemotherapy, and
may achieve effective antitumor activity with less systemic toxicity.
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Introduction
Adenine analogs can be employed as chemotoxins that are converted to nucleotides by
endogenous cytosolic adenine phosphoribosyltransferase and incorporated into cellular RNA,
resulting in disruption of both RNA and protein synthesis, and subsequent cell death 1.
However, the potential for serious adverse effects including myelotoxicity generally precludes
systemic administration, and tumor regressions cannot be attained simply by intratumoral
injection of highly toxic adenine analogs 2. Expression of E. coli purine nucleoside
phosphorylase (PNP) in cancer cells can achieve direct intracellular generation of such analogs
by catalyzing the glycosidic cleavage of purine ribonucleoside prodrugs, such as 6-
methylpurine 2′-deoxyriboside (MeP-dR) and fludarabine (converted from fludarabine
phosphate, F-araAMP, in plasma), to 2′-deoxyribose-1-phosphate (or arabinose-1-phosphate)
and free base compounds such as 6-methylpurine and 2-fluoroadenine, respectively. Both
compounds are freely diffusible across cell membranes, allowing their spread from PNP-
transduced to untransduced cells 1, 3, and are toxic to both proliferating and nonproliferating
cells 1, thereby achieving a potent bystander effect.

A variety of replication-defective viral vectors, including retrovirus, lentivirus, and adenovirus-
based systems, have been employed for E. coli PNP gene delivery to cancer cells ex vivo and
in vivo, showing promising results in a variety of different tumor models 2, 4–7. However,
clinical trials have demonstrated limited success of suicide gene therapy mediated by
replication-defective vectors 8, and more recently, conditionally replication-competent strains
of various viral agents have emerged as attractive tools for cancer therapy 9. These viral agents
have been termed oncolytic, i.e., exhibiting some degree of tumor-selectivity and intrinsically
cytolytic, and encompass attenuated strains of a large variety of different virus species
including adenovirus, herpesvirus, reovirus, vesicular stomatitis virus, vaccinia, and Newcastle
Disease virus. While transient tumor regression can be obtained with most of these agents,
robust immune responses eventually result in viral clearance and disease relapse, hence efforts
are now directed toward “arming” these viruses with additional cytotoxic genes 10.

We have previously shown the ability of murine leukemia virus (MLV)-based replication-
competent retrovirus (RCR) vectors to achieve highly efficient gene transfer to tumor cells
11–16: with genomic integration of the virus, each infected tumor cell in effect permanently
becomes a virus producer cell, resulting in progressive spread of the virus. Intratumoral
injection of RCR vectors in an inoculum of as little as 1 × 104 total infectious units was found
to be capable of spreading and transmitting an inserted transgene throughout entire solid tumor
masses in vivo, achieving up to >99% transduction in breast cancer and glioma models 11, 12,
14. Notably, after direct intratumoral injection, systemic spread of vectors was undetectable by
PCR assays in any of the normal tissues tested, suggesting that the inherent inability of
retroviruses to infect non-dividing cells results in a significant degree of intrinsic tumor-
selectivity.

To date, there have been few studies evaluating the therapeutic potential of E. coli PNP as a
suicide gene to arm replicating virus vectors, and in particular, how its potent cytotoxic activity
upon prodrug administration and its strong bystander effects on adjacent cells might potentiate
or inhibit the dual processes of tumor destruction and viral proliferation. These issues are
central to the very concept of arming replicating viruses with suicide genes. Indeed, in a
previous study arming replicating vaccinia virus with PNP, it was found that intracellular
conversion of MeP-dR prodrug into the active toxin completely abrogated replication of this
DNA virus 17. Here, we developed an MLV-based RCR vector carrying the PNP gene, and
examined its replicative ability, cytotoxicity, and therapeutic efficacy in vitro and in vivo in
subcutaneous and intracranial glioma models.
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Materials and methods
Virus vectors and cell lines

As described previously, plasmid pACE-GFP 18 encodes a replication-competent amphotropic
MLV vector, in which the 5′ LTR U3 region has been replaced with the cytomegalovirus
(CMV) promoter, and an internal ribosome entry site (IRES)-green fluorescent protein (GFP)
marker gene cassette has been inserted between the amphotropic env gene and 3′ untranslated
region (UTR). The PNP gene was amplified from E. coli genomic DNA by PCR using Pfu
polymerase (Stratagene, La Jolla, CA), and used to replace the GFP sequence in pACE-GFP,
generating plasmid pACE-PNP. The transformed human embryonic kidney cell line 293T 19

and U-87 human glioma cells 20 were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum. Virus vectors were produced by transient
transfection of 293T cells with plasmid pACE-PNP or pACE-GFP using Lipofectamine Plus
reagent (Invitrogen, Carlsbad, CA). Conditioned medium harvested 48 hours post-transfection
was filtered, frozen at −80 °C, and titered before use. For in vitro transduction experiments, 4
μg/ml polybrene (Sigma, St. Louis, MO) was added to the medium at the time of infection.
Titer determination was performed on target cells in the presence of AZT (Sigma) to prevent
secondary vector replication, as described previously 13. Briefly, viral supernatant was
removed 24 hours post-infection, and cells were incubated in regular medium with 50 μM AZT
for 24 hours and analyzed for GFP expression by using flow cytometry on a FACScan (Becton
Dickinson, Franklin Lakes, NJ). Viral titer was represented as transducing units (TU)/ml.

Virus spread in human glioma cells
U-87 cells at 20–25% confluency in 6-cm dishes were grown in fresh medium containing ACE-
GFP virus stock at various multiplicities of infection (MOI). At 3, 5, 7, and 10 days post-
infection, the cells were analyzed for GFP expression by flow cytometry. This procedure was
performed to ensure that the entire cell population exhibited GFP fluorescence. ACE-PNP
infection to U-87 cells was performed in parallel, and examined by immunocytochemistry
using monoclonal anti-viral envelope antibody 83A25 21, until full transduction was confirmed.
In a separate experiment, ACE-GFP-transduced U-87 cells were mixed with uninfected U-87
cells at a ratio of 0, 0.1, 1, 10 or 100% of the cell population and seeded onto 6-cm dishes with
complete medium containing 5 μM MeP-dR. Four and seven days after cell mixture, the cell
population for each mixture ratio was analyzed for GFP expression.

Western blot analysis
To confirm the expression of PNP, cellular protein extracted from ACE-PNP-infected and
uninfected U-87 cells was run on 4–20% gradient polyacrylamide gels (Invitrogen) and
transferred onto PVDF membranes (Bio-Rad, Hercules, CA). The blots were blocked 1 hr in
TBST (100 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1% Tween 20) with 5% non-fat dry milk
(Bio-Rad), and incubated 1 hr with a rabbit polyclonal antibody against bacterially expressed
PNP at 1:10,000 dilutions. After being washed in TBST, the blots were incubated with goat
anti-rabbit secondary antibody conjugated to horseradish peroxidase (Southern Biotech,
Birmingham, AL) for 1 hour and then washed in TBST. Specific protein signals were detected
with an enhanced chemiluminescence kit (Amersham Biosciences, Piscataway, NJ).

Determination of non-specific toxicity of prodrugs
Untransduced, ACE-GFP-transduced, and ACE-PNP-transduced U-87 cells were seeded in
12-well culture plates at 20% confluency 24 hours before treatment, and a dose finding study
was performed by exposing the cells to MeP-dR (0, 5, 10, 25, 50, and 100 μM) (Invitrogen)
or F-araAMP (0, 5, 10, 25, and 50 μM) (Berlex Laboratories, Richmond, CA) for 4 days at 37
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°C in complete medium, washing twice with PBS, fixing in methanol/acetone (1:1 vol/vol) for
15 min, and staining the cells remaining on the plates with Giemsa (Sigma).

In vitro cytotoxicity experiments
ACE-PNP-transduced cells were mixed with uninfected cells at a ratio of 0, 0.1, 1, 10 or 100%
of the cell population and seeded onto replicate 96-well plates (5000 cells/well). After overnight
culture, the mixed cell populations were exposed to increasing concentrations of MeP-dR
ranging from 10 to 50 μM, and cell viability was determined 4 days later by MTS assay using
the CellTiter Aqueous One Solution Cell Proliferation Assay kit (Promega, Madison, WI). To
examine the time course of cytotoxicity, the mixed cell populations (0, 1, 10 or 100% ACE-
PNP-transduced) were seeded onto replicate 96-well plates (2000 cells/well), and after
overnight culture, the cells were exposed to MeP-dR (5 μM) or F-araAMP (10 μM), and cell
viability was determined daily by MTS as above.

Subcutaneous tumor models
For subcutaneous glioma models, 24 athymic nu/nu mice (Harlan Sprague Dawley,
Indianapolis, IN) were inoculated with 1 × 106 U-87 cells into the right dorsal flank. When the
tumor volumes reached about 250–400 mm3, 100 μl PBS vehicle (n=12) or 1 × 105 TU ACE-
PNP (n=12) was injected into the center of each tumor. Fourteen days after virus vector
injections, 6 mice in the PBS group and 6 mice in the ACE-PNP group received intraperitoneal
injections of F-araAMP (80 mg/kg), while the remaining 12 mice received intraperitoneal PBS
injections, once every other day, for a total of 5 treatments. In a second experiment, 1 × 106

U-87 cells were subcutaneously injected into 15 athymic mice to create xenograft tumors, and
when the tumor volumes were about 30–50 mm3, 30 μl PBS vehicle or 3 × 104 TU ACE-PNP
was injected into the center of each tumor. Eight days after virus vector injections, the mice
received intraperitoneal injections of F-araAMP (80 mg/kg) or PBS, once every other day, for
a total of 10 treatments. Fifty days after intratumoral virus vector injections, mice in the ACE-
PNP:F-araAMP group again received injections of F-araAMP (80 mg/kg), once every other
day, for a total of 5 treatments.

Intracranial tumor models
For the intracranial glioma model, 2 × 105 U-87 cells were injected into the right frontal lobe
of athymic mice, using the following coordinates: 1 mm anterior and 1.5 mm lateral relative
to the bregma, and 2.8 mm deep into the brain. Seven days later, the mice were stereotactically
injected with 10 μl PBS vehicle or 1 × 104 TU ACE-PNP at the same coordinates. Eight days
after virus vector transduction, the mice received intraperitoneal injections of F-araAMP (40
mg/kg) or PBS, once every other day, for a total of 8 treatments. In a second experiment, the
ACE-PNP vector or PBS vehicle was injected 5 days after intracranial tumor inoculation.
Sixteen days after virus vector transduction, the mice received intraperitoneal injections of F-
araAMP (40 mg/kg) or PBS, once every other day, for a total of 8 treatments. Two weeks
following the end of first round of F-araAMP treatments, mice in the ACE-PNP:F-araAMP
group again received injections of F-araAMP (40 mg/kg), once every other day, for a total of
8 treatments.

Measurement of PNP enzymatic activity
Cell lysates were prepared as previously described 22 from cultured, subcutaneous, and
intracranial U-87 tumor cells. The lysates were incubated with MeP-dR, and the formation of
product was measured by reverse-phase high performance liquid chromatography (HPLC)
analysis of the reaction mixture 23. PNP activity was expressed as conversion units, and one
unit represents 1 nmole MeP-dR cleaved/mg cell lysate/hr.
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Analysis of virus stability
Genomic DNA isolated from intracranial U-87 gliomas in vivo was examined for virus stability
by PCR using PCR SuperMix (Invitrogen), an upstream primer hybridizing to the amphotropic
env gene, and a downstream primer hybridizing to the 3′ UTR. After PCR amplification, the
reaction products were resolved on agarose gels and visualized by ethidium bromide staining.

Statistical analysis
Student’s t-tests were performed for statistical analysis of in vitro cytotoxicity experiments and
subcutaneous tumor volume. Survival analysis was performed using Kaplan-Meier curves and
log-rank tests. All analyses were conducted using SAS software (SAS Institute, Cary, NC).

Results
Replicative spread of RCR vectors is not inhibited in the presence of prodrug

We have previously described the construction of an MLV-based RCR vector ACE-GFP 18

containing an IRES-GFP gene expression cassette (1.3-kb) inserted precisely between the
amphotropic env gene and 3′ UTR (Figure 1a). To examine the ability of RCR vectors to
replicate in cultured cells, we infected U-87 human glioma cells with ACE-GFP virus
supernatant at different MOIs and monitored viral transduction by flow cytometry to detect
GFP fluorescence. Consistent with our previous findings, we found that ACE-GFP can
efficiently transduce U-87 cells and spread to entire cell populations (approaching 100% GFP
positive) in culture within 7 days at MOIs as low as 0.01 12.

Although the marker gene vector ACE-GFP itself appears to have no noticeable effect on cell
growth, it is conceivable that concurrent viral infection might alter cellular sensitivity to non-
specific toxicity after exposure to prodrug. Therefore, we first compared the overall toxicity
at different concentrations of MeP-dR (5, 10, 25, 50, and 100 μM) or F-araAMP (5, 10, 25,
and 50 μM) on untransduced U-87 cells, as compared to U-87 cells that had been fully
transduced with ACE-GFP. After 4 days of prodrug exposure, Giemsa staining was employed
for visualization of remaining viable cells. Both untransduced U-87 cells as well as those
transduced with ACE-GFP showed negligible cytotoxicity after exposure to either MeP-dR or
F-araAMP at concentrations of 10 μM or less and 25 μM or less, respectively. At higher
concentrations of either prodrug, progressive loss of cell viability was observed but this was
the same in both transduced and untransduced cells, indicating that sensitivity to non-specific
prodrug toxicity had not been altered by retroviral infection (data not shown).

Retroviruses replicate through a process involving reverse transcription of RNA to proviral
DNA, and many anti-viral agents are nucleoside analogs that disrupt this process. Accordingly,
we then sought to determine whether the presence of an adenine analog prodrug, in
concentrations that do not appreciably affect overall cell viability, would exert any effect on
the ability of the RCR vector to replicate. Therefore, ACE-GFP-transduced and uninfected
U-87 cells were mixed at various ratios and cultured in the presence of 5 μM MeP-dR, a
concentration of prodrug that did not cause non-specific cytotoxicity but which is sufficient to
achieve highly effective killing of U-87 cells expressing PNP (see below). The subsequent
spread of GFP fluorescence was monitored by flow cytometry over 7 days of continuous
exposure to MeP-dR, which was replenished every other day in fresh medium. As observed
previously in U-87 cells without exposure to MeP-dR, transmission of GFP fluorescence was
highly robust and reached 100% within 7 days even when the initial percentage of transduced
cells was as low as 1%, indicating that ACE-GFP replication was not significantly attenuated
by the presence of the prodrug (Figure 1b).
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RCR vectors achieve efficient expression of PNP in tumor cells, and achieve potent cell
killing activity

To convert the RCR vector into a therapeutic reagent, the PNP coding sequence was cloned
from E. coli and used to replace the GFP gene in ACE-GFP, producing ACE-PNP (Figure 1a).
Infection of U-87 cells with ACE-PNP was performed in parallel with ACE-GFP, and protein
lysates from untransduced control cells and ACE-PNP-transduced cells were examined by
Western blot analysis using an antibody specific for E. coli PNP. While only non-specific
signals were observed in protein lysates from untransduced cells, immunoblot of ACE-PNP-
transduced U-87 cells showed a specific band at the expected molecular size, indicating
efficient expression of the PNP gene product (Figure 1c).

In order to determine the functional dose range for the prodrugs employed, U-87 cells that had
been fully transduced with ACE-PNP, as confirmed by immunocytochemistry with an MLV
envelope-specific antibody, were incubated with MeP-dR or F-araAMP at various
concentrations as above, and examined the remaining viable cells 4 days later by Giemsa
staining or MTS assay. Transduction by ACE-PNP alone, without addition of prodrug, had no
significant effect on cell viability. However, exposure of cells to MeP-dR or F-araAMP resulted
in potent killing of ACE-PNP-transduced cells at all concentrations tested (Figure 1d and data
not shown).

To further quantitate the sensitivity of transduced cells upon prodrug administration, ACE-
PNP-transduced and uninfected U-87 cells were mixed at various ratios ranging from 0.1% to
100% transduced cells. These mixed cell populations were then exposed to increasing
concentrations of MeP-dR ranging from 10 to 50 μM, and cell viability was quantitated 4 days
later. As noted previously, at higher prodrug concentrations, some degree of cytotoxicity was
seen even in the absence of ACE-PNP transduction. However, addition of PNP-expressing
cells, even at low percentages, resulted in enhanced cytotoxicity upon addition of prodrug at
all concentrations tested. Progressive enhancement of cytotoxicity was observed to correlate
well with increasing percentage of ACE-PNP transduced cells. While there was a trend
correlating higher prodrug concentration with slightly better cell killing, prodrug concentration
had much less effect on overall cell killing than the percentage of transduced cells (Figure 1d).

Time course of cell killing achieved by ACE-PNP followed by prodrug administration is
dependent on initial transduction level

We next examined the time course of enhanced cell killing mediated by ACE-PNP transduction
at various ratios of transduced and untransduced U-87 cells. These mixed cell populations were
exposed to 5 μM MeP-dR, and cell viability was quantitated daily. Exposure of 100%
transduced cells to MeP-dR led to a dramatic drop in cell viability within 2 to 3 days, followed
by continuing decrease in viability until complete cell clearance was achieved in 5 to 7 days.
With initial inoculation of 1% or 10% ACE-PNP-expressing cells, slower but still progressive
cell killing was observed over time with exposure to MeP-dR (Figure 2a). These results indicate
that an ACE-PNP transduction level of even 1% is sufficient to achieve significant cell killing
over time, but the rapidity of cell killing is highly dependent on the initial level of transduction.
In contrast, the viability of uninfected negative control cells was not measurably affected by
exposure to the MeP-dR prodrug alone (Figure 2a, 0% PNP: +MeP-dR), and the viability of
fully transduced control cells were also largely unaffected in the absence of prodrug (Figure
2a, 100% PNP: – MeP-dR). Similar to MeP-dR, exposure to F-araAMP at a concentration of
10 μM was equally as efficient in killing U-87 cell populations containing ACE-PNP-
transduced cells at various ratios, yet showed no cytotoxicity on uninfected cells (Figure 2b).
Again, the rapidity of cell killing correlated with the initial percentage of ACE-PNP-transduced
cells. As it was as efficient as MeP-dR in killing tumor cells expressing PNP, and is a clinically
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approved drug currently used in the treatment of hematological malignancies, F-araAMP was
chosen as the prodrug for use in subsequent in vivo studies.

ACE-PNP suppresses growth of subcutaneous tumors after treatment with F-araAMP
To determine whether delivery of the PNP gene mediated by inoculation of replicating
retrovirus vectors could suppress tumor growth, we injected a single dose of 1 × 105 total
transducing units of ACE-PNP virus supernatant into a naïve pre-established subcutaneous
U-87 tumor model. When mean tumor volume reached about 2000 mm3, the mice received
intraperitoneal injections of F-araAMP every other day over a period of 10 days, and tumor
size was measured by caliper twice a week. Our results show that, immediately after F-araAMP
administration, the growth of ACE-PNP-injected tumors was significantly inhibited, indicating
the therapeutic effect achieved by RCR-mediated replicative spread of the PNP transgene
within the tumors (Figure 3a). In the second experiment, the mice started receiving
intraperitoneal injections of F-araAMP when tumor sizes reached about 250 mm3 in average.
Similarly, a single injection of ACE-PNP virus followed by a single cycle of F-araAMP
administration resulted in significant suppression of tumor growth, and reduced tumor volume
to one-fourth that of control tumors by Day 38 to 41 (P<0.01) (Figure 3b). These tumors
subsequently grew to an average of about 2000 mm3 in size by Day 51 after the first cycle of
prodrug administration, therefore a second cycle of F-araAMP treatment was initiated. The
second cycle of prodrug administration again efficiently inhibited tumor growth, indicating
that on-going PNP expression in tumors from stably integrated and continuously spreading
RCR vectors catalyzed functional conversion of F-araAMP to toxic metabolites within tumors,
and contributed to the antitumor effect.

RCR-mediated PNP suicide gene delivery significantly improves survival
To test if high transduction efficiency and significant tumor inhibition achieved by RCR vectors
has the potential to improve survival, we then tested ACE-PNP in an intracranial U-87 glioma
model. After establishment of intracranial U-87 gliomas by stereotactic implantation, 1 ×
104 total transducing units of ACE-PNP virus supernatant were inoculated by stereotactic
intratumoral injection. Treatment with the ACE-PNP virus followed by systemic F-araAMP
administration resulted in a significant survival advantage with a median survival time of 59
days, as compared to both control groups which were treated with either virus alone or prodrug
alone, with a median survival time of 30 days in either case (P<0.0001) (Figure 4a).

As noted above, a unique characteristic of RCR vectors compared to other replicating vector
systems is the ability to mediate stable integration and long-term expression of transgenes that
are transmitted from cell to cell as the virus replicates. We therefore tested whether additional
therapeutic benefit might be achieved by an additional cycle of F-araAMP administration, as
observed in the subcutaneous tumor model above, thereby activating PNP suicide gene activity
in tumor cells that had escaped prior treatment or had been newly infected from residual
transduced cells. Hence, in the second experiment, ACE-PNP-infected mice received a second
cycle of F-araAMP administration two weeks after the end of first round of F-araAMP
treatments. As postulated, these mice showed significant therapeutic benefit with 100%
survival for more than 50 days (median survival time 73 days), compared to the mice in control
groups receiving no treatment, or treatment with virus alone without prodrug, which showed
0% survival in less than 35 days (median survival time 33 days) (P<0.005) (Figure 4b). In fact,
the median survival time of ACE-PNP-infected mice receiving the second cycle of F-araAMP
(73 days) was even more prolonged than that observed in the first experiment with a single
round of F-araAMP (59 days), demonstrating the potential for additional survival benefit from
multiple cycles of prodrug administration.
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PNP activity in vitro and in vivo
PNP activity in cultured cells, intracranial tumors, and subcutaneous tumors following ACE-
PNP inoculation is shown in Table 1. The PNP activity in subcutaneous tumors increased with
time after virus inoculation, indicating progressive transmission of the PNP transgene with
replicative spread of the virus, and by 6 weeks after vector transduction the activity reached a
level close to that observed in cultured U-87 cells that had been 100% transduced with ACE-
PNP. Intracranial tumors also expressed a similarly high level of PNP activity by the third
week after a single dose of the ACE-PNP virus. Uninfected control tumors showed no
detectable E. coli PNP activity.

Notably, significant levels of PNP activity were measured after ACE-PNP injection even in
subcutaneous tumors that had been treated with F-araAMP until 3 weeks prior to harvest (Table
1). The activity level in this instance was approximately two-thirds that of tumors injected with
ACE-PNP but without exposure to prodrug at the same time point, suggesting that F-araAMP
treatment had eliminated a significant fraction of the infected tumor cells, while the stably
integrated PNP gene and/or on-going RCR replication still rendered residual cells susceptible
to prodrug administration even after re-growth of the tumor.

IRES-PNP sequence is stably retained during prolonged RCR replication in vivo
To examine whether the inserted IRES-PNP sequence was stably retained in the replication-
competent virus genome after long-term propagation in vivo, we performed PCR analysis to
detect this sequence in genomic DNA isolated from intracranial tumors in each group of mice.
As shown in Figure 5, the full-length IRES-PNP sequence could be detected in ACE-PNP-
injected gliomas by PCR amplification. As expected, the IRES-PNP sequence was also
detected in gliomas from mice in ACE-PNP plus F-araAMP treated group, again implying that
persistent expression of the therapeutic gene was achieved by the replicating retrovirus vector.

As the primers employed in this analysis hybridized to viral sequences flanking the IRES-PNP
insert, viral revertants that had deleted the insert sequence would have been detected as shorter-
sized bands upon PCR amplification. However, no such bands were observed, even in the ACE-
PNP plus F-araAMP treated group, suggesting that suicide gene-mediated cell killing did not
exert sufficient selective pressure that would predispose to the emergence of deletion mutants
within the time frame of the experiment with the treatment protocol employed.

Discussion
Conventional replication-defective retrovirus vectors have largely failed to achieve significant
transduction efficiencies or therapeutic benefit, despite initially promising results in animal
models 24. In the largest clinical trial of cancer gene therapy to date, transduction levels after
intratumoral injection of replication-defective retroviral vector producer cells were invariably
as low as 0.002% 8. In contrast, we have previously demonstrated that RCR vectors can stably
propagate in human tumors, achieving tremendously high transduction efficiencies in vivo. We
have now shown that replicative spread of RCR vectors armed with a suicide gene is compatible
with on-going cell killing induced by exposure to the prodrug. In vitro studies showed
extremely efficient cell killing by ACE-PNP in combination with MeP-dR and F-araAMP even
when only 1% of the cell population was transduced initially.

PNP activity assays demonstrated that RCR vector spread in vivo was highly efficient and
progressive, and the levels of PNP activity achieved after several weeks in intracranial and
subcutaneous tumors were comparable to that in cultured tumor cells which were fully
transduced with ACE-PNP. Indeed, the level of PNP activity achieved in tumors by RCR-
mediated gene transfer was 10-fold higher than that previously reported in tumors pre-
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transduced by conventional replication-defective retrovirus vectors carrying the PNP gene 2,
25, and similar to activity levels reported in tumors transduced with substantially higher doses
of PNP-expressing adenovirus vector 2.

Suicide gene transfer by ACE-PNP followed by F-araAMP prodrug administration resulted in
a significant tumor inhibitory effect on subcutaneous U-87 xenografts, although tumors were
not completely suppressed. Based on our experience from previous studies 12, 14, 26, it is likely
that these animals were treated with F-araAMP while their tumors were still only partially
transduced with ACE-PNP; therefore, any untransduced tumor that escaped bystander effects
presumably resumed growth. This suggests that optimally effective doses of the RCR vector
may not have been delivered to achieve a sufficient level of transduction throughout the tumor
mass before initiating F-araAMP administration. As observed in the PNP activity assays, after
RCR inoculation, subcutaneous U-87 tumors took a much longer time to reach PNP activity
levels comparable to those achieved in intracranial tumors at an earlier time point. Therefore,
a higher vector dosage might indeed be necessary to achieve more efficient tumor inhibition
in the subcutaneous U-87 tumor model. Furthermore, in this study we employed relatively low
concentrations of F-araAMP, similar to low-dose regimens that have been reported to achieve
significant antitumor effects with adenovirus-mediated gene transfer of PNP 4, 27. However,
these F-araAMP concentrations are substantially below the doses that have been used for PNP-
mediated suicide gene therapy in the majority of previous reports 2, 6, 7, 28, suggesting that a
higher F-araAMP dosage might help to achieve even more potent oncolytic effects.

Survival analysis demonstrated that RCR-mediated suicide gene therapy was indeed able to
prolong mouse survival after only a single dose of vector supernatant at low multiplicity of
infection followed by administration of F-araAMP. Such survival benefit achieved by RCR is
not only observed in our current nude mouse tumor model, but also in an immunocompetent
intracranial glioma model 29. Although we did not detect overt evidence of an immune response
against RCR in the brain of immunocompetent animal, the fact that we did not detect RCR
systemically in the immunocompetent model suggests that the immune system is capable of
interacting with RCR, which might favorably contribute additional safety for the use of RCR
for glioma gene therapy by reducing unwanted systemic spread of viruses. Continuous prodrug
administration may further prolong survival due to the long-term persistence and stable
expression of the RCR, as observed from PNP activity assays; this degree of viral persistence
is unique among oncolytic viruses and is presumably due to the ability of MLV to stably
integrate into the genome of its host cell. Stable integration of the vector represents a
characteristic that may be especially advantageous in the treatment of aggressively invasive or
highly metastatic tumors, as any infected tumor cell will be converted into a persistent source
of on-going virus production that will spread the vector to ectopic sites as those cells migrate
or metastasize. Furthermore, a major advantage of this strategy is that F-araAMP is relatively
well-tolerated by mammalian cells prior to intracellular conversion by the PNP transgene
product, so that systemic prodrug administration can be performed without incurring systemic
toxicity, and the cell killing effects will largely be limited to transduced tumor tissues.

While previous safety studies examining the effect of systemically administering wild type
MLV to primates showed no evidence of retrovirus-induced pathology 30, 31, and we have
previously demonstrated that the RCR proviral genome cannot be detected in any systemic
organs examined after direct intratumoral injection and replicative vector spread in both
subcutaneous and intracranial tumors 11, 12, it is conceivable that low levels of systemic RCR
dissemination might occur below the detection limit of our assay, and the potential for
retrovirus vectors to cause insertional activation events certainly remains a major concern.
Nonetheless, the setting in which retroviral insertion has been verified to cause clonal
proliferation has been in the course of gene replacement therapy, involving transplantation of
hematopoietic progenitor cells that have been directly transduced ex vivo under heavy cytokine
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stimulation with genes that confer a selective growth advantage 32–35. In contrast, when
contemplating the use of RCR vectors as a cancer therapeutic agent, these concerns are
mitigated, as incorporation of a suicide gene not only arms the virus against tumor cells, but
also represents an inherent self-destruct mechanism that would help to eliminate any
inadvertently transduced normal cells that might potentially become transformed.

In summary, the use of RCR vectors may represent a promising experimental treatment strategy
because of its ability to efficiently and selectively transduce tumor cells in vivo, achieving
stable integration and persistent transgene expression concomitant with progressive virus
replication within the tumor. Arming RCR vectors with the PNP suicide gene does not appear
to inhibit the ability of the virus to effectively replicate within solid tumors and mediate
significant tumor growth inhibition and prolong survival. Thus, RCR-mediated PNP suicide
gene therapy represents a highly efficient form of tumor-selective intracellular chemotherapy
that can be activated in situ by prodrug administration at any time once stable integration has
been achieved, and can lead to efficient antitumor effects without the toxicity due to systemic
administration of antitumor agents.
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Figure 1.
(a) Structure of RCR vectors carrying transgenes. RCR vector contains an IRES-GFP or IRES-
PNP gene expression cassette (1.3-kb) inserted precisely between env and the 3′-untranslated
region. CMV: cytomegalovirus promoter.ψ :packaging signal. (b) Replicative spread of ACE-
GFP in tumor cells in the presence of prodrug. ACE-GFP-transduced and untransduced U-87
cells were mixed at different ratios and cultured in the presence of 5 μM MeP-dR. Four and
seven days later, the cells were analyzed for GFP expression. X-axis: days after cell mixture.
Y-axis: % of cells expressing GFP. (c) Western blot analysis of PNP protein. Cellular proteins
from U-87 cells were detected by Western blotting with anti-PNP antibody. The 30-kDa band
represents the PNP protein. 1: untransduced U-87 cells. 2: ACE-PNP-transduced U-87 cells.
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(d) In vitro cytotoxicity achieved by ACE-PNP plus prodrugs. ACE-PNP-transduced and
untransduced U-87 cells were mixed at various ratios (0, 0.1, 1, 10 or 100% ACE-PNP-
transduced cells) and exposed to increasing concentrations of MeP-dR ranging from 10 to 50
μM, and cell viability was determined 4 days later by MTS assay.
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Figure 2.
Time course of cell killing achieved by ACE-PNP followed by prodrug administration. ACE-
PNP-transduced U-87 cells and untransduced U-87 cells were mixed at various ratios (0, 1, 10
or 100% ACE-PNP-transduced cells) and exposed to 5 μM MeP-dR (a) or 10 μM F-araAMP
(b), and cell viability was determined daily by MTS assay. Shown values of viability % were
obtained from quadruplicate repeat experiments. X-axis: days after prodrug treatment. Y-axis:
% of viability of the cells normalized to that of negative control 0% PNP:- MeP-dR or 0%
PNP:- F-araAMP.
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Figure 3.
Anti-tumor effect achieved by RCR suicide gene therapy. (a) Growth of subcutaneous U-87
tumor in response to ACE-PNP and F-araAMP treatments. Pre-established U-87 tumors with
mean tumor volume 320 mm3 were injected with ACE-PNP or PBS, and after 14 days the mice
received intraperitoneal injections of F-araAMP (80 mg/kg) or PBS, once every other day, for
a total of 5 treatments. Open arrow indicates the first day of F-araAMP treatment. (b) Growth
of subcutaneous tumor in response to additional round of F-araAMP treatments. Pre-
established U-87 tumors with mean tumor volume about 40 mm3 were injected with ACE-PNP
or PBS, and after 8 days the mice received intraperitoneal injections of F-araAMP (80 mg/kg)
or PBS, once every other day, for a total of 10 treatments. At fifty days post-injection of vectors,
mice in the PNP:F-araAMP group received injections of F-araAMP (80 mg/kg), once every
other day, for a total of 5 treatments. At 24, 27, 31, 35, 38, and 41 days post-injection of vectors,
statistically significant differences in tumor size between PNP:F-araAMP group and control
groups were observed. * P<0.05. ** P<0.01. Open arrow: beginning of the first round of F-
araAMP treatments. Solid arrow: beginning of the second round of F-araAMP treatments.
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Figure 4.
Survival analysis of athymic mice bearing intracranial U-87 glioma. (a) ACE-PNP or PBS was
stereotactically injected into pre-established intracranial U-87 xenografts seven days after
tumor inoculation. Eight days after vector administration, the mice received intraperitoneal
injections of F-araAMP (40 mg/kg) or PBS, once every other day, for a total of 8 treatments.
The median survival times for mice in the groups of PNP:F-araAMP, PNP:PBS, and PBS:F-
araAMP are 59, 30, and 28 days, respectively. Open arrow: beginning of F-araAMP treatments.
(b) ACE-PNP or PBS was injected into intracranial U-87 xenografts five days after tumor
inoculation. Sixteen days after vector administration, the mice received intraperitoneal
injections of F-araAMP (40 mg/kg) or PBS, once every other day, for a total of 8 treatments.
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Two weeks after the end of first round of F-araAMP treatments, mice in the PNP:F-araAMP
group received injections of F-araAMP (40 mg/kg), once every other day, for a total of 8
treatments. The median survival times for mice in the groups of PNP:F-araAMP, PNP:PBS,
and PBS:PBS are 73, 33, and 33 days, respectively. Open arrow: beginning of the first round
of F-araAMP treatments. Solid arrow: beginning of the second round of F-araAMP treatments.
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Figure 5.
Genetic stability of ACE-PNP after long-term propagation in tumors. Genomic DNA isolated
from intracranial gliomas was amplified by PCR using primers hybridizing to virus sequences
flanking the IRES-PNP insert. Asterisk indicates the expected size of PCR products for
undeleted ACE-PNP virus. 1–3: glioma genomic DNA from mice in the groups of PNP:F-
araAMP (day 74), PNP:PBS (day 30), and PBS:F-araAMP (day 29), respectively. p: plasmid
pACE-PNP.
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Table 1

PNP activity following ACE-PNP inoculation

Model Treatment Time post virus inoculation (wks) PNP activity unitsa

Cultured U-87 cells ACE-PNP 1 4500

untreated - 0

Intracranial U-87 tumors ACE-PNP 3 2900 ± 300

PBS 3 5

Subcutaneous U-87 tumors ACE-PNP 1.5 63

ACE-PNP 4 1800

ACE-PNP 6 3300

PBS 6 1

ACE-PNP plus F-araAMP 6 2300

a
One PNP activity unit = 1 nmole MeP-dR cleaved/mg cell lysate/hr.
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