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Abstract

The selective expression of non-human genes in tumor tissue to activate non-toxic compounds
(Gene Directed Prodrug Enzyme Therapy, GDEPT) is a novel strategy designed for killing tumor
cells in patients with little or no systemic toxicity. Numerous non-human genes have been
evaluated, but none have yet been successful in the clinic. We and others have demonstrated
excellent /n vitroand in vivo anti-tumor activity with various GDEPT strategies utilizing £. coli
purine nucleoside phosphorylase (PNP) to activate purine nucleoside analogs. Unlike human PNP,
the E. coliPNP enzyme accepts adenine containing nucleoside analogs as substrates, and is
therefore able to selectively activate compounds such as fludarabine phosphate (F-araAMP) in
tumor tissue. A phase I clinical trial utilizing recombinant adenoviral vector for delivery of £. coli
PNP to solid tumors followed by systemic administration of F-araAMP (NCT01310179; IND#
14271) has recently been completed. In this trial, significant anti-tumor activity was demonstrated
with negligible toxicity related to the therapy. The mechanism of cell kill (inhibition of RNA and
protein synthesis) is distinct from all currently used anticancer drugs and all experimental
compounds under development. The approach has demonstrated excellent ability to Kill
neighboring tumor cells that do not express £. coli PNP, is active against non-proliferating and
proliferating tumors cells (as well as tumor stem cells, stroma), and is therefore very effective
against solid tumors with a low growth fraction. These unique attributes distinguish this approach
from other GDEPT strategies and are precisely those required to mediate significant improvements
in antitumor therapy.
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1. INTRODUCTION

Gene therapy is a relatively new approach for the treatment of cancer. Various strategies
have been proposed to selectively introduce genes into tumor cells that will affect tumor
progression. Three primary approaches have been evaluated: 1) correction of tumor
phenotype, 2) enhancement of tumor immunogenicity, or 3) activation of nontoxic prodrugs.
If successful, gene therapy promises the control of tumor growth with little to no systemic
toxicity such as that seen with current chemotherapy. The primary problem with gene
therapy is the difficulty in delivering genes to all tumor cells that express sufficient levels of
the desired protein. Even in tumors that are directly injected with a gene transfer vector, only
a small fraction of the cells express the therapeutic gene. Therefore, the ability of gene
therapy approaches that can kill tumor cells that are not transfected or transduced is of
critical importance (bystander activity). Gene therapy strategies to correct the tumor
phenotype by expressing tumor suppressor genes, such as p53 in tumor cells, are limited,
because the proteins generated from these vectors do not affect tumor phenotype in
bystander cells. Strategies to enhance the immunogenicity of the tumor or selectively
activate nontoxic prodrugs in tumor cells (GDEPT, gene-directed enzyme prodrug therapy)
are appealing, because every tumor cell is not required to express the gene while still
allowing total eradication of the tumor mass.

In GDEPT a vector is used to selectively transduce tumor cells with a nonhuman gene,
which expresses an enzyme that can convert a nontoxic prodrug into a very toxic antitumor
compound [1, 2, 3]. The vector is usually a virus that has been modified to reduce its
pathogenic activity, and numerous viruses (retrovirus, replication defective adenovirus,
replication competent adenovirus, etc) have been developed that can safely deliver a variety
of therapeutic genes to tumor cells. Because the nonhuman gene is only expressed in tumor
tissue, the nontoxic prodrug is only activated in tumor tissue. Therefore, unlike conventional
chemotherapy, GDEPT should result in selective killing of tumor cells with little or no
systemic toxicity. Theoretically, GDEPT could be as effective in the treatment of cancer as
antibacterial therapy is in the treatment of bacterial infections.

Because most solid tumors are composed of many non-proliferating cells (low growth
fraction), they are resistant to anticancer agents that primarily target DNA replication.
Compounds toxic to non-proliferating cells have not been used in treatment of cancer,
because most of the cells in a patient are not proliferating and such compounds are very
toxic and have no selectivity when administered systemically. However, if the therapeutic
gene is only expressed in tumor cells, then new agents with novel mechanisms of action that
target non-proliferating tumor cells can be considered for use in the treatment of cancer. We
believe that GDEPT strategies that produced potent cytotoxic agents (active against non-
proliferating and proliferating tumors cells) that readily diffuse between tumor cells (high
bystander activity) could have dramatic effects on the treatment of solid tumors.

GDEPT was first seriously evaluated in the early 1990’s where the herpes simplex virus
thymidine kinase (HSV-TK) gene was used to sensitize tumor cells to ganciclovir (GCV).
The enzyme coded by this gene is naturally expressed by the virus and is the basis for the
selective antiviral activity of drugs used to treat herpes infections. Although human cells
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express many nucleoside kinases, the substrate preference of HSV-TK is sufficiently
different from these enzymes so that anti-HSV nucleoside analogs are readily activated in
infected cells, but are not in non-infected cells. GCV is the primary agent used in GDEPT
strategies using HSV-TK, because its active metabolite (GCV triphosphate, GCV-TP) is a
more potent inhibitor of DNA replication in human cells than the active metabolite of
acyclovir (acyclovir triphosphate), the primary drug used to treat herpes infections. Once
phosphorylated in a cell by HSV-TK, ganciclovir monophosphate is further activated by
human monophosphate and diphosphate kinases to GCV-TP, which is incorporated into
DNA resulting in disruption of replication and cell death. Although nucleotide analogs, such
as GCV-TP, do not easily transfer across cell membranes, GDEPT strategies utilizing HSV-
TK have been shown to have modest bystander activity due to the ability of cells to transfer
nucleotides to neighboring cells through gap junctions [3]. Regardless, one of the primary
reasons for the lack of clinical activity of GDEPT based on HSV-TK is the poor bystander
activity associated with GCV-TP. Another deficiency of HSV-TK is that once activated GCV
is primarily toxic to proliferating tumor cells and has very little activity against non-
proliferating tumors cells, which is similar to nucleoside analogs that are currently approved
for use in the treatment of cancer (fludarabine, cytarabine, clofarabine [4]). The HSV-TK
GDEPT strategy has been evaluated in many clinical trials with little success [3].

Unfortunately, none of the other GDEPT strategies have been translated into effective
anticancer treatment in patients, which we believe is due to a combination of two factors:
poor bystander activity and/or lack of activity against non-proliferating tumor cells. In this
review we describe the development of a potent GDEPT strategy, which addresses both of
these issues and has demonstrated excellent /n vivo antitumor activity in preclinical models
of cancer and a phase | clinical trial.

2. IN VITRO STUDIES DEMONSTRATING E. COLI PNP GDEPT

In the early 1990’s it was widely recognized that the primary problem with HSV-TK
GDEPT was poor bystander activity due to addition of a phosphate group to ganciclovir,
which severely limits its ability to cross cell membranes. In an effort to develop a GDEPT
treatment with enhanced bystander activity, we initiated a program using £. coli purine
nucleoside phosphorylase (PNP) to activate nontoxic purine nucleoside analogs to very
potent adenine analogs [5, 6, 7]. PNPs reversibly catalyze the phosphorolytic cleavage of the
glycosidic bond of purine nucleosides to generate ribose-1-phosphate (or deoxyribose-1-
phosphate) and a purine base. £. co/i PNP, unlike human PNP, accepts adenosine and certain
adenosine analogs as substrates [8, 9]. A single amino acid in the active site of PNP dictates
whether or not PNP can cleave adenosine and its analogs. In £. co/i PNP an aspartic acid at
position 204 forms a hydrogen bond with N8 of adenosine allowing adenosine to bind in the
active site and be efficiently cleaved, whereas in human PNP an asparagine residue at a
comparable position prevents adenosine from binding. We sought to use this difference in
substrate preference to selectively activate nontoxic purine nucleoside analogs in tumor
cells. Unlike nucleoside monophosphate analogs generated by HSV-TK, purine bases freely
diffuse across cell membranes, and it was anticipated that once produced in a cell, the
anticancer purine analog would not only kill the tumor cell in which it was generated, but
that the analog would also diffuse out of the cell and kill many surrounding tumor cells.
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The first prodrug considered for use with £. coli PNP was 9-B-D-[2—deoxyribofuranosyl]-6-
methylpurine (MeP-dR), an analog of 2’-deoxyadenosine (Figure 1). MeP-dR is not
cytotoxic to human cells, because it is at best a very poor substrate for human purine salvage
enzymes, such as deoxycytidine kinase and PNP. However, MeP-dR is an excellent substrate
for bacterial PNPs, and 6-methylpurine (MeP) is very toxic to human tumor cells by virtue
of its activation to cytotoxic nucleotides by adenine phosphoribosyltransferase (APRT). This
knowledge has been used to detect mammalian cell cultures that are infected with
mycoplasma, which express a PNP that cleaves adenosine and its analogs [10], because only
infected cell cultures are sensitive to MeP-dR. Non-infected cultures can tolerate MeP-dR at
concentrations as high as 100 M.

In our first experiments [11], human colon carcinoma cells (T84) were transfected with £.
coli PNP using a relatively inefficient DNA delivery vehicle (cationic liposome mediated
gene transfer), which resulted in transgene expression in less than 1% of the cultured tumor
cells. These transfected cell cultures (but not parental non-transfected cultures) were very
sensitive to treatment with MeP-dR, demonstrating robust bystander activity. £. coli PNP
enzyme activity was detected in crude cell extracts of transfected T84 cells, and MeP was
detected in the overlying culture medium [11]. Similar results were obtained in human
melanoma cells following transfection of £. co/i PNP with cationic liposomes [12]. These
results suggested that £. co/i PNP could be a very effective enzyme in GDEPT strategies for
treatment of solid tumors with an extremely large bystander activity. Although £. coli PNP
was expressed in only 1% of the tumor cells, sufficient amounts of MeP were produced to
diffuse out of the cells expressing £. co/i PNP and kill neighboring cells that did not express
the transgene.

The potent activity of £. coliPNP plus MeP-dR was confirmed by establishing additional
cell lines (murine melanoma, B16, and murine breast carcinoma (16/C) that stably express
E. coli PNP using a retroviral vector with transgene expression under the control of the
SV40 early promoter [13]. Transduced and parental (non-transduced) cells were mixed to
generate cell cultures with precisely defined percentages of £. coli PNP expression. Growth
was completely inhibited in cell cultures treated with MeP-dR when as few as 2% of the
cells expressed £. coli PNP. In addition, plasmids were prepared in which £. coli PNP
expression was controlled by the human tyrosinase promoter, and it was shown that MeP-dR
was only active in transfected melanoma cells (Mel-1) in which the tyrosine promoter was
active [12, 13]. In subsequent studies using D54 tumor cells that had been transduced with
E. coli PNP more than 50% of MeP-dR (100 uM) was cleaved to MeP during an 8-hour
incubation period, and almost all MeP generated was detected in the culture medium
surrounding the cells at concentrations that mediated bystander killing [14]. These results
demonstrated that MeP readily diffuses out of cells expressing £. co/i PNP and was available
to kill any surrounding tumor cells that do not express £. coli PNP.

A dramatic demonstration of the excellent bystander activity mediated by £. co/i PNP
GDEPT was published in 1998 [15]. In this work cell cultures were established in which the
cells in the center of the culture, which expressed £. coli PNP, were physically separated
from non-transduced cells in the outer ring. The £. coli PNP expressing cells were
approximately 10% of the total number of cells in the culture well. Treatment with MeP-dR
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resulted in the death of all cells in the well even though there was no contact between cells
expressing £. coli PNP and non-transduced cells. The results established that the bystander
activity did not require cell to cell contact, and that the £. coli PNP expressing cells
produced sufficient quantities of MeP, which was able to diffuse out of the cells and destroy
non-expressing cells that were many millimeters distant.

Laboratories around the world have used a variety of methods to deliver E. coli PNP to
tumor cells /n vitro, and have confirmed the effectiveness of the approach with MeP-dR in
various tumor cell lines [16 — 25]. For example, Vogelstein’s group designed a GDEPT
strategy [16] using £. col/i PNP and MeP-dR that was active only in cells that expressed p53.
Because mutant p53 is expressed at high levels in tumor cells but neither mutant p53 nor
wild-type p53 is detectable in most normal cells, such a strategy could be effective against
most solid tumor types, if vectors could be developed to effectively deliver genes to tumor
cells /n vivo. The experiments demonstrated that all H1299 cells were destroyed by MeP-dR
when less than 3% of the cells were transduced, confirming high bystander activity of this
approach.

A few studies have directly compared GDEPT using £. coli PNP and MeP-dR with HSV-TK
or E. coli cytosine deaminase (CD), which is another major enzyme used in GDEPT
strategies [1, 2, 3]. £. coli CD activates 5-fluorocyotosine to produce 5-fluorouracil (FUra), a
drug currently approved for use in the treatment of cancer. Like MeP, FUra easily diffuses
across cell membranes and has high bystander activity, but is primarily toxic to proliferating
tumor cells due to its inhibition of thymidylate synthase [26]. Nestler et a/. [18] tested foamy
virus vectors expressing HSV-TK, E. coli CD, or E. coliPNP and concluded that in terms of
vector stability and specific cell killing, a virus transducing the PNP gene (used with MeP-
dR) was superior to HSV-TK or E£. coli CD. Likewise, Locket et al. [17] created identical
replication-deficient adenoviral vectors expressing either HSV-TK or £. coli PNP and
studied the relative efficacy of cell killing in head-to-head experiments. They concluded that
E. coliPNP with MeP-dR was clearly superior in its ability to elicit cell death. Cells were
killed more rapidly and less input virus was required with £. co/i PNP. Puhlmann et a/. [19]
compared vaccinia viruses expressing either £. coliPNP or £. coli CD and concluded that
the cytotoxic efficacy of E£. coliPNP with MeP-dR was much more rapid and complete than
that of £. coli CD.

These studies demonstrated that £. coli PNP is a very effective enzyme for use with GDEPT
strategies, and that high bystander activity of the approach is a major distinguishing
characteristic with respect to GDEPT using HSV-TK.

3. IN VITRO ACTIVITY OF E. COLI PNP WITH F-dAdo AND F-araAMP

Two other deoxyadenosine analogs (2-fluoro-2’-deoxyadenosine, F-dAdo, and 9-B-D-
arabinofuranosyl-2-fluoroadenine, F-araA) have also received considerable attention in
conjunction with £. coliPNP (Figure 2). These two compounds are substrates of £. co/i PNP
and liberate 2-fluoroadenine (F-Ade), a very cytotoxic adenine analog that is approximately
100-fold more potent than MeP in /n vitro cytotoxicity assays [27, 28]. F-dAdo and F-araA
had been extensively studied as anti-cancer agents, but had initially not been considered for
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use with £. coli PNP, because they were known to be much more toxic than MeP-dR. In the
ideal case the prodrug used in GDEPT strategies should have no toxicity. F-araA is approved
for treatment of chronic lymphocytic leukemia and has well known toxicities when given to
patients at effective doses. In the absence of £. coliPNP, these two compounds are toxic to
proliferating tumor cells due to their activation (phosphorylation) by deoxycytidine kinase
(Figure 3) and disruption of DNA synthesis [2, 29, 30], much like GCV. However, despite
the well-known mechanism of tumor cell kill, these two nucleoside analogs have also been
shown to serve as excellent prodrugs for use with £. coli PNP in vitro, including studies with
numerous tumor cell types [24, 31-37].

In vitro GDEPT cytotoxicity studies with these two compounds (F-dAdo and F-araA) can be
difficult to interpret because of their inherent cytotoxic activity. In other words, it is difficult
to determine whether any /n vitro cytotoxicity with these prodrugs is due to the generation of
F-Ade. In addition, F-araA is an insoluble compound and it is administered to patients as F-
araA-5’-monophosphate (F-araAMP), which must first be dephosphorylated to F-araA
before it can enter tumor cells. In mice and in humans, the phosphate group is rapidly
removed by plasma phosphatases to generate the primary circulating metabolite of F-
araAMP, F-araA [30]. Because transport of F-araAMP into cells in culture is very limited
and the generation of F-araA from F-araAMP is not well characterized in cell culture
systems, the preferred compound to use /n vitro experiments is F-araA.

Mohr et al. [31, 32] compared adenoviral vectors expressing either £. co/i PNP or HSV-TK
in various hepatocellular carcinoma cell lines, and using F-araAMP as a prodrug, they
demonstrated efficient tumor cell killing at F-araAMP concentrations within the therapeutic
range for humans. Cell death mediated by £. co/i PNP occurred at much lower MOls than
HSV-TK, which was only effective at very high MOls. Although the stability of F-araAMP
was not determined in these experiments [31], F-araAMP had very little toxicity to cells that
did not express £. coli PNP, suggesting that very little F-araAMP was dephosphorylated in
these cell cultures and that the £. coli PNP system is even more potent than Mohr et al.
concluded in their work. Xie et al. [38] compared adenoviral vectors expressing £. coli PNP
or HSV-TK and concluded that £. coli PNP with F-araAMP was superior to HSV-TK with
GCV in prostate cancer cells. Other research groups have supported these results by
demonstrating the robust effectiveness of £. co/iPNP and F-araAMP [24, 33-37]. Although
it appears as though F-araAMP (not F-araA) was also used as prodrug in these studies, it is
clear from these /n vitro studies that F-araAMP could also serve as an effective prodrug in
combination with £. col/iPNP in numerous malignant cell types (thyroid carcinoma,
neuroblastoma, kidney fibroblasts, melanoma, breast cancer, prostate cancer, and
hepatocellular cancer).

4. IN VIVO ACTIVITY AGAINST TUMOR XENOGRAFTS THAT STABLY
EXPRESS E. coli PNP

Based on the impressive in vitro activity observed with MeP-dR, we evaluated the antitumor
activity against human tumor glioma xenografts (D54MG) that stably express the £. coli
PNP gene [39]. Crude extracts from these cells were able to cleave 100 uM MeP-dR at a rate
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of 173 nmoles of MeP-dR cleaved per mg protein per hour. Parental D54 cell extracts are not
able to cleave MeP-dR. Cells expressing £. coli PNP were implanted subcutaneously onto
the flanks of mice and when tumors were approximately 150 mg, the mice were injected
(intraperitoneally) with 67 mg/kg of MeP-dR daily for 3 consecutive days (total dose of 200
mg/kg). All of the £. coli PNP expressing D54 tumors rapidly regressed and all were tumor-
free 50 days after cessation of MeP-dR treatment, which indicated that MeP-dR was very
active against tumor xenografts expressing £. coli PNP [39]. Treatment with MeP-dR had no
effect on D54 tumor xenografts that did not express £. coli PNP.

Although there was no significant weight loss in mice treated with MeP-dR in these
experiments [39], previous studies had determined that this dose and schedule of MeP-dR
was the maximally tolerated dose (MTD). Because of the experience at Southern Research
Institute with development of anticancer nucleoside analogs, we were aware of the
preclinical pharmacology and toxicology of F-dAdo and F-araA. When we observed the
excellent activity of MeP-dR in human tumor xenografts expressing £. co/iPNP and
realized that the MTD of MeP-dR was less than that of either F-dAdo or F-araA (Table 1),
we also evaluated these two compounds against D54 xenografts expressing £. coliPNP in
mice. Mice can tolerate up to 20 mg/kg F-dAdo given 5 times daily for 3 days (total dose of
300 mg/kg) or 100 mg/kg F-araAMP given 5 times daily for 3 days (total dose of 1,500 mg/
kg). As indicated above, F-Ade generated from these compounds by £. coliPNP is a very
cytotoxic adenine analog that is approximately 100-fold more potent than MeP [27].

Treatment of mice bearing £. coli PNP expressing tumors with F-dAdo resulted in excellent
antitumor activity [14] that was as good as that seen with MeP-dR (sustained inhibition of
tumor growth many days after cessation of F-dAdo treatment). The antitumor activity of F-
dAdo was schedule dependent. F-dAdo resulted in only modest antitumor activity when
administered with a dose and schedule similar to the schedule used with MeP-dR (100
mg/kg given daily for 3 days). However, when the dose was decreased to 20 mg/kg and
given 5 times daily for 3 days, the antitumor activity of F-dAdo was as good as that seen
with MeP-dR. Impressive antitumor activity was also observed with F-araAMP [39]. A
complete response was achieved in all mice treated with F-araAMP, although all tumors
eventually recurred 25 days following cessation of F-araAMP treatment. Neither compound
was active against parental tumors that did not express £. col/i PNP.

E. coli PNP expressing D54 cells were next mixed with parental D54 cells so that
approximately 20% of the cells implanted in mice expressed £E. coli PNP. When the tumors
were approximately 150 mg, the mice were treated with MeP-dR, F-dAdo, or F-araAMP at
their respective MTDs. Treatment with either MeP-dR or F-dAdo resulted in strong
antitumor activity [14, 39, 40], which indicated good /n vivo bystander activity. However, no
activity was observed in mice treated with F-araAMP.

MeP-dR and F-dAdo are excellent substrates for £. col/i PNP [14, 39]. The catalytic
efficiency of £. coli PNP with these two compounds is very similar to that of adenosine, the
natural substrate. However, F-araA is a very poor substrate for £. co/i PNP, with a catalytic
efficiency only 0.04% that of F-dAdo, which helps explain the relatively weak antitumor
activity observed against these D54 xenografts.
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In these experiments studies were done with radiolabeled compounds to determine how
much of each prodrug was activated and retained in the tumors. Because the plasma half-life
of both agents is very short (20 and 7 minutes, respectively [14]), there would be very little
circulating prodrug 4 hours after administration, and the activation of either MeP-dR or F-
Ado in tumor tissue would primarily occur soon after injection. Very little MeP or F-Ade
would be formed and captured by the tumor cells 4 hours after injection of either compound.
We found that there was a similar amount of MeP and F-Ade metabolites in tumor tissue 4
and 24 hours after injection of either 67 mg/kg MeP-dR or 20 mg/kg F-dAdo [14]. This
result indicated that MeP and F-Ade metabolites are retained a very long time in tumor
tissue. In these experiments less F-Ade was produced and trapped in the tumors after each
injection of 100 mg/kg F-araA (0.27 mmoles injected) than after each injection of 20 mg/kg
F-dAdo (0.07 mmoles injected), even though F-araA has 5-fold a longer plasma half-life
than F-dAdo [14]. This result was consistent with the relative antitumor activity of the two
prodrugs.

4.1 Activity in tumors expressing high levels of E. coli PNP activity

Although impressive antitumor activity was detected in the above studies, we wondered
what would happen if the expression of £. co/i PNP in the D54 tumor cells was increased.
Therefore, a D54 tumor cell line was created that expressed much higher levels of E. coli
PNP [41]. Crude extracts from this tumor cell line cleaved 100 uM MeP-dR at a rate of
126,000 nmoles/mg-hr, which was 700-fold higher than £. co/i PNP activity in crude cell
extracts used in the previous studies (173 nmoles/mg-hr). We were surprised to learn that the
best prodrug against these D54 tumors was F-araAMP (Figure 4). Treatment with 50 or 100
mg/kg F-araAMP (g2hx5, qldx3) resulted in 100% tumor-free animals more than 65 days
following cessation of therapy, whereas treatment with 20 mg/kg F-dAdo (g2hx5, q1dx3)
resulted in 100% tumor regressions and prolonged tumor suppression, but 3 of the 6 tumors
subsequently regrew. Treatment with 10 mg/kg of F-dAdo resulted in excellent inhibition of
tumor growth, but all tumors subsequently recurred. This result was puzzling, because F-
dAdo is much better than F-araA as a substrate for £. co/i PNP [14, 39] and there was little
regrowth of F-dAdo treated tumors that expressed much lower levels of £. coliPNP [14].
Treatment with MeP-dR in this model was less effective than either F-dAdo or F-araAMP
(unpublished observation), which could partially be explained by the increase in toxicity of
MeP-dR observed in mice bearing £. co/i PNP tumors. The dose of MeP-dR had to be
reduced from 67 mg/kg (x3) to 17 mg/kg (x3) in mice bearing high expressing D54 tumors
in order to avoid toxicity. Even so, treatment with MeP-dR at these lower doses resulted in
excellent antitumor activity with sustained inhibition of growth many days after cessation of
therapy. It is important to emphasize that the toxicity of MeP-dR, but not F-dAdo nor F-
araAMP, was increased in mice bearing tumors expressing high levels of £. coli PNP [42].
None of these prodrugs were active against D54 tumors expressing a control gene (EGFP).

Curative activity was observed in mice bearing D54 tumors (100% of cells expressing E£. coli
PNP) with doses of F-araAMP as low as 15 mg/kg (g4hx3, q1dx3). This dose of F-araAMP
is equivalent to 45 mg/m? (total dose of 405 mg/m?2), which is similar to the dose that can be
achieved in humans (25 mg/m? x 5, for a total dose of 125 mg/m?2). Treatment of these
tumors with 5 mg/kg F-araAMP (x 9, for a total dose of 135 mg/m?) resulted in significant
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tumor regressions and sustained inhibition of tumor growth. These results indicate that doses
of F-araAMP that can be achieved in humans can dramatically affect all tumor cells
expressing £. coliPNP in a body. It must be remembered that these doses of F-araAMP are
very well tolerated in mice (MTD of F-araAMP is approximately 4500 mg/m?) and that
these tumor responses occurred with little evidence of toxicity.

These impressive antitumor results with F-araAMP have been demonstrated in mice bearing
large, slow growing human tumor xenografts (150 to 300 mg) that are resistant to standard
chemotherapies. It is well known that established tumor xenografts are very difficult to treat
and that larger masses are more resistant to cytotoxic chemotherapies than smaller ones.
Therefore, the activity of £. col/iPNP and F-araAMP against tumor masses that are
approximately 1% of the total mouse weight provides a very stringent test for a cytotoxic
chemotherapy, such as F-Ade. The fact that the therapy is very effective in causing these
tumors to totally regress and not return (with negligible host toxicity) demonstrates that this
strategy is very powerful in Killing large slow growing tumor mass.

Based on the excellent results in tumors where 100% of the cells expressed £. col/i PNP,
studies were conducted with MeP-dR, F-dAdo, or F-araAMP using mixtures of tumors cells
(10% expressing £. coli PNP) to evaluate /n vivo bystander activity, and F-araAMP was
once again shown to be the superior prodrug [42]. Treatment with F-araAMP completely
cured mice when only 10% of the cells in a human tumor xenograft expressed £. coli PNP
(all mice were tumor-free more than 60 days after cessation of F-araAMP therapy) [41-43].
Excellent antitumor activity was also observed in mice treated with F-araAMP when as few
as 2.5% of the tumor cells expressed £. coli PNP [41], although there were no tumor-free
survivors in mice at this dose. These results indicate that F-Ade generated by £. coliPNP in
a small percentage of tumor cells is capable of reaching the vast majority (97.5%) of tumor
tissue, including cells that do not express £. coli PNP. To our knowledge, no report has
shown bystander killing with other prodrug activation strategies of the magnitude described
here. An example of the excellent /n vivo bystander activity observed with F-araAMP is
shown in Figure 5 where excellent antitumor activity was observed against D54 tumor
xenografts in which 10% of the tumor cells expressed £. coli PNP. The results in this figure
also demonstrate that antitumor activity is dependent on the dose of F-araAMP
administered. Treatment with F-araAMP resulted in tumor regressions and prolonged tumor
suppression even at a dose (25 mg/kg) that was far below the MTD. The impressive /n vivo
results with F-araAMP demonstrate excellent /77 vivo bystander activity, and have been
replicated in more than 10 separate /77 vivo experiments. A dose response has also been
observed with MeP-dR [unpublished observation] and F-dAdo [14].

In one experiment, treatment with 100 mg/kg F-araAMP (q1dx3, g2hx5) resulted in
excellent antitumor activity against D54 xenografts in which 5% of the tumor cells
expressed E. coli PNP activity (7,600 nmoles MeP-dR cleaved/mg-hr at the time of
treatment). There were 2 of 9 tumor free survivors and an excellent antitumor result in the
other 7 mice (Significant regressions of these 7 tumors lasted for 40 days with eventual
regrowth). Sixty days following cessation of F-araAMP treatment, the tumors were removed
and £. coli PNP activity was found to be very low (ranging from no activity to less than
0.5%) of original values). This result provides further evidence that the therapy had killed all
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(or most) tumor cells expressing £. co/i PNP and that tumor recurrence following treatment
originates from bystander tumor cells.

Interestingly, unlike F-dAdo administration to low expressing tumor cells [14], the activity
of F-araAMP was highly effective and independent of schedule [43]. F-araAMP was equally
effective when administered once, three, or five times per day. This result can be explained
by the K, values for F-dAdo and F-araA; 22 and 960 uM, respectively [14]. Since the peak
plasma concentration of 20 mg/kg F-dAdo (approximately 20 uM) is near the K, value,
increasing the dose 5-fold would have only a small effect on its activation. However, because
the peak plasma concentration of 100 mg/kg F-araA (150 uM) is far below the K, value,
increasing the dose by 5-fold would result in roughly a 5-fold increase in activation.
Therefore, similar amounts of F-Ade would be generated in tumor tissue after administration
of 15 doses of 100 mg/kg F-araAMP or 3 doses of 500 mg/kg F-araAMP.

It is important to note that excellent antitumor activity is routinely achieved in these
experiments after only 3 days of therapy. This result has significance, since in GDEPT
strategies when only a small percentage of tumor cells express the transgene, it is important
for the therapy to be immediately active against the entire tumor mass. If therapy does not
immediately destroy the bystander cells, then cells expressing the activating gene would be
killed early in the treatment cycle and later dosing would no longer generate the active
agent. In addition, the effectiveness of these prodrugs after 3 days of therapy, which is a
small percentage of the tumor doubling time, indicates that the therapy is effective against
non-cycling tumor cells, which supports our /n vitro observations [11-13, 15]. This is an
important attribute for drugs designed to treat solid tumors that typically exhibit a low
growth fraction.

These /n vivo results with cell lines that express high levels of £. co/i PNP indicate that F-
araAMP is the preferred prodrug for use with £. co/iPNP. The level of expression of £. coli
PNP in tumors derived from the D54 tumor line was similar to that observed following
injection of tumors with an Ela, E3 deleted adenoviral vector expressing £. coliPNP [41,
43], which indicated that these studies with artificial tumor cell lines expressing £. co/i PNP
at these levels could be predictive of the clinical situation at least with vectors that expressed
high levels of E. coli PNP.

The fact that F-araAMP was identified as the best prodrug is of practical importance towards
clinical development of this strategy, because F-araAMP (an approved agent for treatment of
hematological malignancy but without activity against solid tumors) is well known to
oncologists, as well as the FDA, and preclinical toxicity studies with this prodrug itself,
were not necessary prior to initiating clinical trials. The established dose of F-araAMP used
in patients with chronic lymphocytic leukemia is 25 mg/m? daily for 5 consecutive days. In
the experiment shown in Figure 5, we demonstrate excellent antitumor activity against
tumors in which 10% of the cells express £. coli PNP at a dose of 25 mg/kg F-araAMP
(92hx5, q1dx3), which is equivalent to approximately 75 mg/m? in a mouse. F-araAMP is
very effective therefore in mice at a total dose 9-fold greater than that well tolerated in
humans. Because the plasma half-life of F-araAMP in humans is 10-fold longer than that in
mice [14, 30], it is reasonable to expect that excellent bystander activity will also be
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observed in the treatment of human disease. Unpublished studies in which all tumor cells
express E. coli PNP activity demonstrated excellent antitumor activity (100% tumor
regressions with subsequent regrowth delayed by 40 days) at a dose of 5 mg/kg (15 mg/m?2)
given 3 times a day for 3 days, for a total dose of 135 mg/m?, which is near the total human
dose (125 mg/m2). This result indicates that doses of F-araAMP can be achieved in humans
that should destroy any cell that expresses £. coli PNP activity and should eliminate
numerous bystander cells, as well. F-araAMP without £. co/i PNP is routinely repeated
every 28 days in human patients. These considerations indicate that the therapy could be
repeated in patients after a suitable recovery period in order to address any remaining tumor
burden.

4.2 Comparison of antitumor activity of F-araAMP with F-dAdo

Our results with tumors that express high levels of £. co/i PNP indicate that F-araAMP is the
preferred prodrug for use with £. coli PNP. It is not clear why this should be the case, and F-
araAMP was not initially considered as a prodrug of choice, because it is a very poor
substrate for £. coli PNP and is cytotoxic. As noted above the catalytic activity of £. coli
PNP with F-araA is 0.04% that of F-dAdo [14]. The K, for F-araA is 44-fold higher than
that of F-dAdo (960 vs 22 uM) and the Vnax of F-dAdo is 71-fold greater than that of F-
araA (426 vs 6 umole/mg-hr). It is doubtful, therefore, that this compound would have been
evaluated as a potential prodrug with £. coli PNP, except for the fact that F-araAMP was
readily available in our laboratory in sufficient quantities for in vivo testing (The antitumor
activity of F-araA was discovered at Southern Research Institute and much of its preclinical
testing occurred there). In addition, F-araAMP is commercially available and is therefore
readily available to other investigators. It is important to note that treatment of just one
group of six mice with 100 mg/kg F-araAMP (g2hx5, g1dx3) required 225 mg of
compound, and that numerous /7 vivo studies have been conducted by our laboratory with
this agent over a period of more than 15 years. Such quantities are not easily obtained by an
academic drug discovery program unless there is reasonable rationale to support its
synthesis. Because of the relatively poor cleavage of F-araA by £. coli PNP, there would not
likely have been sufficient rationale to spend the considerable effort to synthesize compound
needed for /in vivo efficacy studies. We are indebted to Schering in Berlin Germany for
providing much of the drug used in our preclinical studies.

The superior antitumor activity in tumors expressing high levels of £. coliPNP observed
with F-araAMP with respect to F-dAdo correlated with the amount of F-Ade metabolites
generated in tumor cells /n vivo [42]. Four hours after intraperitoneal injection of 100 mg/kg
F-araAMP, there were 122 nmoles of F-Ade metabolites (per gram of tissue) in D54 tumors
in which 10% of the cells expressed £. coli PNP, whereas there were only 10 nmoles of F-
Ade metabolites per gram of tumor tissue 4 hours after administration of 20 mg/kg F-dAdo.
The first factor in explaining the superior anti-tumor activity of F-araAMP is that mice
tolerate 5-fold more F-araAMP than F-dAdo. Secondly we have shown that the plasma half-
life of F-araAMP in mice is 7-fold that of F-dAdo (50 vs 7.4 minutes [14]). Although
differences in these two parameters suggest that tumor cells will be exposed to 35-fold more
F-araAMP than F-dAdo at their respective MTDs in mice, tumor cells will be exposed to
peak concentrations of F-araA (approximately 150 uM) that are only 16% of its K, value
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(960 uM), whereas tumor cells will be exposed to peak concentrations of F-dAdo
(approximately 20 uM) that are 100% of its K,,, value. Using the Michaelis-Menten equation
the rate of activation of F-dAdo at 20 mg/kg would be approximately 213 pmoles/mg-hr and
for F-araA at a dose of 100 mg/kg it would be approximately 1 pmole/mg-hr. Therefore,
these differences in plasma peak concentrations and half-life cannot explain the enhanced
metabolism of F-araA in tumor cells.

Recently, /n vitro studies in cell culture have identified another reason for the enhanced
activity of F-araA [42]. Despite differences in catalytic efficiency between these two
compounds, similar amounts of F-Ade are produced and activated in D54 tumor cells
expressing £. coli PNP (126,000 nmoles/mg-hr) during a one-hour incubation regardless of
whether cells are treated with 10 pM F-dAdo or F-araA. The reason for this better than
expected cleavage of F-araA relative to F-dAdo is not understood, but these results indicate
that £. coli PNP reaction in these D54 tumor cells does not obey classical Michaelis-Menten
kinetics. Perhaps this observation will ultimately provide some insight regarding the ways in
which enzymes operate when over-expressed in the cellular environment. Petsko [44] has
pointed out that studies characterizing enzymatic activity are conducted in dilute aqueous
solution (where the substrates are vastly in excess of the protein) and therefore may not
reflect the situation inside a cell that is almost certainly the opposite. This result suggests
that if a molecule of F-araA or F-dAdo enters a cell expressing £. coli PNP, then it will be
efficiently cleaved regardless of its Michaelis-Menten parameters.

Interestingly, for tumors in which 100% of the cells express low amounts of £. co/i PNP
(173 nmoles/mg-hr, [14]) the levels of F-Ade metabolites in tumor tissue 4 hours following
administration of 20 mg/kg F-dAdo was greater (57 nmoles per gram of tissue) than the
amount of F-Ade metabolites after 100 mg/kg F-araAMP (34 nmoles per gram of tissue).
Assuming that the metabolism of F-dAdo and F-araAMP would be reduced by 90% in
tumors composed of 10% £. coli PNP expressing tumor cells, this finding indicates that
administration of F-dAdo would result in 5.7 nmoles F-Ade metabolites per gram of tissue
compared with 3.4 nmoles of F-Ade metabolites per gram of tumor tissue following F-
araAMP. Comparing results in tumors expressing high [42] versus low [14] levels of E. coli
PNP indicate that increasing £. coli PNP activity by 700-fold in tumor tissue has a small
impact on activation of F-dAdo (2-fold) in tumor tissue, but a very large impact on the
activation of F-araAMP (36-fold). This result suggests that the activation of F-dAdo is
saturated at relatively low levels of enzyme expression, whereas increasing the level of £.
coli PNP in tumor tissue results in increased activation of F-araAMP.

phosphoribosyltransferase (APRT)

The enzyme responsible for activating both MeP and F-Ade to cytotoxic nucleotides is
APRT. Therefore, E. coliPNP expressing D54 cells (126,000 nmoles/mg-hr) were
transduced with mammalian APRT to create a cell line that expresses levels of APRT
approximately 60-fold greater than that in wild-type D54 cells, and /n vivo studies were
conducted to determine the effect of increased APRT activity on efficacy of GDEPT using £.
coli PNP. D54 tumors expressing both £. co/iPNP and enhanced APRT in 10% of the tumor
cells were as sensitive to the three prodrugs (MeP-dR, F-dAdo, F-araAMP) as tumors that
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only expressed £. coli PNP activity [42], which indicated that activation of either MeP or F-
Ade was not rate limiting for antitumor activity of these prodrugs. This conclusion is
supported by an observation that similar amounts of MeP or F-Ade nucleotides are
generated in tumor xenografts expressing £. co/i PNP alone or £. coli PNP plus APRT
following intraperitoneal administration of MeP-dR, F-dAdo, or F-araAMP.

A D54 cell line was also generated from wild-type cells that expressed increased APRT
activity (170-fold above baseline), but not £. coli PNP. When mixed with cells expressing £.
coli PNP, such that 10% of the cells expressed £. co/i PNP and 90% expressed excess APRT,
we noted a surprising result. Whereas the antitumor activity of MeP-dR was greatly
enhanced, the efficacy of F-araAMP was greatly diminished, and the antitumor activity of F-
dAdo was unchanged. The increased antitumor activity of MeP-dR was associated with 2.5-
fold increase in MeP nucleotides in tumor xenografts, which suggested that increased APRT
in bystander cells resulted in increased activation of MeP and augmented bystander cell
killing. However, the F-Ade nucleotides in tumor xenografts after administration of either F-
dAdo or F-araAMP were not changed in D54 tumors with increased APRT activity in
bystander cells. The reason that the antitumor activity of F-araAMP was decreased in these
tumors is not clear. Although these results are interesting, they do not have practical
significance since it is not possible to reproduce this artificial situation in clinical disease.

4.4 Toxicity considerations of using GDEPT to generate MeP or F-Ade in tumor tissue

We and others were initially concerned about the potential for toxicity of GDEPT strategies
utilizing £. coli PNP, because of the potent cytotoxicity of MeP and F-Ade, their ability to
kill non-proliferating host cells, and their high bystander activity. It was not known whether
significant amounts of either MeP or F-Ade formed in tumor tissue would escape into the
systemic circulation resulting in toxicity to surrounding tissues and elsewhere. However, the
initial /n vivo studies in tumor xenografts with stable £. co/i PNP expression were very
encouraging, because they clearly demonstrated that very toxic compounds (MeP and F-
Ade) could be selectively created in tumor tissue by £. coli PNP, resulting in complete
regression of tumor masses with little or no toxicity to the host. The MTDs of F-araAMP
and F-dAdo were the same in mice bearing parental tumors and £. co/i PNP expressing
tumors, which suggested that very little F-Ade produced in tumor tissue diffused out of the
tumor mass during treatment. This was not the case with MeP-dR, where its dose had to be
reduced in mice bearing tumors expressing £. coliPNP to avoid serious toxicity.

Because MeP-dR is not cytotoxic to cells in culture, we were surprised to find that of the
three prodrugs tested (MeP-dR, F-dAdo, and F-araAMP), it was the most toxic. MeP-dR is
inert in cell cultures, because it is not activated by any human enzyme. We hypothesized that
its /n vivo toxicity must be due to bacterial enzymes associated with mice. To test this
hypothesis, MeP-dR was administered to normal and gnotobiotic (germfree) mice, and it
was determined that gnotobiotic mice could tolerate much higher amounts of MeP-dR than
normal mice [40]. In addition, pretreatment of mice with oral non-absorbable antibiotics
allowed for higher doses of MeP-dR to be administered. It is of interest to note that
increased administration of MeP-dR also resulted in enhanced antitumor activity, indicating
that strategies to increase prodrug administration could be used to improve antitumor
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activity. These results indicate that gastrointestinal bacteria are responsible at least in part for
generating MeP and that the toxicity of MeP-dR in non-tumor bearing mice is due to
circulating MeP.

It is of interest that the MTDs of both F-dAdo and F-araAMP were not affected by treatment
with non-absorbable antibiotics (unpublished observation), which indicates that any F-Ade
generated in the gastrointestinal tract does not contribute to the toxicity of either agent. F-
araA is a very poor substrate for bacterial PNP, but F-dAdo is as good as MeP-dR as a
substrate for this enzyme. Therefore, it could be expected that as much F-Ade is generated
from F-dAdo by intestinal bacteria as MeP is generated from MeP-dR. MeP is detected in
plasma of mice treated with MeP-dR, but no plasma F-Ade was detected following treatment
with either F-dAdo or F-araAMP [14]. Unpublished studies from our laboratory indicate that
F-Ade is an excellent substrate for xanthine oxidase, and that MeP is not a substrate for this
important catabolic enzyme. Xanthine oxidase is a ubiquitous enzyme in human tissues that
oxidizes hypoxanthine and adenine at the 2 and 8 positions as the first step towards their
excretion from the body. Because the fluorine atom at the 2 position in F-Ade prevents
oxidation of this carbon, the product of the reaction of xanthine oxidase with F-Ade is 8-
hydroxy-2-F-adenine, which is not toxic to human cells. Therefore, our results suggest that
any F-Ade produced by gastrointestinal bacteria or tumor cells expressing £. coliPNP is
rapidly deactivated to 8-hydroxy-2-F-adenine. Since MeP is not a substrate for xanthine
oxidase, it is not deactivated and instead is absorbed from the intestine and/or released from
tumor cells.

It is clear from our studies that MeP diffusing from tumor xenografts that express £. coli
PNP significantly contributes to the toxicity of GDEPT with MeP-dR. It is possible that 9-p-
ribofuranosyl-6-methylpurine (MeP-R) could also be released from dying tumor cells and
that this compound could also contribute to the toxicity of this GDEPT strategy. As dead
tumor cells are reabsorbed into the body, nucleotides and nucleic acids (DNA or RNA)
containing MeP from these cells would be degraded by nucleases and phosphatases to MeP-
R, which is not a substrate for human PNP and (in the absence of £. co/i PNP) would be
released into the systemic circulation. MeP-R is a much more potent cytotoxic agent than
MeP (about 100-fold) [28], because MeP-R is an excellent substrate for adenosine kinase
and is activated much more efficiently in human cells than MeP. After the first step in their
respective activation the mechanism of toxicity of MeP-R and MeP is identical. Therefore,
in the case of MeP, it is possible that a much more potent cytotoxic agent than MeP is
released from dying tumor tissue and that this agent significantly contributes to the toxicity
of any MeP prodrug used with £. coli PNP. Of course, if sufficient amounts of £. col/iPNP
are still present in the dying tumor tissue, then MeP-R would be converted to MeP, which
would be released from the tumor mass. Since the toxicity of MeP-dR in mice with or
without tumors is due to circulating MeP, any MeP (or MeP-R) that was released from the
tumor tissue would increase circulating MeP levels (or worse add MeP-R to maximally
tolerated dose of MeP) and therefore increase systemic toxicity.

Release of F-Ade from tumor tissue expressing £. coli PNP does not appear to contribute to
the toxicity of either F-dAdo or F-araAMP. 2-F-adenosine (F-Ado) generated from F-Ade
containing nucleotides could also be released from dying tumor cells. However the
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consequence of this possibility is much less serious than that of MeP-R, because the potency
of F-Ado is similar to that of F-Ade (although F-Ade, but not F-Ado, would be deactivated
by xanthine oxidase). No F-Ade was detected in plasma of mice treated with F-dAdo or F-
araA [14]. Experiments have not been conducted to evaluate whether or not F-Ado is
released from dying tumor cells.

There are at least three reasons that contribute to the lack of toxicity of F-Ade in GDEPT
strategies using F-araAMP or F-dAdo and our inability to detect F-Ade in plasma of mice
treated with either agent. First, F-Ade or F-Ado would be slowly released from tumor cells
over a long period of time so that plasma levels would be very low. We have shown that the
half-life of F-Ade metabolites in tumor tissue is quite long (>24 hours [10]). Second, any F-
Ade or F-Ado that does escape tumor tissue would be diluted into the comparatively
enormous plasma volume, also resulting in low plasma concentrations. Third, and possibly
most importantly, F-Ade would be quickly detoxified by xanthine oxidase. Therefore, our
results indicate that toxicity of GDEPT strategies using F-Ade prodrugs is only due to the
well-known mechanisms of action associated with F-dAdo and F-araA (i.e., disruption of
DNA replication, [2, 29]) and does not result from the generation of F-Ade either in the
tumor or other tissues, such as the intestine.

4.5 In vivo activity against various tumors and with various vectors

The /n vivo studies discussed above with tumors that stably express E. coli PNP were
important in demonstrating proof-of-concept for the overall GDEPT strategy. The studies
have also increased our knowledge regarding important mechanistic aspects of £. co/i PNP
based GDEPT, which helps differentiate this strategy from others such as HSV-TK or E. coli
CD. However, these studies do not reveal a practical method for treating patients with an
existing tumor. Therefore, we prepared an adenoviral vector (Ela, E3 deleted) expressing a
modified £. coliPNP gene (Ad/PNP, Gedeptin™) and have evaluated it as a delivery vehicle
to human tumor xenografts in mice [41, 43].

In studies using Ad/PNP, large subcutaneous tumors (approximately 300 mg) were injected
with virus (2 x 10° PFU or ~4 x 1010 \/P) suspended in 150 pl saline. The vector was
injected into various locations within the tumor (approximately 25 pl each injection) along
separate needle tracks in an effort to evenly distribute virus throughout the tumor mass. Two
days following vector injection mice were treated systemically with prodrugs as described
above. Studies have been conducted with MeP-dR, F-dAdo, and F-araAMP (unpublished
observations) and consistent with the stably transfected tumor studies, the best results were
observed with F-araAMP. Treatment with Ad/PNP plus F-araAMP resulted in significant
inhibition of D54 tumor growth [41], although there were no tumor free survivors at the
conclusion of the study. The expression of £. co/i PNP in a tumor mass following injection
of Ad/PNP [41, 43] was in the same range as expression of £. co/i PNP in stably transfected
D54 xenografts where 5 to 10% of cells expressed £. co/i PNP (5,000 to 10,000 nmoles/mg-
hr).

An adenoviral vector identical to Ad/PNP (except that EGFP replaced £. co/i PNP) was used
to determine transduction efficiency following injection, and it was found that vector was
concentrated in regions surrounding the needle tracks where more than 50% of the cells
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expressed the protein. Overall considerably less than 10% of the cells in the tumor mass
expressed the reporter gene. These results indicate that £. co/i PNP delivery by adenoviral
vectors is not evenly distributed within human tumor xenografts (in contrast to mixtures of
tumor cells injected into the flanks of mice). We believe that this difference may help
explain the difference in efficacy observed between experiments using stable cell lines and
recombinant adenoviral vectors [41]. In support of this conclusion, formation of F-Ade
nucleotides in tumor xenografts following injection of F-araAMP into Ad/PNP-treated
tumors was considerably less than that seen in experiments using tumor xenografts created
from mixtures of £. coliPNP expressing cells.

These results indicate that Ad/PNP plus F-araAMP can destroy sections of a tumor mass
where the vector has been injected, but may not be able to reach areas far from the injection
site; i.e., emphasizing the importance of vector delivery to the efficacy of this overall
GDEPT strategy. Although £. coli PNP activity was also detected in the liver following
intratumoral injection of Ad/PNP, the dose of F-araAMP did not need to be reduced,
suggesting that ectopic expression of £. co/iPNP in host tissues did not enhance F-araAMP
toxicity. This was not the case for MeP-dR: As in previous studies the amount of MeP-dR
that could be tolerated in mice was decreased following intratumoral injection of Ad/PNP.
Other research groups have prepared adenoviral vectors expressing £. co/i PNP and have
demonstrate strong antitumor activity against hepatocellular and prostate xenografts in mice
in conjunction with MeP-dR [45, 46] or F-araAMP [31, 38, 47-51].

In an effort to improve antitumor activity of this approach, we evaluated the antitumor
activity when both Ad/PNP and F-araAMP were injected into the tumor tissue. Excellent
antitumor results were observed [43] in three tumor types (glioma, prostate, nonsmall cell
lung) following intratumoral injection of F-araAMP two days after intratumoral injection of
Ad/PNP, which was substantially superior to that seen after intraperitoneal injection of F-
araAMP after intratumoral Ad/PNP [41]. In these experiments, tumors were injected with 18
mg of F-araAMP daily for three days, 2 days after intratumoral injection of Ad/PNP.
Intratumoral injection of maximally tolerated doses of F-Ade (1.26 mg daily for 3 days) had
little, if any, antitumor activity, which indicated that simply injecting F-Ade into a tumor
mass would not be an effective antitumor strategy. Administration of 18 mg F-araAMP into
a human subject (surface area of 1.6 meter?) is equivalent to 11.25 mg/m2, which is less than
that used in the treatment of chronic lymphocytic leukemia (25 mg/m? daily for 5 days).
This result suggests that intratumoral Ad/PNP followed by intratumoral F-araAMP could be
very effective in control local tumor masses in humans at doses of F-araAMP known to be
well tolerated in humans.

Our /n vivoresults with £. coli PNP have been confirmed by numerous research groups, and
all published /n vivo studies that evaluate the effectiveness of GDEPT using £. coliPNP are
presented in Table 2. This body of work establishes that £. co/iPNP is effective with
numerous viral vectors (adenovirus, measles virus, retrovirus, vaccinia virus, foamy virus,
herpes simplex virus), as well as bacterial delivery vehicles (S. Typhimurium) and
mechanical means such as electrogene transfer and cationic liposomes. £. coli PNP plus F-
araAMP has been shown to be effective in treatment of numerous cancer histotypes,
including pancreas, glioma, hepatocellular, prostate, lung, mammary, melanoma, lymphoma,
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colon, bladder, and ovarian. In addition, we showed that combinations of F-araAMP with
radiation resulted in improved antitumor activity [43]. Since radiation therapy is often used
to control local tumor growth, this result indicates that Ad/PNP plus F-araAMP could be
combined with radiation therapy in the treatment of numerous tumor types.

5. PHASE | CLINICAL TRIAL WITH E. coli PNP AND F-araAMP

The preclinical studies described above suggest that Ad/PNP plus F-araAMP could be very
effective as a treatment for solid tumors. Because Ad/PNP is not a targeted vector, it must be
delivered to tumor tissue using a syringe, and therapies based on Ad/PNP are therefore
limited to treatment of locally invasive solid tumor masses for which other treatment options
do not exist. Because of the anatomic complexity in the head and neck region, cancers that
develop here are prime candidates for treatment with Ad/PNP plus F-araAMP. Surgery,
radiation, and chemotherapy are often used within this setting to eradicate or control local
disease, but these therapies are not curative in 60% of patients and can result in significant
morbidity [52]. Because Ad/PNP plus F-araAMP is effective at reducing tumor mass with
little or no significant toxicity, this approach could be used to control tumor growth,
maintain quality of life during therapy, and enhance or perhaps replace existing treatments.
We estimate that as many as 30,000 head and neck cancer patients per year in the US could
benefit from this type of intervention. In addition, preclinical studies indicate that F-Ade is
active against all tumor cell lines tested to date. Therefore, Ad/PNP treatment could be
effective against local tumor masses of any histotype (prostate, glioma, vulvar, cervical, etc).
Although Ad/PNP is not designed to treat disseminated metastatic disease, GDEPT based on
E. coli PNP could also be effective in the treatment of metastatic disease, if vectors were
developed that selectively express significant amounts of transgene in metastatic lesions.

A small company (PNP Therapeutics) was formed to commercially develop Ad/PNP plus F-
araAMP for treatment of solid tumors. Funds were acquired to produce clinical grade Ad/
PNP, to conduct IND enabling toxicology studies, and to conduct a phase I clinical trial.

5.1 Head and neck cancer

Because of the unmet clinical need, the initial target patient population for Ad/PNP is head
and neck cancer, which refers to a group of similar cancers originating from a variety of sites
in the upper aero-digestive tract including the lip, oral cavity, nasal cavity, paranasal sinuses,
pharynx and larynx. Ad/PNP plus F-araAMP obtained orphan drug status from the FDA in
2015 for “treatment of anatomically accessible oral and pharyngeal cancers (lip, tongue,
gum, floor of mouth, salivary gland, and other oral cavity)”. The most common head and
neck cancers (~90%) are squamous cell carcinomas (HNSCC) that originate from the
mucosal lining of these regions. Cancers of this type often spread to the lymph nodes of the
neck, representing the sentinel sign of disease, and leading to diagnosis. HNSCC is the 6th
leading cancer by incidence worldwide, with approximately 550,000 cases/year globally,
and 55,000/year in the US. These cancers are usually treated with surgery, radiation, and/or
chemotherapy. Approximately 70% of head and neck cancers are not discovered until they
are in advanced stages, with 60% of tumors at stage Il and approximately 10% of tumors at
stage 1V, per year.
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First-line therapy in locally advanced patients includes surgery, radiotherapy and concurrent
chemotherapy (typically with cisplatin or carboplatin). Second-line interventions for patients
with recurrent tumors is limited. Cetuximab (trade name Erbitux™) and chemotherapy are
widely utilized in this clinical setting. The survival benefit associated with adding cetuximab
to standard chemotherapy was found to be almost three months, increasing median overall
survival from 7.4 to 10.1 months [52]. Despite these treatment options, numerous patients
experience progression and/or further recurrent disease. A modest benefit in head and neck
cancer has recently been reported with emerging immune activating agents, Opdivo and
Keytruda [53, 54]. In a phase |1 trial of Keytruda for head and neck cancer patients, there
were 28 overall responses among 171 patients, or a 16% overall response rate. Median
progression-free survival was 2.1 months and median overall survival was 8 months. Opdivo
was recently approved by the FDA for the treatment of patients with recurrent or metastatic
HNSCC due to superior overall survival with Opdivo (7.5 months versus 5.1 months) with a
response rate of 13%. Although these successes with check point inhibitors are significant, it
is clear that new and more active agents need to be developed to treat this disease. Moreover,
all current therapies, including surgery and radiation therapy, result in significant morbidity
or toxicity, and there is need to identify effective and less toxic approaches for patients with
HNSCC.

5.2 Preclinical toxicology

The IND-enabling toxicology study was performed with D54 tumor bearing mice. This
study was designed to assess toxicities associated with Ad/PNP alone and in combination
with F-araAMP. The protocol also included assessment of Ad/PNP tissue distribution and
persistence following intratumoral administration of Ad/PNP to identify any secondary
tissues where transduction by Ad/PNP followed by F-araAMP in non-target tissue could
produce unanticipated amounts of F-Ade.

In this study only mild toxicities were observed in mice treated with Ad/PNP alone, F-
araAMP alone, or with the Ad/PNP-F-araAMP combination. The no-observed-adverse-
effect-level (NOAEL) of Ad/PNP alone was 0.71 x 1012 vp/m2, which was the dose
equivalent to the maximum clinical dose used in the phase I clinical trial described below.
The only toxicities observed with Ad/PNP alone were at a dose 10-fold greater, and these
toxicities were quite mild. The side effects of F-araAMP alone were also evaluated at a dose
that was 10-fold greater than that used in the highest dose in our phase I clinical trial. In this
treatment group only mild toxicities were observed. Importantly, no new toxicities were
observed in mice treated with the Ad/PNP plus F-araAMP combination, even though each
part of the treatment was given at a dose that was 10-fold greater than that used in the phase
I clinical trial. Consistent with our preclinical efficacy studies in mice, these results indicated
that the generation of F-Ade in tumor tissue (and/or elsewhere) did not cause toxicity
beyond that observed with the vector alone or F-araAMP alone. Overall the approach
appeared to be very safe.

As expected the Ad/PNP DNA was detected in tumor tissue 6 days following administration
of vector, but it was also detected at much lower levels in all tissues examined. In host
tissues the liver had most of the Ad/PNP, but at levels (0.22 million copies/ug DNA) more
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than 100-fold below that in tumor tissue (67 million copies/ug DNA), which confirmed
selective delivery of Ad/PNP. £. coliPNP enzyme activity was also detected in the liver.
Even though Ad/PNP DNA was detected in host tissues, no toxicities were observed in the
combination group that were not also observed in the groups treated with Ad/PNP alone or
F-araAMP alone, which indicated that ectopic expression of Ad/PNP DNA in host tissues at
these low levels was well tolerated. By the end of the study (28 days after the last Ad/PNP
injection), levels of Ad/PNP DNA were significantly lower in all tissues, indicating
progressive clearance of the adenovirus.

To supplement the IND-enabling Ad/PNP-F-araAMP toxicology study described above, a
repeat dose, intravenous toxicology study in rats was performed with F-Ade. Toxicities
observed after 7 consecutive days of IV administration were, for the most part, as expected
for other chemotherapeutic agents of this type and included, but are not limited to, alopecia,
reduction in food consumption, body weights and reticulocyte count, and increase in liver
enzymes. Microscopically, the most significant findings were subacute inflammation and
epithelial degeneration and/or regeneration of the cecum, colon, and rectum; mononuclear
infiltrate in the endocardium; single cell necrosis in acinar cells of Harderian and mandibular
salivary glands; and hypocellular bone marrow of the femur and sternum. By the end of the
14-day recovery phase, most of these findings had resolved. One unexpected clinical
observation was transient ventral neck swelling that occurred in some of the animals during
the recovery phase. Although the origin and toxicological significance of this finding are
unknown, it is perceived that the occurrence is associated with an animal recovery
mechanism, as the swelling was prominent for 4-6 days and then completely resolved; i.e.,
no microscopic correlates were found. The NOAEL for F-Ade in this study was determined
to be 1 mg/kg (6 mg/m?2) when given in 7 daily doses.

5.3 Design of phase | clinical trial

PNP Therapeutics initiated a clinical trial [55, 56], entitled “Phase I, open-label study
evaluating the safety of escalating doses of PNP adenovirus injected intratumorally with co-
administration of fludarabine in subjects with advanced solid tumors” (IND 14271). In this
trial Ad/PNP was injected into tumor tissue followed by intravenous (1) administration of
F-araAMP. The clinical trial was designed in a conventional 3+3 format with escalating
doses of F-araAMP (5, 15, or 25 mg/m?) in the first three cohorts and escalating Ad/PNP in
the fourth (Table 3). Five hundred microliters (500 pl) of Ad/PNP were injected into tumor
tissue twice on day 1 (separated by about 6 hours) and once on day 2 of the treatment. F-
araAMP was administered IV three times in a manner similar to its use in the treatment of
chronic lymphocytic leukemia (CLL); i.e., once daily over a 30 minute period on days 3, 4,
and 5 of treatment. As noted above one cycle of F-araAMP therapy in the treatment of CLL
is 25 mg/m? (IV) once daily for 5 consecutive days. Therefore, 60% of the standard dose of
F-araAMP used in the treatment of CLL was administered to patients in the highest cohort in
this trial.

5.4 Summary of toxicity data

All twelve patients successfully completed therapy without serious adverse events
attributable to the treatment (Table 4). Ad/PNP plus F-araAMP was well tolerated: No
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subject experienced a dose-limiting toxicity or a treatment-related serious adverse event
(SAE). There were two grade 3 treatment-related adverse events associated with the
therapeutic intervention. One subject in cohort 2 experienced grade 3 decreased lymphocyte
count, which resolved spontaneously, and one subject in cohort 4 experienced Grade 3 tumor
injection pain, which was relieved by Tylenol. Pain with subsequent Ad/PNP injection in
this subject was managed with local lidocaine and did not lead to discontinuation of study
treatment. There was no evidence for an increased incidence of treatment emergent adverse
events (TEAE), treatment-related adverse events, or Grade 3/4 TEAEs across dose cohorts.
The most frequently reported TEAE was injection site pain immediately following viral
injection (in 11 of the 12 patients, 91.7%). The incidence of these events did not increase
with dose, and most were mild or moderate in intensity. Other injection site reactions
included injection site discharge (4 subjects receiving either 1011 or 1012 VVP/dose, 33.3%);
injection site erythema, hemorrhage, and pruritus (2 subjects each receiving 1011 VVP/dose,
16.7%), and injection site paresthesia (1 subject receiving 1012 \VP/dose, 8.3%). Prior to
initiation of the study, there were concerns regarding the possibility of superficial or deep
ulcerations in the tumor resulting from direct injection of the tumor. Although some necrosis
was observed in patient 7, the lesion in that patient was previously ulcerated. No ulceration
was observed in the other patients undergoing treatment.

5.5. Summary of efficacy data

Clinical monitoring of the tumors was performed using calipers to evaluate effect of
treatment on injected tumor tissue (Table 5). The target lesions in 4 of the 6 patients that
received low doses of F-araAMP (5 and 15 mg/m? daily for 3 days, cohorts 1 and 2) did not
grow during the 2 month follow-up period (stable disease). A strong anti-tumor response
was observed in the 6 patients that were treated with the highest dose of F-araAMP (25
mg/m? daily for 3 days). Two of the 6 patients experienced a complete response in the target
lesion during the observation period, although the tumor in patient 8 subsequently returned
and was 40% of the original mass on day 56. In the other patient that experienced a complete
response, the tumor mass rapidly decreased to undetectable levels by day 13 and was less
than 5% of the original mass on Day 28. This patient required additional tumor related
treatment with surgical resection on day 54, and additional tumor measurements were not
determined after day 28 because of this intervention. In all, 5 of the 6 patients in cohorts 3
and 4 experienced a partial response in the target lesions as determined on the last day of the
observation period (day 56). In the 4 patients with a partial response who completed the 56
day observation period, the target lesion mass was decreased by 30, 60, 60, and 60%.
Although one patient in the last cohort did not have an objective response, this patient’s
tumor did not grow and it was only 80% of its original mass on day 56 and was therefore
graded as “stable” disease. In contrast, 4 of 6 non-target tumor lesions in patients in cohorts
3 and 4 increased in volume by 33, 52, 105 and 108%. One non-target lesion did not grow
and one non-target lesion decreased in volume by 38%. An important observation is that the
antitumor effect seen in cohort 3 was similar to that in cohort 4. The only difference in the
treatment between these two cohorts was that 10-fold more virus was injected into the tumor
mass in cohort 4. These results suggest that £. co/i PNP expression and/or F-araAMP
activation may have been saturated at the low dose of vector.
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Findings of the clinical trial indicate that generation of F-Ade in tumor tissues using
Ad/PNP plus F-araAMP is safe, and although only a small group of patients have been
treated, the results strongly suggest that this therapy is effective at treating local tumor
disease. The effect on tumor volume occurred with much less morbidity than typically
associated with surgery, radiation, or chemotherapy, suggesting that this treatment could
easily combine with (or in some cases replace) conventional therapies for this disease. The
pronounced effect on tumor volume after a single treatment cycle suggests that repeat
administration of the therapy could be very useful against large tumor masses. Future
clinical studies will evaluate repeat administration of Ad/PNP plus F-araAMP every 28 days
and the effect of injecting Ad/PNP in larger volumes (5 vs 0.5 ml) to deliver vector to more
of the tumor mass. We believe that these two changes will significantly improve tumor
response without increasing toxicity.

6. MECHANISM OF ACTION OF MeP AND F-Ade

Although there are numerous adenine analogs that could be liberated by £. coli PNP, two
compounds have received the most attention, MeP and F-Ade, because of their potent cell
killing activity. The concentration of F-Ade necessary to inhibit CEM-CCRF cell growth by
50% (ICsq) was 0.15 pM when the incubation period was just 4 hours [27]. MeP was much
less potent than F-Ade (ICgq of 9 UM, 4 hour incubation). If MeP or F-Ade are not removed
from cell culture during the 72 hour incubation period, then the ICsg of F-Ade decreased a
small amount (to 0.1 uM), but that of MeP decreased 9-fold to 1.2 uM. These results indicate
that significant quantities of MeP or F-Ade cytotoxic nucleotides accumulate in CEM cells
during short incubation periods. Importantly, both compounds were much more potent that
FUra, which had an I1Csq value of 120 uM following 4 hours of incubation, and 7.2 uM when
present for the 72 hour incubation period. MeP and F-Ade were first synthesized many
decades ago and tested as potential anticancer agents, and both compounds were found to
have no selectivity for tumor versus normal cells in animals when administered systemically
[57].

The mechanism of action of these two agents are very different from all currently used
anticancer drugs and all compounds under clinical development. These compounds represent
an entirely novel mechanistic approach to killing tumor cells. Generally speaking, MeP and
F-Ade are metabolized by the enzymes in the purine metabolic pathway to nucleotide
analogs, which inhibit important metabolic functions in the cell resulting in cell death. These
molecules disrupt basic cellular metabolism in all phases of the cell cycle and are therefore
effective against tumor cells regardless of their proliferative state. These compounds should
also destroy tumor stem cells, tumor vascularity, and tumor stroma because of their
fundamental need for RNA and protein biosynthesis to remain viable. This unique
mechanism of cell kill is a major reason for the substantial /n vivo antitumor activity that has
been described in the previous pages and distinguishes GDEPT using £. colf PNP from all
other GDEPT strategies. We believe that the unique attributes of MeP and F-Ade (high
potency, activity against non-proliferating cells, high bystander activity) are precisely those
required to treat solid tumors, and that significant improvement in antitumor therapy could
be achieved using existing vectors to deliver £. coli PNP.
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Most MeP or F-Ade formed in tumor cells expressing £. coli PNP (at least 50%) readily
diffuse into the cell culture medium rather than being activated to nucleotides [14],
demonstrating that significant amounts of these compounds are accessible to neighboring
tumor cells not expressing £. coli PNP after they are generated. This ability to readily cross
cell membranes accounts for the high bystander activity that has been observed with GDEPT
approaches utilizing £. coliPNP and is a major distinguishing characteristic with respect to
GDEPT approaches utilizing HSV-TK. Although no formal transport studies have been
conducted with either MeP or F-Ade, purine and pyrimidine bases are known to freely
diffuse across cell membranes via es and ei equilibrative nucleoside transporters present in
most, if not all, cell types [58, 59], and it is likely that these transporters mediate the
transport of both MeP and F-Ade.

6.1 Metabolism and mechanism of action of F-Ade

The metabolism of F-araA in a human cell expressing £. coli PNP is summarized in Figure
3. In vitro studies have been conducted with F-Ade indicating that it is readily converted to
2-F-adenosine triphosphate (F-ATP) [27], which is the primary acid-soluble metabolite in
cells. These results indicate that F-Ade is a good substrate for APRT and that its metabolites
(F-AMP and F-ADP) are good substrates for the subsequent steps in metabolism: AMP
kinase, and nucleoside diphosphate kinase, respectively. APRT is the rate limiting enzyme in
the activation of F-Ade. Cells lacking APRT activity are resistant to F-Ade [28], indicating
that its conversion to its nucleotide metabolites is required for its cell killing action.
Significant cytotoxicity was observed when a relatively small amount of F-ATP was
generated in cells (13% of the ATP pool). Numerous research groups have shown that F-Ade
is converted to F-ATP in various other biological systems [28, 60-68]. 2-F-S-
adenosylmethionine and 2-F-cyclicAMP have been detected in cells treated with 2-F-
adenosine (F-Ado) [61-63]. Because the metabolism of F-Ade and F-Ado after the first
metabolic step (APRT or adenosine kinase) is identical, these metabolites would also be
expected in cells treated with F-Ade. Although these metabolites were not detected in our
experiments [27], more than 90% of the radioactivity in the acid-soluble pool of CEM cells
treated with [3H]F-Ade was detected in the triphosphate fraction, which indicated that 2-F-
S-adenosylmethionine and 2-F-cyclicAMP are at best relatively minor metabolites of F-Ade
in CEM cells. F-Ade is readily incorporated into both RNA and DNA in human tumor cells
[27], with approximately 5 times more in RNA than in DNA. F-Ade has also been shown to
be incorporated into a fraction that was insoluble in alcohol (mixture of RNA and DNA) in
Tetrahymena pyriformis [69]. The fact that F-Ade is detected in DNA indicates that F-ADP
is a substrate for ribonucleotide reductase, and that deoxynucleotide metabolites are also
formed in cells and used for DNA synthesis. Although incorporation of F-Ade into DNA can
result in toxicity [70], we believe that this effect of F-Ade is not the primary target
responsible for the anticancer activity of this agent.

Treatment of cells with F-Ade resulted in the inhibition of protein, RNA, and DNA synthesis
[27]. Protein synthesis was the predominant effect and the pattern of inhibition was similar
to that seen with cycloheximide, a known inhibitor of protein synthesis. RNA and DNA
synthesis are also inhibited by specific inhibitors of protein synthesis, such as
cycloheximide, due to the decrease of critical enzymes with short half-lives. Therefore, the
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inhibition of RNA and DNA synthesis by F-Ade is likely the result of inhibition of protein
synthesis (as is the case with cycloheximide). Studies have shown that F-dATP is a good
substrate for DNA polymerase a [70]. It is readily incorporated into DNA by this enzyme,
and unlike most anticancer nucleoside analogs incorporation of F-dAdo into DNA does not
cause DNA chain termination. Because RNA and protein synthesis are two metabolic
processes important to all cells, inhibition of these activities is consistent with the ability of
F-Ade to kill all cells regardless of their proliferative state [27]. Inhibition of protein
synthesis by cycloheximide is reversible and cells are not killed by brief exposures to this
agent. However, this is not the case with F-Ade, because the inhibition of protein synthesis
by these molecules is due to the production of nucleotide metabolites, which do not rapidly
disappear from cells when the primary agent is removed. We have shown that F-ATP has a
half-life of approximately 7 hours in CEM cells [27] and that F-Ade metabolites (F-ATP, F-
Ade in RNA, and F-Ade in DNA) are retained in human tumor xenografts in mice for much
longer than 24 hours [14]. Therefore, once F-Ade has been removed from the tumor cell by
natural processes, the active metabolites within the cell continue to inhibit cellular targets
responsible for cell death.

In contrast to these results with F-Ade, DNA synthesis was specifically inhibited in cells
treated with FUra (the product of £. co/i CD based GDEPT strategies), and FUra had little
or no effect on protein or RNA synthesis [27]. These results are consistent with the large
literature on the mechanism of action FUra [71, 72], which is converted in human cells to
three primary metabolites (F-UTP, F-dUMP, and F-dUTP) that are responsible for its
cytotoxicity. Although most of the FUra activated in a tumor cell is incorporated into RNA,
the inhibition of thymidylate synthetase by F-dUMP, the incorporation of FUra into DNA,
and the subsequent disruption of DNA synthesis is believed to be the primary effect of this
agent that is responsible for its anticancer activity [72]. Inhibition of DNA synthesis is also
the primary mechanism of action for GCV, the prodrug used with HSV-TK [73-76]. Once
GCV is phosphorylated by HSV-TK, GCV-MP is then further phosphorylated by human
nucleotide kinases to GCV-TP, which is a substrate for human DNA polymerases resulting in
the inhibition of DNA chain elongation, inhibition of DNA replication, and cell death. One
of the reasons that antitumor therapy with conventional agents has only modest activity
against solid tumors is that most (if not all) conventional antitumor agents primarily target
proliferating cells, whereas most solid tumors have a low fraction of actively dividing cells
[77-79]. Our results demonstrate that the mechanism of cell kill by F-Ade is significantly
different from that of both FUra and GCV-MP, in that it targets one or more enzymes not
related to DNA synthesis. The mechanism of action of F-Ade is also quite different from all
of the drugs currently used to treat cancer and those in clinical development.

The precise target of F-Ade is not known and may be difficult to determine, because of the
numerous enzymes that accept adenosine nucleotides as substrates. It is possible that F-Ade
metabolites could inhibit any one of these enzymes and that more than one of these enzymes
could be inhibited. That being said, specific studies evaluating F-Ade nucleotide metabolites
as substrates for various enzymes have found these metabolites to be good substrates for
their respective enzymes: RNA polymerase isolated from Micrococcus lysodeikticus [60];
catechol-O-methyltransferase [61]; activation of protein kinase isolated from rat brain [61];
adenylate cyclase [62, 63] and DNA polymerase a [70]. In cells treated with high
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concentrations of F-Ado, the F-ATP pool can replace the ATP pool [61-63, 64, 65], which
suggests that F-Ade and its metabolites are recognized as adenine and its metabolites by all
of the enzymes involved in purine metabolism in human cells [80]. There are numerous
protein kinases in tumor cells that utilize ATP as a phosphate donor, and many of these play
an important role in tumor cell biology. Because of the small structural difference between
ATP and F-ATP (replacement of a hydrogen atom with a fluorine at the 2 position of the
purine ring) and the fact that the 2 position of the purine ring is far from the g and y
phosphates, we believe that most, if not all, enzymes that utilize ATP as a phosphate donor
are unlikely to be inhibited by F-ATP and that these enzymes would likely interact with F-
ATP as a phosphate donor as if it was ATP. We believe that it is likely that inhibition of
protein synthesis by F-Ade is due to its incorporation into RNA and subsequent disruption of
RNA function.

An important enzyme in RNA metabolism is adenosine deaminase acting on RNA (ADAR),
which mediates the post-transcriptional deamination of adenosine residues in RNA to form
inosine, known as A to | editing. This enzyme was first identified as “RNA unwindase” due
to its ability to deaminate adenosine in double stranded regions in the RNA. Because inosine
does not hydrogen bond with uridine, the double stranded regions within RNA become
single stranded. ADAR is involved in many important processes and is and essential enzyme
for normal development [81]. It is well known that F-Ado is a very poor substrate for
adenosine deaminase, and if ADAR is similar to adenosine deaminase and is unable to
deaminate F-Ade incorporated into double stranded regions of RNA, it is reasonable to
imagine that incorporation of F-Ade into RNA could prevent unwinding of double stranded
RNA and disrupt numerous important control mechanisms in the cell. We believe that this
enzyme could be the primary target of F-Ade responsible for its potent cytotoxicity. Further
studies are needed to test this hypothesis.

Krohne et al. [32] demonstrated that the induction of apoptosis by an adenoviral vector
expressing £. coli PNP plus F-araAMP was independent of Fas/FasL signaling pathway and
was similar in both p53-positive and p53-negative cells. They concluded that £. co/i PNP
GDEPT using F-araAMP may be superior to HSV-TK plus ganciclovir, because of its
independence from p53 and the Fas/FasL signaling systems. Proteomic analyses of ovarian
tumor cells treated with E£. coli PNP plus F-araAMP indicated down regulation of proteins
involved in oncogenesis/cancer drug resistance and up regulation of apoptotic and tumor
suppressor proteins [82]. Cell cycle analysis confirmed induction of apoptosis by £. coli
PNP plus F-araAMP. In addition, combination of £. co/iPNP pus F-araAMP with standard
chemotherapy of ovarian tumor cells (docetaxel and carboplatin) significantly improved cell
kill /n vitro and suggested that the doses of docetaxel and carboplatin could be reduced by
10 to 50-fold [82].

6.2 Metabolism and mechanism of action of MeP

MeP was first synthesized and evaluated in the 1950’s and was found to be a very toxic
compound in several biological organisms. Although some biochemical studies were
performed, very few were conducted using human or mammalian enzymes. We have
evaluated the cytotoxicity of MeP in CEM cells and have shown that both the metabolism
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and mechanism of action of MeP are similar to F-Ade [27]. The primary intracellular
metabolite of MeP is 6-methylpurine riboside 5’-triphosphate (MeP-R-TP), and MeP is
incorporated into both RNA and DNA.. Furthermore, like F-Ade, MeP is active against both
non-proliferating and proliferating tumor cells due to its inhibition of RNA, protein, and
DNA synthesis [27, 84]. However, there are significant quantitative differences in the
utilization of MeP by two enzymes involved in purine metabolism that affect its potency.
Most importantly, F-Ade is a much better substrate for APRT than MeP (approximately 100-
fold) [27], which provides an explanation for the potent /n vitro cytotoxicity of F-Ade with
respect to MeP. In addition, MeP is a very poor substrate for xanthine oxidase [83] and
therefore, unlike F-Ade, it is not rapidly deactivated in mice, which helps explain the much
higher /n vivotoxicity of GDEPT strategies using MeP-dR versus F-dAdo or F-araA.

As with F-Ade the actual target (or targets) responsible for inhibition of protein, RNA, and
DNA synthesis by MeP metabolites is not known. It is possible, and perhaps likely, that MeP
metabolites disrupt macromolecular synthesis in a manner distinct from F-Ade. The
substitution of the 6 amino group of adenosine nucleotides by a methyl group could interfere
with numerous enzymes that would not be affected by addition of a fluorine atom at the 2
position of the purine ring. In this respect, it is worth noting a series of enzymatic studies
conducted many years ago with MeP nucleotides. This work has only been presented in an
abstract [85], but indicated that 1) MeP-R-5"diphosphate (MeP-R-DP) was a good substrate
for pyruvate kinase, 2) MeP-R-TP was a good substrate for hexokinase, and 3) MeP-R-TP
was capable of replacing ATP in cell-free protein synthesis reactions and muscle contraction
experiments. However, MeP-R-TP was not able to reverse thyroxin-induced mitochondrial
swelling and MeP-R-DP was not used as a substrate for phosphoglycerate kinase. Although
MeP nucleotides are not substrates for these two enzymes, it unclear whether these enzymes
were inhibited in the presence of either MeP-R-TP or MeP-R-DP, respectively. Other studies
have been conducted with MeP, but no clear mechanistic details were elucidated [86—-88].

We believe it is likely that incorporation of MeP into RNA and the subsequent disruption of
its function is also the primary activity of MeP that is responsible for its cytotoxicity.
Because the carbon-carbon bond of MeP-R is quite different from that of a carbon-nitrogen
bond of adenosine, incorporation of MeP-R into double stranded regions of RNA in place of
adenosine would result in double stranded regions that could not be unfolded by ADAR.
Conversely, since the 6- amino group of adenosine participates in one of the two hydrogen
bonds formed when adenine undergoes Watson-Crick base pairing, it is possible that the 6
methyl group of MeP-R does not form hydrogen bonds with uracil, preventing formation of
double stranded regions in the RNA in the first place [89, 90]. Either of these consequences
related to incorporation of MeP into RNA could disrupt important metabolic processes and
would be quite cytotoxic to the cell [81]. Further studies are needed to test this hypothesis.

6.3 Toxicity considerations of different GDEPT strategies

An initial concern with selectively generating compounds such as F-Ade or MeP in tumor
tissues — particularly those agents that target nonproliferating as well as proliferating cells -
was that the bystander activity would be unmanageable, and that normal, nonproliferating
host cells would also be killed by these agents once F-Ade or MeP had been generated in
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tumor tissue and released into the general circulation. Although our /n vivo studies indicate
that this concern is valid with prodrugs that liberate MeP, numerous /n vivo studies by our
group and others have shown that this is not an issue with F-Ade prodrugs such as F-
araAMP, which release F-Ade. Lack of systemic toxicity is likely due to the rapid de-
activation F-Ade by xanthine oxidase. Toxicity is not a concern with the HSV-TK GDEPT
strategies, because any GCV nucleotide from tumor tissue would be rapidly inactivated by
serum phosphatases back to GCV, which is not toxic. The inability of cells to transport
nucleotides coupled with rapid deactivation of GCV nucleotides represents a serious
disadvantage of HSV-TK dependent strategies, since these features dramatically limit the
ability of this approach to kill neighboring tumor cells that do not express HSV-TK.
Although GDEPT strategies using £. col/i CD would result in the release of FUra from a
tumor mass, similar to that seen with MeP and F-Ade, it is unlikely to cause systemic
toxicity because FUra is also rapidly deactivated by uracil dehydrogenase, it is much less
potent than both MeP and F-Ade, and it is primarily toxic to proliferating cells.

7. DESIGN OF NEW PRODRUGS

Although excellent /n vivo antitumor activity has been observed with MeP-dR, F-dAdo, and
particularly F-araAMP, these agents have considerable toxicities that limit the amount of
compound that can be administered to patients, and identification of less toxic prodrugs
could lead to superior agents for use with £. co/i PNP. The ideal drug would be inert when
administered /n vivo patients, but would be readily cleaved to a potent cytotoxic agent, such
as MeP or F-Ade. Our results with F-araA indicate that a prodrug does not need to be a
particularly good substrate for £. coli PNP in order to be effective in the treatment of large
human tumor xenografts expressing £. coliPNP in mice. Low toxicity and relatively long
plasma half-life seem to be more important characteristics in terms of determining /n vivo
anticancer activity.

In an effort to better understand the catalytic activity of £. co/i PNP, numerous purine
analogs have been synthesized [5, 91-98] and evaluated for activity with £. co/i PNP. This
information could be helpful in design of novel nucleosides containing either MeP or F-Ade
with modifications in the sugar moiety that would allow cleavage by £. coli PNP, but prevent
activation by human enzymes to cytotoxic nucleotides. Although a considerable amount of
information regarding the substrate preferences of £. co/iPNP has been learned from these
studies [5, 97, 98], new prodrugs have not yet been identified.

We believe that the characteristics of F-Ade (high potency, high bystander activity, targeting
of non-proliferating tumor cells, rapid inactivation) are responsible for the excellent /in vivo
antitumor activity seen with F-araAMP and £. coli PNP. F-Ade therefore represents a
preferred adenine analog to be incorporated into prodrugs for use with GDEPT strategies
based on cleavage of purine nucleoside prodrugs. Design of new compounds is not a trivial
task due to the many endogenous enzymes that must be considered. A candidate prodrug
must, of course, be a substrate for the nonhuman activating enzyme, but must not be
activated by any human enzyme. By design all adenosine analogs are not substrates for
human PNP [8]. However, there are three primary enzymes expressed in human cells that
could potentially activate purine nucleosides to toxic metabolites in human cells:
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deoxycytidine kinase, the enzyme responsible for activation of F-araAMP to cytotoxic
nucleotides [4], adenosine kinase, and methylthioadenosine phosphorylase (MTAP). Our
studies have shown that activation by bacterial PNPs must also be avoided when considering
prodrugs containing MeP [40].

7.1 Prodrugs containing an alternative cytotoxic base

Several purine bases are known that are toxic to human cells. Although these compounds
share many mechanistic characteristics with F-Ade, it is likely that their mechanism of cell
kill is distinct and could therefore be useful in GDEPT strategies using £. coli PNP. For
example, 7-p-D-ribosyl-3-deazaguanine is a nontoxic nucleoside analog that has been shown
to be active against bacteria due to its cleavage by bacterial purine phosphorylases [99]. 3-
deazaguanine is a potent guanine analog [100], and when attached to the ribose or
deoxyribose at the 7 position of a purine ring (rather than the 9 position), the 2 amino group
is “up” relative to the ribose and the compound resembles adenosine. Therefore, 7-p-D-
ribosyl-3-deazaguanine is cleaved by £. co/i, but not human PNP. 2-amino-6-chloro-1-
deazapurine is also a toxic purine base [101], and the riboside containing this base, which is
not cytotoxic, is a reasonable substrate for £. coliPNP (Activity about 10% that of MeP-dR
or F-dAdo [5]). These compounds have not been evaluated in GDEPT with £. co/i PNP.

Cladribine (2-Cl-2’-deoxyadenosine, Cl-dAdo) is a dAdo analog that is currently approved
for use in the treatment of hairy cell leukemia and could also be a candidate for GDEPT
using purine cleavage enzymes. It is structurally similar to F-dAdo (2-F-2’-deoxyadenosine)
and it is a good substrate for £. coli PNP (~10% of the activity seen with F-dAdo [5]). 2-
Chloroadenine (Cl-Ade) is not a potent cytotoxic agent, but its ICsq of 5 to 15 uM [28, 102]
is similar to that of FUra and MeP (approximately 2 and 10-fold less potent, respectively).
Because Cl-dAdo is an approved clinical agent, we evaluated its antitumor activity against
D54 tumors in which 10% of the cells expressed £. col/i PNP. However, no antitumor activity
was seen with Cl-dAdo [unpublished observation], mostly likely due to relatively low
activation by £. coliPNP and the less potent cell killing activity of Cl-Ade.

Fu et al. [25, 103] have demonstrated good antitumor activity with both 6-
methoxypurine-2’-deoxyriboside (MoP-dR) and MeP-dR against mammary cells infected
with S. typhimurium expressing E. coli PNP. However, MoP-dR was more toxic than MeP-
dR [25], suggesting that it would not serve as a useful prodrug.

7.2 Alternative enzymes

There are numerous adenosine cleavage enzymes (hydrolases and phosphorylases) expressed
in nature that could be used to selectively activate purine nucleoside analogs in tumor tissues
using GDEPT. We and others have evaluated many of these enzymes, including attempts to
design new enzymes. Examples of these studies are summarized below.

7.2.1 Design of mutant E. coli PNP/prodrug combinations—Our previous findings
establish that generation of MeP from MeP-dR by intestinal bacteria is responsible for the
toxicity of MeP-dR in mice [40]. Since both the toxicity and efficacy of MeP-dR are linked
to the activity of £. coli PNP, a research program was initiated to design modified £. coli
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PNP enzymes that could activate MeP prodrugs but would not be activated by wild-type £.
coli PNP [104]. Previous studies had determined that 5’-methyl(talo)-MeP-R (9-(6-deoxy-p-
D-talofuranosyl)-6-methylpurine) was a very poor substrate for £. coli PNP (its rate of
cleavage was 0.2% that of MeP-dR, [5]). £. coli PNP mutants were therefore designed based
on structural information regarding the catalytic site of £. co/i PNP bound to MeP-dR [97,
98, 105] in an attempt to create an enzyme that would efficiently cleave 5’-methyl(talo)-
MeP-R to MeP. Each mutant enzyme was evaluated against a panel of 17 purine analogs
with structural modifications in the deoxyribose portion of the molecule. Using this strategy,
a mutant enzyme (M64V, replacement of methionine at position 64 in £. coli PNP by valine)
was identified that cleaved 5’-methyl(talo)-MeP-R with a catalytic efficiency 130-fold
greater than the wild-type enzyme. The K, for this enzyme with 5’-methyl(talo)-MeP-R was
decreased by approximately 10-fold and its Vg% Was increased by approximately 13-fold.
Numerous other nucleosides containing MeP with structural modifications involving the 5
position of the sugar were also better substrates for M64V than the wild-type enzyme (Table
6). Interestingly, M64V PNP cleaved MeP-R, MeP-dR, and F-araA at rates that were similar
to the wild-type enzyme.

Addition of a methyl group to the 5’-carbon of MeP-R (5’-methyl(talo)-MeP-R)
dramatically reduced the toxicity of MeP-R to cells in culture (ICsq greater than 210 uM;
[100]), which suggested that this structural modification prevented phosphorylation by
adenosine kinase, a result that was confirmed with radiolabeled compound. The lack of in
vitro toxicity also indicated that 5’-methy(talo)-MeP-R was not cleaved by MTAP to
generate MeP. However, despite low activity of 5’-methyl(talo)-MeP-R with wild type £.
colf PNP, toxicity in mice was only modestly improved in comparison with MeP-dR [105],
and further studies indicated that 5’-methyl(talo)-MeP-R was also activated by intestinal
bacteria (The maximally tolerated dose was approximately 400 mg/kg daily for 3
consecutive days, which was only about 4 to 5-fold higher than that of MeP-dR). Although
this compound was active /n vivo against tumor xenografts composed of D54 tumor cells
that stably expressed M64V E. coli PNP, its antitumor activity was not superior to that seen
with MeP-dR in combination with the wild-type enzyme.

Based on the activity of 5’-modified MeP containing nucleoside analogs, we also
synthesized 9-(6-deoxy-B-D-talofuranosyl)-2-F-adenine (5’-methyl (talo)-F-Ado) and 9-a.-
L-lyxofuranosyl-2-F-adenine (lyxo-F-Ade). Both of these compounds are excellent
substrates with M64V E. coli PNP with activities that are similar to that of F-dAdo (Table
6). Unfortunately, both compounds are cytotoxic to cells in culture due to cleavage of the
glycosidic bond by human MTAP [106]. Because of its unique structure, relatively low /n
vitro toxicity (average 1Csq of 23 uM; N=8), and cleavage activity with M64V E. coli PNP
similar to that of F-dAdo with the wild-type enzyme, larger quantities of lyxo-F-Ade were
synthesized and evaluated /77 vivo against D54 tumors that stably expressed M64V E. coli
PNP. Although good /7 vivo antitumor activity was detected with lyxo-F-Ade against in
these xenografts [unpublished observation], it was not superior to the combination of F-
dAdo with the wild-type enzyme. In addition, the maximally tolerated dose of lyxo-F-Ade
was similar to that of F-dAdo. Therefore, the activity/toxicity profiles for these compounds
(5’-methyl(talo)-MeP-R and lyxo-F-Ade) were not sufficiently different from either MeP-dR
or F-dAdo, and these compounds have not been pursued further.
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7.2.2 Trichomonas vaginalis PNP—Because of the relatively poor activity of £. coli
PNP with F-araA, we have evaluated numerous enzymes from other organisms that can
cleave purine analogs in order to identify enzymes that more effectively cleave F-araA. It is
hoped that utilization of enzymes that could cleave F-araA better than £. coliPNP in
GDEPT would lead to enhanced cleavage of F-araA in tumor tissue and improved anti-
tumor activity. Although in most cases (£. aerogenes PNP, A. Laidlawii PNP, Klebsiella sp
PNP, Salmonella typhimurium PNP, B. cereus PNP, Tularemia PNP, T. bruceii hydrolase,
Sulfolobus solfataricus MTAP, E. coli SAH/MTA hydrolase, grouper iridovirus PNP), F-
araA cleavage by other enzymes was no different than £. coli PNP, we discovered that
Trichomonas vaginalis PNP (Tv-PNP) was able to hydrolyze F-araA with a catalytical
efficiency 25-fold greater than the £. colienzyme [107]. The K, value for F-araA with Tv-
PNP was approximately 3-fold lower, and the V4« value of F-araA with Tv-PNP was
approximately 10-fold greater than that of £. co/i PNP. 9-p-D-arabinofuranosyl adenine and
9-p-D-arabinofuranosyl-6-methylpurine at 100 uM substrate concentrations were also
cleaved much more efficiently by Tv-PNP than £. co/i PNP (62- and 41-fold, respectively).
In contrast, cleavage for adenosine, MeP-R, MeP-dR, F-Ado, and F-dAdo by Tv-PNP was
similar to that of £. co/i PNP. The average ratio of Tv-PNP/E£. coli PNP cleavage rates with
these substrates each at a concentration of 100 pM was 1.12.

D54 tumor cells were prepared that stably expressed Tv-PNP at enzyme rate of 4,270
nmoles of MeP-dR cleaved/mg-hr which was 25-fold greater than the level of expression of
E. coli PNP in our first /n vivo experiments (173 nmoles of MeP-dR cleaved/mg-hr [39]) but
30-fold less than the level of expression of £. co/i PNP in our most recent experiments
(126,000 nmoles of MeP-dR cleaved/mg-hr [41-43]). F-araA cleavage rate in these D54
tumor cells were 0.41 [39], 16 [107], and 298 [41-43] nmoles of F-araA cleaved/mg/hr,
respectively. F-araAMP treatment of mice bearing these D54 tumors in which 10% of the
cells expressed the Tv-PNP gene resulted in excellent /n7 vivo bystander activity [107], which
was significantly greater than that seen in low expressing tumors [39], but not as good as
that seen in high expressing tumor cells [28, 60, 65]. These studies suggest that Tv-PNP may
be a superior enzyme for use in GDEPT strategies designed to activate F-araAMP in tumor
cells.

Subsequent studies with an adenoviral vector expressing Tv-PNP have also demonstrated
good /n vivo antitumor activity, but the activity was not significantly different than that seen
with Ad/PNP (unpublished observation), which suggested that F-araA activation may be
saturated at high expression levels of enzyme. These results suggest that Tv-PNP may be of
particular use with vectors that express low levels of transgene. As described above for £.
coli PNP, F-araAMP is the preferred prodrug when high levels of the enzyme are established
in tumor cells [41-43]. However, when cells express low levels of £. coliPNP, F-araA is
significantly less active than either MeP-dR or F-dAdo [39]. When F-araAMP is given in
combination with GDEPT systems that do not result in high expression of the transgene,
such as with herpes viral constructs [40], it is expected that Tv-PNP would result in much
better activation of F-araAMP than £. coli PNP.

Tv-PNP may be the preferred enzyme for use in humans versus mice, because of the
different levels of toxicity, peak plasma F-araA concentrations, and plasma F-araA half-
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lives. Humans tolerate much less F-araAMP than mice (25 mg/m?2, administered daily for 5
consecutive days versus vs 300 mg/m?, administered 5 times daily for 3 consecutive days).
The peak plasma concentration of F-araA following systemic administration of F-araAMP to
humans (1 to 2 pM [30]) is much lower than plasma F-araA following intraperitoneal
injection of F-araAMP in mice (approximately 100 uM [14]). The plasma half-life of F-araA
in humans (10 to 20 hours [26]) is much longer than mice (50 minutes [14]), a feature that
compensates for low plasma concentrations in humans. Based on a markedly prolonged
circulation half-life of F-araA in humans versus mice and lower serum levels of the
compound, the use of an enzyme with a lower Ky, and higher V2 should lead to greater
amounts of F-Ade generated in tumor cells expressing PNP.

7.2.3 Sulfolobus solfataricus MTAP—Cacciapuoti et al. [108] have evaluated cleavage
of F-araA by MTAP and MTAP-I1 isolated form the hyperthermophilic archaeon Su/folobus
solfataricus. These investigators found that the K, values were similar to that seen with £.
colf PNP (1,836 vs 938 uM) but that the K4t values were 12 to 16 fold greater, suggesting
that both of these enzymes would be better for the activation of F-araA than £. coliPNP. The
kinetic parameters for these S. soffactaricus enzymes were determined at 70°C and were
compared to £. coli PNP kinetic parameters determined at 25°C. Although the investigators
report that K,/K;, is insensitive to temperature, the cleavage parameters for both enzymes
should be determined at 37°C, which is the temperature in tumor tissue.

7.2.4 Mycoplasma—Mycoplasmas are small, wall-less prokaryotes usually regarded as
commensals that firmly adhere to the surface of eukaryotic cells and are known to often
contaminate cell cultures. These organisms express many purine and pyrimidine enzymes
that can affect the metabolism of nucleoside analogs [109], and as indicated above [10] they
express a PNP that can efficiently cleave adenosine analogs. It has been suggested [110] that
implantation of mycoplasma in the vicinity of a tumor mass could be used as an alternative
to recombinant viral vectors as a means to deliver a phosphorylase that could activate MeP-
dR or other prodrugs.

8. ANTIBODY-DIRECTED ENZYME PRODRUG THERAPY (ADEPT)

Antibody-directed enzyme prodrug therapy (ADEPT) is a similar approach to selectively
generate cytotoxic agents in tumor cells. Unlike GDEPT, in which a vector of some sort
delivers a non-human gene to tumor cells, ADEPT uses an antibody to deliver a non-human
enzyme. Because antibodies often deliver enzymes to the cell surface, the use of a PNP to
activate purine prodrugs is particularly well suited for ADEPT because the reaction product
(F-Ade) can diffuse into surrounding tumor cells, even if it is created extracellularly.
However, the use of non-human enzymes in ADEPT could limit the number of times that it
could be administered due to immunogenicity of the non-human protein. It has long been
known that human PNP does not recognize adenosine as a substrate due to an asparagine at
position 243, which interferes with the hydrogen bonding associated with the N® amino
group on adenosine [8]. Replacing this amino acid with aspartic acid results in an enzyme
that efficiently cleaves adenosine and its analogs [8, 111]. A modified human PNP (N243D)
was prepared and fused to an anti-HER-2/neu peptide mimetic, and this enzyme was able to
selectively activate F-dAdo to F-Ade in HER-2/neu-expressing tumor cells in vitro [112,
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113]. Because this enzyme is derived from human PNP, ADEPT strategies utilizing this
enzyme should have minimal immunogenicity. In addition, Asai et. al. have prepared two
antibodies conjugated to £. coli PNP that were effective in activating F-dAdo in cell culture
[114, 115].

9. CONCLUSIONS

GDEPT using E. coli PNP is a novel strategy for the treatment of solid tumors. We and
others have demonstrated impressive /n vivo antitumor activity in numerous /n vitroand in
vivo models of cancer, and a phase | trial has confirmed low toxicity of the approach with
strong evidence of antitumor activity. The characteristics of this approach as described in
this review are summarized in Table 7. Possibly the most important aspect of £. coli PNP-
based tumor cell killing is the mechanism of tumor cell kill of F-Ade, which is
fundamentally different from all drugs currently in use for the treatment of cancer as well as
all newer agents under development. Because of this unique mechanism of action, GDEPT
with £. coliPNP is expected to be effective against all tumor cell types regardless of their
tissue derivation and proliferative state. Activity against non-proliferating cells is of
particular importance to the treatment of solid tumors (malignancies such as glioma,
prostate, breast, lung, colon, and others), because the inability to kill non-proliferating tumor
cells represents a major obstacle to the current therapies, which primarily target the
proliferating component of solid tumors.

Because the intracellular target of F-Ade mediates a critical function essential to all cells
(protein and RNA synthesis), the PNP approach should be effective against any histotype of
cancer and, unlike many of the new “targeted” antineoplastic agents, should not be subject to
barriers encountered as part of “personalized” or “precision” cancer treatments. In other
words, the therapy is not dependent on any specific trait associated with tumor cell biology.
The seminal requirement is selective expression of £. co/iPNP in tumor tissue. F-Ade
should also be active against the putative tumor stem cell compartment, which is composed
of cells that spend a substantial amount of time in a quiescent state. Targeting of RNA and
protein synthesis for the treatment of cancer is only feasible in conjunction with a gene
delivery strategy, since there is no selectivity otherwise inherent in the cell killing action of
F-Ade; i.e., the specificity of this approach is due to the selective generation of F-Ade in a
tumor mass. Although the current clinical product (Ad/PNP) is limited to local disease that
can be injected with a needle, this approach would work well with any vector that can
selectively deliver genes to metastatic disease.

The mechanistic aspects associated with the generation of F-Ade by £. co/iPNP described
above are a major distinguishing characteristic with regard to the numerous other GDEPT
strategies (HSV-TK, E. coli CD, nitroreductase, APRT, cytochrome P40, others) that have
been evaluated previously. The attributes of £. co/i PNP described here indicate that £. coli
PNP is the preferred enzyme to use with GDEPT. Most, if not all, other GDEPT approaches
seek to activate compounds that are targeted to proliferating cells and therefore suffer from
the same problem as conventional cancer treatments. Although selective generation in tumor
tissue may reduce toxicity, these agents will still not be effective against the non-
proliferating component of a tumor mass. Moreover, many of the earlier approaches seek to

Curr Pharm Des. Author manuscript; available in PMC 2019 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Parker and Sorscher

Page 32

produce approved anticancer drugs (such as FUra) selectively in tumor cells. Although, this
seems like a reasonable strategy, such agents were designed to be effective after systemic
administration and are therefore much less potent than they could be, because the drugs were
optimized to be effective when administered systemically and toxicity limits their efficacious
use.

An important characteristic that distinguishes £. co/i PNP based GDEPT from all others is
the high /n vivo bystander activity. Because of the difficultly delivering and expressing genes
to tumors in patients, it is critical that any GDEPT strategy be effective against numerous
tumor cells that are near the transduced cells but do not express the transgene. To our
knowledge, no report has shown bystander killing with any other prodrug activation strategy
of the magnitude shown with £. coli PNP.

Another characteristic that distinguishes F-Ade is its potent cytotoxicity: F-Ade is 100 to
1000-fold more cytotoxic than FUra. It is possible that F-Ade could cause tumor regressions
in animals under conditions (equal expression of activating enzyme) where FUra would have
little effect. Given the difficulty of selectively delivering genes to tumor cells in an intact
animal, the potency of F-Ade can greatly augment GDEPT strategies when only small
amount of gene expression in the tumor is achieved. The high potency of F-Ade also
contributes to the high bystander activity of this approach, because only a small amount of
F-Ade needs to reach surrounding tumor cells that do not express £. coli PNP to be effective.

F-Ade is very effective /n vivofollowing a relatively short treatment period (48 hours),
which has particular importance in the context of GDEPT. Under circumstances when only a
small percentage of cells are transduced, it is important that the anti-cancer agent is
immediately toxic to the entire tumor (transduced and nontransduced cells). Otherwise, if
prolonged therapy is necessary to destroy the tumor (as with many current chemotherapies),
transduced cells would be eliminated prior to achieving a significant antitumor effect.
Furthermore, the duration of enzyme expression is often limited to only a few days.
Obviously, it is necessary to treat with prodrug when the activating enzyme is being
expressed.

A problem with GDEPT based on HSV-TK is that once the activated form of the drug leaves
the cells it is rapidly deactivated by ubiquitous phosphatases to the inactive prodrug.
Although this rapid inactivation makes for a very safe treatment with little toxicity, it
severely limits the ability of this strategy to kill tumor cells. This is not the case with F-Ade,
which is regenerated in the form of F-Ado or F-Ade from dying cells and is able to diffuse to
neighboring tumor cells.

In conclusion, results from numerous laboratories indicate that GDEPT strategies using E£.
colf PNP plus F-araAMP are an effective approach to the treatment of refractory solid
tumors. The approach realizes the promise of gene therapy for cancer: namely potent
antitumor activity with negligible toxicity. The use of £. co/iPNP with GDEPT allows for
safe production of novel antitumor drugs (such as F-Ade) in tumor cells that could not be
used as part of systemic therapy for cancer. It is our opinion that the attributes of F-Ade are
precisely those that are required to kill refractory tumor cells in patients (high potency, high
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diffusion rate, and activity against non-proliferating cells). Although impressive antitumor
activity has been observed with F-araAMP at nontoxic doses, this compound has known
toxicities that limit the amount of drug that can be administered to a patient, which
potentially limits the efficacy of this approach. Therefore, identification of less toxic
prodrugs that are activated by wild-type or mutant purine cleavage enzymes is an important
goal for the future, which could further enhance efficacy of this approach to cancer
treatment.
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Metabolism of F-araAMP in cell expressing £. coliPNP
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Figure 4.
Effect of F-araAMP and F-dAdo on tumors expressing high levels of £. co/i PNP

Mice bearing subcutaneous D54 xenografts expressing £. co/i PNP (126,000 nmoles/mg-hr)
were treated with intraperitoneal F-dAdo or F-araAMP at the doses shown five times daily
for 3 consecutive days beginning on Day 13. Six mice were treated per. Tumor size was
measured using calipers, and the median tumor weight was plotted.
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Figure 5.
Demonstration of dose dependence of F-araAMP antitumor activity and in vivo bystander

activity against D54 xenografts

Mice bearing subcutaneous D54 xenografts in which 10% of the cells express £. coli PNP
(14,000 nmoles/mg-hr) were treated with intraperitoneal F-araAMP at the doses shown five
times daily for 3 consecutive days beginning on Day 13. Six mice were treated per group.
Tumor size was measured using calipers, and the median tumor weight was plotted.
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Table 1
In vitroand In vivo toxicity of MeP-dR, F-dAdo, and F-araA

In vitro Invivo Total dose

1Csp (UM)  (maximally tolerated dose) (ma/kg)

MeP-dR >100 67 mg/kg (3 doses) 201
F-dAdo 0.1ltol 20 mg/kg (15 doses) 300
F-araA/F-araAMp* 11010 100 mg/kg (15 doses) 1,500

*
In vitro, F-araA; In vivo F-araAMP
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Table 2

Page 47

In vivo antitumor studies demonstrating efficacy of £. co/i PNP against numerous human tumor xenografts in

mice
Vector Prodrug Histotype Reference
Constitutively expressed ~ MeP-dR Pancreas 116, 117
Constitutively expressed ~ MeP-dR/F-dAdo/F-araAMP  Glioma 39
Constitutively expressed ~ MeP-dR/F-dAdo/F-araAMP  Glioma 14
Constitutively expressed ~ MeP-dR Glioma 69
Constitutively expressed ~ MeP-dR/F-dAdo/F-araAMP  Glioma 42
Constitutively expressed  5’-methyl(talo)-MeP-R Glioma 104
Adenovirus F-araAMP Hepatocellular 31
Adenovirus MeP-dR Prostate 45, 46
Adenovirus F-araAMP Prostate 47
Adenovirus F-araAMP Prostate 38
Adenovirus F-araAMP Glioma 41
Adenovirus F-araAMP Glioma/Prostate/Lung 43
Ovine Adenovirus F-araAMP Prostate 48-51
S. typhimurium MoP-dR/MeP-dR Mammory 257103
S. typhimurium MeP-dR Melanoma 118
S. typhimurium F-dAdo Unknown 119
Invasive E. coli MeP-dR Pancreas 120
Measles Virus F-araAMP Lymphoma 121
Measles Virus F-araAMP Pancreas 122
Measles Virus MeP-dR Colon 123
Measles Virus F-araAMP Lymphoma 124
Retrovirus F-araAMP Glioma 125
Retrovirus F-araAMP Bladder 126
Vaccinia MeP-dR Colon 19
Electrogene transfer MeP-dR/F-araAMP Pancreas 127
Foamy virus MeP-dR Glioma 128
Cationic liposomes MeP-dR Ovarian 129
Herpes Simplex Virus MeP-dR Glioma 40

*

MeP-dR was very active in tumors treated with the control vector that did not express £. co/i PNP activity. This could be explained by the fact that
S. typhimurium naturally express a PNP that cleaves MeP-dR. Others have shown that cleavage of purine analogs in bacterial cells is linked to the
transport of purine nucleosides into the cells [130]. Therefore, purine nucleosides are cleaved as they enter bacterial cells, and if PNP activity is
increased intracellularly this will not increase production of MeP. Our unpublished work agrees with the prior observations [130] that increased

expression of £. coliPNP in S. typhimurium does not result in enhanced cleavage of MeP-dR in S. typhimurium cell culture.
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Table 3

Ad/PNP plus F-araAMP phase | clinical trial

Cohort
1
2
3

Total Ad/PNP

3 x 101 VP (1 x 101 VP x 3 inj)
3 x 101 VP (1 x 10 VP x 3 inj)
3 x 101 VP (1 x 101 VP x 3 inj)
3x 1012 VP (1 x 1012 VP x 3 inj)

Total F-araAMP (regimen)

15 mg/m?2 (5 mg/m2 for 3 days V)
45 mg/m? (15 mg/m? for 3 days IV)
75 mg/m? (25 mg/m? for 3 days 1V)
75 mg/m? (25 mg/m2 for 3 days V)
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Table 6

Substrate activity of various MeP prodrugs with M64V PNP

Page 51

Compound

9-B-D-ribofuranosyl-6-methylpurine (MeP-R)
9-(2-deoxy-p-D-ribofuranosyl)-6-methylpurine (MeP-dR)
9-(a-L-lyxofuranosyl)-MeP

9-(5-deoxy-a-L-lyxofuranosyl)-MeP
9-(6-deoxy-p-D-allofuranosyl)-6-methylpurine
9-(6-deoxy-a-L-talofuranosyl)-6-methylpurine (5’-methyl (talo) MeP-R)
9-(2,6-dideoxy-p-D-talofuranosyl)-6-methylpurine
9-(5,5-dimethyl-p-D-ribofuranosyl)-6-methylpurine

F-dAdo

9-B-D-arabinofuranosyl-2-F-adenine (F-araA)
9-a-L-lyxofuranosyl-2-F-adenine
9-(6-deoxy-p-D-allofuranosyl)-2-F-adenine
9-(6-deoxy-p-D-talofuranosyl)-2-F-adenine (5’-methyl (talo) F-Ado)

wild-type

M64vV

nmoles/mg-hr

84,000
528,000
218

20

47
1,440
3,600
435,000
1,250
7,800
2,700
34,000

176,000
593,000
10,200
3,500

316
86,000
264,000
280
1,595,000
1,000
244,000
92,000
1,360,000

M64V/iwt

47
175

60
73
>280
4

1

31
34
40

Enzymes were incubated with 100 uM of each substrate and the rate of cleavage was determined by HPLC separation of the base form the
nucleoside. Each value is the average of at least two experiments that were in good agreement.
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Table 7

Summary of Ad/PNP characteristics

Excellent killing of neighboring tumor cells that do not express the enzyme (bystander cells)
Novel mechanism of tumor cell kill due to inhibition of RNA and protein synthesis
High potency of F-Ade

Active against all tumor cells tested to date. The approach, in principle, should be effective against any solid tumor depending on
the ability to selectively deliver £. coli PNP

Active against non-proliferating and proliferating tumors cells and effective against solid tumors with low growth fraction
refractory to conventional treatments

Potentially active against tumor stem cells, tumor stroma, and tumor vasculature

Substantial clinical experience with adenoviral vectors

Extensive clinical experience with F-araAMP

Safety of the approach has been demonstrated in preclinical and clinical studies

Preliminary evidence of efficacy in phase I clinical trial at doses that did not result in significant toxicity

Synergistic with radiation therapy

May augment immunologic clearance of malignant tissues

Unlike personalized cancer therapeutics, intended to work in a large percentage of cancer patients irrespective of driver mutations

Should not be subject to resistance strategies acquired by tumors treated with personalized molecular intervention
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