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Cancer chemotherapy encompasses a large number of
well-documented and clinically established methods
for the treatment of malignant diseases. However, the
efficacy of these approaches is often hampered by an
insufficient therapeutic index, lack of specificity, and
the emergence of drug-resistant cell subpopulations.
One approach aimed at enhancing the selectivity of
cancer chemotherapy for solid tumors relies on the
application of gene therapy technologies.

Gene therapies are techniques for modifying the cel-
lular genome for therapeutic benefit. In cancer gene
therapy, both malignant and nonmalignant cells may
be suitable targets. The possibility of rendering cancer
cells more sensitive to chemotherapeutics or toxins by
introducing “suicide genes” was suggested in the late
1980s. This approach has two alternatives: toxin gene
therapy, in which the genes for toxic products are trans-
fected directly into tumor cells; and enzyme-activating
prodrug therapy, in which the transgenes encode
enzymes that activate specific prodrugs to create toxic
products. The latter approach, known as gene-directed
enzyme prodrug therapy (GDEPT) (1, 2) or virus-direct-
ed enzyme prodrug therapy (VDEPT) (3), may be used
in isolation or combined with other strategies, such as
the biotherapies described elsewhere in this Perspective
series. VDEPT using selectively replicating viruses as
vectors represents a promising means to target suicide
genes specifically to tumor cells, an approach that is
only beginning to be explored (for examples, see Her-
miston, this Perspective series, ref. 4).

GDEPT and VDEPT are two-step treatments for
solid tumors (Figure 1). In the first step, the gene for
a foreign enzyme is delivered and targeted in a vari-
ety of ways to the tumor where it is to be expressed.
In the second step, a prodrug is administered that is
selectively activated to the drug by the foreign
enzyme expressed in the tumor. Ideally, the gene for
the enzyme should be expressed exclusively in the
tumor cells and should reach a concentration suffi-
cient to activate the prodrug for clinical benefit. The
catalytic activity of the expressed protein must be
adequate to activate the prodrug under physiologi-
cal conditions. Because expression of the foreign
enzymes will not occur in all cells of a targeted
tumor in vivo, a bystander effect (BE) is required,
whereby the prodrug is cleaved to an active drug that
kills not only the tumor cells in which it is formed,
but also neighboring tumor cells that do not express
the foreign enzyme (5).

The genes can be engineered to express their prod-
ucts either intracellularly or extracellularly in the
recipient cells (6). There are potential advantages to
each approach. When the enzyme is intracellularly
expressed, the prodrug must enter the cells for acti-
vation, and subsequently the active drug must dif-
fuse through the interstitium across the cell mem-
brane to elicit a BE. Cells in which the enzyme is
expressed (tethered to the outer surface) are able to
activate the prodrug extracellularly. A more sub-
stantial BE could therefore be generated with extra-
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Figure 1

GDEPT, a form of suicide gene therapy, aims to maximize the effect of a
toxic drug and minimize its systemic effects by generating the drug in situ
within the tumor. In the first step in this procedure, the gene for an exoge-

nous enzyme is delivered and expressed in the tumor cells. Subsequently,
a prodrug is administered that is converted to the active drug by the for-

eign enzyme expressed inside or on the surface of tumor cells.
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cellular gene product expression, but spread of the
active drug into the general circulation is a possible
disadvantage (1, 6).

Parameters that influence the success of GDEPT systems

Effective tumor destruction with GDEPT depends on
the design of the gene-therapy vectors, the chemistry of
the prodrugs and their toxic metabolites, and the
means to deliver one or both components specifically
to target cells. Vectors, the vehicles in which the trans-
genes reach the tumor cell, must be carefully tailored
to specific GDEPT systems. The specificity of targeting
to cancer cells and efficient transfection are essential
for effective GDEPT, as are the toxicity of the vector
and the uptake of prodrugs or drugs by normal and
malignant cells. GDEPT systems (7-10) require the
design of tailored prodrugs and the use of a foreign

Table 1
Quantitative data on GDEPT systems

No. Enzyme/ Potency, ICso Kwm (So.5) V max Potential of Degree of Clinical trial
prodrug system (M) (M) (nM/mg/min) activation® activation©
Prodrug Drug (fold) (fold)
1 CA/CPT-11 1.6-8.1 SN-38: 23-52.9 1.430 150-3,000 7-17 1
0.003-0.011
2 CD/5-FC 26,000 5-FU:4-23.5 17,900¢ 11.78G 100-8,000 70-1,000 2
800F 68F.G
3 CPG2/CMDA, CMDA: CMBA: 8-65; CMDA: CMDA: 583! CMDA: 26- CMDA: 10- None
CJS278H 1,700-3,125; 3.4 390; 115;
CJS278: Doxorubicin: Doxorubicin:  Doxorubicin:
0.256 0.012 21 11
4 Cyt-450/CP, IF, CP, IF J CP: 300; CP: 39.1; K 5-60 1
ipomeanol, 2-AA  [}4,000 IF: 480 IF:17.8 50-100-
5 dCK/ara-C 0.3-0.6 K 25.6 K K 2-100 None
6 HSV-TK/GCV, ACV GCV: GCVTPK GCV: 11-15.8 GCV: 1.3-2.2M K 20-1,000 > 21
200-600 ACV: 305-375 ACV: 0.3-0.4M
7 NR/CB1954 > 1,000 0.02N 900 6.0' > 50,000 14-10,000 None
8 PNP/6-MePdR > 200 3.7 14-230 422-6380°F 25-1,000 40 None
9 TP/5'-DFUR 17 5-FUdR: 325-433 0.17-2.28 7000 165 K
0.0023
10 VZV-TK/ara-M > 2,000 Ara-MTP 56 680R > 2,000 55-600 None
<1Q
11 XGPRT/6-TX,  6-TX> 50; K K K K 6-TX:>20;  None
6-TG 6-TG=0.5 6-TG: 10

enzyme — one whose activity is absent from the
patient’s tissues (or at least from the tissue to be treat-
ed), and that can convert the prodrug to the drugina
specific manner. Beneficial immune effects may be
induced either by stimulation of the host immune sys-
tem or by the use of additional cytokine gene therapy
(see article on immunomodulation by Agha-Moham-
madi and Lotze, this Perspective series, ref. 11). The effi-
ciency of the BE is another key determinant of the suc-
cess of these systems.

The enzymes proposed for GDEPT fall into two cate-
gories. The first comprises foreign enzymes of non-
mammalian origin, with or without human homo-
logues. Examples are viral tyrosine kinase (TK), bacterial
cytosine deaminase (CD), carboxypeptidase G2 (CPG2),
purine nucleoside phosphorylase (PNP), and nitrore-
ductase (NR). The second category consists of enzymes

Abbreviations: 2-AA, 2-aminoanthracene; ACV, acyclovir; ara-C, cytosine arabinoside; ara-M, 6-methoxypurine arabinonucleoside; CA, carboxylesterase; CB1954, 5-aziridinyl-
2,4-dinitrobenzamide; CD, cytosine deaminase; CMBA, (2-chloroethyl)(2-mesyloxyethyl)aminobenzoic acid; CMDA, (2-chloroethyl)(2-mesyloxyethyl)aminobenzoyl-L-glu-
tamic acid; CP, cyclophosphamide; CPG2, carboxypeptidase G2; CPT-11, irinotecan; cyt-450, cytochrome P450; dCK, deoxycytidine kinase; 5-FC, 5-fluorocytosine; 5'-
DFUR, 5'-deoxy-5-fluorouridine; 5-FUdR, 5-fluorodeoxyuridine; 5-FU, 5-fluorouracil; GCV, ganciclovir; GCVTP, ganciclovir triphosphate; HSV-TK, herpes simplex virus
thymidine kinase; IF, ifosfamide; 6-MeP, 6-methylpurine; 6-MePdR, 6-methylpurine-2'-deoxyribonucleoside; NR, nitroreductase; PNP, purine nucleoside phosphorylase;
SN-38, 7-ethyl-10-hydroxy-camptothecin; 6-TG, 6-thioguanine; TP, thymidine phosphorylase; 6-TX, 6-thioxanthine; VZV-TK, varicella zoster virus thymidine kinase; XGPRT,
xanthine-guanine phosphoribosyl transferase. AIn alphabetical order. BRatio of ICso prodrug/ICso drug in wild-type cell line; Cratio of ICso prodrug in wild-type cell line/ICso
prodrug in transfected (infected) cell line; °Ppmol/mg/min; Ebacterial origin; Fyeast origin; SUM/min/ug; "N-[4-(L-glutamylcarbonylamino)benzyloxycarbonyl]doxorubicin;
's”1;Jnot determined in the same system; Kno data were obtainable; “if cytochrome P450 is coexpressed with P450 reductase; Mpmol/mg/min; Nfor 5-(aziridine-1-yl)-2-nitro-
4-hydroxylamino-benzamide in V79 cells; ©for inosine, adenine, and guanine nucleosides; PUM/min/mg; Qinferred from in vitro experiment; Rrelative maximal velocity.
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of human origin that are absent or are expressed only at
low concentrations in tumor cells, such as deoxycytidine
kinase (dCK) and cytochrome P450. The human homo-
logues of enzymes in the first category have different
substrate structural requirements than the foreign
enzymes have. Their main disadvantage as therapeutic
agents may be the potential to elicit an immune response
in humans, although this may actually provide benefits
to therapy. Enzymes of the second category are unlikely
to induce immune responses, but their use will in most
cases lead to some prodrug activation in normal cells.

The second step is administration of the prodrug.
GDEPT’s advantages over conventional prodrug ther-
apy (its greater selectivity and higher drug concentra-
tions) arise from the fact that the drug is generated in
situ in the target tumor. Prodrugs for GDEPT must be
considerably less cytotoxic than their corresponding
active drugs, and must be suitable substrates for the
activating enzyme under physiological conditions. In
addition, they should be chemically stable under phys-
iological conditions and diffuse readily in the tumor
interstitium. They should also have good pharmaco-
logical and pharmacokinetic properties, and release an
active drug with a good BE. Prodrugs must also be tai-
lored to their site of activation: if activation occurs
intracellularly, they must be able to cross the tumor cell
membrane; whereas if the enzyme is expressed on the
surface of cells, there is no such requirement, but the
active drug must be able to cross the cell membrane.

The cytotoxicity differential between the prodrug and
its corresponding drug should be as high as possible,
and the active drug should be highly diffusible or be
actively taken up or exported by cells. The design of a
prodrug that can release a highly effective drug requires
knowledge of the quantitative structure-activity rela-
tionship (QSAR). For this reason, and in order to obtain
proof of principle for GDEPT, most of the prodrugs
used in suicide gene therapy to date have been clinical-
ly licensed anticancer agents with known pharmaco-
logical, pharmacokinetic, dosage, and safety parameters.
However, it is likely that the next generation of prodrugs
will be specially tailored for GDEPT. One possibility is
the use of “self-immolative” prodrugs.

A self-immolative prodrug can be defined as a com-
pound that generates an unstable intermediate that
then extrudes the active drug in subsequent steps.
Although the activation process that generates the
unstable species is generally enzyme-mediated, extru-
sion occurs spontaneously through the fragmenta-
tion of the prodrug, often at a distinct site. Self-
immolative prodrugs allow their lipophilicity to be
altered with minimal effect on the activation kinetics.
Indeed, kinetics of activation that are unfavorable due
to the chemical or steric features of the active drug
can be improved by this approach. The range of drugs
that can be converted to prodrugs is greatly extended,
and is unrestricted by the structural substrate require-
ments for a given enzyme. Figure 2 shows one self-
immolative prodrug activation reaction, the activa-
tion of the doxorubicin prodrug by the enzyme CPG2
(12, 13), followed by the spontaneous extrusion of the
DNA-damaging agent doxorubicin.

Table 1 summarizes pharmacokinetic data on 11
enzyme/prodrug pairs that have been designed for
use in GDEPT systems. With the exception of
cyclophosphamide, ifosfamide, and some prodrugs
designed for CPG2 and NR, none of the prodrugs
shown are self immolative. Self-immolative prodrugs
derived from alkylating agents and anthracyclines
have been synthesized for activation by CPG2 (12,
13), and self-immolative derivatives from secocyclo-
propylindolines and ene-diyne prodrugs have been
synthesized for use with NR (7).

Also shown in Table 1 are two parameters that are
useful in comparing the different GDEPT systems: the
potential of activation of a given system and its degree
of activation. The first parameter is defined as the ratio
of ICs¢’s of the prodrug and of the active drug in a non-
transfected control tumor cell line. It represents the
maximum possible efficiency of a given enzyme/pro-
drug system toward that cell line. The degree of activa-

Z=NH,0

CPG2

+ Glutamic acid

3

+ CO,

Figure 2

Self immolation of prodrug1 to yield the chemotherapeutic drug dox-
orubicin. The doxorubicin prodrug (1) is cleaved by carboxypeptidase G2
(CPG2), releasing the glutamic acid (3) and an unstable intermediate (2).
The latter undergoes a spontaneous 1,6 elimination, extruding doxoru-
bicin (4), a quinone imine (5), and carbon dioxide. This scheme can be
readily modified to allow the production of structurally similar drugs,

such as daunorubicin.
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tion is defined as the ratio of the ICs of the prodrugin
the nontransfected cell line to the ICsg of the prodrug
in the transfected or infected derivative of the cell line
that expresses the activating enzyme. Both the poten-
tial for activation and the degree of activation depend
on the cell line’s sensitivity to the drug, but the degree
of activation also reflects the efficiency of the prodrug
system in the context of that cell line; if the enzyme in
the transfected line is sufficient to convert the prodrug
immediately and quantitatively to the active form of
the drug, the degree of activation is identical to the
potential of activation for that GDEPT system.

Improving activation kinetics

The concentration of the drug and the rate at which
it is released at the activation site depend on the kinet-
ic parameters of the enzyme/prodrug system. Unfor-
tunately, the published V. and K, values — which
measure the maximum velocity of the activation reac-
tion and the concentration of substrate needed to
reach half this maximum velocity — are not sufficient
to allow enzyme/prodrug systems to be compared. As
a rule, however, low Ky, and high Vi (0f kear) would
be expected to be found in relatively effective systems,
and the comparison of the yeast CD with bacterial CD
bears out this prediction. As shown in Table 1, the
yeast enzyme, which proved to be more effective than
its bacterial counterpart in a GDEPT experiment,
exhibits lower K., and higher Vi, values (14). Howev-
er, the literature does not supply consistent values for
the Viyax of these enzymes, because V. has been
determined under very different experimental condi-
tions for the various systems and is expressed in dif-
ferent ways, making direct comparisons impossible.
Despite these caveats, it appears from the data in
Table 1 that prodrugs such as CMDA (a substrate of
CPG2), GCV (a substrate of HSV-TK), and CPT-11 (a
substrate of CA) are superior to 5-FC (a substrate of
CD) or 5'-FDUR (a substrate of TP), because the lat-
ter two have high K,, and low V. values. The
turnover number, ke, provides additional informa-
tion about the reaction rate, but the implications of
this measure for tumor cell killing is unclear, because
itis not yet known if sudden release of the active drug
is more effective than slow, constant release, or if qui-
escent and proliferating cells differ in their sensitivi-
ty to drugs released at different rates.

New techniques that are available to increase the effi-
cacy of enzymes to activate prodrugs for GDEPT were
recently reviewed (9). Some of these approaches build
on crystallographic descriptions of the active site of
the enzyme involved in the enzyme/prodrug system,
which should permit the molecular modeling, and
eventually the rational synthesis, of substrates that are
well-suited for a GDEPT system. An alternative is to
modify the active site of the enzyme by site-directed
mutagenesis in order to increase its catalytic efficien-
cy toward an existing substrate. Black et al. (15)
applied these techniques to obtain mutants of HSV-
TK with improved kinetic parameters for the prodrugs
GCV and ACV. Similarly, Smith and colleagues (16)
performed site-directed mutagenesis on carboxypepti-

dase A to improve the efficiency of this enzyme toward
specific substrates that, by design, are less prone to
interfere with other human peptidases (16).

Prodrugs may also be activated by a metabolic cascade
involving the sequential action of several enzymes, for
example the activation of GCV to GCV triphosphate
(GCVTP) by three different kinases (HSV-TK, guanylate
kinase, and nucleoside diphosphate kinase), acting in
series. This approach requires the cotransfection of
genes for each of the enzymes, but is expected to increase
the overall yield of the desired final metabolite, the active
drug. In the case of GCV, Blanche et al. recently claimed
that the simultaneous transfection of these three genes
allows cells to convert more than 90% of the prodrug to
GCVTP (17). Likewise, the cotransfection of the genes
for cytochrome P450 and P450 reductase significantly
increases the conversion of CP to it toxic metabolites,
and therefore improves the overall efficiency of the
cytochrome P450/CP GDEPT system (18) (see Table 1).

Interpreting potential of activation
and degree of activation

As discussed above, the potential of activation of a
GDEPT system reflects its maximal theoretical effi-
ciency, at least toward a specific cell type. Unfortunate-
ly, not all the systems can be defined in this way,
because multiple products may be released, and the
toxicity of each of these metabolites may not be avail-
able. Thus, although GCV is relatively nontoxic, its
monophosphorylated derivative, GVCMP, is highly
cytotoxic (19), so the potential of activation of this sys-
tem cannot be calculated accurately from the known
ICs of the triphosphorylated derivative, GCVTP. Like-
wise, for CP activated by cytochrome P450, a maximum
differential of 20- to 25-fold is theoretically achievable
based on the ICso values of CP and its corresponding
phosphoramide mustard. However, the degree of acti-
vation obtained was found to be 100-fold (20), which
suggests that the CP phosphoramide mustard is not
the final active metabolite.

The optimal approach to improving the activation
potential of a system is to design prodrugs with lower
cytotoxicity, but the complementary strategies of
increasing the cytotoxicity or improving the efficiency
of release of the drug are also helpful. Some highly cyto-
toxic compounds (with ICsq in the nM range) such as
ene-diynes, cyclopropylindolines, and taxoids are now
available, but generally their structures are complicated
and efficient ways are needed to convert them to low-
cytotoxicity prodrugs. Designing self-immolative ana-
logues of these prodrugs could be a way to move for-
ward, as could modifications that improve the uptake
of the prodrug by enzymatic modifications (21) or alter
the lipophilicity of the prodrug (22). The latter capabil-
ity is especially useful for tailoring the prodrug for use
with an extracellular or intracellular activating enzyme.

The degree of activation, which reflects the efficiency
of the system, is another parameter useful for charac-
terizing a GDEPT system. By definition, it must be
lower than or at least equal to the potential of activation
for the system, as is seen for all the systems analyzed in
Table 1. The interpretation of both of these parameters
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is complex. Their values offer some insight into the in
vitro situation, where a single cell type, transfected with
a gene for an activating enzyme, is challenged with the
prodrug or its toxic metabolites either before or after
transfection. For several reasons, these values may not
accurately reflect the situation in vivo. Additional fac-
tors, such as pharmacokinetics, prodrug distribution,
and immune responses complicate the overall picture.
Moreover, obtained ICsy values may vary for different
cell types, and not all cells in a tumor may be accurately
modeled by the cell line chosen for in vitro study.
Despite these concerns, these parameters provide a
rational basis for comparing different GDEPT systems
and should also be helpful in designing new systems.

Increasing the BE

The extent of the BE can be determined from the effect
of the treatment on non-genetically modified cells that
takes place after prodrug administration, when only a
fraction of the tumor mass is genetically modified to
express an activating enzyme (5, 8). The striking suc-
cesses described in GDEPT would surely not be possi-
ble in the absence of such an effect. As described, some
models require only 1-2% of cells to be genetically mod-
ified to obtain therapeutically significant results.
Toxic metabolites are formed after prodrug activa-
tion and may be released from dead and dying geneti-
cally modified cells. This mechanism is postulated for
5-FU formed from 5-FC; for the metabolites of CP and
IP, aldophosphamide, phosphoramidic mustards, and
acrolein; for benzoic acid mustard released from
CMDA; and for 6-MeP, formed from the corresponding
deoxynucleoside. Supporting this model for the BE is
the observation that cell-to-cell contact is not required
for the killing of untransfected cells by these agents,
either in vitro or in vivo. In vitro, 30% of cells express-
ing CD sulffices for the eradication of a whole cell pop-
ulation by 5-FC. This BE is dramatically greater in vivo,
even with immunocompromised mice: 2% CD* tumor
cells can yield 100% tumor regression in athymic mice;
with 4% CD* cells, 66% of animals are cured of their
xenografts. When similar experiments are performed in
immunocompetent animals, the results are better still.
For purine or pyrimidine nucleosides, the toxic
metabolites are not diffusible across cell membranes, so
the HSV-TK/GCV system apparently requires cell-to-cell
contact, specifically gap junction formation (23), to dis-
play a BE. Consistent with this model, one report
showed that tumor cells resistant to BE did not show
dye transfer from cell to cell, whereas BE-sensitive
tumor cells did. Furthermore, dieldrin, a drug known to
decrease gap junction communications, diminished the
dye transfer and also inhibited the BE, leading to the
suggestion that the BE of this system could be enhanced
by pharmacological manipulation of the gap junctions
in vivo. Apigenin, a flavonoid, and lovastatin, an
inhibitor of HMG-CoA reductase, both upregulate gap
junction function and dye transfer in tumors express-
ing gap junctions. Touraine et al. (24) studied the con-
trol of tumors grown from a mixture of 10% HSV-TK*
adenocarcinoma cells and 90% TK- cells using GCV. In
the absence of lovastatin or apigenin, 30% of animals

treated become tumor-free, but when tumor-bearing
mice were administered lovastatin or apigenin during
GCV treatment, their antitumor response rate doubled.

Although these results are consistent with the hypoth-
esis that gap junctions mediate the BE after GCV treat-
ment, other data suggest that additional mechanisms
are involved. In one study of human lung tumor cell
lines of different origins, significant cell killing occurred
when only 10% of cells expressed HSV-TK. In this sys-
tem, gap junction communication was not apparent
from measuring the rapid intercellular transport of
Lucifer Yellow, which detects “rapid-transfer” gap junc-
tional communications, although it could be seen by
the slow transfer of a different dye, calcein-AM, which
measures the “slow-transfer” gap junctions. However,
neither an inhibitor (1-octanol) nor an enhancer (all-
trans retinoic acid) of gap junction communication
affected the extent of the BE, suggesting either that low
levels of gap junctions can produce a maximal BE or
that bystander cell killing occurs by other means (25).
Boucher et al. compared the efficacy of the HSV-
TK/GCV system in two human carcinoma cell lines
after exposure to GCV and found that the BE depended
on the concentration of the enzyme, the number of cells
expressing HSV-TK, and the overall confluence of the
cells, but not on the activity of functional gap junctions,
as assessed by the Lucifer Yellow assay (26).

Another suggestion is that the TK enzyme is trans-
ported by apoptotic vesicles or through gap junctions.
Phagocytosis of material (e.g., hydrolases or other lytic
enzymes) from dying TK* cells by bystander cells has
also been suggested as a mechanism for the BE. Apop-
tosis was detected in bystander cells and it was found
that this event could be inhibited by BCL2 expression.
However, during the apoptosis induction period in
bystander cells cocultured with HSV-TK-expressing
cells, no phagocytosis was observed. It has also been
suggested that killing of tumor cells by apoptosis could
heighten the immune response to wild-type tumor cells
by a priming effect.

A quantitative expression of the BE was recently pro-
posed using the NR/CB1954 system in a range of
human tumor-cell types. The ICsy’s of non-NR-express-
ing cells were measured in the presence of varying pro-
portions of NR-expressing cells. The shift in ICsy was
used to calculate a value for the BE, termed the trans-
mission efficiency (TE), which is the decrease in ICsg
caused by the BE, expressed as a percentage of the max-
imum measured decrease. The percentage of NR-
expressing cells for which the TE was 50% (TEso) is a
single data point for the BE. The TEsin the cell lines
ranged from 0.3% to approximately 2% (27).

There were early suggestions that the immune
response improves the efficacy of GDEPT. Although
the BE has been observed in immunocompromised
animals, recent findings suggest that the BE in vivo is
mediated largely through the release of cytokines.
Ramesh et al. (28) report that GCV treatment of carci-
nomas that contained a mixture of HSV-TK* cells
resulted in almost total tumor ablation in immuno-
competent mice, but not in athymic animals of the
same strain. In a similar experiment, when HSV-TK was
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transfected into cells grown as xenografts, the tumor
growth was inhibited for up to 50 days in GCV-treat-
ed, immunocompromised nude mice, but failed to
eliminate all the tumor cells in these animals, and
tumors regrew 40-50 days after implantation. By con-
trast, immunocompetent BALB/c mice developed
long-lasting immunity in response to HSV-TK trans-
duction followed by GCV treatment (29). Taken
together, these studies strongly suggest that an intact
immune system is important for long-term tumor
suppression with TK in vivo.

IL-2 appears to be critical for immune-mediated
tumor suppression in this system. In one experiment,
cells grown as xenografts in syngeneic mice were
injected with an adenoviral vector containing the HSV
TK gene, the IL2 gene, or both, followed by treatment
with GCV (30). Whereas the tumors continued to
grow in the animals injected with a control vector or
the vector carrying IL2, those treated with HSV TK,
with or without coadministration of IL2, exhibited
tumor necrosis and regression. However, only animals
treated with both genes developed effective systemic
antitumoral immunity against tumorigenic rechal-
lenges. The antitumoral immunity was associated
with the presence of tumor-specific cytolytic CD8" T
lymphocytes. A third vector containing the mouse
GMCSF gene enhanced and prolonged this antitu-
moral immunity, allowing animals treated with all
three genes to survive for longer than four months
without recurrence. These and similar findings (30)
establish the synergism between suicide gene and
cytokine gene therapies.

Future perspectives

Some hurdles must be overcome before GDEPT will
become a clinically efficient treatment of cancers. Major
improvements are needed in vector design to enhance
targeting and delivery of suicide genes. Multiple options
are available, including nonviral vectors, more complex
systems involving coexpression of suicide genes with
immunological or tumor-suppressor genes, and selec-
tively replicating viruses. Double suicide gene therapy,
in which a combination of suicide genes is introduced
simultaneously, shows promise in vitro and in vivo. The
released active drugs in such an approach can act by dif-
ferent mechanisms, leading to a synergistic effect on
tumor cells or an enhanced BE, particularly if cell-per-
meant and cell-impermeant active metabolites can be
released together. Additionally, the occurrence of resist-
ant populations is less likely for drugs with different
mechanisms of action. Uckert et al. (31) have shown for
human carcinoma cell lines grown in vivo that double
suicide gene therapy (involving HSV-TK and CD)
allowed the elimination of tumors, but neither gene
applied individually gave this result.

Thus, GDEPT systems have already shown efficacy
in vivo. Future developments in this technology
should use mutagenesis to obtain more efficient acti-
vation of a given prodrug, or to adapt the active site
so that it binds better to prodrugs that are not sub-
strates for endogenous enzymes. The prodrugs, too,
should be redesigned to create better substrates for

the enzymes, to maximize drug release or the BE, to
take advantage of self-immolative strategies of acti-
vation, or to allow the active drug to accumulate more
readily in tumor cells. Finally, it will also be useful to
investigate the ways in which different prodrug sys-
tems synergize with each other or with other cancer
treatments. The combination of GDEPT with radio-
therapy or immunotherapy has previously been sug-
gested. Such approaches may involve a sequential
treatment schedule (GDEPT/radiation therapy or
GDEPT/immunotherapy). The transfection of suicide
genes together with genes that are able to increase the
sensitivity of the tumors to radiation or enhance the
potential of the host immune system is an alternative
strategy. Other combination therapies are possible,
such as applying GDEPT in conjunction with repli-
cating oncolytic adenoviruses, such as ONYX-015
(32; see also Heise and Kirn, this Perspective series, ref.
33) or ONYX-838, or the use of such viruses as carri-
ers for the suicide genes (see Hermiston, this Perspec-
tive series, ref. 4). The combination of these replicat-
ing adenoviruses with conventional chemotherapy
has proven highly effective, and replacing the
chemotherapeutic arm in the ONYX-015 study with
GDEPT might well provide additional benefits.
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