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A recombinant retrovirus encoding E. coil nitroreductase (NTR) was used to infect mammalian cells. NIH3T3 
cells expressing NTR were killed by the prodrug CB1954, which NTR converts to a bifunctional alkylating agent. 
Admixed, unmodified NIH3T3 cells could also be killed. In contrast to the Herpes simplex virus (HSV) thymidine 
kinase (TK)/ganciclovir(GCV) enzyme/prodrug system, NTRCB1954 cell hilling was effective in non-cycling 
cells. Co-operative hilling was observed when cells expressing both NTR and TK were treated with a combination 
of CB1954 and GCV. NTR expression in human melanoma, ovarian carcinoma or mesothelioma cells also 
rendered them sensitive to CB1954 killing. These data suggest that delivery of the NTR gene to human tumours, 
followed by treatment with CB1954, may provide a novel tumour gene therapy approach. 
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INTRODUCTION 
THE SELECTIVE killing of tumour cells can be achieved by gene- 
directed enzyme prodrug therapy, or GDEPT. In this, tumour 
cells become susceptible to the toxic metabolite of a prodrug by 
virtue of delivery and expression of a gene encoding an enzyme 
for which the prodrug is a specific substrate. The most well 
known example of GDEPT is the Herpes Simplex virus type 1 
thymidine kinase gene (TQganciclovir (GCV) system [ 11. The 
viral enzyme converts GCV, which is not toxic to unmodified 
cells because of the relatively low specificity of human thymidine 
kinase for GCV, to a number of toxic metabolites of which 
GCV triphosphate is thought to be the most active [2]. GCV 
triphosphate inhibits DNA polymerase; thus GCV is only toxic 
to cells in S-phase. Delivery of TK to animal tumours in viva has 
been achieved using retroviruses [E-5], adenoviruses [6] and 
naked DNA[7]. Retroviral vectors are being used to deliver TK 
to intracranial and leptomeningeal tumours in the first human 
GDEPT trials [8,9]. Another GDEPT system which has been 
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described is also based on the production of a toxic nucleotide 
analogue. This involves delivery of the cytosine deaminase gene 
which converts S-fluorocytosine to the toxic %fluorouracil[4]. 

CB1954, S-aziridinyl-2,4dinitrobenzamide, is a tumour 
inhibitory nitrophenylaziridine, synthesised at the Chester 
Beatty laboratories [lo]. It was found to be highly potent against 
the Walker rat carcinosarcoma line WS, but comparatively 
inactive against the US Walker rat and several other cell lines 
[ll]. On the basis of its efficacy in WS cells, a phase I trial of 
CB1954 was performed at the Royal Marsden Hospital in 
the early 1970s on 30 patients. Although no responses were 
documented, no clinical toxicity, aside from mild diarrhoea, was 
recorded. The basis for the selective action of CB1954 against 
some tumours was found to be the activity of an NAD(P)H 
dehydrogenase, expressed in those tumours and WS cells, on 
CB1954, converting this compound into a potent DNA cross 
linking agent [12]. This enzyme, known as DT-diaphorase 
(DTD) (EC 1.6.99.2), catalyses the reduction of CB1954, in the 
presence of NADH or NAD(P)H, to S-aziridinyl-4-hydroxylam- 
ino-2nitrobenzamide [ 131 which can become a species capable 
of DNA interstrand cross linking [14]. Human DTD is much 
less able to reduce CB1954 than the Walker rat DTD [ 151. 

2362 



Nitroreductase Expression Confers Selective Sensitivity to CB1954 2363 

An E. coli nitroreductase enzyme (NTR) was recently isolated 
[16] and shown to have a greater ability to activate CB1954 than 
both rat and human DTD, because of its ability to reduce either 
(but not both) the 2- and 4- nitro-groups of CB1954 to the 
corresponding hydroxylamino species as well as having a higher 
k,,, for CB1954 than DTD [ 131. This greater activity was 
associated with increased in vitro cytotoxicity when recombinant 
NTR protein was added to mammalian cells in the presence of 
CB1954 [ 131. We therefore used a recombinant retrovirus to 
deliver the E. coli n.nB gene [17], which encodes NTR, to 
murine and human cells, and have demonstrated that CB1954 is 
selectively cytotoxic to NTR-expressing cells. This provides a 
new GDEPT system, the advantages of which are discussed. 

MATERIALS AND METHODS 
Materials 

The plasmid pMFG-S was obtained from Somatix Therapy 
Corporation (Alameda, California, U.S.A.). A 760bp BamH11 
Ncol fragment of the E. coli B nfnB gene encoding NTR from 
the plasmid pPM26 (17) was cloned into the BamHl site of 
pMFG-S- with a 33 bp oligonucleotide containing a consensus 
Kozak sequence (181 and aMYC tag sequence [19] at the 5’ end, 
to give the plasmid pMFG-S.NTR (Figure la). A 2.8 KbBglIII 
BamHI fragment containing the Herpes Simplex virus type 1 
thymidine kinase cDNA was obtained from Dr Elaine Dzierzak 
(National Institute for Medical Research, London, U.K.). This 
was cloned into the BamHl site of pMFG-S to give the plasmid 
pMFG-S.TK. 

GCV was obtained from Syntex (Palo Alto, California, U.S.A.) 
and dissolved in water to give a stock solution of 0.1 M. CB1954 
[lo] was freshly prepared in DMSO to give a solution of 20 mg/ 
ml. All other materials were obtained from Sigma, U.K., unless 
specified otherwise. 

Cell lines 
The retroviral packaging cell line, GP+envAM12 [20], was 

obtained from Professor A. Bank (Columbia University, New 
York, U.S.A.). The producer cell line GP+envAMlZ-MFG- 
S.NTR2/7 was produced by cotransfecting the plasmid MFG- 
S.NTR with the plasmid pSV2Neo [21] and selecting G418- 
resistant clones. High titre clones (approximately IO6 colony 
forming units per ml of viral supernatant) of producer cells were 
selected by Southern and Western blotting (described below). 
Similarly, the producer cell line GP+envAM12-MFG-S.TKZ/ 
23 was produced by cotransfecting the plasmid MFG-S.TK with 
pSV2Neo and selection in G418. The NIH OVCAR-3 cell line 
[22] was obtained from Dr S. Eccles (Institute of Cancer 
Research, Sutton, U.K.). The melanoma cell line MEL24 was 
established from a biopsy as previously described [23]. The 
human mesothelioma cell line H-Meso-l was obtained from Dr 
V.A. Reso (Boston Biomedical Research Institute, Boston) [24]. 
Murine cells were grown in Dulbecco’s modified Eagle’s medium 
(DMEM) with 10% newborn calf serum (Gibco); melanoma cells 
and mesothelioma cells were grown in DMEM with 10% fetal 
calf serum; and ovarian cells in DMEM with 10% fetal calf 
serum, insulin (10 p,g/ml) and hydrocortisone (0.5 t.@nl). 

For retroviral infection, supernatant (0.45 pm filtered) from 
GP+envVAMlZ-MFG-S.NTR or TK cells, diluted with an 
equal volume of target cell medium, was added to subconfluent 
cultures of target cells (3T3, H-Meso-1, OVCAR-3 or MEL24) 
in the presence of DEAE dextran (Pharmacia) at 0.5 t.~g/ml for 
4 h. Cells were washed and replaced in culture medium. For 
serial transduction, this procedure was repeated daily whilst 

cells were in log phase of growth. Clones of transduced cells were 
obtained by dilution and subsequent selection using cytotoxicity 
and Southern blot. Growth rates of cells expressing TK, NTR 
or TK and NTR were not different from unmodified cells. 

Southern hybridsution analysis 
Sac1 digested genomic DNA (5 Kg) from lo6 cells was electro- 

phoresed on a 0.9% agarose gel and transferred to a Gene Screen 
Plus Nylon filter. This was hybridised with a 32P-oligo labelled 
760 bp NTR cDNA fragment overnight at 42°C with formam- 
ide. The blot was washed for 1 h at 65 “C in 2 x SSC (0.03 M 
sodium citrate, 0.3 M sodium chloride), 1% sodium dodecyl 
sulphate (SDS) and then 30 min at room temperature in 0.1% 
SSC as previously described [25]. 

Western blotting 
lo5 cells were lysed in sample buffer (62 mM Tris-HCI, 

6% SDS, 22.5% glycerol, 15% B-mercaptcethanol and 0.6% 
bromophenol blue pH 6.8), boiled and sonicated, prior to 
being electrophoresed on a 12.5% SDS-polyacrylamide gel. The 
primary antibody was the 9ElO monoclonal antibody (MAb) 
([19], Dr G. Evan, Imperial Cancer Research Fund, London, 
U.K.) which was detected by anti-mouse horseradish peroxidase 
(Dako) as previously described [26]. The ECL process 
(Amersham, Bucks, U.K.) was used to develop transferred 
nitrocellulose blots. 

Nitroreductuse enzyme assay 
This followed a method similar to that of Anlezark and 

associates [ 161. 5 x 10’ cells were washed in phosphate buffered 
saline (PBS) and lysed in 20 mM Tris (pH 8.0), 5 mM MgClr, 
10 mM EGTA, 1% Triton-X-100, 0.5% sodium deoxycholate 
and 20 pg/ml leupeptin and aprotinin, to give a tinal protein 
concentration of approximately 1 mg/ml. The reaction mix 
contained O-10 p.M menandione, 70 PM cytochrome C and 
0.5 mM NADH in 20 mM Tris (pH 8.0). w p,g cell extract 
were added and the change in optical density (at 550) was 
measured in a Beckman DU 640 spectrophotometer over 1 min. 
K,,, values were calculated using Eadie-Hofstee plots (rc0.995) 
and specific activity using 10 ~J,M menandione. 

Cytotoxicity assays 
lo5 cells were plated on to a 24-well plate and allowed 

to adhere overnight. 1 ml of medium containing CB1954 at 
concentrations between 10m4M and 10-9M was incubated with 
cells for 24 h prior to assay. 1 ml of medium containing GCV at 
concentrations between 10m3 and lO@M was incubated with 
cells for 72 h and changed daily. For growout experiments, 10’ 
cells were plated on to a 140 mm plate and treated as above. 
Media were changed daily whilst containing prodrug and every 
l-3 days subsequently. 

[3H] Thymidine (79 CilrnMol) was obtained from Amersham 
(Bucks, U.K.). lo5 murine cells were pulsed for 2 h and lo5 
human cells overnight at 1 pC/ml in 24-well plates. Cells were 
fixed in 5% trichloroacetic acid, lysed in 1 ml 1% SDS with 0.1% 
M NaOH, then mixed with scintillant (Packard, Downers 
Grove, U.S.A.) prior to counting. Thymidine uptake assays 
were performed in duplicate and averaged; experiments were 
repeated at least on three occasions. Counts did not vary between 
triplicate sample by more than 12%. Uptake was expressed as a 
percentage of maximal uptake at lowest drug concentration. 

For counting, cells from each well were trypsinised in 100 ml 
trypsin versene and counted in a haemocytometer. Counts were 
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Figure 1. Expression of bacterial nitroreductase in NIH3T3 cells. (a) MFG-S-.NTR integrated provirus. The Kozak/Myc NTR insert is 
793 bp inserted between the Ncol and IhunHl sites of MFG-S-. Southern hybridisation of recombinant retrovims infected, Sac1 digested, 
cellular DNA with an NTR probe would be predicted to detect a 2.8 kb fragment. (b) Southern hybridisation analysis of infected NIH3T3 
cells. Lanes 14: Sac1 digested genomic DNA from NIH3T3 ceU populations (2 x 106 cells) infected with viral supematant from 
GP+envAMlZ-MFG-S.NTR producer clones 2/3,2/4, t/S and 2/7; respectively. Lane 5: Sac1 digested genomic DNA from GP+envAMlZ- 
MFG-S.NTR2/7 cells. Lane 6: Sac1 digested genomic DNA from NIH3T3 cells. Lane 7: 100 pg and lane 8: 10 pg Sad digested pMFG- 
S.NTR hybridised with an NTR probe as described in Materials and Methods. (c) Detection of MYC epitope-tagged NTR protein. Lanes 
1-t: Lysate of NIH3T3 cells from populations infected with viral supematant from GP+envAMlZ-MFG-S.NTR producer clones 2/3,2/4, 
2/S and 2/7, respectively. The populations of NIH3T3s from lanes 1,2 and 4 were subsequently found to be preferentially killed by CB1954. 
Lane 5: Lysate of GP+envAM12-MFG-S.NTR2/7. Lane 6: Lysate of NIH3T3 cells. Samples were electrophoresed and probed with an anti- 
myc epitope antibody as described in Materials and Methods. (d) Non-specific reductase assay. Lysates of NIH3T3, GP+envAMlZ-MFG- 
S.NTR2/7 bulk infected NIH3T3 ceU population (3T3-NTRBULK) and a ceU clone isolated from this population (3T3-NTR3/10), at the 
protein concentation shown, were assayed for reduction of cytochrome C using menandione as an enxyme substrate, as described in Materials 

and Methods. 

performed in duplicate and the variation between duplicates was 
not greater than 10%. Data were expressed as a percentage of 
maximum cell count at lowest drug concentration. 

MTT [27] and sulphorhodamine (SRB [28]) assays were 
performed as previously described. Cells were plated in triplicate 
into each well of a flat bottomed 96-well plate, then assayed. 
Spectrophotometry was performed on a Dynatech MR710 
microplate reader. Typical standard errors (SE.) for optical 
densities did not exceed 10% of total OD. 

Cell cycle arrest 
Cells were arrested in serum-reduced media (0.5% newborn 

calf serum). Arrest was shown using thymidine uptake as 
described above. Uptake for arrested cells was less than 5% that 
of controls. 

RESULTS 
Construction of a recombinmt retrovkus to transmit and express the 
bacterial NTR gene 

In order to express bacterial NTR in human tumour cells, the 
E. Coli NTR gene was inserted in the retroviral vector MFG-S- 
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Figure 2. Killing of NTR-expressing NM3T3 cells by CB1954.3T3-NTRBULK, infected, unselected NM3T3 cells; 3T3-NTR3/10, a cell 
clone derived from 3T3-NTRBULK by limiting dilution; 3T3, parental NM3T3 cells; 3T3-NTR14, a cell clone derived from 3T3-NTRBULK 

by limiting dilution. 
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Figure 3. Comparison of CB1954/NTR and GCV/TK (a) SRR assay; (b) cell count; (c) ceil count; (d) SRB assay. 3T3-NTR.TKl. cell clone 
expressing both NTR and TK; 3T3, parental NM3T3 cells; 3T3-NTRl, cell clone derived from 3T3-NTRBULK by 1 limiting d&ion; 3T3- _ 

TK6, clone expressing HSV.TK. 
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[29], with a Kozak consensus sequence to optirnise translation 
[18] and a human MYC epitope tag expressed at its amino 
terminus ([ 191, Figure la). After transfection of this construct 
into the amphotropic retroviral packaging cell line GP+en- 
vAMl2 [20], single cell clones were isolated which could produce 
recombinant retroviruses capable of transmitting the NTR gene. 
Southern hybridisation analysis (Figure lb) with a 760 bp NTR 
probe demonstrated the presence of incorporated proviral DNA 
in NIH3T3 cell populations transduced with supernatant from 
four of the producer cell clones. A hybridizing fragment of 2800 
bp was detected, the expected size for the recombinant provirus 
(Figure la). The strongest signal was found for NIH3T3 cells 
transduced by producer clone GP+envAM12-MFG-S.NTR2/ 

7 (Figure lb, track 4) which was used for all subsequent 
transduction. A viral titre of 2.5 x lo5 infectious recombinant 
virions per ml of GP+envAM12-MFG-S.NTR2/7 supernatant 
could be estimated from comparison of the proviral signal in 
infected, unselected NIH3T3 cell DNA with plasmid DNA 
controls (Figure lb, tracks 4, 7 and 8). In agreement with this 
estimate, 15/29 single cell clones, isolated by limiting dilution 
from the GP+envAM12-MFG-S.NTR2/7 infected NIH3T3 cell 
population, expressed NTR (data not shown). 

To demonstrate expression of the NTR protein, total cell 
lysates of the infected NIH3T3 cell populations and the producer 
clone GP+envAM12-MFG-S.NTR2/7 were probed with a 
monoclonal antibody specific for the human MYC epitope tag. 
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Figure 4. Toxicity of CB1954 to NTR-expressing human tumour 
cells. (a) Southern hybridisation analysis of infected melanoma and 
ovarian carcinoma &Us. Lanes 1,2: 1 ig, 10 pg Sac1 digested pMFG- 
S.NTR. Lanes 3. 4: 0.5. 5.0 ue Sac1 digested aenomic DNA from 
GP+envAM12-~FG-S.kTkI7 cells. -Lanes-57: 5.0 pg Sac1 
digested genomic DNA from parental melanoma MEL24 cells, or 
MEL24 cells infected 5 or 9 times with GP+envAMlZ-MFG- 
S.NTR2/7 supematant. Lanes &lo: 5.0 pg Sac1 digested genomic 
DNA from parental NIH OVCAR3 cells, or NM OVCAR3 cells 
infected 5 or 9 times with GP+envAMlZ-MFG-S.NTR2/7 super- 
natant. Samples were electrophoresed and hybridised with an NTR 
probe, as described in Materials and Methods. (b) Detection of 
MYC epitope-tagged NTR protein. Lanes l-4: Lysate of parental 
melanoma MEL24 cells, or MEL24 cells infected $9 or 12 times with 
GP+envAMlZ-MFG-S.NTR2/7 supematant. Lanes 5-7: Lysate of 
parental NIH OVCARJ cells, or NM OVCARJ cells infected 5 or 9 
times with GP+envAM12-MFG-S.NTR2/7 supematant. Samples 
were electrophoresed and probed with an anti-MYCepitope antibody 
as described in Materials and Methods. (c) Parental melanoma 
MEL24 cells, or MEL24 cells infected 5, 9, 12 or 15 times with 
GP+envAM12-MFG-S.NTR2/7 supematant as indicated. (d) Par- 
ental NIH OVCAR-3 cells, or NH-I OVCAR3 cells infected 5 or 9 
times with GP+envAMl2-MFG-S.NTR2/7 supematant as indicated 
assayed with SRB. (e) Parental H-Meso-l cells, or H-Meso-l cells 
infected 3,6 or 9 times with GP+envAM12-MFG-S.NTR2/7 super- 

natant as indicated, assayed witb SRB. 

A 26 Kd protein, the expected size of the NTR enzyme, could 
be detected in the producer clone and infected cells (Figure lc). 
The bulk infected NIH3T3 population and an infected cell clone 
isolated by limiting dilution, showed increased non-specific 
reductase activity when compared to unmodified NIH3T3 cells 
(Figure Id). 

Cytotoxicity of CB1954 towards NTR transduced NZH3T3 cells 
When a clone of NIH3T3 cells expressing NTR, 3T3-NTR3/ 

10, was exposed to the prodrug CB1954, cytotoxicity was 
observed. This could be quantified using either a SRB assay 
(Figure 2a), a MTT assay (Figure 2b), counting viable cells 
(Figure 2c) or measuring [3H]thymidine incorporation (Figure 
2d). In each assay, an effect of 1O-5 M CB1954 on the NTR- 
expressing cells was observed; the latter two assays were the 
most sensitive, with effects of lop7 M CB1954 being detected. 
The NTR-expressing cell clone 3T3-NTR3/10 showed a l-2 log 
greater sensitivity to CB1954 than the parental cells in all 
assays (Figure 2a-d), as did the bulk infected, unselected cell 
population (Figure 2d). Cell kill was further assessed by colony 
formation following a 24 h CB1954 treatment of IO7 cells of the 
cell clone 3T3-NTR14. At a dose of lop4 M CB1954, no colonies 
were seen after 30 days, although at lo-’ M CB1954 not all cells 
were killed (data not shown). While a 36 h exposure to CB1954 
was necessary for optimal cytotoxicity, significant inhibition of 
cell proliferation was observed after only a 4 h exposure (Figure 
2e). As suggested by the observation that the bulk infected, 
unselected cell population could be efficiently killed, a bystander 
effect was seen when 3T3-NTR14 cells were mixed with untrans- 
duced NIHH3T3 cells. Figure 2(f) shows that 90% inhibition of 
[3H]thymidine incorporation could be achieved with only 50% 
transduced cells. 

Comparison of the NTRICB1954 and TKIGCV enzymelprodrug 
systems 

A cell line expressing both NTR and TK [30] (3T3- 
NTR.TKl) was isolated following infection of NIH3T3 cells 
with two recombinant retroviruses and cloning by limiting 
dilution. Figure 3(a) shows that cell killing could be observed 
following treatment of such cells with either CB1954 or GCV 
alone. GCV alone was approximately 4-fold more effective than 
CB1954 at killing the transduced cells. When the two prodrugs 
were added in combination, an additive effect on cell killing was 
observed (Figure 3a). Further evidence for co-operation between 
the actions of the two prodrugs came from an assay of colony 
formation. Whereas treatment of lo7 3T3-NTR.TKl cells with 
either lop4 M GCV or 10m5 M NTR alone did not inhibit colony 
formation at 30 days, a combination of both prodrugs at these 
doses completely inhibited colony formation (data not shown). 
These additive effects supported the proposed difference in 
mode of action of the two activated prodrugs. Cells must be 
in S-phase for cytotoxic GCV-triphosphate incorporation into 
DNA, whereas activated CB1954, which acts as a crosslinking 
agent should not require cell division for cytotoxicity. Indeed, 
arrest of NTR-expressing NIH3T3 cells by serum deprivation 
did not affect their killing by CB1954 (Figure 3b), whereas 
similar arrest of TK-expressing NIH3T3 cells prevented GCV 
killing (Figure 3~). Co-operation between the actions of CB1954 
and GCV could also be exploited to achieve an improved 
bystander killing effect. Whereas single drug treatment required 
30-50% transduced cells in an admixture for 90% overall cell 
killing, a combination of CB1954 and GCV could kill 90% of 
cells when only 10% doubly transduced cells were present 
(Figure 3d). 



Nitroreductase Expression Confers Selective Sensitivity to CB1954 2369 

Selective killing of human melmwma, ovarian and mesothelioma 
tutnow cells 

In order to assess the efficacy of the CB1954/NTR system in 
the killing of relevant target cells for human gene therapy, the 
amphotropic retrovirus expressing NTR was used to infect a 
human melanoma cell line established from a patient biopsy 
[23], a human ovarian carcinoma cell line [22] and a human 
mesothelioma cell line [24]. In these cells, multiple infections 
were necessary to achieve proviral integration at an average copy 
number of 0.1-0.5 per genome (Figure 4a) and multiple infection 
resulted in increased expression of NTR (Figure 4b). Cytoplas- 
mic NTR expression, using an antibody directed against the 
MYC epitope tag, could be detected in 35% of multiply infected 
ovarian carcinoma cells. Similar analysis of multiply infected 
melanoma showed 32% of cells expressed NTR (data not shown). 
Rather than studying cell clones from these infected populations, 
the cytotoxicity of CB1954 towards the infected cell populations 
was measured, as this more closely resembles the potential 
GDEPT application. The multiply infected melanoma (Figure 
4c), ovarian carcinoma (Figure 4d) and mesotbelioma cells 
(Figure 4e) were selectivity killed by CB1954, being l-2 logs 
more sensitive than unmodified cells. 

DISCUSSION 
These data describe a novel GDEPT enzyme/prodrug combi- 

nation for use in cancer treatment. The selective toxicity which 
can be achieved in GDEPT is dependent on the specific enzy- 
matic activation of a prodrug. It has been shown previously that 
human DT diaphorase has a much lower activity on CB 1954 than 
the bacterial nitroreductase [13, 151, thus providing selectivity. 
Also, peak concentrations of approximately 1O-4 M CB1954 
could be achieved in mice after an intravenous dose of 50 mg/ 
kg without significant toxicity [31]. This level of prodrug 
concentration should be effective in GDEPT as predicted from 
our in vitro data. Furthermore, a phase I trial of CB1954 showed 
no clinical toxicity. 

Activated CB1954 exerts its effects by crosslinking DNA [32] 
and thus it will kill cycling and non-cycling cells. This is in 
contrast to the TKGCV system which requires cells to be in S- 
phase for cytotoxicity [2]. Golumbek and associates [33] have 
proposed that resistance to GCV in GDEPT is not due to 
intrinsic resistance to GCV triphosphate but because cells are 
in Go at the time of GCV administration. Resistant tumour 
outgrowth occurs despite long periods of GCV administration 
(up to 30 days), indicating that tumour cells stay in Go for long 
periods. Tumours which outgrow are still GCV sensitive on 
rechallenge, precluding intrinsic resistance to the prodrug/ 
enzyme cytotoxicity. A non-cell cycle dependant effect may be 
even more important, where the majority of tumour cells rest in 
Go or cycle slowly, as with most human tumours [34]. 

A number of studies attempting gene delivery to tumours in 
vivo have shown that a proportion of cells remain unmodified 
[8]. Gene delivery is probably limited both by the efficiency of 
various current gene delivery technologies and by restricted 
access to some tumour regions. Thus, a desirable feature of 
enzyme/prodrug combinations for use in GDEPT is that the 
killing of modified cells results in the killing of adjacent unmodi- 
fied cells. Here we demonstrate that this “bystander” effect, 
described with TK/GCV [35], is also present with NTRXB1954. 
Improved cytotoxicity and “bystander” killing can be achieved 
by the simultaneous use of both NTR/CB1954 and TK/GCV 
systems. 

Clinically, GDEPT wiII be best used in a local tumour deposit 

not amenable to other treatment. For a local tumour, this often 
means that surgery would be unfeasible or involve the loss of 
critical tissue, such as neuronal or skeletal tissue. Good candi- 
dates in human disease would be intracerebral tumours [9], 
leptomeningeal disease [36], peritoneal [37] and pleural tumour 
[6] where surgery may be technically very difficult and involve 
unacceptable loss of normal tissue and function. Subcutaneous 
masses in melanoma and resistant breast cancer are also difficult 
to treat, and GDEPT may provide good palliation from poorly 
controlled cutaneous tumour. In these cases, the normal tissue 
surrounding the tumour is largely non-dividing and tumour- 
specific gene delivery might, therefore, be achieved using retro- 
viruses. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

a. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

Moolten FL. Tumor chemosensitivity conferred by inserted herpes 
thymidine kinase genes: paradigm for a prospective cancer control 
strategy. Cuncer Res 1986,46,5276-5281. 
Mar E-C, Chiou J-F, Cheng Y-C, Huang ES. Inhibition of cellular 
DNA polymerase-alpha and htmtan cytomegalovirus-induced 
DNA polymerase by the triphosphates of 9-(2-hydroxy- 
ethoxymethyl)guanine and 9-(1,3-dihydroxy-2-propoxymethyl) 
guanine.J Viral 1985,53,776-780. 
Culver KW, Ram Z, Wallbridge S, Ishii H, Oldfield EH, Blaese 
RM. In tin0 gene transfer with retroviral vector-producer cells for 
treatment of experimental brain tumors [see comments]. Science 
1992,256,1550-1552. 
Huber BE, Richards CA, Krenitsky TA. Retroviral-mediated gene 
therapy for the treatment of hepatocellular carcinoma: an innovative 
;;~~8cifor cancer therapy. Proc Nat1 Acad Sci USA 1991, 88, 

Caruso M, Panis Y, Gagandeep S, Houssin D, Salzmann JL, 
Klatxmann D. Regression of established macroscopic liver metast- 
ases after in situ transduction of a suicide gene. Proc Nat1 Acad Sci 
USA 1993,98,7024-7028. 
Smythe WR, Hwang HC, Amin KM, et UI. Use of recombinant 
adenovirus to transfer the herpes simplex virus thymidine kinase 
(HSVtk) gene to thoracic neoplasms: an effective in nine drug 
sensitization system. Cancer Res 1994,54,2055-2059. 
Vile RG, Hart IR. Use of tissue-specific expression of the herpes 
simplex virus thymidine kinase gene to inhibit growth of established 
murine melanomas following direct intratumoral injection of DNA. 
Cancer Res 1993,53,3860-3864. 
Ram Z, Culver KW, Walbridge S, Blaese RM, Oldfield EH. In situ 
retroviral-mediated gene transfer for the treatment of brain tumors 
in rats. Cancer Res 1993,53,83-88. 
Oldfreld EH, Ram Z, Culver KW, Blaese RM, DeVroom HL, 
Anderson WF. Gene therapy for the treatment of brain tumors 
using intra-tumoral transduction with the thymidine kinase gene 
and intravenous ganciclovir. Hum Gene Ther 1993,4,39-69. 
Khan AH, Ross WCJ. Tumour growth inhibitory nitrophenylaxiri- 
dines and related compounds: structure activity relationships. Chin 
Biol Interact 1967/70,1,2747. 
Kopper L, Steel GG. The therapeutic response of three human lines 
maintained in immune suppressed mice. Cancer Res 1975,35,2704. 
Knox RJ, Boland MP, Friedlos F, Coles B, Southan C, Roberts JJ. 
The nitroreductase enzyme in Walker cells that activates 5-(axiridin- 
1-vl)-2,4-dinitrobenxamide (CB 1954) to 5-laxiridin-1-vl)-4- 
hydroxylamino-2-nitrobenxamide is a form of NAD(P)H dehydro- 
genase (quinone) (EC 1.6.99.2). Biochem Phawnacol 1988, 37, 
4671477. 
Knox RJ, Friedlos F, Sherwood RF, Melton RG, Anlexark GM. 
The bioactivation of 5-(aziridin-1-yl)-2,Cdinitrobenzamide 
(CB1954~11. A comparison of an Escherichia coli nitroreducmse 
and Walker DT diaphorase. Biochem Pharmacol 1992, 44, 
2297-2301. 
Knox RJ, Friedlos F, Jarman M, Roberts JJ. A new cytotoxic, 
DNA interstrand crosslinking agent, 5-(axiridin-1-yl)-4- 
hydroxylamino-2nitrobenxamide, is formed from 5-(axiridin-l-yl)- 
2, 4dinitrobenzamide (CB 1954) by a nitroreductase enzyme in 
Walker carcinoma cells. Biochem Pharmacoll988,37,4661-4669. 
Boland MP, Knox R J, Roberts J J . The differences in kinetics of rat 
and human DT diaphorase result in a differential sensitivity of cell 



2370 J.A. Bridgewater et al. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

lines to CB1954 [S-(aziridin-I-yl)-2,4_dinitrobenzamide]. Biochem 
Pharmacoll991,41,867-875. 
Anlezark GM, Melton RG, Sherwood RF, Coles B, Friedlos F, 
Knox RJ. The bioactivation of 5-(aziridin-1-yl)-2,Cdinitrobenzam- 
ide (CB1954tI. Purification and properties of a nitroreductase 
enzyme from Escherichia coli-a potential enzyme for antibody- 
directed enzyme prodrug therapy (ADEPT). Biochem Pharmacol 
1992,44,2289-2295. 
Michael NP, Brehm JK, Anlezark GM, Minton NP. Physical 
characterisation of the Escherichia coli B gene encoding nitroreduc- 
tase and its over-expression in Escherichia coli K12. Fems Micro- 
biology Letters 1994,195-202. 
Kozak M. Point mutations define a sequence flanking the aug 
initiator codon that modulates translation by eukaryotic ribosomes. 
Cell 1986,44,283-292. 
Evan GI, Lewis GK, Ramsay G, Bishop JM. Isolation of monoclonal 
antibodies specific for human c-myc proto-oncogene product. Mol 
CellBioll985,5,3610-6. 
Markowitz D, Goff S, Bank A. Construction and use of a safe 
and efficient amphotropic packaging cell line. Virology 1988, 167, 
400-406. 
Southern PJ, Berg P. Transformation of mammalian cells to anti- 
biotic resistance with a bacterial gene under control of the SV40 
early region promot0r.J Mol Appl Genet 1982,1,327-341. 
Hamilton TC, Young RC, McKay WM, et al. Characterisation of 
human ovarian carcinoma cell line (NIH: OVCAR-3) with androgen 
and oestrogen receptors. Cancer Res 1983,43,537%5384. 
Pate1 PM, Flemming CL, Fisher C, Porter CD, Thomas JM, Gore 
ME, Collins MKL. Generation of interleukin-2 secreting melanoma 
cell populations from resected metastatic tumours. Hum Gene Ther 
1994,5,577-584. 
Reale FR, Griffin TW, Compton JM, Graham S, Townes PL, 
Bogden A. Characterization of a human malignant mesothelioma 
cell line (H-MESO-1): a biphasic solid and ascitic tumor model. 
CancerRes 1987,47,319%3205. 
Russell S J. Making high titre retoviral producer cells. In Collins M, 
ed. Practical Molecular Virology, 1st edn. The Humana Press, 
Clifton, New Jersey, 1991,29-44. 
Laemmli UK. Cleavage of structural proteins during the assembly 
of the head of bacteriphage T4. Nature 1970,227,68@-685. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

Garn H, Krause H, Enzmann V, Drossler K. An improved MTT 
assay using the electron-coupling agent menadione. J Immunol 
Methods 1994,168,253-256. 
Skehan P, Storeng R, Scudiero D, et al. New calorimetric cytotoxic- 
ity assay for anticancer-drug screening. J Nat1 Cancer Znst 1990,82, 
1107-1112. 
Ferry N, Duplessis 0, Houssin D, Danos 0, Heard JM. Retroviral- 
mediated gene transfer into hepatocytes in viva. Proc Nat1 Acad Sci 
USA 1991,88,8377-8381. 
McKnight SL. The nucleotide sequence and transcript map of the 
herpes simplex virus thymidine kinase gene. Nucleic Acids Res 1980, 
8,5949. 
Workman P, White RA, Talbot K. CB 1954 revisited: I. Disposition 
kinetics and metabolism. Cancer Chemother Pharmacol 1986, 16, 
l-8. 
Roberts JJ, Friedlos, Knox RJ. CB1954 (2,4-dinitro-5-aziridinyl 
bcnzamide) becomes a DNA interstrand crosslinking agent in 
Walker tumour cells. Biochem Siophys Res Commun 1986, 140, 
1073-1078. 
Golumbek PT, Hamzeh FM, Jaffee EM, Levitsky H, Lietman PS, 
Pardoll DM. Herpes simplex-l virus thymidine kinase gene is 
unable to completely eliminate live, nonimmunogenic tumor cell 
vaccines.J Immunother 1992,12,224-230. 
Mendelsohn ML. The growth fraction: a new concept applied to 
tumours. Science 1960,132,1496. 
Freeman SM, Abboud CN, Whartenby KA, et al. The “bystander 
effect”: tumor regression when a fraction of the tumor mass is 
genetically modified. Cancer Res 1993,53,5274-5283. 
Ram Z, Walbridge S, Oshiro EM, et al. Intrathecal gene therapy 
for malignant leptomeningeal neoplasia. Cancer Res 1994, 54, 
2141-2145. 
Link CJ, Beecham E, McCann L, Muldoon R, Paulsen R, Culver 
K. In viva combination gene therapy with the herpes simplex 
thymidine kinase (HS-tk) and interleukin-2 (IL-2) genes for the 
treatment of ovarian cancer. Proc Ann Am Sot Clin Oncoll994,13, 
256. 

Acknowledgements-This work was supported by the Cancer Research 
Campaign. We would like to thank Claudia Flemming and Prupti Malde 
for assistance with experiments and Robin Weiss and Peter Garland for 
critical reading of the manuscript. 


