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ABSTRACT voenzyme P450 reductase in combination with a CPA-activating P450
i ) . o gene, such as ra&YP2Blor humanCYP2B6 further enhances the
Transduction of tumor cells with a_cyclophosphar_mde (CPA)_—actlvatlng cytotoxicity of CPA bothin vitro andin vivo (5, 6). The efficacy of
cytochrome P-450 (P450) gene provides the capacity for localized prodrug ,,”. . .
this chemotherapeutic strategy can be enhanced in several ways,

activation and greatly sensitizes solid tumors to CPA treatmenin vivo. . . T . :
The therapeutic impact of this P450-based cancer gene therapy strategy including combination of CPA with the P450/P450 reductase-acti-

can be substantially enhanced by cotransduction of P450 reductase, aVated bioreductive drug tirapazamine (7), combination with antithy-
rate-limiting component of P450-dependent intratumoral CPA activation.  foid drugs, which selectively inhibit P450/P450 reductase-catalyzed
The present study examined the possibility of further improving P450/ prodrug activation in the liver (8), or combination with other prodrug
P450 reductase-based gene therapy by using a novel schedule of CPAgactivation gene therapies (9). The implementation P450-based cancer
administration, involving repeated CPA injection every 6 days and pre- gene therapyn vivo can be facilitated using various strategies for
viously shown to have an antiangiogenic component. 9L gliosarcoma cells tymor-selective gene delivery, including the use of tumor-selective
transduced with the CPA-activating enzyme couple P450 2B6/P450 reduc- oncolytic herpes virus (10), human macrophages transduced with a

tase and grown s.c. in immunodeficient severe combined immunodeficient . : - N
N . hypoxia-regulated adenoviral vector (11), and intratumoral injection
(scid) mice were repeatedly challenged with 140 mg/kg CPA every 6 days. . .
of P450-expressing cells encapsulated in cellulose sulfate (12).

Full tumor regression leading to eradication of six of eight tumors was . ) 3 =
observed when the tumor size at the time of initial drug treatment was  Another approach to improving the therapeutic efficiency of P450-
~400 mn? (~1.5% of body weight). Little or no overt toxicity of the ~based cancer gene therapy, investigated in the present study, involves
repeated CPA treatment regimen was observed. The same CPA schedulethe introduction of novel drug scheduling regimens to enhance the
was much less effective in inducing regression of 9L tumors that were not antitumor effect in ain vivo setting. The potential importance of drug
transduced with P450/P450 reductase. Repeated CPA treatment of mice scheduling for CPA-based cancer gene therapy is suggested by the
bearing large, late-stage P450/P450 reductase-transduced tumors €~ ghort plasma elimination half-life values for CPA seen in some cancer
16% of quy weight) re;ultgd in major (;95%) regression in 15 of 16 patients €.g., t,, of ~1.5 h in children and young adults; Ref. 4),
tumors, with tumor eradication observed in 2 cases. Although CPA re- which may limit the availability of CPA for intratumoral drug acti-

sistance was found to emerge in the population of P450/P450 reductase- . . o . . .
transduced tumors, this resistance primarily involved a loss of expression vation. The bioavailability of CPA and the isomeric ifosfamide may

of the transduced P450 and/or P450 reductase gene, rather than develop-2/S0 be influenced by the ability of these drugs to induce their own
ment of intrinsic cellular resistance to the activated form of CPA. These Metabolism in cancer patients.g.,Refs. 13, 14) by induction of liver
findings demonstrate that repeated CPA treatment @ a 6 day schedule P450s that contribute to prodrug activation (15). Recent preclinical
can be highly effective when combined with P450/P450 reductase geneinvestigations of CPA scheduling reported by Folkman and colleagues
therapy and suggest that repeated transduction of tumors with prodrug-  demonstrated that the administration of moderate doses of CPA on a
activation genes may be necessary to achieve tumor eradication and agchedule of repeated drug treatment every 6 days without interruption
sustained therapeutic response. is much more effective than conventional high-dose drug schedules,
both in the case of drug-sensitive tumors and drug-resistant tumors
INTRODUCTION (16). The improved efficacy of this schedule is a result of the sus-
tained activity of CPA against endothelial cells lining the blood
Several gene therapy-based strategies for cancer treatment hasgsels feeding the tumor cells. This sustained antiangiogenic effect is
been introduced over the past several years, including prodrug agét obtained using classic regimens (16), which use maximally toler-
vation strategies designed to generate active drug metabolites diregtyd doses of CPA, necessitating a relatively long drug-free period for
within the tumor cell target. One such strategy uses Eafizymes in  recovery of bone marrow and other sensitive host tissues (17).
conjunction with NADPH-P450 reductase to activate anticancer pro-The present study investigates whether the effectiveness of CPA-
drugs, such as CPA and its structural isomer, ifosfamide (1, ZJased P450 gene therapy can be improved by implementing the 6 day
Activation of the alkylating agent prodrug CPA is catalyzed byepeated cycle of CPA administration introduced by Broweleal.
specific hepatic P450 enzymes (3) and yields 4-OH-CPA, whighg). Our findings reveal that this drug scheduling approach leads to
decomposes to generate phosphoramide mustard as the proxigag-term suppression of tumor growth, resulting in the eradication of
cytotoxic metabolite (4). Transduction of tumor cells with the flamidstage and a portion of late-stage tumors transduced with P450 and
P450 reductase. Substantial regression of tumors that are very large at
Rﬁceived 1?/11/?9; a}ccepfteg. 3/28_/(:1. . ) ) . the beginning of drug treatment (up to 16% of the animal’s body
e s s menvon! “Height) couid also be achieved with remarkably low host toxiciy.
18 U.S.C. Section 1734 solely to indicate this fact. During the course of these studies, we observed the emergence of a
lSUPFOVte?hi“éJaﬂttg' L\“H Gfsm CA4:f:48 (tdo t'?- J. W.). Y. J. received fellowshipyopulation of P450/P450 reductase-transduced tumor cells that was
Supzp%t V\I;gg]m r’iq&gzts ?oreggrintisﬁg:uld %Ltjanagclilr)gésed, at Department of Biolo&?,SiStam to CPA but not to activated CPA. We identified, as the
Boston University, 5 Cummington Street, Boston, MA 02215. Fax: (617) 353-740mechanism of this resistance, the loss of the transduced P450 or P450
= T?hedﬁggsgggﬁs used are: P450 or CYP, cytochrome P-450; CPA, cyclophospﬁ%quaase gene, indicating a need for_repeated transduction of tumors
mide; 4-OH-CPA, 4-hydroxy-CPA; 400H-CPA, 4-hydroperoxy-CPA; CPA-6 day, CPAVIth P450/P450 reductase for effective gene therapy. Overall, our
administered repeatedly every 6 days; hRed, human P450 reductase; 9L—I_3450/Reduﬁt|q§ﬁngs support the conclusion that the every-6 day schedule of CPA
o SaBoRe, a1 o ghosaroocels ansdcea i etovtus encodng P4%0 %atment (16) can be superior 10 classical CPA treatment regimens
retroviral vector pBabe-puro; BW, body weight; scid, severe combined immunodeficiestnd demonstrate that this therapeutic regimen can be particularly

4437




CPA SCHEDULING AND CANCER GENE THERAPY

effective when given in the context of P450/P450 reductase-bassdBrowderet al. (16) for C57/BL6/J mice, except that the dose of CPA was

gene therapy. decreased from 170 to 140 mg/kg/injection to take into account the greater
chemosensitivity of the scid mouse host used in the present study [compare
with the maximally tolerated dose of CPA, 265 mg/kg BW, when given as a

MATERIALS AND METHODS single i.p. injection in the same scid mouse model (22)]. CPA treatments were
halted after 11 cycles of CPA injection, at which point none of the 9L-P450/

Chemicals. CPA, Polybrene, chloroquine, collagenase type IV and purdreductase tumors were detectable. CPA-6 day treatment was resumed 32 days
mycin hydrochloride were purchased from Sigma Chemical Co. (St. Louigter for all of the mice, at which time regrowth was detected in 4 of 8 tumors.
MO). Blasticidin S-hydrochloride was obtained from ICN (Aurora, OH). TheCPA was given to some of the tumor-bearing mice in this study using the
chemically activated derivative of CPA, 400H-CPA, was obtained from Deonventional schedule of 150 mg CPA/kg body weight/injectior? injec-

Ulf Niemeyer, Asta Medica AG, Frankfurt, Germany. tions, spaced by a 24-h interval, as described previously (5).

Retroviral Transduction of 9L Gliosarcoma Cells with Human P450 In Study B, scid mice with larger 9L-P450/Reductase or 9L control tumors
and P450 Reductase cDNAsCloning of CYP2B6 cDNA (18) into the (~2200-2400 mrhat the time of first drug treatment; 4—5 mice per group)
retroviral vector pBabe-puro and preparation of P450 2B6-expressing @lere treated with CPA at 140 mg/kg every 6 days beginning 32—35 days after
gliosarcoma cells (9L/2B6 cells) by retroviral transduction were describedmor implantation. Drug treatment was continued for a total of 16 CPA
previously (5). cDNA encoding hRed cloned into thedRl site of pUV1 (19) injections. In Study C, the tumors were grown to late-stagé400-5300
was obtained from Dr. F. Gonzalez, National Cancer Institute. This cDNA wasm?, corresponding to day 45—49 after tumor implantation) prior to beginning
subcloned into théecdRl site of the retroviral vector pWZL-Blast (obtained the CPA-6 day injection schedule. Mice in this study=( 3—4/group) received
from Dr. D. White, Millenium Pharmaceuticals, Cambridge, MA). pWZL-a total of 14 CPA injections. In Study D, three of the late-stage 9L-P450/
Blast is based on the pBabe plasmid (20) and encodes a blasticidin-resistawgguctase tumor-bearing mice that served as drug-free controls for Study A
gene transcribed from the retroviral-ng terminal repeat. The presence ofyere treated with CPA at a fixed dose (8.4 mg of CPA/injection) every 6 days
the correct ATG initiation codon in the cloned P450 reductase cDNA W%ginning on day 44 after tumor imp|antati0n when the mean tumor size was
verified by DNA sequencing. ~7200 mn? (n = 6) and the BW was~40 g. This fixed CPA dose was

Transfection of the ecotropic packaging cell line Bosc 23 (21) with retresontinued for a total of seven CPA injections without adjustment for the
viral plasmid DNA encoding hRed, harvesting of the retroviral supernatarfyhsequent decrease in overall BW that accompanied tumor regression.
and infection of 9L gliosarcoma cells transduced with CYP2B6 (9L/2B6 cells; Analysis of Tumor Growth Rates. Tumor growth was monitored in
Ref. 5) were carried out as previously described (5). Pools of blasticidifjeasurements taken twice a week using Vemier calipers (Manostat Corp.,
resistant cells were selected using gg/ml blasticidinS-hydrochloride for 2 Switzerland) and tumor areas (lengthwidth) were calculated. Tumor vol-

days. The resultant drug-resistant pools of 9L/2B6/hRed cells exhibited a 4{@es were calculated from the measured tumor areas using the formula;

5-_fo|d increase in P450 reductase-catalyzed cytochrome C reduction in isolglgfl,me = /6 (L X W)*2 and in some cases are expressed as a percentage of
microsomes{Asso nmmea§ured at 3_0"C) compared with control transfectantg, iz gw (~28 g) assuming a tumor density of 1.0 (23). Tumor growth delay
Measured CYP2B6 protein levels in the 9L-P450/Reductase cells wWB€ 515 \vere analyzed as described previously (8), except that tumor volumes
pmol P450 protein/mg microsomal protein by Western blot analysis UsiNg@re used for the calculations in place of tumor areas. Tumor-doubling time

C\l;r?)an I{AmAphc;?Iastl-lexpreszed EYPEB% EDNA standa_rd (G_ethESt'PArlg\ﬁas defined as the time in days required for the tumor volume to double from
ooum, ): cells transduced with pBabe-puro retrovirus W.'t out “The time of first drug treatment. Tumor growth delay values were then calcu-
(9L/pBabe control cells; Ref. 5) were used as a control tumor cell line for d'rel%tt

) d as the difference in tumor-doubling time between the drug-treated and
comparisons to 9L-P450/Reductase cells. 9L/pBabe cells and the correspc&n%—tr0| groups. Specific growth delay values were calculatedas (T,)/T,,

Ing S_)L/pBe}bentumors used in these experiments are referred to as "9l Contrv(\)/ ereT, andT, are times in days required for the control and the drug-treated
or simply “9L” cells and tumors. . . o

. . . . tumors, respectively, to double in volume. The specific growth delay parameter

In Vivo Tumor Experiments. 9L gliosarcoma cells used for tumor im- . . S .

. . rovides an estimate of the number of doubling times by which tumor growth

plantation (9L-P450/Reductase or 9L control cells) were grown in DME . .
L ) h ; Is delayed by drug treatment and enables comparisons of therapeutic responses
containing 10% fetal bovine serum on 100-mm tissue culture dishes uniil e .
tween tumors that differ in their growth rates (24).

nearly confluent. The cells were trypsinized and resuspended in DM - L ; e
without fetal bovine serum to a concentration 0&810° cells/ml and were Tumor Excision and in Vitro Analysis of Chemosensitivity to CPA and

kept on ice until injection. Four-week-old (28—30 g) male ICR/Fox Chasg OCH-CPA. Tumor-bearing mice were killed at the end of each experiment
mice, an outbred scid strain (Ref. 22; Taconic Farms, Germantown, NY), w .%.ct.arwcal dislocation. Ar.um.al.s were sprayed with 70% ethanol around the
given injections of 4x 10F tumor cells in a volume of 0.5 ml of serum-free V|c.|n|t)./ of the tumor, and |nd|V|du§I tgmprs were then explanted for charac-
DMEM using a 0.5-inch 29-gauge needle and a 1-ml insulin syringe wo terlzgtlon of'the tumor cgll p.opglatl.on in tissue culture. One-h.al'lc of each tumor
tumors/mouse) at each posterior flank. CPA administration every 6 days (Y4 immediately frozen in liquid nitrogen, whereas the remaining portion was
below) or using an episodic schedule (as described in Ref. 5), was initiafét} iNto small pieces in 0.5 ml of sterile-filtered DMEM containing collagenase
between 22 and 49 days after tumor implantation as specified in each exj¥épe IV (4500 units/ml). Samples were incubated in sterile tubes for 5 min at
iment. CPA was solubilized in PBS at 4.8 mg/ml and kept at 37°C unfiPom temperature with vigorous pipetting to help digest the tumor. Samples
injection to maintain drug solubility. Untreated control mice were used t§ere allowed to stand without pipetting for an additional 3 min to precipitate
monitor tumor doubling times in the absence of drug treatment, which welf2€ undigested tissue and the supernatants were then plated in 100-mm tissue
similar for 9L control and 9L-P450/Reductase tumors (see Table 1). Autdlture dishes with 15 ml of DMEM containing 10% FBS. A total of 14 tumors
claved cages containing sterile food and water were changed twice each w&gke explanted using this protocol, each yielding a stable population of 9L
in a laminar flow hood. Mice were housed in the Boston University Laboratofimor cells that could be propagated in cell culture. The efficiency of tumor
of Animal Care Facility in accordance with approved protocols. Mice were fe@kcision from the CPA-6 day treated mice wa$- to 10-fold higher for 9L
Prolab RMH 3000 5P00 diet, which providesl4, 26, and 60% calories from control than for 9L-P450/Reductase tumors, as judged by the yield of 9L cell
fat, protein, and carbohydrates, respectively. Dietary additives and medicati§a$nies in cell culture.
(e.g.,ondansetron and dexamethasone), used to alleviate gastrointestinal dy3-0 evaluate the chemosensitivity of the explanted 9L-P450/Reductase tu-
function and ameliorate weight loss (16), were not used in the present stuahpr cells, cells were plated in triplicate at 4000 cells/well of a 48-well plate
Tumor growth experiments were generally terminated when tumor volum&8—24 h prior to drug treatment. Cells were then treated with 0—RA
exceeded~11,000 mn. or 0-5um 400H-CPA, which spontaneously decomposes in aqueous media
In Study A, scid mice with midstage 9L-P450/Reductase or 9L contrdd yield the cytotoxic metabolite 4-OH-CPA. Cells were incubated for 4 days
tumors ( = 4-5 mice per group; mean tumor volumes as shown in Table #) a tissue culture incubator maintained under normoxic conditions (19.6% O
were treated with CPA by i.p. injection at 140 mg/kg BW, repeated every®b6 CO,, 75.4% N,). Cells remaining after this time were quantitated using a
days (CPA-6 day schedule). The first CPA injection was given 22 days afigwystal violet-staining/alcohol-extraction assay (5). Data are presented as cell
tumor cell implantation. This treatment corresponds to the schedule developeanber relative to drug-free controls, mear§SD values for triplicate samples,

4438



CPA SCHEDULING AND CANCER GENE THERAPY

unless indicated otherwise. Error bars not visible in the individual figures ar@able 1 Comparison between CPA-6 day schedule and conventional CPA treatment:
too small to be seen. effects on tumor doubling time and tumor growth delay in midstage tumors
Data shown are from Study A and are based on data presented in Fig. 1. Tumor
doubling time (mean*= SD), tumor growth delay, and specific growth delay were
RESULTS calculated as described in “Materials and Methods.” The number of individual tumors
included in each tumor group or mode of treatment is shown in parentheses.

Effectiveness of the CPA-6 day Schedule on Midstage Tumors.

Tumor doubling Growth delay Specific
Tumor cells transduced with P45® P450 reductase (9L-P450/ time (days) (days) growth delay
Reductase tumors) and non-P450-expressing 9L control tumors were.
grown s.c. in scid mice to a mean size corresponding to 1.5-3% of Control (6) 5.9+ 2.6
. . . + CPAX 2 (8) 8.9+ 4.1 3 0.51
BW and then treated with CPA. Fig. 1 compares the antitumor effect . cpag d (10) 6.4+ 1.12 0.5 0.06
of CPA administered at a moderate dose, repeated every 6 days, #.-P450/Reductase
i ; Control (6) 5.8+ 0.9
standard high-dose CPA treatment for both 9L comrol (F@. and T CPAX 2 @) 262+ 13 204 a5
9L-P450/Reductase tumors (FigB)L The conventional high-dose + CPA-6 day (10) >140° ~134 =23

CPA regimen [two injections totaling 300 mg/kg of BW over 24 h (5)] a Tumors doubled in volume by day 6 after the initial CPA injection, reaching a
induced a tumor growth delay 620 days in the case of 9L-P450/maximum size on days 15-17«(, after the third injection of CPA), and then began to

: ; rggress.
Reductase tumors as compared Wl_th. On_ly 3 days in the case of 9& Tumors stopped growing within a few days of the first CPA injection (see Table 2)
control tumors (Table 1). Repeated injection of CPA 3—4 weeks lat@fd never doubled in volume.
using the same high dose prolongs the antitumor effect against 9L-

P450/Reductase tumors, but does not lead to substantial tumor regres-

sion (5)]. In contrast, treatment of the 9L-P450/Reductase “4”.“”5_ Wnig%ulted in an almost immediate response to drug treatment, as evi-
CPA repeatedly each 6 days (140 mg CPAKkg of BW/'mecnorgenced by the cessation of tumor growth, generally within 3—-7 days.

This was followed by major tumor regression and an apparent elim-
A. 9L ination of all eight tumors after50-55 days (9—10 CPA injections).
’ Overall, the CPA-6 day treatment schedule effected a specific growth
delay of >23 doubling times¥134 days) in the case of the 9L/P450/
Reductase tumors (Table 1). By contrast, P450-deficient 9L control
tumors treated with the same CPA-6 day schedule continued to grow
without regression until after the third CPA injection (day 15-17;
Table 2, column 2). During this initial period of CPA-6 day treatment,
9L control tumors increased in volume by an additional 320% and did
not exhibit any growth delay compared with drug-free controls (6.4
versus5.9 days; Table 1). A similar delay in the onset of CPA
responsiveness of 9L control compared with 9L-P450/Reductase
T 7 7 A " e tumors was seen i_n two other experiments, w_he_r_e the tumors were up
* # ? # * 1 ? 1 f 1 f ??? to 10-fold larger in volume at the time _of initial drl_Jg treatment
(Table 2; Study B and Study C; also see Fig. 3A and Fig. 4A, below).
B. 9L-P450/Reductase The CPA-6 day schedule was well tolerated and was not associated
with major toxicity, as indicated by the stable BW of the mice (Fig. 2
10000 4 —e—— Control e 0L ——o—— R . . . N
- CPAR2 e CPA-6 day-treated mice ate normally, in contrast to mice given the
—e— casay YV VY VVY B conventional high-dose CPA treatment, where a loss of appetite and
oM T weight loss frequently occurs for a period of several days following
CPA administration (data not shown).

CPA treatment was halted after 11 CPA injections (day 61 after
first CPA injection) to ascertain whether any viable tumor cells
remained in the case of the 9L-P450/Reductase tumors. No tumor was
palpable for the following~20-25 days. Subsequently, 4 of the 8
9L-P450/Reductase tumors began to regrow, at which time a second
3 ; - o o ‘é‘ R i series of CPA/6 day injections was initiated (day 92). This CPA

21 4 63 84 105 126 . . .
? 1 f f ? 1 f 1 ? 1 ? f f ? 1 1 1 ’ retreatment led to either cessation of growth or regression of all 4
tumors, although 1 tumor resumed growth at dai28 (tumor 20L,
Fig. 1B, inset). Overall, 6 of the 8 tumors in this group regressed to the

Fig. 1. Comparison of the tumor growth delay effects of the CPA-6 day schedule wip0int where they were undetectable (Table 2, last column). By con-
conventional CPA treatment. 9L controh)(and 9L-P450/Reductase tumorB) (were trast, a rapid resumption of 9L control tumor growth was observed
grown in scid mice as s.c. solid tumors (Study A). Tumor areas were measured twice a . .
week with Vernier calipers, and tumor volumes were calculated as described ung&tortly after CPA treatment was halted (day 68). This resulted in

“Materials and Methods.’Arrows along the X axisthe days on which CPA-6 day tumors 4700+ 952 mnt in volume (meant SD, n = 8) by the time
treatment was given by i.p. injection at 140 mg/iy.thick arrows pointing downthe

period of treatment at a fixed dose (8.4 mg) of CPA every six d&A-6 day given to the CPA-6 day Injection regimen was resumed on day 92 (C'f"
mice with previously untreated large 9L-P450/Reductase tumors (Study D), beginning®3 = 41 mn? (n = 8) mean volume of 9L-P450/Reductase tumors at

day 44 after tumor implantatiofair of thin arrows pointing downthe administration of {hat same time point) Moreover. in contrast to mice bearing 9L-P450/
the conventional schedule of CPA, two injections, each at 150 mg/kg, spaced 24 h a ’ ’

art : X
(CPA X 2). The X axis corresponds to days after first CPA injection. Tumors wergqeduaase tumors, which tolerated the second series of CPA-6 day

implanted 22 da)}és earlieData points mean tum%r VO';JImean(= f;—l(;) ttllmors Per/ injections fairly well, all 4 remaining mice in the 9L control group
treatment group)bars 0.5 SE.Inset tumor growth profiles for individual 9L-P450, ; . . L . .
Reductase tumors in mice numbered 20-24¢ft-side tumorR, right-side tumor) after died after either the second ¢ 1) or the third CPA injection in the

retreatment with the CPA-6 day schedule beginning on day 92. series (| = 3).
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Table 2 Impact of CPA-6 day schedule on growth of tumors treated at different stages of growth

Initial response to CPA

Continued tumor growth Tumor size Maximal tumor Tumors
Initial tumor size? mm® period® (days) increasé (%) regressioft (%) eradicatefl

Study A

9L 954+ 121 (10) 15-17 321 82 67+ 24 0/10

9L-P450/Reductase 408 42 (10) 3-10 16+ 16 100+ 0 6/8
Study B

9L 2247+ 565 (10) 10-17 (9 147+ 67 85+ 13 0/10

9L-P450/Reductase 2396 329 (8) 4-7 29+ 16 99+ 1 2/10"
Study C

9L 5276+ 644 (8) 11-18 97 44 (6) 74+ 11 (4) 0/4

9L-P450/Reductase 4433 866 (6) 0-7 9.5- 14 96.5+ 4 0/68
Study D

9L-P450/Reductase 7228910 (6) 0-6 3.8 6.9 93+5 0/6

2Tumor volume at the time of the first CPA injection, meanSD for (n) individual tumors, calculated from measured tumor areas as described in “Materials and Methods.”

b Time, measured in days after the first CPA injection, until tumor regression was first detected based on tumor size measurements taken twicka areeetpi@ased as a range
exhibited by the individual tumors in the group.

¢ Percentage of increase in tumor size from the time of the first CPA injection until tumor regression was first observed, $izan

9 Maximal decrease in tumor size (meanSD), which was generally achieved after 10-12 CPA injections. Percentage regression values were calculated based on the volume of
each tumor at the time of the first CPA injection (compare column 1).

€ Tumor eradication, which was indicated by a tumor-free periogt 0 days (four tumors in Study A) or40 days (one tumor in Study A and two tumors in Study B), at which
point, the studies were terminated.

fTwo of the 10 tumors initially in this group ultimately developed resistance and regrew @imskt also see Fig. 5). In addition, one mouse died on day 75, at which time its
two tumors were no longer palpable.

9 Range for 9 of 10 tumors in the group. Tumor regression was first observed after day 10 in the case of the remaining tumor.

" Tumor-free period of 40 days, seen in a third tumor in this group, was followed by tumor regrowth.

' Tumor-free periods of 25 and 30 days were respectively seen for two tumors in this group and were followed by tumor regrowth.

Effect of CPA-6 day Schedule on Growth of Large Tumors. tigate the effectiveness of this treatment regimen when applied to
The complete regression of midstage 9L-P450/Reductase tumiate-stage tumors. Because the doses of CPA are adjusted to the
treated with the CPA-6 day schedule (Fig)Jprompted us to inves- animal’s total weight (BW+ tumor weight), we also investigated

whether greater host toxicity would be apparent in animals with a
larger tumor burden. 9L control and 9L-P450/Reductase tumors were

A. 9L grown to an average size of 2200—2400 Mi®-9% of initial body
—+— Control weight; Fig. 3) or 4400-5300 min(late-stage tumors; 16—19% of
60 T T —=— CPAX2 initial body weight; Fig. 4), at which time CPA-6 day treatment was

—e— CPA-6 day

initiated. In both cases the 9L-P450/Reductase tumors responded to
the CPA-6 day schedule more rapidly (within 4—7 days) and more
completely than 9L control tumors. Of note, tumor regression was
delayed (for up to 18 days) and was less extensive with the 9L control
tumors, despite the fact that these mice received more total CPA than
mice bearing 9L-P450/Reductase tumors, because of their greater

Body Weight (g)
5
1

1t tumor burden and hence larger BW (Table 2). A specific growth delay
T I A of >17 tumor doubling times was achieved with the 9L-P450/Reduc-
f 1 f ? f * f f f 1 f T ?* tase tumors but not the 9L control tumors (Table 3). Moreover, the 9L

control tumors never disappeared completely (74—85% regression of
control tumorsversus96-99% regression of 9L-P450/Reductase tu-

B. 9L-P450/Reductase mors; Study B and Study C, Table 2). The dramatic reductions in
— e Control tumor size seen with the late-stage tumors on the CPA-6 day schedule
60 — w— CPAXZ2 are reflected in the profiles of body weights, which had increased from
* * * ‘ ‘ * ‘ —e— CPA-6 day ~30 g to as high as-55 g in parallel to the increase in tumor burden
50 I (Fig. 4B). The substantial reduction in body weight in association with

CPA-induced tumor regression evidences the dramatic antitumor ef-
fect of the CPA-6 day treatment regimen.
In a separate experiment [FigB1Table 2 (Study D)], 9L-P450/
Reductase tumors were grown to a size~6f200 mn? (~25% of
¥ % initial BW), at which time the mice were given a fixed dose of CPA,
I N T A R 8.4 mg CPA/mouse (corresponding to an initial CPA dose-afl.0
? 1 ? 1 ? 1 ? 1 f f f ? f f 1 # * 1 mg/kg) repeated every 6 days for a total of 7 injections. This drug
treatment regimen was highly effective, with major tumor regression
(~93% decrease in tumor volume) seen in 6 of 6 tumors. However,
Fig. 2. Effect of CPA-6 day administration on BW profiles in tumor-bearing scid micghe total CPA dose (59 mg/mouse over the course of 36 days) resulted
BW profiles are shown for mice bearing 9L control tumo#y 6r 9L-P450/Reductase . . L. . .
tumors B), two tumors/mouse. Data shown are for the same animals described in Figil.Cumulative toxicity and lethality to all of the treated mice.
Animal weights were measured twice a week. No food additives or antiemetics wereCPA-6 day Schedule Does Not Promote Intrinsic Cellular
added to alleviate side effects of CPBata points mean BW (i = 4-5 animal per . . P . .
treatment group)bars SE.Arrows days on which CPA was administered, as describeBeSlStance to Activated CPA.Although initially highly responsive
in Fig. 1. to CPA-6 day treatment, 9L-P450/Reductase tumors from the late-
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A. Tumor Size tumor experiments revealed a 5- to 10-fold higher cloning efficiency
—r for explanted 9L control tumor cells compared with 9L-P450/Reduc-
10000 1 9L + CPA-6 day tase tumor cells. Thus, many of the 9L-P450/Rgduct§sg tumor cells
_ OL-PAS0/Reductase obtained from the CPA-treated mice were nonviable inithgitro
Y 7500 9L-P450/Reductase cloning assay, presumably because of cellular damage induced by the
% +CPA-6 day in vivo CPA treatment. Moreover, tumor cells derived from each of
2 o0 | the 9L-P450/Reductase tumors except one (tumor 66L) showed a
% diminished or total loss of sensitivity to CPA when compared with
§ *  parental 9L-P450/Reductase cdlig. 6B). This loss of CPA sensi-
£ 200 1 1 tivity was associated with the loss of the transduced P450 reductase,
3 as judged by the decrease in cytochrome C reductase activity back to
R P TTITCYTYY S IO
A. Tumor Size
. —— 9L+ CPA-6 day
]6%. Body Weight o 713 9L-P450/Reductase
— = T + CPA-6 day
. —o— 9L + CPA-6 day mé 7500
50 —=— 9L-P450/Reductase e
C —&— 9L-P450/Reductase §
= + CPA-6 day g 5000
< >
‘S 404 ot
z E 2500~
o
M 30
0—4{4llll»£2|"|6||I'ZIZ"I‘414I‘T|6|6"|'88
20 P T T
R B. Body Weight
Days after First CPA Injection % —— 9L + CPA-6 day
Fig. 3. Effect of CPA-6 day treatment on growth of 9L-P450/Reductase and 9L control x __u 9L-P450/Reductase

+ CPA-6 day

tumors in Study B. Experimental design was the same as that described in Fig. 1, except s
that the mice were treated with a total of 16 i.p. drug injections on the CPA-6 day schedul@
(140 mg CPA/kg of BW/injection). Tumors were grown to a size~gf200-2400 mi
before beginning the CPA-6 day treatment scheddjeéhe volumes of 9L-P450/Reduc-
tase and 9L control tumors, both with and without CPA-6 day treatment. Tumors were;
implanted 32 days prior to beginning CPA treatment on dadia points mean tumor
volumes (8-10 tumors per treatment group).the corresponding BW changes of the
animals during the course of CPA treatmebars 0.5 SE.

Body Weight
s 2

. . 20 T T T T T T T T T 7 T T T [ T T T T [ T T 17

stage tumor experiments eventually became resistant to repeated CPA 4 h 8 2 44 & 8
injection (Figs. 3 and 4). Similarly, an apparent resistance to CPA was f f f 1 f f f f f f f ? f f
seen in 1 of 8 midstage tumors (FidB,inset tumor 20L). The cause Days after First CPA Injection
of this apparent resistance to CPA was investigated using tumor CeII%ig. 4. Effect of CPA-6 day treatment on the growth of large 9L-P450/Reductase and
explanted from 9L-P450/Reductase tumor 20L. Fig. 5 shows that thiecontrol tumors (Study C). Experimental design was the same as that described in Fig.
explanted tumor cell population was rather insensitive to CPA a%exceptthatthe mice were treated with a total of 14 i.p. CPA injections beginning on day

. L. . 45 after tumor implantation. Tumor sizes are showr\iand animal weights are shown
culture, in contrast to the original 9L-P450/Reductase tumor cell lifgs. pata points mean tumor volumes (8—10 tumors per treatment grags 0.5 SE.
(panel A). Treatment of the cells with chemically activated CPA (
400H-CPA) induced comparable killing of the tumor 20L explanted )
cells and the original 9L-P450/Reductase cells (Fig. SB). Thus, the Table 3 Growth delay effects of the CPA-6 day schedule ”.1 Iatg—stage tumors .
. L . . Data shown are from Study B and are based on data shown in Fig. 3. Tumor doubling
mslenS"t'V.'ty of .the EXpIamEd_ tumor cells to CPA is not att”bUt.able. Fﬁ?ne, tumor growth delay, and specific growth delay were calculated as described in
an intrinsic resistance to activated CPA, but results from the inabilitylaterials and Methods.” The number of tumors included in each group is shown in

of these tumor cells to activate CPA efficiently Eurther investigatidﬁrentheses. Tumor sizes at the time of the first CPA treatment are shown in Table 2.

8

revealed that the explanted tumor cells no longer express the trans- Tumor doubling  Growth delay Specific
duced P450 reductase gene, as indicated by the decrease in cyto-TUmo" treatment time (days) (days) growth delay
chrome C reduction rates back to the level of 9L controls (F@). 5 9LC0ntr0| ® 6.3+ 23

and by the loss of resistance to blasticidin, a selection marker for the + cpa-6 day (10) 125 4.3 5.7 0.90
transduced P450 reductase gene (panel D). A parti6D@b) loss of  9L-P450/Reductase

resistance to puromycin, selection marker for the transduresD EogtFr,oA'_ggzjay 10) 551—'0%);,5 o4 e

2B6gene, was also s_een (Fig. _SD)’ and CorrESpondlr_]gly’ _there WmTumors increased in size for 10—17 days after the initial CPA injection (at which time

detectable decrease in expression of P450 2B6 protein (Fig-®#&  the mice had received three CPA injections, on days 0, 6, and 12) and then began to

10 versus Lane )2 These findings are consistent with the reduce@gress (see Table 2). )

CPA sensitivity of the explanted tumor 20L cells shown in Fi4. 5 PNo doubling of tumor volume was observed at any point after CPA treatment.
~ : y ) ) p - g Tumors increased in volume by 29 16% ( = 10; mean+ SD) during the first 7 days

Additional investigations using cells explanted from the late-stageer the first CPA injection and subsequently began to regress.
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—®%— 9L  —— Tumor20L —e— 9L-P450/Reductase induce substantial tumor regression with minimal host toxicity (16).
A B This CPA-6 day schedule has been characterized as antiangiogenic
(16) insofar as it stimulates repetitive waves of apoptosis of the
vascular endothelial cells lining the tumor bed and can sustain and
thereby maximize the antiangiogenic effect by inhibiting the regrowth
of blood vessels feeding the tumor during the drug-free host recovery
period that generally accompanies conventional cancer chemothera-
peutic regimens (17). The present study extends this earlier work and
demonstrates that dramatically enhanced therapeutic effects leading to
long-term suppression and tumor eradication with reduced host tox-
icity can be achieved by combining the CPA-6 day schedule with a
P450 prodrug activation-based cancer gene therapy strategy (6).
When using conventional CPA scheduling, which comprises an
0 0.5 1 15 Gu initial treatment with high doses of CPA, a tumor growth delay of
CPA (mM) 400H-CPA (M) ~25 days is observed in mice using the present P450/P450 reductase
gene therapy model (5, 7). Repeated CPA injection after a 3—4 week
recovery period prolongs the period of tumor growth delay but does

1004 s 100
80 8O

|

60

% Cell Survival
% Cell Survival

O
O

150
B W Untreated & Puromycin not eliminate the tumors (5). Some improvement can be obtained by
£ B Blasticidin [ Puro + Blast cotreatment with the antithyroid drug methimazole, which selectively
%é" | ) inhibits hepatic P450-catalyzed prodrug activation (8), or by combi-
g § 100 s g nation of CPA with the bioreductive drug tirapazamine (7); however,
B g g g large-scale tumor regression leading to tumor eradication has not been
‘;E’ f g achieved. By contrast, combination of the CPA-6 day scheduling
EE 50 8 g approach of Browdeset al. (16) with P450/P450 reductase gene
g‘g = g therapy induced major tumor regression, even in the case of tumors
(-_J’Sw= 4 that were very large (up to 16% of BW) at the time of initial CPA
/ é treatment (Table 2). The antitumor effects of this CPA-6 day schedule
T sy 2 s £ 5 3}

58 s £ 5 23 g

o I :

o oE ) A. Sfsgsscs g g

Fig. 5. Cytotoxicity of CPA and 400H-CPA to cells explanted from 9L-P450,
Reductase tumor 20L. Cells were seeded at 4000 cells/well in 48-well plates and tre:
with increasing concentrations of CPA (0 to 1.5 )yr 400H-CPA (0 to Gum) for 4 days
as described in “Materials and Methods.” Cell growth in comparison to drug-free contrc — S ——
was determined by crystal violet staining. Data are presented as me8@svalues for
n = 3 replicatesA andB, parallel studies carried out with 9L-P450/Reductase, 9L contrc
cells, and tumor cells explanted from 9L-P450/Reductase tumor 20L after a series of
CPA-6 day injections (Study A; see FigBlinse). C, the P450 reductase enzyme
activities of 9L-P450/Reductase parental and the tumor 20L-derived explanted cells (i B. CPA [ 400H-CPA C
of cytochrome C reduction) assayed usingu2fof microsomal proteirD, the sensitivity .
of the explanted tumor 20L-derived cells to puromycin (2&ml) or blasticidin (2.5 100
prg/ml), or to a combination of both drugs (1u®/ml each) in comparison to the wild-type
9L cells and the parental cell lines 9L-P450/Reductase and 9L coltrigiBabg. Cells
survival was determined by crystal violet staining.

the level of the 9L cell controlgFig. 6C). Whereas a loss of P450 2B6 % 50
protein was apparent in cells derived from two tumors (43R and 64
Fig. 64), all of the other excised tumor cells retained a level of P4E&
2B6 protein comparable with that found in the original 9L-P45(C
Reductase cells. One exception was tumor 66L, in which P450 2
protein levels were inexplicably elevated several-fold. When che o
lenged with chemically activated CPA, all of the tumor cells excej
those derived from tumors 42R and 66L showed strong intrinsic dri

25

nmol/min/mg (lysate protein)

Cytochrome C Reductase activity

oot oo
va‘,mgn\o
= = w % r= -1

umor Cell Lines

9L

43
45L
45R
4
64]
65R
661
9L

Excised Tumor Cells

3
g
&
o

sensitivity (Fig. 6B), excluding intrinsic cellular resistance to the =
activated CPA metabolite as the mechanism of CPA resisiandeo.

9L-P450/Red

Fig. 6. In vitro analysis of explanted tumorsé, Western blot analysis of P450 2B6
protein in various 9L-P450/Reductase explanted tumor cell lines. Shown are cell extracts
DISCUSSION prepared from 9L controlL@ane 1 and 9L-P450/Reductase cells{ pmol P450Lane 2
and 9 different individual explanted, 9L-P450/Reductase tumor-derived cell lisee$
. . . . 3-10. Cell lysates (60ug/lane) were analyzed on a Western blot probed with an
CPA is a widely used anticancer alkylating agent prodrug thaki-paso 286 COOH-terminal antipeptide antibody (anti-IDTYLLRMEKEK-), which

requires liver P450 metabolism for anticancer activity. CPA is typiecggniées bothhrat r(13YP2Bl and hurfngn CYI:’)?BderotBimhe fﬁecf of CPA ﬁ?d A
ini i i i it H-CPA on the chemosensitivity of 9L-P450/Reductase explanted tumor cell lines in
Ca"y aqmlr“s’[ered at hlgh doses assoc_:lated with acute host tOXICIt@:)gmparison with the parental 9L ceﬁllines. Cells were seeded atp4000 cells/well in 48-well
necessitating drug-free recovery periods that often lead to tuniies and treated with 1mmCPA or 5 um 400H-CPA for 4 days as described in
regrowth and patient relapse. In an effort to circumvent this probleiiaterials and Methods.” Cell growth in comparison to drug-free controls was determined
| hedul f CPA administrati H Ivi ted iniecti bg‘dcrystal violet staining and is presented as meaBD forn = 3 replicatesC, P450
a novet scnecu’e o administration, involving repeated INJeciqy, ciase enzymatic activities of the 9L-P450/Reductase parental and explanted tumor-

of moderate CPA doses every 6 days, was introduced and shownidved cell lines (rate of cytochrome C reduction), assayed usingg26f cell lysate.
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were much less extensive in the case of 9L tumors that were moesent studywersus170 mg/kg of BW/injection by Browdeet al))
transduced with P450 and P450 reductase. Moreover, whereas P45@ the fact that the Lewis lung tumors in the prior study were
P450 reductase-transduced tumors generally responded within a femy-early-stage tumors-0.1 cn?) and presumably more sensitive to
days to the CPA-6 day treatment regimen, as indicated by the onseanfiangiogenic CPA scheduling at the time of the first CPA treatment
tumor regression, control 9L cells required up to 18 days to respof@mpare initial 9L control tumor sizes ranging fren®.9 cnt to ~5
to the drug, during which time a doubling or tripling of tumor volumesm?® in the present study). Intrinsic differences in the CPA sensitivity
occurred. Moreover, the subsequent regression of the P450-deficief®L gliosarcoma as compared with Lewis lung carcinoma, which is
tumors that ultimately did result was not nearly as dramatic amghown to secrete angiostatin (30), could also play a role.
complete as that of the 9L-P450/Reductase tumors (Table 2). Al-The precise mechanism whereby P450-expressing tumors dramat-
though some of the P450-expressing tumors did begin to regrow wheally regress in response to the CPA-6 day schedule is not known. In
CPA treatment was halted, the majority of these tumors were stifie case of Lewis lung tumors (which were not transduced with a
intrinsically responsive to a second series of CPA-6 day injectior®450 gene), CPA-6 day treatment induces apoptosis of endothelial
The potential clinical utility of the CPA-6 day schedule is supportegells lining the tumor vasculature as a primary response, followed by
by the apparent absence of drug toxicity during the overall period @imor cell apoptosis after an3.5-day delay (16). Although we did
CPA treatment (up to~130 days), as judged by monitoring foodnot measure apoptosis directly in the present study, a substantial delay
consumption and by the absence of substantial weight loss during ifiéhe apoptosis of P450-deficient 9L tumor cells is strongly indicated
course of the study. by the continued growth of 9L control tumors for up to 18 days after
Continued CPA-6 day treatment was associated with an appargi¥ initiation of CPA-6 day treatment (Table 2). This delay suggests
development of resistance to CPA and significant regrowth of tRat the antiangiogenic mechanism described by Browetled. (16)
portion of the P450/P450 reductase-containing tumors examinedniay also be operative in our P450-deficient 9L control tumors. This
this study. This resistance resulted from a loss of the transduced P4Bfposition is further supported by the rapid regrowth of the 9L
and/or P450 reductase gene and, hence, the capacity to activate Gfdftrol tumors after the cessation of CPA-6 day treatment (Fig. 1),
rather thande novoacquisition of intrinsic resistance to activatedyhich is consistent with the residual tumor cells being intrinsically
CPA. Presumably, this reflects the selection and regrowth of a pagaple but restricted from rapid growth by the antiangiogenic effects
ulation of tumor cells that has spontaneously lost the drug-sensitiviy the CPA-6 day schedule. By contrast, 9L-P450/Reductase tumors
P450/P450 reductase genes under selective pressure of CPA tigdcally began to regress prior to the second CPA injection on day 6,
ment. Loss of either P450 or P450 reductase gene expression i@y¥ngly suggesting a direct cytotoxic response to CPA that was
occur with greater frequency in large tumors and would be expectggkivated locally within the tumor. This direct cytotoxic effect of the
to lead to a decrease in CPA sensitivity, in the latter instance becaggea g day treatment could conceivably be magnified by an endothe-
the endogenous level of P450 reductase, which is found in 9L af} cell-directed, antiangiogenic mechanism analogous to that docu-
many other tumor cells, is insufficient to fully support efficientnented by Browdeet al.in their studies of Lewis lung tumors using
metabolism by the transduced P450 gene (6). In the present study +ft€same drug schedule (16). Although antiangiogenic CPA therapy
P450 reductase-expressing 9L tumor cells were derived from a poolgf;|q potentially compromise a prodrug activation-based gene ther-
retrovirally transduced cells; and, accordingly, P450 reductase-negﬁy strategy by inhibiting the efficient entry of prodrug into the
tive tumor cells were apparently selected under CPA selection pregtid-tumor mass, the repeated generation of even low levels of
sure. Accordingly, repeated transduction of tumors with a gene thggsiyated drug within the tumor by P450 metabolism might be suffi-
apy vector may be required to achieve tumor eradication using thign o kill tumor cells weakened as a consequence of an antiangio-
and probably ther prodrug activation-based cancer gene the'fapi%%nic drug regimen. We have not, however, directly examined the
The mechanism for the apparent development of CPA resistang& rrence of such an antiangiogenic response in the present study, in

seen in the case of 9L control tumors is uncertéirvitro culture of \yhich cpA-induced apoptosis of the P450-expressing tumor cells is
9L cells excised from the CPA-6 day-treated mice indicated that tﬂﬁely to obscure any enhanced apoptosis that may occur in the

majority of these tumor cells retained a sensitivity to activated CPé,jothelial cells lining the tumor vasculature as a consequence of
similar to that of the initial SL tumor cell line (data not shown),,calized CPA activation by adjacent P450-containing tumor cells.
Conceivably, these cells could exhihit vivo CPA resistance by a nqeeqd, Browdeet al. (16) were only able to visualize and charac-
mechanism analogous to the acquired multicellular re&stance/tur@rrize CPA-6 day-induced endothelial cell apoptosis by studying
compaction mechanism described elsewhere, which is manifest Oﬁlﬁ‘A-resistant tumors, for which the background level of drug-
in-anin vivo settl_ng, in which the tumo_r adapf[s and becomes Ieﬁ"?‘duced tumor cell apoptosis is low. Further study will be required to
responsive to activated (?PA produce_d in the liver (25__27)' Alt?ma’arify this point, as well as to determine whether enhanced antian-
tively, although not seen in other studies (28), endothelial cells lini bgenic and antitumor responses can be achieved by targeting CPA-

the tumor vasculature COUId, potentially develop intrinsic resistancg etivating P450 genes directly to tumor endothelial cells. Other strat-
CPA, e.g., by overexpression of aldehyde dehydrogenase, whi ies to be investigated include combination of CPA with

inactivates the active CPA metabolite, 4-OH-CPA (4). Our inability tgntiangiogenesis inhibitors (16, 31, 32), development of antiangio-

er_adicate_no_ntransduced 9L gliosarcoma tumors in scid mice contragséﬁic schedules for other anticancer prodrugs or prodrug combina-
with the findings of Browdeet al. (16), who found that CPA-6 day tions (c.f., Ref. 33), and the design of antiangiogenic schedules for use

scheduling led to the eradication of Lewis lung carcinomas grown &%h CPA in the clinic. where CPA has a substantially longer plasma
solid tumors in C57BI6/J mice (16). This difference may be eXplainefgalf-Iife (up to 12 h in adults) than in the mousg,{ ~30 min;
by contributions of the immune system to tumor surveillance and 'ﬁ?ef 4) % '

active participation in the elimination of apoptotic Lewis lung carci-

noma cells in the earlier studies, performed using immunocompetent

C5_7/BI/6J mice (compare Ref_. 29). This immune sgrvelllance meC'ﬂ\CKNOWLEDGMENTS

anism would not be operative in our study, in which immunodeficient

scid mice were used. Other possibilities include the use of a lowerThis study was initiated after initial discussions with Dr. Timothy Browder

CPA dose in our experiments (140 mg/kg of BW/injection in thand Dr. Judah Folkman of Children’s Hospital, Boston, Massachusetts. We
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