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ABSTRACT

Expression of drug-resistant forms of dihydrofolate reductase (DHFR)
in hematopoietic cells confers substantial resistance of animals to antifo-
late administration. In this study, we tested whether the chemoprotection
conferred by expression of the tyrosine-22 variant DHFR could be used
for more effective therapy of the 32Dp210 murine model of chronic
myeloid leukemia (CML). Administration of the maximum tolerated dose
of trimetrexate (TMTX) with the nucleoside transport inhibitor prodrug
nitrobenzylmercaptopurine ribose-5�-monophosphate (NBMPR-P) inhib-
ited 32Dp210 tumor progression in mice engrafted with transgenic tyro-
sine-22 DHFR marrow and improved survival of tumor-bearing animals
as long as drug administration was continued. NBMPR-P coadministra-
tion was necessary for maximal tumor inhibition, as administration of
TMTX alone delayed but did not prevent tumor progression. The chemo-
protection afforded by engraftment with transgenic tyrosine-22 DHFR
marrow was necessary for effective chemotherapy, as normal mice lacking
transgenic marrow could not tolerate the higher TMTX dose (60 mg/kg/
day) administered to mice with transgenic marrow, and the decreased
dose of TMTX with NBMPR-P tolerated by normal tumor-bearing ani-
mals did not inhibit tumor progression or improve animal survival. We
conclude that TMTX with NBMPR-P inhibits tumor progression in the
32Dp210 model of CML in animals engrafted with drug-resistant tyro-
sine-22 DHFR transgenic marrow, and that based on this model the
introduction of a drug-resistant DHFR gene into marrow combined with
TMTX and NBMPR-P administration may provide an effective treatment
for CML.

INTRODUCTION

CML3 is a disease of the hematopoietic stem cell, resulting in the
expansion and premature circulation of relatively mature myelocytes.
In most cases, CML is characterized by a translocation between
chromosomes 22 and 9, resulting in fusion of the bcr and abl genes
(1). The resulting bcr-abl fusion oncogene has been shown to be
necessary and sufficient for malignant transformation of hematopoi-
etic cells (2). Many murine models of bcr-abl� CML result in syn-
dromes resembling acute leukemia or lymphoma in a subset of tumor-
bearing animals (2, 3) rather than chronic-phase myeloid leukemia.
One such model is the 32Dp210 cell line (4), established by insertion
and expression of human bcr-abl cDNA in the murine myeloid cell
line 32D (5). Mice infused with 32Dp210 cells exhibited rapid infil-
tration of myeloblastic 32Dp210 cells into a variety of tissues, in a
syndrome resembling blast-phase or acute myeloid leukemia (6).

Antifolates such as MTX and TMTX inhibit the enzyme DHFR

(EC 1.5.1.3), resulting in depletion of reduced folates necessary for
thymidylate and purine nucleotide synthesis, and toxicity for actively
dividing cells (7). Various forms of DHFR containing amino acid
substitutions have been identified that are less susceptible to inhibition
by antifolates than wild-type DHFR (8–10) and can render cells
resistant to antifolates. Introduction of a variant DHFR gene into
mouse bone marrow has been shown to confer increased antifolate
resistance to transplanted mice (11–15). The chemoprotection pro-
vided by drug-resistant marrow potentially allows for improved anti-
tumor chemotherapy at greater antifolate doses (16). However, we
observed previously that the higher doses of MTX afforded by drug-
resistant DHFR expression in marrow caused an increase rather than
a decrease in progression of the 32Dp210 murine model CML, sug-
gesting that use of a different DHFR inhibitor would be necessary for
improved antitumor chemotherapy (6).

The antifolate TMTX is a more specific inhibitor of DHFR than MTX,
as MTX polyglutamates also directly inhibit thymidylate synthase as well
as glycinamide ribonucleotide and aminoimidazole carboxamide ribonu-
cleotide transformylases in de novo purine biosynthesis (17). Unlike
MTX, TMTX does not rely on the reduced folate carrier for transport into
cells and does not require polyglutamylation for inhibition of DHFR (18).
Both MTX and TMTX have been shown to be effective alone or in
combination with other chemotherapeutic agents against breast cancer
and a variety of other tumors, and TMTX is also effective for the
treatment of Pneumocystis pneumonia (7, 19–21). Because reduced fo-
lates contribute to the formation of purine and thymidine nucleotides,
salvage of exogenous purine nucleosides and thymidine can rescue cells
from antifolate toxicity (22, 23). However, nucleoside transport inhibitors
can restore MTX toxicity to cells expressing wild-type DHFR while
maintaining differential toxicity relative to cells expressing drug-resistant
DHFR (24).

This paper describes the effect of TMTX in combination with the
nucleoside transport inhibitor prodrug NBMPR-P on progression of the
32Dp210 tumor model in normal mice and in mice protected from drug
toxicity by engraftment with tyrosine-22 DHFR transgenic marrow. Co-
administration of TMTX � NBMPR-P in mice engrafted with transgenic
marrow inhibited progression of 32Dp210 tumor and improved survival
of tumor-bearing mice engrafted with DHFR transgenic marrow as long
as drug administration was continued. Engraftment with drug-resistant
transgenic marrow was found to be necessary for chemotherapy, as the
maximal drug dose tolerated by animals lacking drug-resistant DHFR
was insufficient to inhibit tumor progression or improve animal survival.
These results suggest that expression of drug-resistant tyrosine-22 DHFR
in the marrow with subsequent administration of an appropriate antifolate
may provide effective treatment for CML.

MATERIALS AND METHODS

32Dp210 Tumor Cell Line and Culture. The C3H mouse-derived, bcr-
abl� enhanced-GFP� myeloblast cell line 32Dp210�GFP was derived by
retroviral transduction of the eGFP gene into 32Dp210 cells (6) and was
maintained in RPMI 1640 (Life Technologies, Inc., Invitrogen, Carlsbad, CA)
supplemented with 10% newborn calf serum (Summit Biotechnology, Fort
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Collins, CO), 2 mM glutamine (Sigma-Aldrich, St. Louis, MO), 50 units/ml
penicillin, 50 �g/ml streptomycin, and 0.125 �g/ml fungizone (Life Technol-
ogies, Inc.). These cells were maintained in a humidified atmosphere at 37° and
5% CO2.

Animals and Bone Marrow Transplant. C3H-He/J and FVB/N mice
were obtained at 6–8 weeks of age from the NIH facility at Frederick, MD.
The tyrosine-22 DHFR transgenic FVB/N mice (line 11) used for these
experiments were described previously (15). F1 offspring of C3H � FVB/N
matings were designated C3F-F1 mice; line 11 DHFR transgenic FVB/N mice
were used in mating pairs with C3H-He/J mice to generate tyrosine-22 DHFR
transgenic C3F-F1 mice, as described previously (6). Animals were housed in
an Association for Assessment and Accreditation of Laboratory Animal Care-
accredited facility according to institutional guidelines.

For bone marrow transplant, marrow was flushed from femurs and tibiae of
euthanized transgenic C3F-F1 mice. Transgenic marrow cells (5 � 106) were
injected i.v. into lethally irradiated (800 rads cesium) nontransgenic C3F-F1
mice. Animals were allowed to engraft for 2 months before subsequent tumor
administration and/or chemotherapy.

Tumor Administration and Therapy. 32Dp210�GFP tumor cells were
injected in 0.5 ml of PBS (Celox Laboratories, Inc., St. Paul, MN) through the
tail vein into C3F-F1 mice. TMTX (Medimmune Oncology, Inc., Gaithers-
burg, MD) and NBMPR-P (Alberta Nucleoside Therapeutics, Alberta, Ontario,
Canada) were solubilized in water and stored at �20°C as stock solutions after
filter sterilization. Starting 1 day after tumor injection, PBS, TMTX, and 20
mg/kg NBMPR-P were administered daily by independent i.p. injection as
indicated in “Results.” Animal weight and health were monitored daily, and
moribund animals were euthanized by CO2 asphyxiation. The spleen was
collected from moribund animals and assessed for leukemia-associated spleno-
megaly (expressed as percentage of spleen weight; spleen weight/total animal
weight at death � 100). Animals with �0.5% spleen weight were scored as
leukemic, based on measurements from tumor-free control animals. At regular
intervals, peripheral blood was collected from the periorbital vein into hepa-
rinized microhematocrit capillary tubes (Fisher Scientific, Pittsburgh, PA) for
hematocrit determination or flow cytometric analysis. Statistical comparison of
survival between different groups was conducted by using the Kaplan-Meier
product limit method (25) and calculating the log-rank statistic (26).

Flow Cytometric Analysis. Flow cytometry was used to follow in vivo
growth of 32Dp210�GFP tumor. Blood samples were transferred into tubes
containing an equal volume of 1000 units/ml heparin sodium salt solution (ICN
Biomedicals Inc., Aurora, OH). The RBCs were lysed, and nucleated cells
were fixed either using an ammonium chloride solution (8.99 g of NH4Cl, 1 g
of KHCO3, and 37 mg tetrasodium EDTA/liter; Sigma-Aldrich) and 0.5%
paraformaldehyde (Electron Microscopy Sciences, Fort Washington, PA),
respectively, or by using Optilyse B solution (Immunotech, Marseille, France).
Approximately 10,000 cells/sample were analyzed for GFP� tumor cells using
the FITC/GFP channel on a Becton Dickinson FACScalibur (BD Immunocy-
tometry Systems, San Jose, CA) within 96 h of preparation. The background
level of fluorescence intensity was determined using a sample prepared from
a control animal that had not received tumor, whereas a sample of
32Dp210�GFP cells was used as a positive control. A GFP� cell percentage
of �1% was deemed substantial, based on samples from negative control
animals. Flow cytometric data were analyzed using FlowJo 3.2 software (Tree
Star, Inc., San Carlos, CA) to determine the percentage of cells in each sample
that exhibited GFP fluorescence greater than background.

RESULTS

TMTX with NBMPR-P Improves Survival and Inhibits Tumor
Progression in 32Dp210 Tumor-bearing Mice Engrafted with
DHFR Transgenic Marrow. To test the effect of TMTX and
NBMPR-P on 32Dp210�GFP tumor progression, marrow from
tyrosine-22 DHFR transgenic C3F-F1 mice was transplanted into
lethally irradiated normal C3F-F1 recipients (see “Materials and
Methods”). After engraftment, animals were infused with 106

32Dp210�GFP tumor cells and subsequently administered either
PBS or 80 mg/kg/day TMTX and 20 mg/kg/day NBMPR-P (based on

parallel dose-response experiments in C57BL/6 � FVB/N F1 ani-
mals).4 This dose was toxic for both tumor-bearing and tumor-free
control animals after 8 days as evidenced by animal mortality in both
groups (Fig. 1A). Therefore, drug administration was withdrawn for 4
days and then resumed at a lower TMTX dose of 60 mg/kg/day,
maintaining the NBMPR-P dose at 20 mg/kg/day.

We found that whereas PBS-administered control animals suc-
cumbed to tumor �20 days after infusion of tumor cells, there was no
tumor-related mortality observed in drug-treated animals out to 45
days during drug administration (Fig. 1, A and B). At this point, it
appeared as if TMTX � NBMPR-P had cured the animals of the
32Dp210 tumor. However, after drug administration was stopped (on
day 49) the majority of surviving animals succumbed to tumor-related
mortality within 1 month (Fig. 1B). Thus, TMTX � NBMPR-P
delayed 32Dp210 tumor onset but did not completely eliminate the
tumor. The difference in survival between tumor-bearing animals
administered TMTX � NBMPR-P and animals administered PBS
was statistically significant (P � 0.011), with an extension in median
survival time from 18 days for the PBS group out to 64 days for the
TMTX � NBMPR-P group. Thus, the maximum tolerated dose of 60

4 J. S. Frandsen, C. A. Warlick, L. Belur, C. L. Sweeney, D. Swanson, C. R. Wagner,
and R. S. McIvor. In vivo selection of transgenic hematopoietic stem cells expressing
drug-resistant dihydrofolate reductase activity, manuscript in preparation.

Fig. 1. Effect of TMTX with NBMPR-P on tumor-bearing C3F-F1 mice transplanted
with tyrosine-22 DHFR transgenic marrow. A, Kaplan-Meier plot of animal survival. Mice
received 106 32Dp210�GFP tumor cells by i.v. injection on day 0 (n � 7 or 8 for each
group). PBS or 80 mg/kg TMTX � NBMPR-P was administered daily by i.p. injection
until day 8, when drug toxicity was observed. The animals were allowed to recover for 4
days, and drug administration was resumed on day 12 at a decreased TMTX dose of 60
mg/kg/day with NBMPR-P until day 49. B, tumor-related mortality. Presence of tumor at
death was determined as described in “Materials and Methods.”
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mg/kg/day TMTX with NBMPR-P inhibited tumor progression and
improved survival of tumor-bearing animals as long as drug admin-
istration was continued.

NBMPR-P Coadministration Improves Survival and Enhances
Tumor Inhibition by TMTX in 32Dp210�GFP Tumor-bearing
Mice Engrafted with DHFR Transgenic Marrow. To determine
whether nucleoside transport inhibition was necessary for TMTX to
inhibit 32Dp210�GFP tumor progression, C3F-F1 mice engrafted with
DHFR transgenic drug-resistant marrow (as in the previous experiment)
were infused with 106 32Dp210�GFP tumor cells and subsequently
administered PBS, 60 mg/kg TMTX, or 60 mg/kg TMTX with
NBMPR-P daily. Drug toxicity again required a brief period of with-
drawal (from days 20 to 23 after tumor administration), after which drug
administration was resumed at the same dose. The difference in animal
survival between tumor-bearing animals administered PBS and those
administered drug was not statistically significant, but the median sur-
vival time was extended from 29 days for animals administered PBS to
61 days for animals administered TMTX, and to 83 days for animals
administered TMTX with NBMPR-P (Fig. 2A). Animals administered
TMTX or TMTX � NBMPR-P also exhibited a delay in tumor-related
mortality compared with animals administered PBS (Fig. 2B). During the
course of drug administration, no tumor-related deaths were observed in
animals administered TMTX with NBMPR-P. In striking contrast, 71%
tumor-related deaths were observed in animals administered TMTX
without NBMPR-P (Fig. 2B), indicating the effectiveness of the drug
combination in comparison with TMTX alone. To determine whether
prolonged treatment could completely eliminate 32Dp210�GFP tumor,
drug administration was continued out to 78 days, after which time both
drug-related and tumor-related deaths were observed in animals treated
with TMTX � NBMPR-P (as determined by the absence and presence of
splenomegaly, respectively). Thus, 60 mg/kg/day of TMTX alone de-
layed tumor-related mortality compared with animals administered PBS,
but coadministration of NBMPR-P along with TMTX provided an even
greater delay in tumor-related mortality.

Tumor load in each animal was measured by flow cytometry to
detect fluorescent GFP� tumor cells in peripheral blood samples
collected during the course of the experiment. As observed previously
(6), PBS-administered animals exhibited only background levels of
GFP� cells in their peripheral blood (Fig. 3A). Many of the animals
administered 60 mg/kg/day of TMTX exhibited detectable (�1%)
GFP� tumor in the peripheral blood (Fig. 3B). This result is reminis-

Fig. 2. Effect of NBMPR-P coadministration with TMTX on tumor-bearing C3F-F1
mice transplanted with tyrosine-22 DHFR transgenic marrow. A, Kaplan-Meier plot of
animal survival. Mice received 106 32Dp210�GFP tumor cells by i.v. injection on day 0
(n � 7 for each group). PBS or 60 mg/kg TMTX with or without NBMPR-P were then
administered daily by i.p. injection until day 20, when drug toxicity was observed and
treatment was withheld for 3 days. Drug administration was resumed on day 23 at the
same dose and continued until day 78 when drug toxicity was again observed. B,
tumor-related mortality. Presence of tumor at death was determined as described in
“Materials and Methods.”

Fig. 3. Effect of NBMPR-P on TMTX-mediated inhibition of tumor-related mortality in C3F-F1 mice transplanted with tyrosine-22 DHFR transgenic marrow. 32Dp210�GFP
tumor-bearing animals (described in the legend to Fig. 2) were administered (A) PBS, (B) 60 mg/kg/day of TMTX, or (C) 60 mg/kg/day TMTX with NBMPR-P. Blood samples were
collected and GFP� tumor cells quantified by flow cytometry as described in “Materials and Methods.” Values shown are the GFP� cells expressed as a percentage of the total number
of cells analyzed from individual mice. A GFP� cell percentage of �1% (indicated by ����) was deemed substantial.
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cent of the exacerbation of 32Dp210 tumor progression caused by
MTX that we reported recently (6). In contrast, GFP� cells were not
detectable in animals administered 60 mg/kg/day of TMTX with
NBMPR-P (Fig. 3C). Taken together with the survival and tumor-
related morbidity data (Fig. 2), these results show that administration
of 60 mg/kg/day of TMTX alone improved survival and delayed
tumor-related mortality but did not prevent tumor progression during
the course of drug administration, whereas TMTX � NBMPR-P
additionally prevented tumor expansion and emergence into periph-
eral blood for as long as drug administration was continued.

Engraftment with DHFR Transgenic Marrow Is Necessary for
TMTX and NBMPR-P to Improve Survival and Inhibit Tumor
Progression in 32Dp210�GFP Tumor-bearing Mice. To deter-
mine whether the chemoprotection afforded by drug-resistant marrow
is necessary for TMTX and NBMPR-P to inhibit tumor progression,
we also tested normal C3F-F1 animals lacking drug-resistant marrow.
Normal mice received 107 32Dp210�GFP tumor cells followed by
daily administration of PBS, 40 mg/kg of TMTX with NBMPR-P, or
60 mg/kg of TMTX with NBMPR-P. Tumor-bearing animals en-
grafted with drug-resistant marrow were administered 60 mg/kg/day
of TMTX with NBMPR-P, the maximum dose tolerated as determined
in the experiments described above. The combination of 60 mg/kg/day
of TMTX with NBMPR-P was lethal for mice lacking drug-resistant
marrow by day 42 (Fig. 4A), with the average hematocrit falling to 15
at day 24 (Fig. 4C). Whereas normal mice were able to tolerate a
lower dose of 40 mg/kg/day of TMTX with NBMPR-P for an ex-
tended period of time, this regimen did not significantly improve
animal survival compared with tumor-bearing animals administered
PBS (Fig. 4A). In contrast, survival of tumor-bearing animals trans-

planted with drug-resistant marrow was significantly improved by ad-
ministration of 60 mg/kg/day of TMTX with NBMPR-P (P � 0.0002
at day 42 compared with normal mice at the maximum tolerated drug
dose), and the median survival time was extended to 54 days from 18
days for animals receiving PBS. Tumor-related deaths were observed
in normal animals administered either PBS or 40 mg/kg/day of TMTX
with NBMPR-P (Fig. 4B; as determined by % spleen weight, Fig. 4D),
whereas tumor-related deaths were not observed in mice transplanted
with drug-resistant marrow and administered 60 mg/kg/day TMTX
with NBMPR-P (Fig. 4B) until after drug administration was stopped,
consistent with the previous experiments (Figs. 1 and 2). The in-
creased number of tumor-related deaths in animals transplanted with
drug-resistant marrow in this experiment compared with the experi-
ments shown in Fig. 2 was most likely the result of the higher tumor
dose used (107 cells) and a shorter duration of drug administration.
PBS-administered animals exhibited only background levels of GFP�

cells in the peripheral blood during the first month (Fig. 5A), whereas
many of the normal mice administered 40 mg/kg/day of TMTX with
NBMPR-P exhibited detectable (�1%) GFP� tumor in peripheral
blood (Fig. 5B). In contrast, GFP� cells were not observed in either
normal animals (Fig. 5C) or in animals transplanted with drug-resis-
tant marrow (Fig. 5D) when administered 60 mg/kg/day of TMTX
with NBMPR-P (except for 1 animal at the last time point tested; Fig.
5D). Taken together with the tumor-related mortality data, these
results show that 60 mg/kg/day of TMTX with NBMPR-P, the dose
required to inhibit tumor progression, can only be achieved in animals
that have been protected from antifolate toxicity by engraftment with
drug-resistant DHFR transgenic marrow, as these drug doses were
rapidly toxic for animals lacking the drug-resistance gene.

Fig. 4. Effect of TMTX and NBMPR-P on tumor-bearing
normal C3F-F1 mice and mice transplanted with tyrosine-22
DHFR transgenic marrow. A, Kaplan-Meier plot of animal
survival. Mice received 107 32Dp210�GFP tumor cells by
i.v. injection on day 0 (n � 8 for each group) and were
subsequently administered PBS, 40 mg/kg/day of TMTX
with NBMPR-P, or 60 mg/kg/day of TMTX with NBMPR-P
by i.p. injection until day 42. B, tumor-related mortality.
Presence of tumor at death was determined as described in
“Materials and Methods.” C, hematocrits were determined
from peripheral blood samples collected at regular intervals
during the first month of drug administration. Each point is
the mean hematocrit for surviving mice from the group at
that time point. SDs were �10 at all points. A hematocrit
level of �35 was deemed normal (indicated by ����), based on
samples from untreated control animals. D, percentage of
spleen weights of moribund animals. The mean percentage
of spleen weight for each group is also shown (indicated by
a vertical line “�”). A spleen weight �0.5% of the total
weight of the animal (indicated by ����) was deemed evidence
of tumor-associated splenomegaly.
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DISCUSSION

The effectiveness of TMTX and the nucleoside transport inhibitor
prodrug NBMPR-P as antitumor agents was assessed in the 32Dp210
murine model of CML to evaluate a drug-resistance gene therapy
approach for treatment of CML. The combination of TMTX and
NBMPR-P was found to improve animal survival and inhibit progres-
sion of the 32Dp210 tumor in mice engrafted with drug-resistant
tyrosine-22 DHFR transgenic marrow. Coadministration of
NBMPR-P was necessary for maximal inhibition of tumor, as admin-
istration of TMTX alone delayed but did not prevent tumor progres-
sion. The chemoprotection afforded by engraftment with DHFR trans-
genic marrow was necessary for effective chemotherapy, as mice
lacking transgenic marrow could not tolerate the higher drug doses
(60 mg/kg/day of TMTX � NBMPR-P) required to confer an antitu-
mor effect.

Chemotherapy for treatment of CML has been only partially suc-
cessful, consisting primarily of IFN-�, which can induce hematolog-
ical remission and prolong survival but is not curative (27, 28).
Recently, the selective Abl tyrosine kinase inhibitor STI571 has
proved effective in inhibiting growth of bcr-abl� cells (29) and has
shown great promise in clinical trials for treatment of chronic-phase
CML (30), although significant numbers of patients with blast-phase
CML and bcr-abl� acute lymphoid leukemia are refractory to STI571
treatment or relapse after treatment with STI571 (31). Resistance to
STI571 in these patients has been attributed to bcr-abl gene amplifi-
cation or point mutations resulting in amino acid substitutions in the
tyrosine kinase domain of bcr-abl (32, 33).

Allogenic marrow transplant has been established as a curative
treatment for CML (27). However, the availability of suitable donor
material is a concern, and graft-versus-host disease has been observed
in up to 68% of CML patients transplanted with HLA-matched sibling
donor material (34). Autologous marrow transplants for treatment of
CML typically result in relapse either because of incomplete ablation
of leukemia in the host during the preparative regimen for bone
marrow transplant or contamination of the graft with bcr-abl� tumor
cells (35). Introduction of a drug-resistance gene into autologous
marrow by retroviral transduction could allow for drug administration
after transplant to selectively eliminate leukemic cells that lack the
drug-resistance gene. One problem with this approach is the potential
for introducing the drug-resistance gene into tumor cells contaminat-
ing the donor marrow. We have investigated one means of addressing
this problem for CML by introduction of antisense sequences directed
against the fusion region of the bcr-abl message, thus decreasing
bcr-abl expression and restoring a more normal phenotype to trans-
duced bcr-abl� cells in the graft. This antisense strategy was exam-
ined previously in the 32Dp210 model of CML, resulting in a 3
log-fold reduction in tumorigenicity of 32Dp210 cells transduced with
a retroviral vector containing the drug-resistant tyrosine-22 DHFR
gene as well as antisense sequences directed against the bcr-abl
breakpoint region (36).

Numerous studies have reported that expression of drug-resistant
DHFR in hematopoietic cells can protect mice from toxic doses of
MTX or TMTX (11–15, 37). Additionally, TMTX in combination
with nucleoside transport inhibition has been used effectively for in
vivo selection of drug-resistant murine hematopoietic stem cells (38,
39).4 Administration of higher doses of antifolate in protected animals
could allow for more effective treatment of tumors known to be
sensitive to antifolates (16) or against tumors that are not usually
treated with antifolates, such as CML. However, we observed previ-
ously in the 32Dp210 model of CML that administration of MTX in
tumor-bearing mice engrafted with tyrosine-22 DHFR transgenic mar-
row did not inhibit tumor progression or improve survival of tumor-
bearing animals, but surprisingly exacerbated 32Dp210 tumor pro-
gression, suggesting that other drugs or drug-resistance genes would
be necessary for an antitumor effect (6).

Protection of the hematopoietic system from drug toxicity has been
examined for other drug-resistance genes, in particular the MGMT
gene (40) and the MDR1 gene (41). Expression of variant MGMT
genes has been shown to confer resistance to the combination of
O6-benzylguanine and DNA-alkylating agents such as 1,3-bis(2-chlo-
roethyl)-1-nitrosourea and temozolomide, and to allow selective ex-
pansion of transduced hematopoietic cells in drug-administered ani-
mals without prior myeloablation (42, 43). MDR1 gene expression has
been shown to confer cellular resistance to a number of chemothera-
peutic agents including Taxol, and to allow selective expansion of
transduced murine bone marrow cells (44). Despite this progress in
demonstrating the expression of drug resistance genes for protection
from toxicity in experimental animals, application of such a chemo-
protective effect for improved antitumor chemotherapy has not been
studied extensively. Koç et al. (45) reported a significant delay in
progression of SW480 tumor xenografts in nude mice administered
multiple cycles of O6-benzylguanine and 1,3-bis(2-chloroethyl)-1-
nitrosourea after transplantation with marrow transduced using a
retroviral vector encoding the G156A mutant MGMT. Hanania and
Deisseroth (46) reported improved antitumor effect of Taxol at doses
tolerated only in animals transplanted with MDR1-transduced mar-
row. Human clinical trials have been conducted involving hematopoi-
etic transduction with MDR1 retrovirus (47–51), although the effec-
tiveness of the approach as an antitumor strategy has yet to be
determined. Using the DHFR system, Zhao et al. (16) reported im-

Fig. 5. Effect of TMTX and NBMPR-P on tumor progression in normal C3F-F1 mice
and mice transplanted with tyrosine-22 DHFR transgenic marrow. Mice were adminis-
tered 32Dp210�GFP tumor as described in the legend to Fig. 4. Peripheral blood samples
were collected from (A) normal mice administered PBS, (B) normal mice administered 40
mg/kg/day of TMTX with NBMPR-P, (C) normal mice administered 60 mg/kg/day of
TMTX with NBMPR-P, or (D) mice transplanted with tyrosine-22 DHFR transgenic
marrow and administered 60 mg/kg/day of TMTX with NBMPR-P. GFP� tumor cells in
peripheral blood samples were quantified by flow cytometry as described in “Materials
and Methods.” Values shown are the GFP� cells expressed as a percentage of the total
number of cells analyzed from individual mice. A GFP� cell percentage of �1%
(indicated by ����) was deemed substantial.
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proved survivability of EO11 breast tumors in mice administered
MTX at doses tolerated only after transplantation with marrow which
had been transduced by a retroviral vector encoding the F31S mutant
DHFR. Here we demonstrate the prevention of 32Dp210 tumor out-
growth and improved animal survival by administration of TMTX
with NBMPR-P at doses that required transplantation with marrow
expressing drug-resistant DHFR (L22Y DHFR in this case). Drug
administration at lower doses maximally tolerated by normal, untrans-
planted animals did not significantly affect tumor progression, dem-
onstrating a necessity for drug-resistance gene expression. These
results additionally substantiate the concept of drug-resistance gene
transfer and expression for improved antitumor chemotherapy, par-
ticular for the use of antifolates in combination with nucleoside
transport inhibition.

In light of the incidence of STI571-resistant tumor in blast-phase
leukemia patients, an antisense/drug-resistance gene therapy approach
may prove beneficial for treatment of STI571-resistant bcr-abl� leu-
kemia. Marrow transduction with antisense sequences directed against
the bcr-abl fusion region may be effective in decreasing expression of
bcr-abl in STI571-resistant cells, both in the case of gene amplifica-
tion and in the case of mutations within the tyrosine kinase domain,
potentially restoring sensitivity of the tumor cells to STI571 and
decreasing cell tumorigenicity. Additionally, expression of a drug-
resistant DHFR gene may allow for increased antifolate administra-
tion after engraftment of transduced marrow for effective chemother-
apy against STI571-resistant leukemia.

ACKNOWLEDGMENTS

We thank the Flow Cytometry Core Facility of the University of Minnesota
Cancer Center for assistance. The Flow Cytometry Core Facility of the
University of Minnesota Cancer Center is a comprehensive cancer center
designed by the National Cancer Institute, supported in part by Grant P30
CA77598.

REFERENCES

1. Rowley, J. D. The Philadelphia chromosome translocation. A paradigm for under-
standing leukemia. Cancer (Phila.), 65: 2178–2184, 1990.

2. Daley, G. Q., Van Etten, R. A., and Baltimore, D. Induction of chronic myelogenous
leukemia in mice by the P210bcr/abl gene of the Philadelphia chromosome. Science
(Wash. DC), 247: 824–830, 1990.

3. Voncken, J. W., Kaartinen, V., Pattengale, P. K., Germeraad, W. T., Groffen, J., and
Heisterkamp, N. BCR/ABL P210 and P190 cause distinct leukemia in transgenic
mice. Blood, 86: 4603–4611, 1995.

4. Carlesso, N., Griffin, J. D., and Druker, B. J. Use of a temperature-sensitive mutant
to define the biological effects of the p210BCR-ABL tyrosine kinase on proliferation
of a factor-dependent murine myeloid cell line. Oncogene, 9: 149–156, 1994.

5. Greenberger, J. S., Sakakeeny, M. A., Humphries, R. K., Eaves, C. J., and Eckner,
R. J. Demonstration of permanent factor-dependent multipotential (erythroid/neutro-
phil/basophil) hematopoietic progenitor cell lines. Proc. Natl. Acad. Sci. USA, 80:
2931–2935, 1983.

6. Sweeney, C. L., Diers, M. D., Frandsen, J. L., Gunther, R., Verfaillie, C. M., and
McIvor, R. S. Methotrexate exacerbates tumor progression in a murine model of
chronic myeloid leukemia. J. Pharmacol. Exp. Ther., 300: 1075–1084, 2002.

7. Jolivet, J., Cowan, K. H., Curt, G. A., Clendeninn, N. J., and Chabner, B. A. The
pharmacology and clinical use of methotrexate. N. Engl. J. Med., 309: 1094–1104,
1983.

8. Simonsen, C. C., and Levinson, A. D. Isolation and expression of an altered mouse
dihydrofolate reductase cDNA. Proc. Natl. Acad. Sci. USA, 80: 2495–2499, 1983.

9. Morris, J. A., and McIvor, R. S. Saturation mutagenesis at dihydrofolate reductase
codons 22 and 31. A variety of amino acid substitutions conferring methotrexate
resistance. Biochem. Pharmacol., 47: 1207–1220, 1994.

10. McIvor, R. S. Protection from antifolate toxicity by expression of drug-resistant
dihydrofolate reductase. In: E. C. Lattime and S. L. Gerson (eds.), Gene Therapy of
Cancer, Ed. 2, pp. 383–392. San Diego: Academic Press, 2002.

11. Corey, C. A., DeSilva, A. D., Holland, C. A., and Williams, D. A. Serial transplan-
tation of methotrexate-resistant bone marrow: protection of murine recipients from
drug toxicity by progeny of transduced stem cells. Blood, 75: 337–343, 1990.

12. Williams, D. A., Hsieh, K., DeSilva, A., and Mulligan, R. C. Protection of bone
marrow transplant recipients from lethal doses of methotrexate by the generation of
methotrexate-resistant bone marrow. J. Exp. Med., 166: 210–218, 1987.

13. May, C., Gunther, R., and McIvor, R. S. Protection of mice from lethal doses of
methotrexate by transplantation with transgenic marrow expressing drug-resistant
dihydrofolate reductase activity. Blood, 86: 2439–2448, 1995.

14. Spencer, H. T., Sleep, S. E., Rehg, J. E., Blakley, R. L., and Sorrentino, B. P. A gene
transfer strategy for making bone marrow cells resistant to trimetrexate. Blood, 87:
2579–2587, 1996.

15. James, R. I., May, C., Vagt, M. D., Studebaker, R., and McIvor, R. S. Transgenic
mice expressing the tyr22 variant of murine DHFR: protection of transgenic marrow
transplant recipients from lethal doses of methotrexate. Exp. Hematol., 25: 1286–
1295, 1997.

16. Zhao, S. C., Banerjee, D., Mineishi, S., and Bertino, J. R. Post-transplant methotrex-
ate administration leads to improved curability of mice bearing a mammary tumor
transplanted with marrow transduced with a mutant human dihydrofolate reductase
cDNA. Hum. Gene Ther., 8: 903–909, 1997.

17. Takimoto, C. H. New antifolates: pharmacology and clinical applications. Oncologist,
1: 68–81, 1996.

18. Kamen, B. Folate and antifolate pharmacology. Semin. Oncol., 24: S18–30-S18–39,
1997.

19. Bertino, J. R. Karnofsky memorial lecture. Ode to methotrexate. J. Clin. Oncol., 11:
5–14, 1993.

20. Blanke, C. D., Messenger, M., and Taplin, S. C. Trimetrexate: review and current
clinical experience in advanced colorectal cancer. Semin. Oncol., 24: S18–57-S18–
63, 1997.

21. Haller, D. G. Trimetrexate: experience with solid tumors. Semin. Oncol., 24: S18–
71–S18–76, 1997.

22. Nelson, J. A., and Drake, S. Potentiation of methotrexate toxicity by dipyridamole.
Cancer Res., 44: 2493–2496, 1984.

23. Sur, P., Matsuo, Y., Otani, T., and Minowada, J. Reversal of methotrexate-induced
folate pool depletion by thymidine in a human leukemia cell line in vitro. Tumori, 79:
433–438, 1993.

24. Warlick, C. A., Sweeney, C. L., and McIvor, R. S. Maintenance of differential
methotrexate toxicity between cells expressing drug-resistant and wild-type dihydro-
folate reductase activities in the presence of nucleosides through nucleoside transport
inhibition. Biochem. Pharmacol., 59: 141–151, 2000.

25. Kaplan, E. L., and Meier, P. Nonparametric estimation from incomplete observations.
J. Am. Stat. Assoc., 53: 457–481, 1958.

26. Peto, R., and Peto, J. Asymptotically efficient rank invariant procedures. J. R. Stat.
Soc. Series A, 135: 185–207, 1972.

27. Hehlmann, R., Hochhaus, A., Berger, U., and Reiter, A. Current trends in the
management of chronic myelogenous leukemia. Ann. Hematol., 79: 345–354, 2000.

28. Hochhaus, A., Reiter, A., Saussele, S., Reichert, A., Emig, M., Kaeda, J., Schultheis,
B., Berger, U., Shepherd, P. C., Allan, N. C., Hehlmann, R., Goldman, J. M., and
Cross, N. C. Molecular heterogeneity in complete cytogenetic responders after
interferon-� therapy for chronic myelogenous leukemia: low levels of minimal
residual disease are associated with continuing remission. German CML Study Group
and the UK MRC CML Study Group. Blood, 95: 62–66, 2000.

29. Druker, B. J., Tamura, S., Buchdunger, E., Ohno, S., Segal, G. M., Fanning, S.,
Zimmermann, J., and Lydon, N. B. Effects of a selective inhibitor of the Abl tyrosine
kinase on the growth of Bcr-Abl positive cells. Nat. Med., 2: 561–566, 1996.

30. Druker, B. J., Talpaz, M., Resta, D. J., Peng, B., Buchdunger, E., Ford, J. M., Lydon,
N. B., Kantarjian, H., Capdeville, R., Ohno-Jones, S., and Sawyers, C. L. Efficacy and
safety of a specific inhibitor of the BCR-ABL tyrosine kinase in chronic myeloid
leukemia. N. Engl. J. Med., 344: 1031–1037, 2001.

31. Druker, B. J., Sawyers, C. L., Kantarjian, H., Resta, D. J., Reese, S. F., Ford, J. M.,
Capdeville, R., and Talpaz, M. Activity of a specific inhibitor of the BCR-ABL
tyrosine kinase in the blast crisis of chronic myeloid leukemia and acute lympho-
blastic leukemia with the Philadelphia chromosome. N. Engl. J. Med., 344: 1038–
1042, 2001.

32. Gorre, M. E., Mohammed, M., Ellwood, K., Hsu, N., Paquette, R., Rao, P. N., and
Sawyers, C. L. Clinical resistance to STI-571 cancer therapy caused by BCR-ABL
gene mutation or amplification. Science (Wash. DC), 293: 876–880, 2001.

33. von Bubnoff, N., Schneller, F., Peschel, C., and Duyster, J. BCR-ABL gene mutations
in relation to clinical resistance of Philadelphia-chromosome-positive leukaemia to
STI571: a prospective study. Lancet, 359: 487–491, 2002.

34. Weisdorf, D., Hakke, R., Blazar, B., Miller, W., McGlave, P., Ramsay, N., Kersey, J.,
and Filipovich, A. Risk factors for acute graft-versus-host disease in histocompatible
donor bone marrow transplantation. Transplantation (Baltimore), 51: 1197–1203,
1991.

35. Deisseroth, A. B., Zu, Z., Claxton, D., Hanania, E. G., Fu, S., Ellerson, D., Goldberg,
L., Thomas, M., Janicek, K., and Anderson, W. F. Genetic marking shows that Ph�
cells present in autologous transplants of chronic myelogenous leukemia (CML)
contribute to relapse after autologous bone marrow in CML. Blood, 83: 3068–3076,
1994.

36. Zhao, R. C., McIvor, R. S., Griffin, J. D., and Verfaillie, C. M. Gene therapy for
chronic myelogenous leukemia (CML): a retroviral vector that renders hematopoietic
progenitors methotrexate-resistant and CML progenitors functionally normal and
nontumorigenic in vivo. Blood, 90: 4687–4698, 1997.

37. Li, M. X., Banerjee, D., Zhao, S. C., Schweitzer, B. I., Mineishi, S., Gilboa, E., and
Bertino, J. R. Development of a retroviral construct containing a human mutated
dihydrofolate reductase cDNA for hematopoietic stem cell transduction. Blood, 83:
3403–3408, 1994.

38. Allay, J. A., Persons, D. A., Galipeau, J., Riberdy, J. M., Ashmun, R. A., Blakley,
R. L., and Sorrentino, B. P. In vivo selection of retrovirally transduced hematopoietic
stem cells. Nat. Med., 4: 1136–1143, 1998.

1309

TRIMETREXATE IN A MURINE MODEL OF CML



39. Warlick, C. A., Diers, M. D., Wagner, J. E., and McIvor, R. S. In vivo selection of
antifolate-resistant transgenic hematopoietic stem cells in a murine bone marrow
transplant model. J. Pharmacol. Exp. Ther., 300: 50–56, 2002.
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