
[CANCER RESEARCH 47, 3088-3091, June 15, 1987]

Resistance to 1-ÃŸ-D-Arabinofuranosylcytosineafter High-Dose Treatment in

Childhood Lymphoblastic Leukemia: Isolation of a Drug Resistant and a
Sensitive Cell Line1

Ursula R. Kees
Leukaemia Research Laboratory, Clinical Immunology Research Unit, Princess Margaret Hospital, G. P. O. Box D184, Perth, Western Australia 6001, Australia

ABSTRACT

A patient with acute lymphoblastic leukemia refractory to conventional
combination chemotherapy schedules was treated with high-dose l-j8-D-
arabinofuranosylcytosine (ara-C) (8 doses of 3 g/nr). The patient

achieved complete remission but relapsed 6 weeks later. Two cell lines,
PER-145 and PER-163, were established from bone marrow samples

obtained before and after treatment, respectively. Both cells represent
common acute lymphoblastic leukemia cells (CALLA*, HLA-DR*, siÂ« .
clg~). Exposure of the two cell lines to ara-C in vitro revealed that the

primary line PER-14S is susceptible to ara-C, while cell line PER-163 is
more than 1000-fold more resistant (based on 507Â«inhibitory doses for
growth in culture). Moreover, it was observed that ara-C concentrations

from 1 to 33 MU/nilresulted in the stimulation of this cell line. Five weeks
after his relapse the patient was given another high-dose ara-C course

during which the blasts increased by a factor of 10, thus showing a
response in vivo similar to that of the PER-163 cells in vitro. This pair

of human acute lymphoblastic leukemia cells provides a unique oppor
tunity to investigate the mechanisms underlying the acquired resistance
and proliferative response to ara-C.

INTRODUCTION

The development of resistance to chemotherapeutic agents is
one of the major problems in the treatment of leukemia, ara-
C2 is a nucleoside analogue antimetabolite which is an effective

agent in the treatment of acute nonlymphocytic leukemia in
humans and is also effective in ALL and lymphoma. High-dose
therapies producing plasma levels of 50 to 200 UM have been
used for patients who were refractory to conventional doses of
ara-C (1-4). These protocols are also capable of producing
therapeutically useful concentrations in pharmacological sanc
tuaries. Recent work from several centers has established that
HDara-C induces partial or complete remissions in 40 to 70%
of patients resistant to conventional doses (5-7). It is clear,
however, that the duration of remission has usually been short,
with thus far very few, if any, long-term survivors in such

resistant cases.
ara-C is an S-phase agent. It is converted to its active metab

olite 1-0-D-arabinofuranosylcytosine triphosphate. Deoxycyti-
dine kinase is the rate limiting anabolic enzyme in this process.
The resistance of murine leukemic cells to ara-C has been
studied extensively. Because the cellular pharmacology of ara-
C in murine leukemia is different from that in human leukemia
(1,8), it is obviously important to analyze ara-C metabolism in
human cells. Studies to elucidate resistance mechanisms in
human leukemic cells have been carried out only with variants
of human leukemic cell lines selected for ara-C resistance in

Received 7/14/86; revised 12/9/86; accepted 3/6/87.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1Supported by the Children's Leukaemia Research Fund of the Princess
Margaret Children's Medical Research Foundation, Perth, Australia. This is

Publication 236 from the Clinical Immunology Research Unit.
2The abbreviations used are: ara-C, I-/3-D-arabinofuranosylcytosine; ALL,

acute lymphoblastic leukemia; HDara-C. high-dose ara-C; IDÂ»,50% inhibitory
dose; | 'I I|il I hd. tritiated thymidine.

vitro (9, 10). Given the variety of mechanisms reported for
resistance to ara-C, it is, however, important to determine the
cause of resistance developing in vivo. We recently established
an ALL cell line from an adolescent patient who was treated
with HDara-C. This cell line is more than 1000-fold more
resistant to ara-C than a cell line isolated from the same patient
before he underwent HDara-C treatment.

MATERIALS AND METHODS

Case Report. ALL was diagnosed in an 11-year-old Caucasian boy in
November 1977. The hematological studies revealed a hemoglobin of
96 g/liter, a WBC of 30 x lO'/Hter with 13% neutrophils and 57%
lymphocytes, and a platelet count of 42 x lO'/lher. The bone marrow
biopsy confirmed the diagnosis of ALL by a French-American-British
classification of 89% LI and 11% L2 cells. Combination chemotherapy
and radiotherapy resulted in complete remission. In 1982 and 1984
relapses in the bone marrow were diagnosed which responded to further
combination chemotherapy. However, in November 1984 he relapsed
again with bone marrow involvement. This proved to be refractory to
conventional combination chemotherapy.

The patient was then treated with HDara-C (Children's Cancer Study

Group; Protocol CCG-131). Treatment consisted of 3-h i.v. infusions
of 3 g/m2 of ara-C repeated every 12 h for 8 doses followed by 6000
II '/"i"' L-asparaginase given i.m. at hour 87. The plasma concentrations

of ara-C achieved during treatment of this patient were between 2.8
and 19.6 fig/ml. (These measurements were carried out by Dr. V.
Avramis, Children's Hospital of Los Angeles.) Similar levels of ara-C

in plasma have been reported by other investigators (8). The first course
of maintenance therapy was started 21 days later, consisting of 3 doses
of ara-C (3 g/m2) given at 12-h intervals. The patient achieved complete

remission (defined as less than 5% blasts in normocellular marrow and
normal peripheral blood count) but relapsed 6 weeks later.

Cell Lines. Two cell lines designated PER-145 and PER-163 were
established from bone marrow samples from the patient. Cell line PER-
145 was derived from a sample obtained at the time of the patient's

relapse before he underwent HDara-C treatment. The second sample
(from which PER-163 was grown) was the sample obtained at the time
of the relapse after HDara-C treatment. The samples were collected in
preservative-free heparin and separated on Ficoll-Hypaque (Pharmacia
Fine Chemicals AB, Uppsala, Sweden) at 2000 rpm for 20 min. Washed
cells at a concentration of lO'Y'mlwere placed in round bottomed 96-

well culture plates (Linbro No. 76-042-05) seeding 100 /il/well. The
cells were cultured in RPMI 1640 (Grand Island Biological Company,
Grand Island, NY) supplemented with L-glutamine (2 IHMfinal concen
tration), 2-mercaptoethanol (10'* M), pyruvate (1 HIM), nonessential

amino acids (Flow Laboratories, Irvine, Scotland), and 20% heat-
inactivated fetal calf serum (Flow Laboratories). The cells were cultured
in a humidified 37Â°Cincubator containing 5% CO2 in air. Fifty % of

the medium was replaced by fresh medium every third day. Cultures
were split provided they had reached cell concentrations of 2 x 10'/ml.

The cell lines are presently growing in 250 ml tissue culture flasks
(Lux, Miles Scientific, Naperville, IL), with a doubling time (i.e., the
time required for the total cell number to double) of 72-79 h in liquid
medium (see above), with the exception that the medium is supple
mented only with 10% fetal calf serum. The cell lines are regularly
tested for the presence of Mycoplasma using an agar culture technique
(11) and were shown to be free of contamination. This test is of
particular importance since Mycoplasma strains have been reported to
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have the capacity for ara-C deamination ( 12). Both cell lines represent
common ALL cells, negative for Epstein-Barr virus antigens with the
following markers: CALLA*, HLA-DR+, slg-, clg-. The patient's fresh

leukemic cells were shown to have the same surface marker phenotype.
The full characterization of the cell lines will be reported elsewhere.
The leukemic origin of the two cell lines is indicated by their morpho
logical and immunological similarity to the patient's fresh leukemic

cells.
Cytotoxic Effect of ara-C. Sensitivity to ara-C was measured accord

ing to the method of Abe et al. (13). Exponentially growing cells were
seeded at 3 x 105/ml in the presence of graded concentrations of ara-

C (3 ng/ml to 1 mg/ml; Upjohn Co., Kalamazoo, MI). The il)<â€žis
defined as the drug concentration which results in 50% reduction in
cell number at 72 h relative to untreated control. IDâ„¢values were
obtained by linear regression analysis of dose-response curves.

DNA Synthesis in Presence of ara-C. The rates of DNA synthesis in
ara-C resistant and sensitive cell lines was measured by using ['H |il I hd

incorporation as an index for cell replication. Cells were suspended in
growth medium and placed in 96-well microplates (Linbro No. 76-042-
05) at a density of 5 x IO4 cells/well in the presence of varying
concentrations of ara-C (3 ng/ml to 100 Mg/ml, except for the first
experiment where the highest concentration used was 10 Mg/ml). Plates
were incubated for 48 h at 37Â°Cin a humidified atmosphere of 5% COz

in air. Each microwell culture was pulsed for an additional 16 h with
0.5 iiCi of [3H]dThd (15-30 Ci/mmol). Cultures were harvested onto

glass fiber filter strips (Titertek Cell Harvester 530; Flow Laboratories)
and | 'I l|d llul incorporation was measured as an index of cellular
proliferation. The mean |'U|dThd value obtained from 10 microwells

containing medium only was taken as 100% proliferation. Results from
wells containing ara-C (set up in quadruplicate) are expressed as per
centage of this control value.

The IDfii for DNA synthesis is defined as the drug concentration
which results in 50% inhibition of | 'I I |d I hd incorporation in cells at

72 h of culture relative to untreated controls. Values were obtained by
linear regression analysis of dose-response curves.

RESULTS

Two ALL cell lines designated PER-145 and PER-163 were
established in April and June 1985, respectively (see "Materials
and Methods"). Both cell lines have been maintained in contin

uous tissue culture since then. The ID50 for growth of cells in
suspension was determined to be 162.7 Â±22.1 ng/ml ara-C for
PER-145 cells and 168.2 Â±13.7 ng/ml for PER-163 cells (Table
1). This represents a reduction in sensitivity by a factor of 1034.

ID50 values obtained for DNA synthesis were 24.5 Â±9.5 ng/
ml ara-C for PER-145 and 107.5 Â±3.5 fig/ml for PER-163,
which indicates a difference in sensitivity by a factor of 4388
(Table 1). More surprisingly, it was observed that ara-C con
centrations from 1 to 33 Mg/ml, rather than inhibiting growth,
actually gave a dose-dependent stimulation of the PER-163 cell
line. Proliferation rates up to 3.6-fold over medium control
were measured and were also reflected in a corresponding
increase (up to 2.1-fold) in cell numbers in these cultures. The
first of four experiments showing this effect was performed 2

Table 1 Inhibitory effect of ara-C on PER-145 and PER-163 cells
The effects of ara-C on growth and DNA synthesis were measured as described

in "Materials and Methods." Growth in suspension cultures and DNA synthesis

were assessed after an incubation time of 72 h. Values represent the concentration
of ara-C required to give 50% inhibition of growth and DNA synthesis, respec
tively.

ara-C IDÂ»(g/ml)"

CellsPER-145

PER-163Growth

in suspension
culture162.7

x 10-^22.1 x 10"'
168.2 x 10-Â«Â±13.7 x IO-6Inhibition

of DNA
synthesis24.5

x 10-' Â±9.5 x 10-'
107.5 x 10-Â«Â±3.5 x IO"*

weeks after cell line PER-163 was established (Fig. 1). ara-C
concentrations which stimulated proliferation of PER-163 in
vitro (1 to 33 Mg/ml) fall into the same range as the plasma
concentrations of ara-C achieved during treatment of the pa
tient (2.8 to 19.6 Mg/ml).

The sensitivity of PER-163 cells to ara-C was repeatedly
assessed over the initial 5-month culture period. The sensitivity
to ara-C gradually increased and after 5 months in culture, the
sensitivity was similar to the one determined for PER-145 cells
(ID50 for DNA synthesis of 78.1 Â±5.2 ng/ml). In addition, the
cell line no longer showed the proliferative response to ara-C.
However, it was possible to select the resistant PER-163 sub-
population by exposing the cells to 330 ng/ml ara-C for 24 h
with one repetition (2 days later). The cell recovery after the
two incubations was 62 and 80%, respectively. In response to
ara-C exposure in vitro, this selected cell population again
showed the initially observed pattern, including enhanced cell
proliferation at 33 Mg/ml ara-C which was 3.2-fold over medium
control (Fig. 2).

Five weeks after his relapse (when we isolated PER-163) the
patient was given another course of HDara-C. At the beginning
of therapy he had a blast cell count in the peripheral blood of
2,000 cells/mm3. Following treatment, the blast cell count went
up to 20,000 cells/mm3 (Fig. 3), thus showing either resistance
to ara-C or possibly the same stimulation as observed for PER-
163 cell in vitro. At the time the patient received the first
HDara-C treatment, the blast cells were confined to the bone
marrow.

DISCUSSION

In this study we report the isolation of a pair of cell lines
PER-145 and PER-163 which differ markedly in their sensitiv
ity to ara-C. It is well established that the drug sensitivity of
cell lines as measured by inhibition of growth correlates well
with inhibition of DNA synthesis (10, 13). The inhibitory effect
of ara-C has been measured using a number of established
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Fig. 1. Sensitivity of PER-145 and PER-163 to ara-C in vitro. Proliferation
measured by [3HJdThd incorporation after 72 h of incubation, expressed as the

percentage of control cells incubated in medium.
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Fig. 2. /4, proliferation of PER-163 in the presence of ara-C after 5 months in
culture. B, proliferation of PER-163 after selection in ara-C containing medium
(see text). Assay conditions as for Fig. 1.
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Fig. 3. Blast cell counts in patient's peripheral blood during second course of
HDara-C treatment. Arrowheads, individual ara-C doses.

human lymphoblastic cell lines in vitro (8, 14, 15). ID50values
have been determined based on inhibition of growth or DNA
synthesis or on differences in plating efficiency. In addition,
exposure time varied from a few hours to several days. The
reported ID50values range from 4.8 to 600 ng/ml for lympho
blastic cell lines. ID50 values reported here for the sensitive
PER-145 cell line fall in the same range: 24.5 Â±9.5 ng/ml
(ID50DNA inhibition); and 162.7 Â±22.1 ng/ml (ID50growth
inhibition).

Cell line PER-163 was isolated from the patient's bone
marrow cells at the time of his relapse after HDara-C treatment.
The first in vitro test for sensitivity to ara-C with this cell line
was performed after an initial culture period of 2 weeks (Fig.
1). PER-163 cells showed a very pronounced resistance to ara-
C without any selection procedures in the presence of the drug
in vitro. Thus, the resistance to ara-C in PER-163 cells is the
result of a selection process in vivo.The difference in sensitivity
to ara-C between PER-163 and PER-145 cells ranges from
1034-fold to 4388-fold based on growth and DNA synthesis,
respectively. In vitro selection of human leukemic cells resistant
to ara-C has been reported to yield cells 1000 to 2000 times
more resistant to the drug than the wild-type cells (9,10). These
comparisons were based on plating efficiencies. Drug resistance
in murine and human leukemic cells can be associated with a
number of mechanisms (8, 16-20): decreased ara-C transport;
decreased generation and retention of l-/3-D-arabinofuranosyl-

cytosine triphosphate; decreased incorporation of ara-C into
DNA; and increased cytidine deaminase activity, which cata-
bolizes ara-C to 9-0-D-arabinofuranosyluracil. The mechanism
underlying the resistance to ara-C in PER-163 cells is presently
under investigation.

The emergence of drug resistant cells is presumed to be one
of the manifestations of the heterogeneity within the neoplastic
cells (21). It is thought that this heterogeneity is a consequence
of spontaneous mutations. At present it is not known whether
ara-C resistance selected during HDara-C treatment differs
from resistance selected during treatment with conventional
doses (10). Over the initial 5-month culture period PER-163
cells showed a gradually increased sensitivity to ara-C. Further
investigations are required to determine the stability of the ara
C resistance in more detail.

Cell line PER-163 not only shows resistance to ara-C as a
result of selection in vivo, it also shows an unexpected prolif-
erative response to ara-C. This cell line is the first to be
described with such characteristics and thus presents a unique
opportunity to analyze mechanisms of resistance, as well as the
proliferative response. These investigations should lead to a
better understanding of the mechanisms of resistance to ara-C,
which is required for the development of new and successful
strategies for the treatment of leukemia.
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