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Abstract—Two L1210 cell lines, one sensitive to methotrexate (MTX) (L1210S5)
and the other resistant (L1210/740R) due to high dihydrofolate reductase were exposed
to MTX in serial log concentrations from 1073 to 10™8M MTX. Maximal (90%,)
inhibition of de novo DNA synthesis was produced by 10™°M MTX in L1210/S.
107* MTX produced no more than 409, inhibition in the L1210/740R line.
Leucovorin [N-5-formyltetrahydrofolic acid (LV)] 10~* M completely rescued 112108
Srom 107" M MTX and L1210/740R from 1075M MTX. There was a partial
rescue by LV of L1210/740R but none in L1210/S from 107* M MTX. LV
completely corrected the metabolic defect produced by 10™* M MTX when the cells
were washed in MTX free media following exposure to 10°* M MTX. Thus, high-
dose MTX has no apparent major advantage when MTX resistance is due to high
dihydrofolate reductase. High-dose MTX can produce a defect tnvolving a low affinity
(reversible) site which is not corrected by LV and a high affinity site defect which s
completely corrected by LV. LV resue is not directly dependent on the concentration of
Jree MTX alone in extracellular media. The measurement of the antimetabolic effect of
different simulated MTX treatment programs in cell lines with different defined
mechanisms of resistance to MTX may serve as a method for identifying the

biochemical parameters of cells and optimum conditions, if any, for treatment with

high-dose MTX and LV.

INTRODUCTION

METHOTREXATE (MTX) given in various do-
sages and schedules has a wide spectrum of
antitumor activity [l]. New treatment
schedules designed to be used with N-5 for-
myltetrahydrofolic acid [leucovorin (LV)] per-
mit 10-1000 times larger than the conven-
tional amounts of MTX to be used to pre-
ferentially inhibit tumor growth and rescue
normal tissue from MTX [2, 3]. Treatment
with high-dose MTX-LV regimens may be
superior to conventional treatment in some
clinical situations such as osteogenic sarcoma
[4], leukemia resistant to conventional doses
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of MTX, and perhaps some pediatric lym-
phomas [2, 5]. However, most of the common
tumors which sometimes respond to conven-
tional doses of MTX and those resistant to
conventional dosage of MTX have not under-
gone sufficient evaluation with the high-dose
MTX schedule. High-dose MTX may not
always prove effective or superior to con-
ventional doses. Consequently, it remains to
be determined if high-dose MTX will achieve
a much broader spectrum of antiturmor ac-
tivity than conventional MTX. Also, the op-
timum quantitative requirements, effective
concentrations of MTX and LV, and their
schedule remain to be defined for specific
tumor systems.

The mechanism and conditions which may
confer an advantage to high-dose MTX com-
pared to conventional doses of MTX have not
been demonstrated. It is unknown which
type(s) of resistance to MTX can be over-
come with high-dose MTX treatment. On
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theoretical grounds, it is possible that MTX
may overcome transport resistance by dif-
fusion [6], however, whether high-dose MTX
will overcome resistance due to elevated di-
hydrofolate reductase is less predictable.

These experiments were designed to de-
termine if resistance to MTX due to elev-
ations of cellular dihydrofolate reductase can
be effectively overcome by high-dose M'TX
therapy using conditions which simulate i
vitro pharmacologically definable features of
high-dose MTX therapy. The inhibition of de
novo DNA synthesis by MTX was compared
in L1210 cells, a parent line L1210/S sensitive
to MTX, and a line, L1210/740R, resistant to
MTX because of high intracellular concen-
trations of dihydrofolate reductase. Studies
were designed to test the contribution of
various isolated pharmacological conditions
for producing inhibition of de novo DNA syn-
thesis by MTX and thereby determining the
optimum conditions for therapy with MTX
for different cell lines. They also test the value
of these simulated conditions as new methods
for identifying cells which are sensitive and
resistant to MTX.

The simulated conditions include: short ex-
posure to high concentrations of MTX in the
presence or absence of LV; removing MTX
from the extracellular fluid with or without
the subsequent addition of LV (simulating the
period of decline of the concentration of
MTX in serum due to excretion of MTX)
and the rescue or protection by LV. The in
vitro system was suitable for testing controlled
concentrations of each drug, conditions of
exposure time to MTX, and concentrations of
MTX or LV which exceed the concentrations
or exposure times to these drugs which have
been achieved in vivo. Thus, the system may
be suitable for testing theoretical limits of
manipulating the therapeutic dosage schedules
for MTX or LV in MTX sensitive and

resistant cell lives.

MATERIALS AND METHODS

L1210 leukemia cells were supplied by Dr.
I. Wodinski, A. D. Little Company,
Cambridge, Mass. L1210/S and L1210/740R
were harvested into Hanks Balanced Salt
Solution (HBSS) from the ascitic aspirate of
DBA/2] mice 7 days after i.p. inoculation
with 1 x 10° cells. The cells were washed three
times to remove heparin and ascitic fluid and
resuspended in HBSS containing 109, dia-
lyzed fetal calf serum to a concentration of 3
x 107 cells/ml.

The dialyzed fetal calf serum contained less
than 1 ng/ml folate and did not bind *H-MTX
or added deoxyuridine (UdR). The cells had
not been exposed to MTX for several pa-
ssages. The antimetabolic effect of MTX and
the effect of LV on de novo DNA synthesis was
measured by the deoxyuridine (UdR) sup-
pression test as previously described [7, 8]. In
this system, abnormal de novo DNA synthesis
produced by MTX is demonstrable by the
reduced ability of UdR to suppress incorpo-
ration of subsequently added *H-thymidine
(*H-TdR) into DNA. The experiments in-
cluded cells exposed to *H-TdR alone, with
and without MTX.

For culture, 0.2ml cells (11-13 x 10°) were
pipetted into siliconized glass tubes after the
various radioactive and non-radioactive test
components were added in 0.1 ml aliquots, as
indicated by the individual experiment. The
final volumes were achieved by dilution with
HBSS. The cells were first equilibrated with
UdR and drugs for 60 min at 23°C, and then
the entire experiment was done at 37°C for
S$hr after the addition of 0.1 uCi *H-TdR
(spec. act. 20 Ci/mM, Amersham/Searle,
Arlington Heights, Ill.). All reactions were
performed in triplicate.

These studies designed to measure the effect
of LV were done in two ways. The cells
exposed to MTX and UdR for I hr at 23°C
before LV and TdR test materials were added
for a 3 hr incubation to simulate LV “‘rescue’”.
In separate experiments, LV was added at the
same time as MTX 1hr before TdR to si-
mulate ““protection’ by LV.

In the studies designed to evaluate MTX
washout, following 3 hr exposure to MTX, the
cells were washed at 23°C three times with
HBSS for a cumulative washing time of 15
min, then UdR and 3H-thymidine were

added.
At the end of the incubation time the cells
were washed twice with cold 0.99%; NaCl

solution. Two ml of 109, trichloracetic acid
(TCA) was added and the resultant pre-
cipitate was washed once with 10%, TCA.
The acid-precipitable material was dissolved in
1.0ml NCS reagent (Packard Instruments,
Fullerton, Calif.) and counted in 15ml of a
scintillation mixture (toluene containing 309,
ethanol, 0.6%, PPO and 0.03%, dimethyl
POPOP) in a Beckman LS250 liquid scintil-
lation system to a counting error of 2%, or
less. Results are expressed as percentage of
radioactivity incorporated where 100%; is that
amount of *H-TdR incorporated in the ab-
sence of UdR. Each triplicate had a variation
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of uptake which was less than 29%,. Drugs
tested in this system consisted of MTX, LV
and folic acid (Folvite), Lederle Laboratories,
Pearl River, New York. *H-MTX (12.3
Ci/mM) and *H-folic acid (40 Ci/mM) was
purchased from Amersham Searle, Arlington
Heights, Ill., and was diluted to a concen-
tration of 5 ng/ml in HBSS. The purity of the
radioactive compounds used in each experi-
ment, varied from 90-959%, as determined by
descending paper chromatography in 0.1 M
phosphate buffer, pH 7.9.

For measurement of MTX uptake, L1210
cells were incubated for 15 min at 23°C in
HBSS. Incubation volumes were brought to
0.9ml with HBSS and placed at 37°C. The
reactions were started with the addition of
SH-MTX (0.5ng) and stopped at intervals
ranging from O to 180 min by the addition of
cold 0.99% NaCl soluton. The pellet was
dissolved in 1.0m! NCS reagent and counted.
All experiments were run in triplicate [8].

Dihydrofolate reductase levels in L1210 ce-
IIs were measured by the reduction of *H-folic
acid to *H-tetrahydrofolate utilizing the me-
thod of Rothenberg [9]. The dihydrofolate
reductase preparation was obtained from cells
that were washed three times with saline,
resuspended in three volumes of 0.20M so-
dium citrate and freeze thawed three times.
The centrifuged supernatant was assayed for
protein and used for the assay. The incu-
bation mixture consisted of 0.23ml citrate
buffer (0.02M, pH 4.5), 0.05ml NADPH
0.1 mg),0.05 mlmercaptoethanol (3.5 mM )and
500 ng folic acid and 0.05 mg *H-folic acid
(0.25mg). The reaction is started with the
enzyme source and the entire incubation mix-
ture incubated at 37°C for 30 min. The
reaction is stopped by the addition of 0.2 ml
folic acid (12mg/ml) and precipitated with

0.2ml 5% ZnSO,-7H,0. No additional pre-

cautions for the stabilization of *H-folic acid
were attempted. The levels of dihydrofolate
reductase in L1210/S and 740R were mea-

sured in simultaneous experiments.

RESULTS

Characterizations of the L1210 leukemia cell lines

The L1210/740R line was characterized as
a high dihydrofolate reductase line. It had
dihydrofolate reductase activity capable of
converting 21.9nM of folic acid per mg of pro-
tein as compared to L1210/S which converts
0.88 mM of folic acid per mg of protein. The
two cell lines were identical in their net

uptake of *H-MTX into the cell during the
first 30 min. Net uptake of MTX is greater in
the L1210/740R line than in L1210/S at 60
min (Fig. 1). Other possible modes of re-
sistance in L1210/740R such as altered K for
MTX or efflux kinetics for MTX were not
assessed.
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Fig. 1. Characterization of L1210S and L1210/740R with
respect to MTX uptake and dihydrofolate reductase activity.

Methotrexate effect on de novo DNA synthests

The antimetabolic effect of MTX in
L1210/S is measurable at a concentration of
less than 1 x 1077 M, increases markedly at 5
x107"M, and thereafter higher concen-
trations show no further increase in inhibition
of de novo DNA synthesis (Fig. 2). In contrast,
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Fig. 2. MTX effect in L1210S and L1210/740R ;neasured
by the UdR suppression assay. 0.1 pM UdR added/ml.
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in the L1210/740R cell line the antimetabolic
effect of MTX 1is first measurable in con-
centrations in excess of 107> M. There is less
than 509, inhibition of de novo DNA synthesis
at 107*M. MTX at 107*M in L1210/740R
fails to achieve a degree of inhibition of de
novo DNA synthesis comparable to that in
L1210/S achieved with any concentration of
MTX above 107° M.

The effect of methotrexate on >H-thymidine in-

corporation into DNA

The effect of MTX serial concentrations on
*H-thymidine incorporation in DNA was
measured. MTX increased *H-thymidine in-
corporation into DNA except at doses greater
than 1073 where *H-thymidine incorporation
was reduced. This direct MTX effect on
thymidine incorporation is not sufficient alone
to explain the difference between *H-
thymidine incorporation in the L1210/S and
LIi210R lines in the presence of UdR and
MTX. This small degree of inhibition of *H-
thymidine incorporation by 1073 M MTX is
more marked in the L1210/740R and was not
consistently observed with L.1210/S.

Effect of leucovorin

In L1210/S, LV 10™*M partially protected
(40%,) against the defect in DNA synthesis
induced by MTX 107°M to 107*M. At
107*M MTX, the ability of LV to correct
inhibition of de novo DNA synthesis in 1.1210/S
appears to be almost absent. In contrast,
against 1.1210/740R, 10"*M LV is more pro-
tective, correcting the defect in DNA synthesis
by 809% at 107*M MTX and by 409, at
1073 M MTX (Figs. 3 and 4). Results were
qualitatively the same when LV was added at
the same time (protection) as MTX or at | hr
(early rescue) after MTX (not shown).

Methotrexale “washout” experiments

The cell lines were exposed to various con-
centrations of MTX and “‘washed” to remove
the extracellular and loosely bound MTX
prior to the UdR suppression assay in order to
determine the residual MTX effect on de novo
DNA synthesis. In L1210/S, washout com-
pletely eliminated the inhibition of de novo
DNA synthesis by MTX concentrations of
107°M (Fig. 5). In contrast, washout pro-
duced complete loss of MTX effect in the
L1210/740R line at concentrations as high as
1073 M (Fig. 6). The addition of LV follow-
ing washout of 1073-10"*M MTX corrects
the MTX induced defect in DNA synthesis
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Fig. 3. LV rescue from MTX in L1210S and L1210/740R

as measured by the UdR suppression assay. 0.1 uM UdR,

10°*M LV added/ml. (----)=range where incorporation of
3H-thymidine is inkibited directly by MTX.
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Fig. 4. LV rescue curve in L1210S and L1210/740R as
measured by UdR suppression assay. 0.1 uM UdR, 10™* LV
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which was not correctable by LV prior to
washing of the L1210/S cells (Figs. 4 and 53).

DISCUSSION

High dose MTX produced only a small
inhibition of de novo DNA synthesis when
resistance to MTX appeared to be due to a
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twenty-fold increase in the concentration of
dihydrofolate reductase. This occurred in spite
of a modest net increase in uptake of MTX
by the L1210/740R line. The inhibition of de
nove DNA synthesis in L1210/740R was less
than that produced by 10-100-fold lower con-
centrations of MTX in the L.1210/S line.
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Fig. 5. Effect of washout of MTX in L1210S prior to
addition of LV or measurement by the UdR suppression assay.
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Fig. 6. Effect of washout of MTX in L1210/740R prior to
measurement by the UdR suppression assay.

There is more than a proportional increase
in concentration of MTX required for effec-
tive inhibition of de novo DNA synthesis as the
cell increases its concentration of dihydro-
folate reductase [10]. More than double the
original amount of intracellular drug is re-

quired to inhibit a two-fold increase in en-
zyme. Experiments reported herein demon-
strate this increased requirement for MTX
can be further geometrically increased beyond
clinically achievable concentrations when
DHFR is 20 times normal as in the
L1210/740R cell line. The degree of inhibition
is less than predicted on theoretical grounds
[10]. The degree of increases in the level of
dihydrofolate reductase may determine if any
clinically achievable concentration of MTX
can effectively overcome resistance {11, 12].

Our tests demonstrate two additional reasons
why high-dose MTX may not effectively
overcome resistance due to elevations of
dihydrofolate reductase. When the dihydro-
folate reductase was twenty times greater than
normal, both protection and rescue from
MTX by LV was greater in the
L1210R/740R resistant line than the L1210S
normal line. Similarly, washing the cells in
MTX-free medium also easily reversed in-
hibition of de novo DNA synthesis by high-dose
MTX in the 1.1210/740R. In contrast, wash-
ing failed to completely reverse inhibition of
L1210S at the high-dose concentration of
MTX 1072 of 10"*M. Thus, these pharma-
cological variables (concentration, LV rescue
or washout and rescue) fail to demonstrate the
effectiveness of high-dose MTX schedules
against such resistant lines. These characteris-
tics would predict limited therapeutic effec-
tiveness for MTX in tissue with marked elev-
ations of dihydrofolate reductase.

The failure of LV to totally reverse the
effect of MTX in LI1210/S suggests, in con-
trast to the rescue of LI1210/R, that the
extracellular concentrations of MTX and LV
cannot be the only factors preventing cor-
rection of the DNA defect in the L1210/S line
by LV. Intracellular factors must also be
critical because the extracellular concen-
trations of both MTX and LV were the same
in  experiments  with  L1210/S  and
L1210/740R. When the dihydrofolate reduc-
tase or high affinity sites were greater than
normal, as in L1210/740R, correction of de
novo DNA synthesis by LV was facilitated.

Iree or low affinity bound MTX [13] may
be largely responsible for the suppression of de
novo DNA synthesis by high-dose MTX in
both L1210/S and L1210/740R lines. Remov-
ing free or loosely bound MTX by washing
the cells eliminates the inhibition except in
the sensitive line at the high-dose MTX con-
centration of 1073 or 107* M. This remaining
inhibition is reversed by LV. In contrast, LV
is unable to eliminate the effect of MTX on
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the postulated low affinity sites as evidenced
by the requirement for washing before LV
effects “‘rescue”. Therefore, LV appears to
correct the defect in de novo DNA synthesis
associated with MTX binding at the high
affinity sites. These washout experiments sug-
gest that the low affinity site can be important
in the selective efficacy of high-dose MTX
therapy for some cells.

The observation that high-dose MTX some-
times inhibits *H-thymidine incorporation
may represent an additional parameter for
comparing the effect of high-dose MTX on
different cells. Low-dose MTX normally in-
creases °H-thymidine incorporation into
DNA. The inhibition of *H-thymidine in-
corporation by high-dose MTX has been ob-
served by others in normal tissue [14] and
may indirectly reflect an antipurine effect
[15].

The in vitro tests may improve the sclection
of tumors for high-dose MTX therapy. These
current tests measure a series of pharmacologi-
cal and quantitative parameters. In contrast,
earlier in vitro predictive tests which measured
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totally reliable correlation with clinical sensi-
tivity to MTX [16-18]. The availability of
related, defined genetic mutants, which have
many biochemical similarities also define the
cellular factors which determine sensitivity or
resistance to MTX.

Similar experiments have been conducted
in this laboratory using an MTX transport-
resistant Friend leukemia cell line [19]. High-
dose MTX and LV is effective in overcoming

transport resistance In contrast to the
high  dihydrofolate  reductase  type  of
resistance.  Other  antifolates, such  as
diaminopyrimidines which utilize different

mechanisms of entering the cell, may also
overcome transport resistance [20]. Thus, re-
sistance due to dihydrofolate reductase may
be a biochemical contraindication to effective
therapy with MTX or other antifolates [21].
Methods are available for histochemical de-
termination of dihydrofolate reductase levels
[22], but these have not yet had an adequate
clinical trial. Measurement ol dihydrofolate
reductase in tumor tissue prior to trcatment
may eliminate the cells which will not benefit

only a single parameter using the suppression from treatment with MTX or other
of deoxyuridine, provided a partial but not antifolates.
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