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Abstract Methotrexate (MTX) is one of the most widely
used drugs for the treatment of childhood acute lym-
phoblastic leukemia (ALL). Interindividual differences
in lymphoblast accumulation of MTX and its active
metabolites, methotrexate polyglutamates (MTXPG),
may contribute to the effectiveness of treatment among
ALL subtypes. To better understand these differences in
MTXPG accumulation, we developed a model to char-
acterize the cellular influx and efflux of MTX, formation
of MTXPG by the addition of glutamyl residues cata-
lyzed by FPGS (folylpolyglutamate synthetase), and
cleavage of glutamyl residues from MTXPG by GGH
(c-glutamyl hydrolase). The model was fitted to in vivo
intracellular MTXPG concentrations measured serially
in leukemic blasts from 20 newly diagnosed patients with
ALL treated with 24-h intravenous infusions of MTX.
The observed median concentrations of total MTXPG
at 44 h was higher in B-lineage than in T-cell ALL (1706
vs 518 pmol/109 cells, P<0.025), consistent with the
higher estimated Vmax for FPGS activity in B-lineage vs
T-lineage blasts (414 vs 93 pmol/109 cells/h, P<0.008).
Simulations based on the model-estimated parameters
indicated greater accumulation of MTX, MTXPGs
(MTXPG2–7) and total MTX (MTXPG1–7) with longer
MTX infusions and with higher MTX doses, with the
highest concentrations in hyperdiploid B-lineage, inter-

mediate in non-hyperdiploid B-lineage, and lowest in
T-cell ALL. These differences provide mechanistic and
treatment insights for lineage and ploidy differences in
MTXPG accumulation in human leukemia cells in vivo.
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Introduction

Methotrexate (MTX) is used extensively in the treatment
of children with acute lymphocytic leukemia (ALL) [5, 7,
8, 11, 26, 31, 34, 35, 40]. MTX and its intracellular po-
lyglutamate metabolites (MTXPG) inhibit the enzymes
dihydrofolate reductase (DHFR), thymidylate synthase,
glycinamide ribonucleotide transformylase and amino-
imidazole carboxamide ribonucleotide transformylase,
all of which are needed for either thymidylate synthesis
or de novo purine synthesis [1, 2, 9, 27, 42, 44]. Multiple
therapy-related and patient-related prognostic factors
affect the outcome of childhood ALL. Although the cure
rate for childhood ALL now exceeds 80% in some trials,
MTX resistance may contribute to treatment failure in
some patients [6, 18, 28]. MTX and MTXPG accumu-
lation in ALL blasts is highly variable among patients
[41], differs by ALL lineage and ploidy [41, 45, 46], is
influenced by MTX dosage [41], and is related to the
antileukemic effects of MTX [27, 45, 46]. To determine
possible causes for low accumulation of MTXPGs, we
developed a mathematical model to describe intracellu-
lar concentrations of MTX and its metabolites in ALL
blasts studied in vivo in children with ALL.

Several biological processes govern MTX and
MTXPG concentrations intracellularly. At extracellular
MTX concentrations less than 20 lM, the main pathway
for cell entry is via active transport through the reduced
folate carrier (RFC) [44]. At very low concentrations
(<0.1 lM), MTX transport may be facilitated by the
folate receptor [21, 22]. Passive diffusion is thought to be
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most relevant at higher extracellular concentrations of
MTX (>20 lM), and may account for about half the
influx at extracellular MTX concentrations of 200 lM
[44]. MTX is anabolized by folylpolyglutamate synthe-
tase (FPGS), which sequentially adds glutamyl groups to
MTX, forming polyglutamate chains up to six or seven
glutamates long. The polyglutamates are removed (hy-
drolyzed) by c-glutamyl hydrolase (GGH) [16, 33, 36, 39,
48]. MTXPG are stronger inhibitors of DHFR, thy-
midylate synthase, glycinamide ribonucleotide trans-
formylase, and aminoimidazole carboxamide
ribonucleotide transformylase than MTX [1], and these
larger molecules cannot easily efflux from the cell [13, 29].
Thus, there are numerous mechanisms by which higher
concentrations of MTXPG may be associated with
greater antileukemic effects [2, 6, 18, 27, 41, 45].

We have previously compared in vivo MTXPG1–7

concentrations in bone marrow blasts obtained at a fixed
time-point (44 h from the start of MTX exposure) after
two doses of MTX (1 g/m2 over 24 h i.v. vs 30 mg/m2

orally every 6 h for six doses) [41]. These studies estab-
lished that total MTXPG accumulation is higher with
the higher dose, but there is substantial interpatient
variability in MTXPG accumulation. Hyperdiploid B-
lineage ALL have the highest MTXPG accumulation,
putatively related to increased expression of RFC [4],
and T-lineage have the lowest MTXPG accumulation,
partly due to lower FPGS activity [3]. However, these
studies examined MTXPG accumulation at a single
time-point, and did not include serial data on MTXPG
concentrations over time. In the present study, we
measured and modeled the time-course of MTXPG in
serially collected samples in vivo, in children with ALL
treated with a range of intravenous MTX dosages. The
model provides insights into the mechanisms of lineage
and ploidy differences in MTXPG accumulation in ALL
blasts in vivo, and may be useful for predicting effects of
various dosage regimens of MTXPG.

Methods

Patients and drug administration

Between August 1998 and July 1999 48 children with newly diag-
nosed ALL were enrolled on study protocol Total XIV and re-
ceived up-front MTX. Of these patients, 20 had adequate
circulating blasts for serial studies of MTXPG concentrations.

At diagnosis, patients were randomized to receive 24-h MTX
i.v. infusion with dosages adjusted to target steady-state plasma
concentration (Cpss) of 2.5, 5, 10, 17.5, 30, 45, 70, or 90 lM MTX.
These concentrations encompass average MTX doses of 250 mg/m2

to 8 g/m2, doses that have been used in ALL trials [34]. To achieve
these targeted concentrations, blood samples were drawn at the end
of a 20-min loading dose and at 3 h after the start of the MTX
infusion and the plasma MTX concentrations were measured by
the Abbottbase TDx-FPIA II assay (Abbott Diagnostics, Irving,
Tx.). Based on estimates of clearance using these two measure-
ments (as determined using a first-order two-compartment model
and the maximum a posteriori probability (MAP) parameter esti-
mation method implemented in the ADAPT II software [10]), a
dose adjustment was made at 5 h to achieve the desired MTX Cpss.
The dose range to achieve the targeted Cpss for each of the 20

patients was between 209 and 7676 mg/m2. All treatments were
followed at 48 h by leucovorin rescue.

Measurement of MTX and MTXPG

Blood was obtained from each patient at 20 min, 3 h, 23 h, and
44 h after the start of MTX infusion, plasma MTX assayed as
described above, and final pharmacokinetic parameters were esti-
mated via MAP using all four time-points. These final parameters
were used in the modeling described below.

Leukemic blast cells were isolated by Ficoll-Hypaque gradient
and washed three times with a solution of Hepes, Hanks’ buffered
salt solution, and heparin. The final cell yield was determined by
hemocytometer and the percent viability by trypan blue exclusion.
MTX and six polyglutamated metabolites were separated by HPLC
and quantitated by radioenzymatic assay, as we have previously
described [41]. Separate calibration curves were used for quanti-
tation of MTX and each polyglutamate metabolite. The limit of
detection of this assay was 0.02 pmol/106 cells. All results are ex-
pressed as picomoles MTXPG per 109 cells. MTXPGs were also
measured in bone marrow blasts obtained 44 h from the start of
MTX.

Development of model

A mathematical model based on the models of White and Mi-
kulecky [44] and Morrison and Allegra [30] was developed to
characterize the kinetics of intracellular MTX and MTXPG. Model
assumptions were as follows. (1) Accumulation of MTXPG was
grouped as either MTXPG2-MTXPG7 or MTXPG2-MTXPG3

(short chain) and MTXPG4- MTXPG7 (long chain). The subscript
denotes the number of glutamates attached to each MTX molecule.
(2) Active transport (via the RFC) was assumed to be the primary
influx pathway and was modeled with a Michaelis-Menten term. (3)
Passive influx was considered minor at plasma MTX concentra-
tions <20 lM [44]. Also, active and passive influx were mathe-
matically indistinguishable given only plasma and intracellular
MTX concentrations. Therefore, first-order passive influx was fixed
to the rate 0.4 l/h, as previously reported [44]. (4) Efflux was
modeled as a first-order process and only MTXPG1 (MTX) was
permitted to efflux from the cell [13, 29]. (5) DHFR concentration
was not estimated, as it was assumed to be less than MTXPG
concentration during the 44 h of the experiment [23, 30, 44] and the
data did not allow us to distinguish DHFR from uptake or efflux.
(6) FPGS activity was modeled as a Michaelis-Menten reaction. (7)
GGH activity was modeled as a first-order process [30]. (8) Intra-
cellular MTX was assumed to have no influence on extracellular
MTX, because the amount of intracellular MTX was much less
than extracellular MTX at the relatively early time-points studied.
Furthermore, extracellular MTX was modeled independently with
a two-compartment pharmacokinetic model. These pharmacoki-
netic parameters were then fixed for each patient based on their
individual data, and incorporated to provide the source of MTX to
the intracellular MTXPG model.

With these assumptions, we tested the following two models.
The first described the time-course of the intracellular concentra-
tions of the parent drug (MTX) and the sum of all the polygluta-
mates (MTXPG2–7) (Fig. 1a).

dMTXPG1

dt
¼ Vm�I MTX

Km�I þMTX
þ KpMTX � keff MTXPG1

� Vm�FPGSMTXPG1

Km�FPGS þMTXPG1
þ KGGH MTXPG2�7

dMTXPG2�7
dt

¼ Vm�FPGSMTXPG1

Km�FPGS þMTXPG1
� KGGH MTXPG2�7

The second model describes the intracellular concentrations of the
parent drug (MTX), short-chain polyglutamates (MTXPG2–3), and
long-chain polyglutamates (MTXPG4–7) (Fig. 1b).
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dMTXPG1

dt
¼ Vm�I MTX

Km�I þMTX
þ KpMTX � keff MTXPG1

� Vm�FPGS1MTXPG1

KFPGS1 þMTXPG1
þ KGGH1MTXPG2�3

dMTXPG2�3
dt

¼ Vm�FPGS1MTXPG1

Km�FPGS1 þMTXPG1
� KGGH1MTXPG2�3

þ Vm�FPGS2MTXPG2�3
KFPGS2 þMTXPG2�3

þ KGGH2MTXPG4�7

dMTXPG4�7
dt

¼ Vm�FPGS2MTXPG2�3
Km�FPGS2 þMTXPG2�3

� KGGH2MTXPG4�7

The variables were defined as follows. MTX the extracellular
concentration of methotrexate, MTXPG1 the intracellular con-
centration of methotrexate, MTXPG2–7 the sum of the concentra-
tions of MTXPG2–MTXPG7, MTXPG2–3 the concentration of
short-chain MTXPG (MTXPG2+MTXPG3), and MTXPG4–7 the
sum of the concentrations of long-chain MTXPG (MTXPG4–
MTXPG7). The parameters were defined as follows: Vm-I and Km-I

the Michaelis-Menten parameters for active (RFC) influx, Kp the
first-order passive influx parameter, keff the first-order efflux pa-
rameter, Vm-FPGSi and Km-FPGSi the Michaelis-Menten parameters
for FPGS activity, and KGGHi the first-order GGH activity pa-
rameter. All parameters are constant with the exception of Vm-I and
Vm-FPGS which are increasing functions of MTX dose [3].

Several secondary model parameters were also estimated, in-
cluding those related to intracellular MTXPG1 retention:

• Intrinsic influx to efflux ratio (RatioIE): Vm-I/Km-I/keff (pmol/
lM). This is the measure of the net influx-to-efflux activity, ac-
counting for the activity of the RFC (Vm-I/Km-I) and the efflux
process (keff).

• Maximum active transport intracellular MTXPG1 accumulation
(MAXpg1): Vm-I/keff (pmol/109 cells). This is the maximum pos-
sible accumulation of MTXPG1 assuming an infinitely large
dose. This assumed no passive diffusion; otherwise, the maxi-
mum accumulation could be infinite.

and those related to intracellular MTXPG2–7 retention:

• Intrinsic FPGS to GGH ratio (RatioFG): Vm-FPGS/Km-FPGS/
KGGH (unitless). This is the measure of the net FPGS-to-GGH
activity accounting for the affinity for the enzyme (Km-FPGS).

• Maximum MTXPG2–7 accumulation (MAXpg2–7): Vm-FPGS/
KGGH (pmol/109 cells). This is the maximum possible accumu-
lation of MTXPG2–7 given an infinitely large dose (i.e. this is an
upper bound on accumulation of MTXPG2–7).

Data analysis

Model parameters were estimated from serial ALL blast samples
obtained from 20 patients with newly diagnosed ALL, all of whom
had data from all four peripheral blood blast samples. Parameters

Fig. 1. a Two-compartment
model for blast MTXPG accu-
mulation. The parameters are
defined as follows. Vm-I and Km-

I the Michaelis-Menten param-
eters for active (RFC) influx, Kp

the first-order passive influx
parameter, keff the first-order
efflux parameter, Vm-FPGS and
Km-FPGS the Michaelis-Menten
parameters for FPGS activity,
KGGH the first-order GGH ac-
tivity parameter. Standard two-
compartment plasma MTX
model depicted at bottom. b
Three-compartment model for
blast MTXPG accumulation.
The parameters are defined as
follows. Vm-I and Km-I the
Michaelis-Menten parameters
for active (RFC) influx, Kp the
first-order passive influx pa-
rameter, keff the first-order ef-
flux parameter, Vm-FPGSi and
Km-FPGSi the Michaelis-Menten
parameters for FPGS activity,
KGGHi the first-order GGH ac-
tivity parameter. The subscript
i=1,2 represents the parameters
for the MTXPG2–3 and
MTXPG4–7 compartments, re-
spectively. Standard two-com-
partment plasma MTX model
depicted at bottom
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for the two models were initially estimated by maximum likelihood
estimation via ADAPT II [10]. Due to the limited amount of data,
some of the data sets were not fitted well by this method, as de-
termined by large sums of squares, Akaike information criteria
(AIC), or poor visual fit. All data sets were then reanalyzed using
the MAP Bayesian estimation technique as implemented in
ADAPT II. To constrain parameter estimates, a prior estimate was
determined using the mean and covariance matrix based on the
initial maximum likelihood-derived parameter estimates. Accept-
able fits (as determined by a reduction in the sum of squares,
generalized information criterion (GEN-IC), or an acceptable vi-
sual fit) were obtained with all the data sets analyzed. ALL lineage,
ploidy, and dose-dependent differences in the parameter estimates
were compared by the Kruskal-Wallis ANOVA, the Mann-Whit-
ney U-test, or generalized linear modeling.

Results

Patients

Of the 48 patients randomized to target steady-state
MTX plasma concentrations of 2.5, 5, 10, 17.5, 30, 45,
70, or 90 lM, 20 had an adequate number of circulating
leukemic blasts for serial studies of MTXPG concen-
trations (Table 1). Bone marrow blast concentrations of
MTXPG were measured in 37 (7 B-lineage hyperdiploid,
22 B-lineage nonhyperdiploid, and 8 T-lineage) of 48
patients, including all 20 with serial blast samples.

Figure 2 shows the plasma MTX concentration vs
time for a typical patient (B-lineage hyperdiploid, MTX
dose 839 mg/m2) along with the pharmacokinetic model
fit of the data.

Comparison of two- and three-compartment models

Because the three-compartment model is more complex
and contains more parameters, it is mathematically
more difficult to accurately estimate its parameters.
Therefore, we first performed a model discrimination
analysis to determine whether the three-compartment
model (which separated long-chain from short-chain
MTXPGs) performed better at fitting the data than did
the two-compartment model (which pooled MTXPG2–7

in a single compartment). Figure 2b, c shows a fit to a
representative patient using both the two- and the three-
compartment models. The median sum of squares was
27% higher in the two-compartment model compared to

the three-compartment model. However, in 37% of the
patients, the sum of squares for the three-compartment
model was higher than that of the two-compartment
model. In addition, the median GEN-IC was 37%
higher for the three-compartment compared to the two-
compartment model, indicating greater parsimony for
the simpler model. Given that there was a high corre-
lation between MTXPG2–3 and MTXPG4–7 in all three
subtypes (B-lineage hyperdiploid r=0.97, P<0.05; B-
lineage nonhyperdiploid r=0.83, P<0.05; T-lineage
r=0.98, P<0.05; all subtypes r=0.89, P<0.05; Fig. 3),
the superior performance of the two-compartment
model was not surprising. Therefore, we used the two-
compartment model for the remainder of the analysis.

Differences among ALL subtypes

We compared the estimated model parameters among
the three different ALL subtypes (Table 2). Median
influx for all ALL subtypes were similar, whereas the
affinity for influx was greatest among the hyperdiploid
B-lineage blasts, and the median influx to efflux ratio
(RatioIE) was approximately tenfold higher in B-lineage
hyperdiploid ALL compared to the other two subtypes
(P<0.05). The median VM-FPGS was 4.4-fold higher in
B-lineage blasts than in T-lineage blasts (P<0.01) and
the median KGGH was 1.9-fold higher in nonhyperdip-
loid vs hyperdiploid ALL (P<0.05). Hence, the maxi-
mum accumulation of polyglutamates (MAXpg2–7) was
fourfold higher in B-lineage than in T-lineage blasts
(P<0.01; Fig. 4).

The parameters describing influx (Vm-I), and FPGS
activity (Vm-FPGS) were dose-dependent (Fig. 5). Al-
though it is possible that the relationship between FPGS
activity and dose is saturable, over the range of doses
available in this study, a linear relationship was ob-
served. Influx and FPGS activity both increased with
dose (P<0.05 and P<0.035, respectively). As previously
found experimentally in vivo [3], the increase in FPGS
activity was greater with B-lineage compared to T-lin-
eage (P<0.00075). In particular, at a dose of 1 g/m2,
FPGS activity increased 150% and 21% in B- and
T-lineage, respectively, over the predicted untreated
activity. These results are consistent with higher
polyglutamate accumulation in patients with B-lineage
ALL [41].

Table 1. Patient demographics
Subtype (lineage, ploidy)

B-lineage hyperdiploid B-lineage nonhyperdiploid T-lineage

n 5 10 5
Sex (male/female) 2/3 2/8 2/3
Race (African American/Caucasian) 0/5 2/8 3/2

MTX dose (mg/m2)
Median 1190 2418 1132
Range 209–3960 229–7676 368–5335

MTX Cpss achieved (lM)
Median 14.0 40.1 18.8
Range 3.13–83.4 6.27–109.4 6.33–86.9
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Fig. 2. a Plasma MTX con-
centration vs time for a typical
patient (B-lineage hyperdiploid,
MTX dose 839 mg/m2). Open
squares measured concentra-
tions, solid line model simula-
tion using a first-order two-
compartment pharmacokinetic
model. b Peripheral blast intra-
cellular MTXPG concentration
vs time for a typical patient.
Open squares measured
MTXPG1 concentration, open
circles measured MTXPG2–7

concentration, solid line two-
compartment model simulation
of MTXPG1, dashed line two-
compartment model simulation
of MTXPG2–7. c Peripheral
blast intracellular MTXPG
concentration vs time for a
typical patient. Open squares
measured MTXPG1 concentra-
tion, open circles measured
MTXPG2–3 concentration, open
diamonds measured MTXPG4–7

concentration, solid line three-
compartment model simulation
of MTXPG1, dashed line three-
compartment model simulation
of MTXPG2–3, dotted line
three-compartment model sim-
ulation of MTXPG4–7

Fig. 3. Relationship between
short-chain (MTXPG2–3, pmol/
109 cells) and long chain
(MTXPG4–7, pmol/109 cells)
polyglutamates categorized by
ALL subtype. Solid line regres-
sion line (r=0.88, P<0.05),
open circles B-lineage hyper-
diploid, open squares B-lineage
nonhyperdiploid, open dia-
monds T-lineage
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Predictions

To illustrate the predictions of the model and the pa-
rameter estimates, we plotted the observed data for
MTX dose vs the measured 44-h peripheral blast con-
centrations of intracellular MTXPG1 and MTXPG2–7

and compared them to the model-predicted estimates for
the three ALL subtypes. Although there was extensive
variability in the data, the model accurately described
observed data (Fig. 6). To give greater context for the
model predictions, the model simulations were also
compared to intracellular MTXPG1 and MTXPG2–7

B-lineage T-lineage
(n =5)

P-value

Hyperdiploid
(BH) (n=5)

Nonhyperdiploid
(BN) (n=10)

Combined
(B) (n=15)

BH-BN-T B-T BN-BH

Primary parameters
Vm-I (pmol/109 cells/h) 674.9 (1418) 1273 (5223) 933.3 (5223) 595.8 (1386) >0.1 >0.1 >0.1
Km-I (lM) 0.4 (13.4) 3.5 (29.3) 3.1 (30.1) 0.74 (8.8) >0.1 >0.1 >0.1
keff (l/h) 3.4 (21.7) 6.4 (23.1) 5.3 (23.5) 6.1 (17.6) >0.1 >0.1 >0.1
Vm-FPGS (pmol/109 cells/h) 302.0 (340.8) 670.4(1502) 414.5 (1549) 93.48 (145.1)<0.01 <0.01 >0.1
Km-FPGS (pmol/109 cells) 0.01 (7.8) 1.6 (83.7) 1.6 (84.1) 7.8 (48.1) >0.1 >0.1 0.05<P<0.1
KGGH (l/h) 0.10 (0.2) 0.28 (2.9) 0.18 (3.0) 0.18 (0.13) 0.05<P<0.1 >0.1 <0.05

Secondary parameters
RatioIE 501.0 (669.0) 39.7 (124.6) 44.5 (692.1) 61.9 (575.1) 0.05<P<0.1 >0.1 <0.05
MAXpg1 (pmol/109 cells) 199.7 (546.0) 161.3 (1277) 162.5 (1310) 84.1 (221.3) >0.1 >0.1 >0.1
MAXpg1 (lM)a 0.80 0.65 0.65 0.34
RatioFG 72662 (197724) 860.6 (7083) 1053 (198565) 62.0 (41784)<0.05 0.05<P<0.1 <0.01
MAXpg2–7 (pmol/109 cells) 1986 (14091) 2236 (5720) 1986 (14274) 486.0 (848.3) <0.05 <0.01 >0.1
MAXpg2–7 (lM)a 7.9 8.9 7.9 1.9

Actual accumulation
MTXPG2–7 (pmol/109 cells)
23 h 1805 (8175) 847.1 (6331) 1423 (8647) 414.9 (750.0) <0.05 <0.05 >0.1
44 h 2544 (4407) 1511 (5194) 1676 (5194) 459.0 (527.6) <0.05 <0.05 >0.1

MTXPG1–7 (pmol/109 cells)
23 h 2146 (8656) 873.3 (5912) 1579 (9085) 505.2 (877.2) <0.05 <0.05 >0.1
44 h 2603 (4397) 1535 (5220) 1706 (5220) 517.9 (539.9) <0.05 <0.05 >0.1

aConversion to micromoles per liter based on 250 fl/cell

Table 2. Median (range) primary and secondary parameter esti-
mates. Combined B-lineage pools data from B-lineage hyperdiploid
and B-lineage nonhyperdiploid. P-values comparing B hyperdip-
loid-, B nonhyperdiploid- and T-lineages were derived from

Kruskal-Wallis ANOVA; P-values comparing B-lineage to T-lin-
eage and B-lineage nonhyperdiploid to B-lineage hyperdiploid were
derived from the Mann-Whitney U-test

Fig. 4. Model-predicted maxi-
mum MTXPG2–7 accumulation
(pmol/109 cells per h) grouped
by subtype, not including par-
ent MTXPG1. The boxes rep-
resent the 25–75% quartiles, the
square in the boxes represents
the median, and the whiskers
represent the range. The median
MTX doses (mg/m2) were 1190,
2418, 1132 for B-lineage hyper-
diploid, B-lineage nonhyper-
diploid, and T-lineage,
respectively
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concentrations measured in ALL blasts in bone marrow
aspirates from 37 patients enrolled on the Total XIV
protocol and concentrations of MTXPG1 and
MTXPG2–7 in bone marrow blasts from 144 patients
enrolled on the Total XIIIA protocol of SJCRH (26 B-
lineage hyperdiploid, 101 B-lineage nonhyperdiploid,
and 17 T-lineage) who received MTX. Each of these
patients was treated with MTX and had MTXPGs
measured by the same method as those used for the
peripheral blasts from patients on the Total XIV pro-
tocol. The model also predicted these bone marrow
MTXPG concentrations reasonably well, as indicated in
Fig. 6.

Differences due to drug infusion time

Based on the median estimated parameters in Table 2,
the model predicted that infusion time would have a
substantial effect on the 44-h accumulation MTXPG1

and a lineage-dependent effect on the 44-h accumulation
of MTXPG2–7. The least effect of MTX infusion length
on total MTXPG accumulation was observed in blasts
from patients with B-lineage hyperdiploid ALL and the
greatest effect was observed in patients with T-lineage
ALL. In particular, T-lineage ALL were predicted to
have a 28% increase in MTXPG1–7 accumulation when
the infusion time was increased from 4 h to 24 h,
whereas only a 3–7% increase in MTXPG1–7 accumu-
lation was predicted in B-lineage ALL (Table 3).

Differences due to MTX dose

The model was also used to estimate the effects of dose
(with a fixed 24-h infusion) on 44-h MTXPG accumu-
lation (Fig. 7). Increasing dose past 2500 mg/m2 caused
little increase in MTXPG accumulation. In particular,
increasing dose from 2500 to 5000 mg/m2 caused a 6%
(B-lineage hyperdiploid), 10% (B-lineage nonhyperdip-
loid), and 13% (T-lineage) increase in MTXPG1–7 ac-
cumulation. In addition, we observed that T-lineage
MTXPG1–7 accumulation was always less than B-lineage

MTXPG1–7 accumulation at doses up to 10 g/m2, indi-
cating that an increase in MTX dose (assuming the same
infusion time) would not be sufficient to increase
MTXPG accumulation in T-lineage ALL to levels ob-
tained in B-lineage ALL (Fig, 7), but the higher the
MTX dose, the greater the MTXPG concentrations in
T-lineage ALL.

Discussion

MTXPG accumulation was ALL subtype-dependent,
with the greatest accumulation seen in B-lineage hyper-
diploid ALL, followed by B-lineage nonhyperdiploid
ALL, and lowest among T-lineage ALL (median accu-
mulation of MTXPG2–7 at 44 h: 2544, 1511, 459 pmol/
109 cells respectively, P<0.05), consistent with our
previous observations with lower doses of MTX [27, 41].
This result is of importance to childhood ALL because
MTXPG accumulation has been correlated with event-
free survival and short-term antileukemic effects [27, 45].
In fact, several mathematical models have shown that a
considerable accumulation of MTX is needed to com-
pete with dihydrofolate [20, 42, 44]. To better under-
stand the mechanisms for the observed lineage- and
ploidy-related differences in MTX and MTXPG accu-
mulation, we have modeled the time course of in vivo
MTX accumulation and related it to biochemical factors
known to influence MTX intracellular disposition. Our
data allow for the first in vivo model of MTX disposi-
tion in leukemic blasts.

The influx, efflux, and GGH activity parameters de-
termined in vivo in patients with ALL are comparable to
previously reported estimates in in vitro and ex vivo
studies [12, 20, 25, 30, 33, 37, 38, 43]. This lends addi-
tional support to the structural pharmacokinetic model
we used for our in vivo data in patients. Our estimates
for FPGS (Vm-FPGS and Km-FPGS) were lower than
previously reported estimates in in vitro and ex vivo
studies [3, 24, 25, 37, 38]. In an effort to address this
difference, we modeled the data while constraining
Km-FPGS to be near the literature-reported levels (mean
52 lM with a CV of 54%). However, this constraint

Fig. 5a, b. Regression of dose
vs estimated model parameters.
a MTX dose (mg/m2) vs Vm-I

(maximum influx rate, pmol/
109 cells per h; r2=0.2,
P<0.05. b MTX dose (mg/m2)
vs VM-FPGS (maximum FPGS
rate, pmol/109 cells per h).
Dashed line regression line for
B-lineage results (r2=0.6,
P<0.0005), solid line regression
line for T-lineage results
(r2=0.4, P>0.1), open circles
B-lineage hyperdiploid, open
squares B-lineage nonhyperdip-
loid, solid diamonds T-lineage
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resulted in a substantially worse fit – the sum of squares
was typically an order of magnitude higher than when
FPGS parameters were not constrained. One explana-
tion for the differences is that in in vitro and ex vivo
studies FPGS parameters were determined using higher
substrate MTX concentrations (up to 250 lM) whereas
the intracellular concentrations of MTX in the current
study were lower (up to approximately 40 lM). Because
it appears that VM-FPGS increases in a dose-dependent
fashion after MTX [3] (Fig. 5), it is possible that the
lower VM-FPGS and KM-FPGS that we observed were due
to the fact that measurements were made at lower, more
pharmacologic concentrations of MTX.

Morrison and Allegra [30] developed a mathematical
model of MTX polyglutamation for intact MCF-7
breast cancer cells. Our model is similar, except that we
considered FPGS activity to follow Michaelis-Menten
kinetics, whereas they considered it to be linear. Our in
vivo parameters for influx, efflux, and GGH were com-
parable to those measured in intact MCF-7 cells [30].

Differing parameter estimates among ALL subtypes
may account for lineage- and ploidy-related differences
in MTXPG accumulation. Low influx was more com-
mon among blasts from patients with relapsed compared
to newly diagnosed ALL [19]. Greater MTXPG accu-
mulation was observed in B-lineage blasts that had
higher RFC expression, which was greater in hyperdip-
loid than in nonhyperdiploid blasts [4]. It has been
suggested that differences in influx are in the affinity
(Km-I) rather than the maximum activity of the RFC

Fig. 6a–c. MTX dose vs in vivo 44-h intracellular MTXPG1 and
MTXPG2–7 concentration Solid line MTXPG1 model, dashed line
MTXPG2–7 model, open squares MTXPG1 peripheral blast
concentration, open circles MTXPG1 bone marrow blast concen-
tration, open diamonds MTXPG2–7 peripheral blast concentration,
asterisks MTXPG2–7 bone marrow blast concentration. Vertical
bars represent 25–75% quartiles and horizontal bars represent
medians of MTXPG in bone marrow blasts treated with either low-
dose (open bars 180 mg/m2) or high-dose (closed bars 1000 mg/m2)
MTX in a previous study from our laboratory [27, 41]. a T-lineage;
b B-lineage nonhyperdiploid; c B-lineage hyperdiploid

Table 3. Percentage increase in
MTXPG concentrations at 24
and 44 h predicted with short
(4-h) vs long (24-h) infusion
lengths of the same total dosage
(1 g/m2). The percentages were
determined as the percent
increase achieved by a 24-h over
a 4-h infusion

B-lineage T-lineage

Hyperdiploid Nonhyperdiploid

Time after start of MTX infusion (h)

24 44 24 44 24 44

MTXPG1 72 117 470 126 121 118
MTXPG1–7 3 2 19 6 15 25
MTXPG2–7 0.4 3 2 7 7 28

Fig. 7. Simulation of MTX dose (via a 24-h infusion) vs model-
estimated 44-h MTXPG1–7 concentration using the median model
parameters listed in Table 2. Solid line B-lineage hyperdiploid,
dotted line B-lineage nonhyperdiploid, dashed line T-lineage
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(Vm-I) [20]. Our data would tend to support that notion,
because Km-I tended to be lowest for B-lineage hyper-
diploid blasts (Table 2). We also found that the ratio of
influx to efflux, (i.e. RatioIE), was about 12.5 times
higher in B-lineage hyperdiploid blasts than B-lineage
nonhyperdiploid blasts and about 8 times higher than
T-lineage blasts, consistent with greater MTXPG accu-
mulation in hyperdiploid and B-lineage than in T-cell
blasts [41, 45, 46].

Our estimates of Vm-FPGS differed significantly be-
tween B-lineage and T-cell ALL, with the greatest ca-
pacity in B-lineage nonhyperdiploid ALL, consistent
with prior direct measurements of FPGS activity [3,
17, 37]. The importance of GGH as a determinant of
lineage differences in MTXPG was less clear. GGH
activity estimates did not differ by lineage but were
lower in hyperdiploid ALL blasts. We have ongoing
studies to directly measure GGH in lysosomes of ALL
blasts, because GGH activity is highest in lysosomes
[47], and lysosomal transport of polyglutamates is
likely to be important. High FPGS coupled with low
GGH activity predicted higher MTXPG accumulation
ex vivo and in vitro [15, 24, 25]. The model parameters
were estimated using MTXPG concentrations mea-
sured in circulating ALL blasts, as it would have been
impossible to perform multiple bone marrow aspirates
over a 2-day period. Although this sampling over-
represents patients with high circulating blast counts,
the model parameter estimates resulted in well-pre-
dicted MTXPGs in post-therapy bone marrow blast
measures (e.g. Fig. 6).

One of the reasons to create a mathematical model
is to test its predictions for alternative dosage sched-
ules. The model indicated that increases in MTX dose
beyond 2.5 g/m2 would produce a minimal increase
(<14%) in total MTXPG accumulation in ALL blasts.
MTXPG accumulation has been observed to be satu-
rable [14, 32], at about 10 lM extracellular MTX, in
cultured H35 hepatoma cells. This concentration falls
somewhat below the 30 lM plasma MTX that corre-
sponds to a 2.5 g/m2 dose, the approximate threshold
dose predicted to be associated with saturation in our
model (Fig. 7). The model also predicted that increas-
ing the MTX dose could not completely overcome the
MTXPG accumulation defect in T-cell ALL relative to
B-lineage ALL, although increases in dose were pre-
dicted to result in further increases in MTXPG con-
centrations, but not proportional to the dose increase.
Finally, the model indicated that in T-lineage ALL,
longer infusion times led to higher (up to 28%) total
MTXPG accumulation when the infusion time was
increased from 4 h to 24 h. Whether these predictions
will be borne out remains to be tested in additional
clinical trials. These in vivo estimates of MTX dispo-
sition in blasts provide new insights toward determin-
ing the appropriate dose and infusion time of MTX in
children with ALL, and indicate that the optimal dose
and schedule may differ according to the lineage and
ploidy subtype of ALL.
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