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Abstract

High-dose methotrexate (HDMTX) is a component of most
treatment protocols for childhood acute lymphoblastic leu-
kemia (ALL), yet recent studies of receptor-mediated trans-
port and saturable polyglutamylation have questioned its
rationale. To investigate this in vivo, methotrexate and its
active polyglutamated metabolites (MTX-PG) were mea-
sured in bone marrow blasts obtained from 101 children
randomized to single-agent therapy with either HDMTX(1
g/m2 per 24 h i.v., n = 47) or low-dose MTX(LDMTX, 30
mg/m2 by mouth every 6 h x 6, n = 54), before remission
induction therapy. Blast concentrations of total MTX-PGs
(median 460 vs 1380 pmol/109 cells) and of long-chain MTX-
gu4-6 were both significantly higher after HDMTX(P <
0.001). With either treatment, MTX-PGs were significantly
higher in B-lineage blasts than in T-lineage blasts (LDMTX
P = 0.001, HDMTXP = 0.03). In a multiple regression
analysis of B-lineage ALL, blast MTX-PGwas significantly
related to MTX dose (or plasma MTX concentration),
lymphoblast ploidy (hyperdiploid > nonhyperdiploid), and
percentage S-phase. This is the first evidence that HDMTX
achieves higher MTX-PGconcentrations in ALL blasts in
vivo, establishing a rationale for HDMTXin the treatment
of childhood ALL, especially T-lineage or nonhyperdiploid
B-lineage ALL, disease characteristics associated with a
poor prognosis on conventional therapy. (J. Clin. Invest.
1994. 94:1996-2001.) Key words: T-lineage leukemia * hy-
perdiploidy * folylpolyglutamate synthetase

Introduction

Despite several decades of clinical evaluation, the optimal dos-
age of methotrexate (MTX)1 for the treatment of childhood
acute lymphoblastic leukemia (ALL) remains controversial.
While most investigators agree that weekly administration of
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1. Abbreviations used in this paper: ALL, acute lymphoblastic leukemia;
DHFR, dihyrofolate reductase; DI, DNAindex; FPGS, folylpolygluta-
mate synthetase; HDMTX,high-dose methotrexate; LDMTX, low-dose
methotrexate; MTX, methotrexate; MTX-PG, methotrexate polygluta-
mates; MTX-glu,, methotrexate with n-glutamyl residues.

low doses (e.g., 40 mg/m2) is appropriate for therapy during
remission, there is no consensus regarding the rationale for high-
dose MTX (e.g., 1000 mg/m2 i.v. over 24 h) as a component
of ALL treatment. Although several treatment regimens with
improved outcome included high-dose MTX(HDMTX) (1-3),
in vitro studies have suggested that low-dose MTX(LDMTX)
can achieve comparable intracellular concentrations at lower
cost and with less inconvenience (4-6). Investigators favoring
LDMTXargue that receptor-mediated MTXtransport via poto-
cytosis (7) is maximal at extracellular MTXconcentrations of
0.05-0.1 4M in receptor-positive cells, and that chronic expo-
sure to low concentrations will achieve intracellular concentra-
tions comparable to HDMTXtreatment (6). Those advocating
HDMTXcontend that higher extracellular MTXconcentrations
will lead to increased entry of MTX into cells by alternative
mechanisms (e.g., passive diffusion), including resistant blasts
with reduced active membrane transport of MTX. Consistent
with the latter view, we previously reported a lower risk of
treatment failure in children with ALL in whomplasma MTX
concentrations were above 16 AtM following HDMTXtherapy,
indicating the potential importance of achieving higher extracel-
lular MTXconcentrations (1, 8).

Advocates of LDMTXalso argue that high concentrations
of MTXmay impair formation of MTX-polyglutamates (MTX-
PG) through feedback inhibition, as has been demonstrated in
vitro (9-1 1). Metabolism of MTXto its polyglutamated metab-
olites, especially long-chain polyglutamates (i.e., MTX-glu4-6),
is considered important for maximum pharmacologic effects
(12). These active MTX-PGmetabolites are formed by folyl-
polyglutamate synthetase (FPGS), the enzyme that catalyzes
synthesis of polyglutamated forms of natural folates as well as
antifols such as MTX. Methotrexate polyglutamates, particu-
larly those with more than three glutamyl residues, are retained
in cells longer than MTX, providing a mechanism by which
MTX-PGs may produce greater cytotoxicity (13-16). More-
over, MTX-PGs inhibit not only dihydrofolate reductase
(DHFR) (17, 18), they also inhibit other folate-dependent en-
zymes that are not substantially inhibited by MTX, such as
thymidylate synthase (19) and transformylases required for de
novo purine synthesis (20). The absence of MTX-PGformation
has been established as a mechanism by which cancer cells can
develop resistance to MTX(21-24). In this regard, Whitehead
et al. (25) demonstrated that children with B-lineage ALL have
a more favorable prognosis if their leukemic blasts accumulate
higher concentrations of MTX-PG after in vitro incubation
with MTX.

This study is the first to establish in vivo that HDMTX
achieves higher blast MTX-PG concentrations than LDMTX,
and that MTX-PG accumulation is significantly lower in T-
lineage and nonhyperdiploid ALL blasts, both features known
to carry a worse prognosis. Moreover, HDMTXproduced blast
MTX-PGconcentrations in T-lineage and nonhyperdiploid pa-
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Figure 1. Schema of MTXand leuco-
vorin administration and timing of
bone marrow aspirates to obtain leu-
kemic blasts for measurement of
MTX-PG. BM, bone marrow aspirate
at diagnosis (Dx) and 44 h; HDMTX
infused intravenously over 24 h.
LDMTXgiven orally at times indi-
cated by downward arrows.

tients comparable to those achieved in B-lineage or hyperdiploid
blasts with LDMTX, suggesting HDMTXmay circumvent the
inherent problems with reduced MTX-PG accumulation, and
possibly improve outcome in this subgroup of ALL patients
known to have a poor prognosis with conventional therapy
(26-28).

Methods

Patients. All patients aged 18 yr and younger with newly diagnosed
acute lymphoblastic leukemia, excluding those with a mature B cell
phenotype, were enrolled on the study between December 1991 and
September 1993. The diagnosis of acute lymphoblastic leukemia was
based on morphology, cytochemical staining properties, and immuno-
phenotyping of blast cells (27). The blasts were further subclassified as
T-lineage (cytoplasmic CD3', CD7M, plus CD2', or CD5', or both) or
B-lineage (cytoplasmic CD22', CDl9', HLA-DR', CDM0O), as pre-
viously described (27). A flow cytometric analysis was performed to
determine the percent of leukemic blast cells in S-phase and to determine
ploidy based on the DNAindex (DI; ratio of DNAcontent in leukemic
GO/GI cells versus normal diploid GO/GI cells) (28). Bone marrow
samples for chromosome analysis were prepared by the method of Wil-
liams and colleagues (29); metaphases were G-banded by treatment with
trypsin and studied with Wright's stain. Chromosomal abnormalities
were classified according to the International System for HumanCytoge-
netic Nomenclature (30). Signed informed consent was obtained from
parents and(or) patients.

Study protocol. All studies were conducted during the initial 96 h
after diagnosis, before initiation of conventional remission induction
therapy (Fig. 1). Once enrolled, patients were randomized to receive
either high-dose methotrexate (HDMTX) or fractionated low-dose meth-
otrexate (LDMTX) as the only antileukemic agent during this interval.
HDMTXconsisted of a 200-mg/m2 i.v. push over 5 min, followed by
800 mg/m2 i.v. over 24 h, while the LDMTXconsisted of 30 mg/m2 by
mouth every 6 h for six doses. HDMTXpatients were prehydrated 2 2
h before the MTXinfusion with 5% dextrose/0.25 normal saline and
40 meq NaHCO3/liter, until the urine specific gravity was < 1.015 and
urine pH was 2 6.5. Both treatment groups were given identical leuco-
vorin rescue, 5 mg/m2 by mouth every 6 h x 5 doses, beginning 48 h
after the start of MTX. If the 44-h MTXplasma concentration was
> 1.0 pM, the dosage of leucovorin was increased and continued until
plasma MTXwas < 0.1 jIM.

On day 4, all patients began conventional remission induction ther-
apy with six drugs (i.e., prednisone, vincristine, daunomycin, asparagi-
nase, etoposide, and cytosine arabinoside) given over 29 d in the dosages
and schedules previously described in detail (31). The use of etoposide
(300 mg/m2 per dose) instead of teniposide, and the omission of dauno-
mycin on day 15, were the only major changes from the previously
reported remission induction therapy (31).

Blood sample collection and analysis. Blood was obtained before
and at 1, 6, 23, 44, and 68 h after the start of HDMTXinfusion. In
patients receiving LDMTX, blood was obtained before doses 1 and 2;
before and 1, 1.5, 2, and 6 h after dose 4; and then at 14 and 38 h after
dose 6. Plasma samples were analyzed for MTX by a fluorescence
polarization immunoassay (Abbott TDx; Abbott Laboratories, North

Chicago, IL). Pharmacokinetic parameters were estimated assuming a
first-order two compartment model, using a Bayesian estimation algo-
rithm, as implemented in ADAPTII software (32). The prior distribution
for model parameters was based on previous data in children who re-
ceived HDMTXor LDMTX(1, 33). To assess the relationship between
MTXsystemic exposure and leukemic blast MTX-polyglutamate con-
centrations, the MTXsteady-state plasma concentration at hour 23 of
the 24-h infusion was used as the measure of systemic exposure in
patients receiving HDMTX,while the model estimated steady-state peak
MTXconcentration (after dose 4) was used in the LDMTXgroup.

Bone marrow sample collection and analysis. To measure MTX-
PGconcentrations in ALL blasts, a bone marrow aspirate was performed
44 h after the start of MTXtherapy, before leucovorin rescue. Samples
of 2-10 ml of bone marrow were collected in syringes containing 800
u of heparin. Leukemic blast cells were isolated by Ficoll-Hypaque
gradient and washed three times in cold culture media (RPMI 1640
containing 10% fetal bovine serum and 2 mML-glutamine). The final
cell yield was determined by hemacytometer and percent viability by
trypan blue exclusion. Cells (2 5 X 106) were extracted for analysis
using a modification of the method of Kamen and Winick (34).

Methotrexate and six polyglutamated metabolites (MTX-glu2 to
MTX-glu7) were separated using a previously reported HPLC method
(35). The column eluent was collected in fractions determined by the
elution times of each polyglutamated metabolite (MTX-glu2 to MTX-
glu7, obtained from Schircks Laboratories, Jona, Switzerland). Each
fraction was dried to completion and assayed using a radio-ligand bind-
ing assay (The Enzyme Center, Inc., Malden, MA) (36). Separate cali-
bration curves were used for quantitation of MTXand each polygluta-
mated metabolite. The limit of detection of this assay was 0.02 pmol/
106 cells; all results were expressed as picomoles of MTXor MTX-PG
per 109 cells (for comparison to published in vitro data normalized to
109 cells).

Statistics. The statistical design for the primary question (HDMTX
vs LDMTX) called for 70 children to be stratified by age at diagnosis
(- 5 vs > 5 yr), DI (< 1.16 or > 1.6 vs 1.16 - 1.60), and white blood
cell count (< 25,000 vs 2 25,000 cells/lA) and randomized to receive
either HDMTXor LDMTX. This design had 90% power (a = 0.01,
two sided test) to detect a 50% difference in mean concentrations of
total MTX-PGs. The method of Fleming, et al. (37) was used to plan
one interim analysis at a significance level of 0.003 after 35 patients
had been randomized and the final analysis at a level of 0.00791. The
data were analyzed using a stratified Wilcoxon statistic. The interim
analysis revealed a significant difference between HDMTXand LDMTX
(P = 0.0018, exact test), however, additional patients were enrolled to
assess patient and disease characteristics associated with the observed
variability in MTX-PGwithin each treatment group. Presenting features
were compared between the two treatment groups using the Chi-squared
statistic or Fisher's exact test, as appropriate.

Results

Patients. From December 1991 to September 1993, 109 patients
were randomized; 101 (93%) of whomcompleted the study and
were evaluable. Of the eight patients not evaluable, four were
considered too unstable to complete the studies, two refused
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Table L Demographics of Study Population

LDMTX HDMTX
(n = 54) (n =47) P value*

Age (yr)
<1 0 1
1-10 38 36 0.37
> 10 16 10

WBC(X 109/liter)
<50 38 35
50-100 7 3 0.55
2 100 9 9

Sex
Male 29 27
Female 25 20 0.84

DNAindex
1.16-1.6 12 7 0.45
<1.16or>1.6 42 40

Ploidy
> 50 chromosomes 13 9 0.64
- 50 chromosomes 40 36
Not determined 1 2

Immunophenotype
B-lineage 44 43 0.16
T-lineage 10 4

* Fisher's exact test.

the additional bone marrow aspirate, one was diagnosed as hav-
ing acute myelogenous leukemia after being enrolled, and one
patient had a significant interruption of the MTXinfusion. There
were no significant differences in distributions of age, sex,
WBC, lymphoblast ploidy, and blast cell immunophenotype
between the two treatment groups (Table I). There was also
no significant difference between the two treatment groups in
percentage of blasts in the diagnostic marrow sample (median,
LD = 90%, HD = 91%) or in the 44-h bone marrow sample
(median, LD = 90%, HD= 89%). Likewise, the percentage of
viable cells in the 44-h marrow samples (post-Ficoll-Hypaque
separation) did not differ between the two groups (median; LD
= 98%; HD= 97%). On day four after MTXtherapy, 4 of 41
(9.8%) LDMTXpatients versus 7 of 34 (20.6%) HDMTXpa-
tients had complete clearing of circulating blasts.

Methotrexate plasma pharmacokinetics. MTXelimination
half-lives were similar in both treatment groups [median
(range); LDMTX, 6.4 h (5.4-27); HDMTX, 6.6 h (5.3-22)].
There was approximately a 12-fold difference in the maximum
steady state plasma concentrations [median (range); LDMTX,
0.9 pM [0.2-20]; HDMTX, 12.2 jtM (5.4-41); P < 0.001],
while the median time plasma MTXremained above 0.1 jIM
before the bone marrow aspirate was 42.8 h for LDMTX(range
30-44 h) and 44 h for HDMTX(range: 40-44 h). Fig. 2 depicts
plasma concentration-time data and model simulations using
pharmacokinetic parameters from typical patients in the two
treatment groups.

Intracellular methotrexate polyglutamates. The median
blast MTXand MTX-PGconcentrations for the 101 evaluable
patients are summarized in Fig. 3. Total blast MTX-PGconcen-
trations were significantly higher in patients treated with
HDMTXversus LDMTX (1380 vs. 460 pmol/109 cells; P
= 0.001). 83% of HDMTXpatients but only 44% of LDMTX

Time (hr)

Figure 2. Plasma concentration versus time for MTXin a typical patient
treated with high dose intravenous MTX(.) and low dose oral MTX
(U). Lines depict model simulations using pharmacokinetic parameters
for each patient. Symbols represent actual measured concentrations.

patients (P = 0.0002) had total MTX-PG> 500 pmol/109 cells,
an in vitro level previously associated with a favorable outcome
in ALL (25). Patients treated with HDMTXalso had signifi-
cantly higher concentrations of long-chain MTX-PGs (i.e.,
MTX-glu4-6, 986 vs 355 pmol/109 cells; P = 0.001). MTX-glu5
was the predominant MTX-PG in both HDMTX(60%) and
LDMTX(65%) patients, while MTX-glu6 was the predominant
MTX-PGin 15% of HDMTXpatients versus 3.7% of LDMTX
patients. MTX-glu7 was detectable in most patients (81%), how-
ever, it represented < 2% of the total MTX-PG in both treat-
ment groups and levels were typically near the limit of assay
quantitation.

While the median MTX-PG concentration was threefold
higher in patients treated with HDMTXcompared to LDMTX,
there was substantial interindividual variability within both
treatment groups. As depicted in Fig. 3 (circles), a small number
of patients treated with LDMTX(n = 5, 9%) had blast MTX-
PGconcentrations comparable to the median for the HDMTX
group, and a small number of HDMTXpatients (n = 6, 13%)
had blast MTX-PGbelow the median for LDMTXpatients.
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Figure 3. Median in vivo concentrations of MTXand MTX-PGs in
leukemic blasts obtained 44 h after either high dose MTX(shaded bars)
or low dose MTX(solid bars). Glun, number of glutamate residues;
MTX, methotrexate (glul). MTX-glu5 was the predominant MTX-PG
in 62% of patients, while MTX-glu3 or MTX-glu4 was the predominant
form in 11.8% and 12.7% of patients, respectively. Circles depict total
MTX-PG(i.e., MTX-glu2-6) measured in blasts from each patient, hori-
zontal bars depict median value in each group, P value indicates statisti-
cal significance in total MTX-PG in HDMTXversus LDMTX. (Inset)
HPLC separation of MTXand each polyglutamate metabolite.
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Table II. Univariate Analysis of Variables Potentially Associated
with Blast MIX-PG Concentrations

Variable P value

MTXdose (LD vs. HD) < 0.0001
MTXCpl,, (AM) < 0.0001
Lineage (B or T) < 0.0001
Ploidy 0.006
Percent S-phase 0.007
Age at diagnosis NS
WBCat diagnosis NS
Sex NS

MTX, methotrexate; LD, low dose; HD, high dose; Cp,,,, maximum
plasma concentration; WBC, white blood cell count.

Characteristics related to MTX-polyglutamate concentra-
tions in ALL blasts. The basis of interpatient variability in blast
MTX-PGs was explored by analysis of patient and blast cell
characteristics. When assessed by univariate analysis, higher-
dose, higher MTX plasma concentration, B-lineage, hyper-
diploidy (> 50 chromosomes) and higher %Swere each sig-
nificantly associated with higher blast MTX-PGconcentrations
(Table II).

Given the relatively small number of hyperdiploid T-lineage
patients, multiple regression analysis was limited to B-lineage
patients (n = 87). Since MTXdose and plasma concentration
were correlated, they were not included simultaneously in the
model; however, the final model was the same whether MTX
dose (HDMTXvs LDMTX) or plasma concentration (< 5 gM
vs 2 5 ,uM) was included. In either case, higher dose (or plasma
concentration), hyperdiploidy, and higher %Swere significantly
associated with higher blast MTX-PGconcentration (rd = 0.42,
P < 0.0001; n = 76, 11 patients did not have %Sdetermined).

Differences in MIX-PG concentrations in B-lineage versus
T-lineage lymphoblasts. Since hyperdiploid blasts accumulated
higher MTX-PG concentrations than non-hyperdiploid blasts
(Table II) and hyperdiploidy is rare in T-lineage ALL, further
assessment of lineage differences was confined to nonhyper-
diploid ALL (n = 76; 63 B-lineage and 13 T-lineage).

As depicted in Fig. 4, the median blast MTX-PGconcentra-
tion was significantly higher in B-lineage blasts than T-lineage
blasts within each dosage group (LDMTX, 474 vs. 149 pmol/
109 cells, P = 0.001 and HDMTX, 1413 vs. 552 pmol/109
cells, P = 0.03). Long-chain MTX-glu4-6 concentrations were
significantly higher in B-lineage than in T-lineage blasts follow-
ing LDMTXtherapy (median 351 vs 51, P < 0.001, Fig. 4),
while the lineage difference was not significant after HDMTX
(median 1025 vs 437, P = 0.13). Patients with T-lineage ALL
treated with HDMTXhad blast MTX-PGconcentrations similar
to those achieved in B-lineage patients treated with LDMTX
(577 vs. 488 pmol/109 cells, P = 0.78). This was also true for
long-chain MTX-glu4-6 (442 vs. 323 pmol/109 cells, P = 0.67).

Leukemic ploidy and blast MIX-PG concentrations. Assess-
ment of leukemic cell ploidy as a determinant of MTX-PG
accumulation was limited to only B-lineage ALL, due to the
low prevalence of hyperdiploidy (> 50 chromosomes) in T-
lineage ALL and the significant difference between T-lineage
and B-lineage blasts in the accumulation of MTX-PG (as de-
scribed above). As shown in Fig. 4, blasts from patients with
hyperdiploid ALL (n = 21) accumulated higher concentrations

of MTX-PGs than blasts from patients with nonhyperdiploid
ALL (n = 63) (LDMTX: 758 vs. 474 pmo/lO9 cells, P = 0.01;
HDMTX: 3371 vs. 1413 pmol109 cells, P = 0.055). Although
MTX-glU5 was the predominant polyglutamate in hyperdiploid
and nonhyperdiploid patients treated with either HDMTXor
LDMTX, hyperdiploid blasts accumulated significantly higher
concentrations of long-chain MTX-glu4-6 in both treatment
groups (P < 0.04 and P < 0.01, respectively). Nonhyperdiploid
ALL patients treated with HDMTXhad blast MTX-PGconcen-
trations similar to those achieved in hyperdiploid blasts treated
with LDMTX(1339 vs. 832 pmol/109 cells; P = 0.09); this
was also true for long-chain MTX-glu4-6 (995 vs. 736 pmol/
109 cells; P = 0.30). There was no single chromosomal duplica-
tion that correlated with higher blast MTX-PGamong hyper-
diploid cases. The mean (range) fraction of cells in S-phase
was significantly higher in hyperdiploid blasts 8.9% (1.5-16.3),
when compared to nonhyperdiploid blasts 4.8% (0.4-27.6);
however, both ploidy and %Swere significant independent vari-
ables in the multiple regression model, indicating that higher
MTX-PGin hyperdiploid blasts was not entirely due to differ-
ences in %S.

Discussion

This study has established that HDMTX(1 g/m2 infused i.v.
over 24 h) produces higher concentrations of MTX-polygluta-
mates in leukemic blast cells in vivo, when compared to those
achieved by fractionated oral LDMTX. Although both regimens
maintained plasma MTXconcentrations above 0.1 ,IM for a
similar duration of time (median 42.8 versus 44 h), the HDMTX
regimen achieved MTXplasma concentrations that were - 12-
fold greater than the LDMTXregimen. This indicates that it
was the higher plasma concentrations, and not a longer duration
of exposure > 0.1 M, that led to the difference in intracellular
MTX-PGconcentrations. Importantly, HDMTXproduced sig-
nificantly higher concentrations of long-chain MTX-polygluta-
mates (i.e., 4-6 glutamyl residues), when compared to
LDMTX. In vitro studies (10, 11, 38) have shown qualitative
changes in the nature of polyglutamates, with a shift toward
shorter chain polyglutamates, i.e., Glu2, when FPGS substrate
concentrations are high, but this was not observed in vivo over
the concentration range evaluated in the present study.

In light of recent studies demonstrating a more favorable
clinical outcome in ALL patients whose blasts accumulated
> 500 pmoVl109 cells after in vitro incubation with MTX, the
ability to accumulate higher blast MTX-PG concentrations in
vivo may represent an important therapeutic advantage for
HDMTX. It is noteworthy that total MTX-PG exceeded 500
pmol/109 cells in 83% of HDMTXpatients but in only 44% of
LDMTXpatients (P = 0.0002). Moreover, in T-lineage patients,
3 of 4 treated with HDMTXbut none of 10 treated with LDMTX
had MTX-PG > 500 pmol/109 cells (P < 0.01, Fig. 5), while
in B-lineage patients, 84% with HDMTXversus 57% with
LDMTXhad MTX-PG > 500 pmol/109 blasts (P < 0.001,
Fig. 5).

Patients with T-lineage ALL and those with nonhyper-
diploid ALL generally fare worse than other patients treated
with antimetabolite-based chemotherapy regimens (39). In the
present study, T-lineage blasts accumulated lower MTX-PG
than B-lineage blasts, and nonhyperdiploid B-lineage blasts ac-
cumulated significantly lower MTX-PG than hyperdiploid B-
lineage blasts, with either MTXdosage. Our in vivo findings
are consistent with the in vitro data of Whitehead et al. (40),
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Figure 4. A and B depict median MTX-PGs
in leukemic blasts from patients with B-lin-
eage ALL (shaded bars, n = 76) and T-lin-
eage ALL (solid bars, n = 13), after treat-
ment with either LDMTX(A) or HDMTX
(B). Hyperdiploid patients were excluded
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who reported higher MTX-PGaccumulation in hyperdiploid B-
lineage blasts incubated with MTX, and with the in vitro data
of Goker et al. (41), who reported decreased formation of MTX-
PG in T-lineage blasts. Differences in MTXtransport (cellular
uptake), FPGS activity and/or degradation of MTX-PG by
gamma-glutamyl hydrolase could explain the higher accumula-
tion of MTX-PG in B-lineage blasts. In this regard, we have
recently found that FPGSactivity consistently increases in ALL
blasts during MTXtherapy, but that the median increase is only
37% in T-lineage blasts compared to 188% in B-lineage blasts
(42). Amongpatients with B-lineage ALL, our preliminary stud-
ies have not revealed a significant difference in FPGS activity
in hyperdiploid (median FPGS = 905 pmol/h per mg protein,

10000 ca3 Figure 5. Intracellular
C%

z MTX-PGconcentrations
in ALL blasts following

T 1000 in vivo exposure to either
So0z m--- LDMTXor HDMTX, in
° X s °T children with newly di-

E 100 80 agnosed ALL. Each sym-
* - bol depicts an individual

patient. Open symbols
x ~ depict patients with B-
> 10 - > linage ALL (n = 87) and

closed symbols depict
patients with T-lineage

1 T B T B ALL (n = 14). Solid
T B T B

LM lines depict median val-
ues for each group. The

dashed line represents 500 pmol109 blasts, the minimum intracellular
MTX-PGconcentration (following in vitro incubation with MTX) that
was identified by Whitehead et al. (25) as associated with a more favor-
able outcome in children with B-lineage ALL. HDMTXachieved MTX-
PGconcentrations above 500 pmol/109 cells in a significantly higher
proportion of patients with B-lineage (P = 0.001) and T-lineage
(P = 0.01) ALL.

n = 5) versus nonhyperdiploid B-lineage blasts (median FPGS
= 764 pmol/h per mgprotein, n = 26), indicating that additional
mechanisms (e.g., transport or hydrolase activity) likely contrib-
ute to the ploidy differences in MTX-PGaccumulation.

From a clinical perspective, it is noteworthy that HDMTX
produced MTX-PGconcentrations in T-lineage blasts compara-
ble to B-lineage blasts treated with LDMTX, suggesting a strat-
egy to at least partially circumvent the lineage differences in
MTX-PGconcentrations. As such, this may provide an explana-
tion for the recently reported improved outcome of patients with
T-lineage ALL treated with regimens incorporating HDMTX
(e.g., 5 g/m2) (43). The present study also establishes that higher
doses of MTXare necessary in patients with nonhyperdiploid
B-lineage ALL, if one wishes to achieve intracellular MTX-PG
levels comparable to hyperdiploid B-lineage blasts in patients
treated with low dose MTX. Collectively, these data provide a

solid rationale for using HDMTXin the treatment of childhood
ALL, and indicate that this may be especially important for
patients with T-lineage or nonhyperdiploid B-lineage ALL, dis-
ease characteristics associated with a worse prognosis on con-
ventional therapy.
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