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Background Body composition affects various physiologic processes in-
volved in the distribution, metabolism, and elimination of drugs. Therefore
body composition might be related to important pharmacokinetic (PK)
parameters like clearance or half-life. These relationships have never been
systematically studied for doxorubicin (dox) and its metabolite doxorubici-
nol (doxol). In addition, the PK behavior of dox and doxol have not been
thoroughly described in children. In this study we evaluated the relation-
ship between body composition and doxorubicin PK in children. Methods
Eligible subjects were = 1 and < 21 years old; weighed = 12 kg; received
dox administered as an infusion of any duration < 24 hours, on either a
1-day or 2-day schedule; had ALT/AST = 3 times the upper limit of normal
and bilirubin = upper limit of normal tested within 14 days prior to dox; and
provided informed consent/assent. Blood samples were drawn prior to dox
administration, at the midpoint of the infusion and at 0,0.5,1,1.5, 2, 3,
4,6,8, 12,24, and 48 hours after the infusion for 1-day schedules, or at O,
0.5, 1, 2, 4, and 6, hours after the day 1 infusion and immediately prior to
the day 2 infusion, then at 0, 0.5, 1,1.5,2,4,6,8,12, 24, and 48 hours
after the day 2 infusion for 2-day schedules. Body composition was
determined using dual-energy x-ray absorptiometry (DXA). Body mass index
(BMI) was calculated from height and weight. Dox and doxol concentrations
were analyzed by reverse-phase high-pressure liquid chromatography with
fluorescence detection. Dox plasma PK were analyzed with maximum
likelihood estimation as implemented in ADAPT II. Results Data are
available for 16 subjects (12 male; 8 Hispanic, 6 Caucasian, 2 Asian). The
median age is 15 years (range 3-21). The median % body fat by DXA is 22
% (range 16-36). The median BMI is 20 (range 14-30). The median dox
clearance is 382 ml/m?min (range 141-768). The median terminal
half-life is 30.6 hr (range 18.1-146.6). Dox clearance decreases with
increasing BMI (r=-0.56, P=0.02) and tends to decrease with increasing
% body fat (r=-0.43, P=0.10). Conclusions Potential relationships be-
tween increasing BMI, decreasing dox clearance, and dox toxicity should be
explored.
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Abstract:

Daunomycin is an anthracycline antineoplastic drug widely used in the treatment of acute lymphocytic leukemia
and other malignancies in childhood. There are no data on the pharmacokinetics of daunomycin in obese
children, and only scanty data on daunomycin pharmacokinetics in children in general. Like many anticancer
agents, daunomycin has a narrow therapeutic index. Doses of anticancer drugs are usually calculated based on
body surface area (BSA) or body weight as a uniform standard. This practice is based on the concept that
hepatic and renal function are proportionate to BSA. In most studies, however, variability in overall drug
clearance is only partially accounted for by variability in BSA. There is a growing list of drugs for which
clearance has been poorly correlated with BSA. In addition, after equivalent BSA-based doses, some patients
experience little toxicity while others may show severe toxic side effects. Therefore some have questioned
whether normalizing anticancer drug dose to BSA is the optimal method for selecting a dosing regimen in
adults. Furthermore, the appropriate dosing of anticancer drugs in patients who are very large or who are obese
presents a major therapeutic challenge. Better understanding of the relationships among body size, body
composition, and pharmacokinetics could provide a rational approach to the problem of appropriate drug dosing

Hypothesis:

We hypothesize that obesity and body composition, as well as age, gender, and ethnic background, will have an
impact on the pharmacokinetic behavior of daunomycin, a widely used anticancer agent, in patients 21 years of
age and younger.

Specific Aims:
Primary: To determine the pharmacokinetics of daunomycin in children.
Secondary:

1. To evaluate the relationship between body composition (percent body fat) and daunomycin pharmacokinetics
in children.

2. To determine whether daunomycin pharmacokinetics are correlated with gender, age, or ethnic background in
children.

Background and Significance:

Daunomycin is an anthracycline antineoplastic drug widely used in the treatment of acute lymphocytic leukemia
and other malignancies in childhood. Like many anticancer agents, daunomycin has a narrow therapeutic index.
Myelosuppression and stomatitis are common acute toxicities. Cardiomyopathy is an important dose-dependent
late effect that is being recognized with increasing frequency. Despite its frequent use, however, daunomycin’s
pharmacokinetics and pharmacodynamics have not been studied systematically in children and very little is
known about the relationship between pharmacokinetic parameters and covariates like obesity, body
composition, age, gender, or ethnicity. Dosing is empiric, and a rational basis for dose modifications in children
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who are overweight or obese, in particular, is lacking. This represents a significant gap in our knowledge of the
safe and appropriate use of this important agent.

Doses of anticancer drugs are usually calculated based on body surface area (BSA) or body weight as a uniform
standard. This practice is based on the concept that hepatic and renal function are proportionate to BSA. In
most studies, however, variability in overall drug clearance is only partially accounted for by variability in
BSA. There is a growing list of drugs for which clearance has been poorly correlated with BSA. In addition,
after equivalent BSA-based doses, some patients experience little toxicity while others may show severe toxic
side effects. (1) Therefore some have questioned whether normalizing anticancer drug dose to BSA is the
optimal method for selecting a dosing regimen in adults. (2) Furthermore, the appropriate dosing of anticancer
drugs in patients who are very large or who are obese presents a major therapeutic challenge.

Better understanding of the relationships among body size, body composition, and pharmacokinetics could
provide a rational approach to the problem of appropriate drug dosing. The major factors affecting distribution
of drugs in the tissues are body composition, regional blood flow, and the affinity of the drug for plasma
proteins and/or tissue components. Obese people have larger absolute lean body masses as well as fat masses
than non-obese individuals; however, their body fat percentage is much more markedly increased. (3) There are
data supporting the hypothesis that many physiologic processes involved in the distribution, metabolism, and
elimination of drugs may be altered in obese individuals. Obesity has been reported to alter the
pharmacokinetics of several anticancer agents. (3-7) For most drugs, however, there are limited data evaluating
the potential relationship between body composition and pharmacokinetics or toxicity of specific agents.
Furthermore, it is unclear whether it is better to dose obese patients based on actual weight, ideal weight, or
some compromise value. In obese patients, calculated drug doses can be as much as 25 to 30% higher if total
body weight is used to determine BSA than if ideal body weight is used. An upper limit or “cap” of dosing
based on a BSA of 2 - 2.2 m? is often empirically recommended. (1) Conversely, however, there is concern that
patients who are given reduced doses may have a decreased dose intensity of treatment and a worse disease
outcome. (8)

Obesity is a increasingly common problem. (9) Obesity is currently defined by body mass index (BMI), which
is expressed by the equation BMI = weight (in kg)/height® (in m?). Children with a BMI greater than the 85"
and 95" percentiles of the second National Health and Nutrition Examination Survey (NHANES II) are
considered overweight and obese respectively. (10-12) Recent statistics in pediatrics revealed that 24% of
children have a BMI greater than the 85" percentile for age and 13% of children have a BMI greater than the
95™ percentile for age. Thus it is likely that an increasing number of children diagnosed with leukemia and other
cancers are likely to be overweight or obese at presentation. In order to treat these patients optimally it will be
critical to understand appropriate dosing of the commonly used anticancer drugs in obese patients.

While BMI is the most common measure currently utilized to identify overweight or obese individuals,
relatively few studies have been done to evaluate the accuracy of BMI in the assessment of the actual body
composition of an individual patient. (13-16) In children, it may be important to consider maturation stage, race,
gender, and distribution of body fat as well as BMI in determining whether children should be considered
obese. (13) Therefore an exploration of the relationship between body composition and BMI in children with
cancer is warranted.

There is very little data on the effect of gender, age, liver function, or ethnic background on anthracycline
pharmacokinetics in children. One report noted variation of peak doxorubicin concentration with age. (17)
Others have noted gender related differences in clearance. (18) There are some suggestions that anthracycline
clearance decreases in the presence of liver dysfunction, the data is not conclusive. (19-22) We will conduct
exploratory studies to see whether these factors may correlate with daunomycin pharmacokinetics.
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Preliminary Data:

Daunomycin assay

We have considerable experience in analyzing plasma concentrations of anthracyclines in our laboratory. We
have recently revalidated a previously published HPLC assay for doxorubicin (23, 24), in which we use
daunomycin as internal standard. In brief, plasma samples are spiked with daunomycin as internal standard,
then undergo solid phase extraction using Nexus cartridges conditioned with 1 ml methanol followed by 1 ml
water. After loading 0.5 mL of plasma mixed with 0.5 mL 1% phosphoric acid the sample is rinsed with water
and 5% acetonitrile then eluted with acetonitrile. Eluates are evaporated to dryness under nitrogen at 37°C.
Prior to injection onto the HPLC system samples are reconstituted in 0.5 m of 1% phosphoric acid.

100 pL of reconstituted sample is injected via a Model 717 Plus Autosampler (Waters, Inc) onto a Luna C18(2),
3um, 4.6 mm X 150 mm analytic column with a Phenomenex C18, 2 mm X 3 mm, 3u guard column and eluted
with a gradient consisting of solvent A (75% 20 mM KH,PO,4 with 1mL/L H3PO./25% acetonitrile v/v) from 0-
7 min followed by solvent B (60% 20 mM KH,PO,4 with 1mL/L H3PO4/40% acetonitrile) from 7-11 min
followed by solvent A from 11-20 min at an isocratic flow rate of 1 ml/min. Peaks are monitored on a Model
474 Scanning Fluorescence Detector (Waters, Inc) with an excitation wavelength of 480 nm and an emission
cutoff of 550 nm. The retention times are 4 minutes for doxorubicinol, 8 minutes for doxorubicin, and 15
minutes for daunomycin. Recovery of doxorubicin and doxorubicinol is approximately 80%. The limit of
quantitation of doxorubicin and doxorubicinol is 2 ng/ml, and the standard curve is linear from 0.01 — 20
pg/ml. The intraday and interday coefficients of variation are less than 7%. Daunomycinol is also well
separated in this assay. We anticipate that this assay will be very suitable for quantifying daunomycin and
daunomycinol. The primary difficulty is obtaining analytic grade daunomycinol, which must be made by a
contract chemical laboratory.

As part of our work with doxorubicin, we performed in vitro experiments to determine whether
pharmacokinetic (PK) samples can be drawn through the same central catheter used for drug administration. We
found that pharmacokinetic samples too often became contaminated with residual drug from the line, even when
large volumes of blood are drawn as a “discard” to flush the catheter. At present, therefore, use of a separate
peripheral 1V for pharmacokinetic sampling in patients is required. However, Drs. Barrett and Adamson at
Children’s Hospital of Philadelphia have developed a method that clears the line adequately to permit it to be
used for sampling other anticancer agents (Peter Adamson, personal communication). If we are able to validate
this method for daunomycin, we will amend our protocol to permit sampling through the central line.

Daunomycin Clinical Pharmacology

There are few studies of daunomycin pharmacokinetics in children. In adults, daunomycin is relatively highly
protein bound with a large volume of distribution and a prolonged terminal half-life. Daunomycin metabolism is
incompletely understood, but parent drug is rapidly converted to the alcohol metabolite daunomycinol, which
also has a long half-life (20-40 hr). After a dose of daunomycin plasma exposure to the metabolite exceeds that
of the parent drug. (25, 26)The most serious adverse effect of the drug is irreversible, dose-dependent
cardiotoxicity. that may have its onset many years after the completion of therapy. Therefore, the cumulative
lifetime dose of daunomycin and the cardiac function of patients receiving the drug are monitored closely.
Some data suggests that anthracycline induced cardiac toxicity may be mediated by the alcohol metabolites and
not by parent drug. (27-30). Children treated at younger ages appear to be more vulnerable to this toxicity,
possibly because subclinically damaged myocardium is unable to meet the demands of body growth. (31-34)
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Daunomycin Pharmacokinetics in Obesity

There are no data on the pharmacokinetics of daunomycin in obese children. We are currently conducting a
study on the relationship between BMI, body composition, and the pharmacokinetics of the closely related
anthracycline doxorubicin. Analysis of the preliminary data shows that doxorubicin clearance decreases with
increasing BMI (35). The effect of obesity seems similar in adults. Rodvold et al studied twenty-one obese
(defined as > 115% of ideal body weight) adults treated with doxorubicin. Obesity was associated with a
prolonged elimination half-life and decreased clearance, and the percentage of ideal body weight correlated
strongly with the decrease in clearance. (7). Although effects of body composition on daunomycin
pharmacokinetics have not been reported, it is reasonable to speculate that they would be similar to that
observed with doxorubicin.

Study Design and Methods:
The research described in this study is a protocol to determine the BMI and body composition of children under
the age of 21 who are receiving daunomycin as part of prescribed chemotherapy, and to correlate those results

with the pharmacokinetic behavior of daunomycin in the same patients. The administration of daunomycin itself
is not part of this study, and the patients’ clinical care will not be affected by participation.

Subjects:

Prospective subjects who meet the appropriate age and chemotherapy protocol will be recruited at participating
institutions that have IRB approval for the study.

Eligibility
Age : Eligible patients will be < 21 years old

Chemotherapy protocol : All patients must be receiving chemotherapy that includes daunomycin administered
as an infusion of any duration <24 hours. This includes bolus and all short infusion schedules.

Informed consent: All patients or their parents/legal guardians will provide informed consent/assent
Exclusion criteria

Women who are known to be pregnant or lactating

Patients with significant uncontrolled systemic illness

Pre-study evaluations

History and Physical Exam

A complete history and physical examination including height, weight and body surface area will be performed
within the 14 days prior to the day of daunomycin administration and pharmacokinetic sampling.

Weight measurement

Patients should be weighed with only light clothing; shoes must be removed before weight is measured.
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Height measurement

Patients should be measured using a stadiometer after removing shoes.
Laboratory evaluation
Pre-study laboratory evaluations will include: CBC with differential and platelet count, ALT, AST, bilirubin,
BUN, creatinine, total protein, albumin, PT/PTT, alkaline phosphatase, and GGT. While the evaluations must
be performed no greater than 14 days prior to daunomycin administration, if patients have had significant
intercurrent illness or treatment that might affect organ function, laboratory work should be performed at an
appropriately closer interval to daunomycin administration.

On-Study Evaluations

Prior Therapy

Standard Children’s Oncology Group prior therapy data will be collected on all patients entered onto
this study.

Concomitant Medications

Assessment of all concomitant medication administration will be made and recorded on the appropriate form.
This list should include any medications the patient receives during the 7 days prior to daunomycin
administration as well as all medications administered during the period of pharmacokinetic sampling.

Toxicity

Although daunomycin administration is not part of this protocol and therefore adverse events from daunomycin
will not be related to participation on this protocol, we will collect standard CTCAE v.3 adverse events for the
chemotherapy cycle associated with the daunomycin dose around which the PK samples are drawn. This will
permit exploration of possible relationships between PK results and toxicity, although the analysis can only be
preliminary since the concomitant chemotherapy will vary from patient to patient.

Body Composition (at participating institutions)

Body composition testing must be completed within 7 days before or after administration of the dose of
daunomycin. Body composition will be assessed using dual-energy x-ray absorptiometry (DXA). The effective
dose is less than 5-7 microSv.

Pharmacokinetic Sampling

Plasma pharmacokinetic sampling for daunomycin and daunomycinol levels will be performed with one cycle
of daunomycin administered as per the patient’s treatment protocol. Blood samples will be drawn from a
location different from the infusion site according to the following schedule: prior to the drug infusion, at the
midpoint of the infusion if infusion is > 30 min in duration, and at 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12 (when feasible),
24, and 48 and 72 (when feasible) hours after the infusion. At each time point, 3 mL of blood should be
collected into a green top tube (sodium heparin). For regimens with daunomycin dosing on two days, the
samples will be drawn on day 1 prior to the drug infusion, and at end of infusion and at 0.5, 1, 2, 4, and 6, hours
after the end of the day 1 infusion and immediately prior to the day 2 infusion, then at the end of infusion and at
0.5, 1,15, 2, 4, 6, 8, and 12 (when feasible) hours after the end of the day 2 infusion. Samples will also be
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collected at 24, 48, and 72 (when feasible) hours after the end of the day 2 infusion. The total amount of blood
drawn will be approximately 35 to 40 mL; no greater than 3 mL/kg (< 5% of the blood volume) will be
obtained.

Pharmacokinetic Methods

Samples will be immediately separated by centrifugation and plasma frozen until analysis. Daunomycin and
daunomycinol concentrations in plasma will be measured as described above.

Feasibility testing for drawing PK samples through the central line will assessed using the method being
developed by Dr. Adamson’s group for actinomycin and vincristine. In brief, this method involves fitting a 3-
way stopcock to the catheter hub, then pulling 5 mL of blood from the patient side of the catheter and returning
it to the patient side. This is repeated 4 times, followed by the pulling one more 5 mL *“waste,” then the actual
sample. We will test this procedure in vitro using normal donor blood after infusion of daunomycin through the
catheter in order to ensure that PK samples are not contaminated with residual daunomycin. If the method can
be validated, the protocol will be amended to permit drawing PK samples from the central line through which
drug was administered.

Pharmacokinetic Modeling

Pharmacokinetic modeling will be performed using ADAPT Il software. (36) Population modeling will be
performed using mixed effect models in WinNonMix. (37, 38)

Statistical Considerations

The primary goal of this study is to evaluate the impact of obesity and body composition on the
pharmacokinetic parameters of daunomycin in children. The concentration-time data will be analyzed by model
dependent and model-independent means. Pharmacokinetic data will be analyzed using ADAPT Il software
(Biomedical Simulations Resource, University of Southern California). The model-derived pharmacokinetic
parameters will be used for subsequent analysis unless there is significant evidence of lack of fit of the model to
the data.

The pharmacokinetic parameters (with AUC as the primary parameter of interest) will then be correlated with
the BMI. Linear regression will be performed to examine the relationship between daunomycin AUC and BMI
and between daunomycin terminal half-life and BMI.

The DXA results will be analyzed with body composition software, version 5.56 (Hologic, Inc., Waltham,
Massachusetts). DXA measurement of fat mass in children has been shown to be reliable when compared to
hydrodensitometry estimates (16), with an in vivo precision of 2-4% for children. Body fatness will be based
on the percentage of fat obtained by using DXA and is defined as (100)(fat mass)/body weight (14).

Based on the literature and the investigators’ experience with doxorubicin pharmacokinetics, it is expected at
least a moderate correlation between the pharmacokinetic parameters of daunomycin and body mass index. A
sample size of 100 would be sufficient to detect a minimum correlation coefficient (between pharmacokinetic
parameters and BMI) of 0.32 with an o of 0.05 and 90% power. For such a correlation, this would mean that



COG Daunomycin PK 7

10% of the variability in the pharmacokinetic parameter being evaluated (e.g. clearance) could be explained by
the effect of BMI on that parameter. The power to detect a higher correlation would be greater than 90%.

In addition to the univariate analysis, multivariate analysis of the data will also be performed. We plan to assess
the significance of the relationship between the following characteristics: BMI, BSA, ALT, bilirubin, age,
gender, and ethnicity, and daunomycin PK parameters. The table below outlines the increment in R? associated
with any one variable that can be detected with high probability as a function of the statistical importance, in
terms of R?, of the remaining variables in the regression model.

Increment in R? Detectable with Large Probability When 100 Patients are Evaluated and Six Predictor
Variables are Included in the Regression Model

R? Associated with Predictor Increment in R* Associated | Probability that the Increment in R?

Variables Incorporated Into the | With addition of the ‘New’ | Will be Identified as Significant

Extant Regression Model Variable’ to the Regression | Using a Two-Sided Test of Size 0.05
Model

0.50 0.04 0.83

0.40 0.05 0.85

0.30 0.06 0.86

The relationship between daunomycin pharmacokinetics and body composition (percent body fat) will also be
examined in order to explore whether body composition is a more accurate predictor of altered daunomycin
kinetics than is BMI.

An attempt will be made to include approximately equal numbers of male and female children and a broad
range of ages and ethnic backgrounds as well as BMI. We intend to enroll at least 15 patients younger than 3
years of age in order to ensure that we have sufficient young patients to identify any important influence of age
on daunomycin PK. On a similar study, for the first 16 patients enrolled, the average BMI is 19.6, with a
standard deviation of 4.2, and a range of 16.5-30. We believe therefore that it is reasonable to expect that we
will see a similar variation in BMI on this study. We will perform planned interim analyses to evaluate whether
recruiting strategies or eligibility should be altered to address these issues. The enrollment of <3 year olds on
study will be monitored half-way through meeting the study accrual goals (~50 patients). If there are too few
patients in this age group, accrual may be restricted until the required minimum number of such patients is
accrued on study.

Human Subjects

Gender/minority recruitment

The ethnic distribution varies between institutions. Each institution will recruit according to the
populations served. The estimated distribution for each institution is described in the individual IRB
applications. Subjects from both genders and all racial/ethnic groups are eligible for the currently
proposed study if they meet the eligibility criteria.

Risks and Benefits
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Time

The primary risk to patients on this study is adverse events associated with blood drawing. These
include the risks of pain and infection. All blood draws will be done under routine sterile precautions.
Temporary peripheral intravenous lines will be placed for collection of blood for pharmacokinetic
sampling. The study requires body composition testing by DXA. There are no discomforts associated
with the DXA measurement except lying still for a few minutes. The technologist is at the side of the
patient during the procedure. The DXA instrument uses an x-ray beam, similar to that for a chest x-ray,
but the intensity of the DXA beam is very weak. The DXA scan would have to be repeated about 40-50
times to produce a dose similar to that for the chest x-ray. The dose from one DXA scan is about the
same as one receives everyday from the natural background radiation sources (sun, air, Earth, building
materials, other people). In addition to the physical risks listed above, patients will be informed of the
results of their body composition testing. There is the potential for psychological stress associated with
being told that one is obese. Subjects will receive no direct benefit from entering the study. However,
the information gained from this study could be very important in developing dosing strategies for
daunomycin in the obese patient population.

The pre-study evaluations (history and physical exam and phlebotomy for laboratory analyses) will take
approximately 30 minutes. The body composition testing by DXA will take approximately 30 minutes.
Pharmacokinetic sampling will cover a 48 hour period after daunomycin administration. Subjects will be
compensated appropriately for their time and effort.
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The Children's Oncology Group has received a Certificate of Confidentiality from the federal
government, which will help us protect the privacy of our research subjects. The Certificate protects
against the involuntary release of information about your subjects collected during the course of our
covered studies. The researchers involved in the studies cannot be forced to disclose the identity or any
information collected in the study in any legal proceedings at the federal, state, or local level, regardless
of whether they are criminal, administrative, or legislative proceedings. However, the subject or the
researcher may choose to voluntarily disclose the protected information under certain circumstances. For
example, if the subject or his/her guardian requests the release of information in writing, the Certificate
does not protect against that voluntary disclosure. Furthermore, federal agencies may review our records
under limited circumstances, such as a DHHS request for information for an audit or program evaluation
or an FDA request under the Food, Drug and Cosmetics Act. The Certificate of Confidentiality will not
protect against mandatory disclosure by the researchers of information on suspected child abuse,
reportable communicable diseases, and/or possible threat of harm to self or others.

ABSTRACT

AALL0434 is a COG group-wide Phase III study designed for patients with T-lineage acute
lymphoblastic leukemia (T-ALL) from 1-30 years of age. Although event free survival (EFS) and overall
survival continue to increase for children and young adults with T-ALL, “On-Treatment” relapses in the
central nervous system (CNS) and bone marrow compartments continue to be common causes of
treatment failure. There is evidence that both nelarabine (Compound 506U78) and high dose methotrexate
(HDMTX) are effective in preventing relapse in T-ALL. To specifically address the early treatment
failures associated with T-ALL, this study will test the safety and efficacy of these two therapeutic
interventions. The study utilizes a 2 x 2 factorial design with augmented intensity BFM backbone. After
a Day 29 risk assignment has been determined, patients will become eligible for treatment assignment or
randomization. Patients will be randomized to receive Capizzi style escalating dose IV methotrexate
without leucovorin rescue (plus PEG Asparaginase) versus high dose methotrexate (5 gm/m®) with
leucovorin rescue during the two month interim maintenance phase of therapy. During the safety phase
of the trial only the high risk patients will be randomized to either receive or not to receive nelarabine.
During the efficacy phase of the study, intermediate risk patients will also be randomized to either receive
or not to receive nelarabine at a dose of 650 mg/m*/day for 5 days during the Consolidation, Delayed
Intensification and Maintenance phases of therapy. All patients will receive only one Delayed
Intensification course. All Intermediate and High Risk patients will receive prophylactic cranial radiation
(1200 cGy) either during Consolidation (if randomized to treatment Arm A (CMTX) or Arm B (CMTX +
Nel)) or Delayed Intensification (if randomized to treatment Arm C (HDMTX) or Arm D (HDMTX +
Nel)). All patients classified as CNS3 will be non-randomly assigned to receive HDMTX and will
receive cranial radiation therapy (1800 cGy) during Delayed Intensification. Patients with testicular
leukemia will be non-randomly assigned to receive HDMTX and will receive testicular irradiation (2400
¢Gy) during Consolidation therapy, if testicular disease does not resolve by the end of Induction therapy.
Low-risk patients, who are NCI standard risk by age and WBC, with no testicular disease at diagnosis,
CNSI1 and rapid early responders (RERs) with an M1 marrow on Day 8 or 15, and minimal residual
disease (MRD) < 0.1% on Day 29, have an excellent outcome and therefore will not receive nelarabine in
either the safety or randomized phases; nor will they receive cranial radiation.




AALL0434 THIS PROTOCOL IS FOR RESEARCH PURPOSES ONLY, SEE PAGE 1 FOR USAGE POLICY Page 8

EXPERIMENTAL DESIGN SCHEMA: SAFETY PHASE

AALLO3B1

v
IN THE SAFETY PHASE
INTERMEDIATE RISK T-ALL Phenotype
PATIENTS WILL NOT v
RECEIVE NELARABINE; AALLO434 (on stady)
LOW RISK PTS NEVER
RECEIVE NELARABINE v

Induction *

v

Response Assignment

v v

v

v

Low Risk Intermediate High Risk M3
Risk Marrow
A rd ¢
Randomization Randomization Consolidation
I T +nelarabine
v v \ v ¢
CMTX HDMTX** CMTX HDMTX** M1 Cont HR
Arm A Arm C -/+ nelarabine -/+ nelarabine ontinue as
Arm A or B Arm CorD on ARM D.
HDMTX + nelarabinef***
v v v v
Consolidation Consolidation Consolidation Consolidation
-/+ nelarabine -/+ nelarabine
v v v v Testicular XRT during
IMt IM+t IMf IM¥ Consolidation if testicular
CMTX HDMTX CMTX HDMTX disease not resolved by end-
7 v v v Induction or if patient has
Down syndrome
DI DI DI DI
;m . ;m .
/+ nelarabine /+ nelarabine CRT®
* * v v Intermediate and High
. . . . Risk pts during DI or
Maintenance Maintenance Maintenance Maintenance L,
. . Consolidation
-/+ nelarabine -/+ nelarabine

* Induction evaluation = Day 8 BMA; if not M1 then repeat on Day 15.
Evaluation of BMA and MRD on Day 29.

CMTX = Capizzi escalating MTX
HDMTX = High dose MTX

** Patients with CNS3 and/or testicular disease at Dx will be assigned to HDMTX arms IM = Interim Maintenance

***Patient may also be taken off study for alternate therapy, including BMT
tPatients must be M1 at end-Consolidation to continue on therapy
RER = M1 marrow on Day 8 and < 0.1% MRD on Day 29 OR

M2/M3 marrow on Day 8 and M1 marrow on Day 15 and

<0.1% MRD on Day 29.
SER = M2/M3 on Day 15 OR positive MRD on Day 29.

DI = Delayed Intensification

Patients with Down Syndrome will not
Receive HDMTX

Patients with a prior seizure disorder will
Not receive nelarabine

& CRT = cranial radiation (See Section 14.0 for

Low Risk = NCI SR by age & WBC count; RER, M1 on Day 15 and MRD < 0.1% on Day details).

29; CNS 1 status; and no testicular disease at diagnosis.
Intermediate Risk = RER or SER with MRD < 1% on Day 29; any CNS status.
High Risk = M2 at end of Induction or MRD > 1% on Day 29; any CNS status.

The safety phase ends when the 1* 20 HR pts to receive nelarabine have been evaluated per Section 10.2.
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EXPERIMENTAL DESIGN SCHEMA: EFFICACY PHASE
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'
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Consolidation Consolidation Consolidation Consolidation
-/+ nelarabine -/+ nelarabine
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M7 IMT IM+ IM¥t Consolidation if testicular
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-/+ nelarabine -/+ nelarabine
CRT*
¢ ¢ ¢ ¢ Intermediate and High
Maintenance Maintenance Maintenance Maintenance Risk pts during DI or

-/+ nelarabine

* Induction evaluation = Day 8 BMA; if not M1 then repeat on Day 15.
Evaluation of BMA and MRD on Day 29.

** Patients with CNS3 and/or testicular disease at Dx will be assigned to HDMTX arms

***Patient may also be taken off study for alternate therapy, including BMT
tPatients must be M1 at end-Consolidation to continue on therapy
RER =M1 marrow on Day 8 and < 0.1% MRD on Day 29 OR

M2/M3 marrow on Day 8 and M1 marrow on Day 15 and

<0.1% MRD on Day 29.

SER = M2/M3 on Day 15 OR positive MRD on Day 29.

Low Risk = NCI SR by age & WBC count; RER, M1 on Day 15 and MRD < 0.1% on Day

29; CNS 1 status; and no testicular disease at diagnosis.
Intermediate Risk = RER or SER with MRD < 1% on Day 29; any CNS status.
High Risk = M2 at end of Induction or MRD > 1% on Day 29; any CNS status.

-/+ nelarabine

Consolidation

CMTX = Capizzi escalating MTX
HDMTX = High dose MTX

IM = Interim Maintenance

DI = Delayed Intensification

Patients with Down Syndrome will not
Receive HDMTX

Patients with a prior seizure disorder will
Not receive nelarabine

& CRT = cranial radiation (See Section 14.0 for
details).
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1.0 GOALS AND OBJECTIVES (SCIENTIFIC AIMS)
1.1 Main Clinical Objectives

1.1.1
To determine, through randomization, the relative safety and efficacy of the addition of nelarabine
(Compound 506U78) to augmented BFM therapy (Regimen C, CCG-1961).

1.1.2

To determine the relative safety and efficacy of high dose methotrexate (5gm/m?) with leucovorin rescue
compared to escalating methotrexate without leucovorin rescue plus PEG-Asparaginase (Capizzi 1)
delivered during Interim Maintenance.

1.2 Secondary Clinical Objective

1.2.1
To determine the relative safety and efficacy of withholding radiation in patients with low risk T-ALL, while
treating intermediate and high-risk patients with 1200 cGy of prophylactic cranial radiation.

1.3. Secondary Correlative Objectives

1.3.1
Exploratory studies will be undertaken on the pharmacokinetics and intracellular pharmacology of nelarabine
for consenting patients

2.0 BACKGROUND

T-cell lymphoid malignancies have distinct biochemical, immunologic and clinical features which set
them apart from non-T-lymphoid malignancies. '* Historically, the diagnosis of T-ALL portended a
worse prognosis than other forms of non-T childhood ALL. "”* Over the past three decades, the
introduction of intensive, high-dose, multi-agent pulse chemotherapy has significantly improved the EFS
for patients with T-ALL from 15-20% to 40-73%.”"* Current trials have further improved outcomes for
children with T-ALL, but have plateaued in the 70-75% EFS range, as shown by Dana Farber Cancer
Institute (DFCI) 85-01, '* DFCI 87-01 and Berlin-Frankfurt-Miinster (BFM)-86."* The recent Pediatric
Oncology Group (POG) T-cell ALL protocol, POG 9404, randomized the addition of high dose
methotrexate (HDMTX) to the DFCI regimen and found a statistically significant improvement in 4-year
EFS rates for NCI high-risk patients treated with and without HDMTX of 77.9% vs. 65.5%, respectively.
The 76.9% EFS at 5 years for patients with T-ALL, treated on CCG 1961, regimen C, without HDMTX,
is comparable to that seen on 9404 with HDMTX. The majority of patients with T-ALL and NCI
standard-risk features clearly fare better with more aggressive therapy, as demonstrated by EFS rates of
71% on CCG 1952/1962 versus 87.4% on POG 9404 (89.2% within the HDMTX arm). Based on a
projected 2 year EFS rate of 85% for T-cell patients compared to 94% for pre-B ALL patients treated on
the CCG 1991 study (RHR of 3.12 {p =.002}), T-ALL patients will no longer be eligible for COG SR-
ALL trials and will be treated on the T-cell specific AALL0434 trial.

Rarely does one find a drug with lineage-specific cytotoxicity as recently discovered for nelarabine.
Nelarabine (2-amino-9-B-D-arabinofuranosyl-6-methoxy-9H-purine) is a water-soluble prodrug of araG
(9-B-arabinofuranosylguanine), a synthetic deoxyguanosine derivative that is resistant to cleavage by
endogenous purine nucleoside phosphorylase and is cytotoxic to T-lymphoblasts at micromolar
concentrations. Cytotoxicity is mediated by the accumulation of araG nucleotides, especially d-araGTP,
in T-cells greater than in B-cells, resulting in inhibition of ribonucleotide reductase and inhibition of DNA
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The Children's Oncology Group has received a Certificate of Confidentiality from the federal
government, which will help us protect the privacy of our research subjects. The Certificate protects
against the involuntary release of information about your subjects collected during the course of our
covered studies. The researchers involved in the studies cannot be forced to disclose the identity or any
information collected in the study in any legal proceedings at the federal, state, or local level, regardless
of whether they are criminal, administrative, or legislative proceedings. However, the subject or the
researcher may choose to voluntarily disclose the protected information under certain circumstances. For
example, if the subject or his/her guardian requests the release of information in writing, the Certificate
does not protect against that voluntary disclosure. Furthermore, federal agencies may review our records
under limited circumstances, such as a DHHS request for information for an audit or program evaluation
or an FDA request under the Food, Drug and Cosmetics Act.

SHORT ABSTRACT

AALLO0232 is a COG group-wide phase III study designed for NCI high risk patients with acute
lymphoblastic leukemia (ALL) from 1-30 years of age. Although event free survival and overall survival
continue to increase for children with high risk ALL, CNS disease has become an increasing cause of
treatment failure. There is evidence that both dexamethasone and high dose methotrexate prevent CNS
relapse. To specifically address the relative increase in CNS events this study will test safety and efficacy
of these two therapeutic interventions. The study utilizes a 2 x 2 factorial design with an augmented
intensity BFM backbone. Patients will be randomized upfront to receive dexamethasone 10 mg/m*/day
for 14 days versus prednisone 60 mg/m’/day for 28 days during Induction and to receive high dose
methotrexate (5 gm/m’) versus Capizzi escalating methotrexate during Interim Maintenance 1. Patients
classified as rapid early responders (RER) will receive one Delayed Intensification course and those
classified as slow early responders (SER) will receive two Delayed Intensification courses.
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EXPERIMENTAL SCHEMA
AALL0232
Study Entry CNS3**, Testicular”,
Steroid Treated®**
Non-Randomized
Y
Randomization
\ 4 A 4 + Y A 4 A 4
DC DH Evaluation PC PH DH
BMA Day 8
Day 8
v v v < BMA
Induction If M2 or M3; Induction v
2 Wks Dex BMA Dav 15 4 Wks Pred Induction A4
2 Wks Dex If M2 or
- M3; BMA
> Evaluation < Day 15
BMA, MRD Day 29
Evaluation*®
M1 on Day 8 or by Day 15 M2 or M3 on Day 15 BMA MRD
and v or Day 29 \
Negative D29 MRD Positive D29 MRD D 29
D29 M3 M3
v Off Protocol v Off
Th
MLL rearrangement? erapy MLL rearrangement? rl;;;(;(;c:)l]
v v v v
NO YES NO YES
v v v v
RER Treat as SER** SER** OFF
v v STUDY ¢ v
Consolidation Consolidation Consolidation
v v v

Interim Maintenance I

Interim Maintenance I

v v 3 i

Capizzi MTX ([ HD MTX
v v

Capizzi MTX HD MTX

v v

Delayed Intensification I
v Delayed Intensification I
Maintenance v
Interim Maintenance I1
v

DC =2 wks Induction Dexamethasone, Capizzi Methotrexate Delayed Intensification I1
DH =2 wks Induction Dexamethasone, High Dose Methotrexate s
PC = 4 wks Induction Prednisone, Capizzi Methotrexate
PH = 4 wks Induction Prednisone, High Dose Methotrexate Maintenance

Interim Maintenance I

v

HD MTX

v

Delayed Intensification I

v

Interim Maintenance 11

v

Delayed Intensification I1

v

Maintenance

* If Day 29 BM is M2 or M1 with MRD > 1% patient receives 2 weeks of additional Induction followed by re-evaluation of BM
morphology and MRD status. If marrow is M2 or M3 or MRD > 1% on Day 43 patient is Off Study and may be eligible for

AALLO0031.
** Patients receive cranial XRT during DI-2
# patients receive testicular XRT during Consolidation

S Steroid Treated: Patients who received more than 48 hours of steroids during the week immediately prior to diagnosis.

& May be eligible for AALL0031.

Note: Patients with Down syndrome (DS) will be blocked from randomization to the high dose methotrexate arms. The eligible
arms for this group of patients are DC or PC, unless the patient has DS with CNS3 and/or testicular involvement. These DS
patients will be non-randomly assigned to DC with DDI and the appropriate radiation therapy.

2/14/05
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1.0 GOALS AND OBJECTIVES (SCIENTIFIC AIMS)

1.1
To improve the outcome of children with high risk acute lymphoblastic leukemia.

1.2
To determine the relative safety and efficacy of dexamethasone given for 14 days versus prednisone given
for 28 days during Induction.

1.3

To determine the relative safety and efficacy of high dose methotrexate (5 gm/m”) with leucovorin rescue
compared to escalating methotrexate without leucovorin rescue (Capizzi I) delivered during Interim
Maintenance 1.

1.4
To correlate Day 29 Minimal Residual Disease (MRD) with Event Free Survival (EFS) and Overall
Survival (OS).

1.5
To correlate early marrow response status with Day 29 MRD status.

1.6
To improve outcome by identifying additional high risk patients by Day 29 MRD for treatment with fully
augmented BFM.

2.0 BACKGROUND

Sequential clinical trials in the Children’s Cancer Group (CCG) and the Pediatric Oncology Group (POG)
have resulted in incremental improvements in event free survival and overall survival for children with
NCI high risk acute lymphoblastic leukemia (ALL). A critical component of these improved results has
been the use of intensified post induction therapy. Previous CCG trials have implemented augmented
post-induction therapy in both lower and high risk subgroups' while POG trials have focused on
optimizing intermediate dose methotrexate during consolidation. >

In CCG-1882, patients showing a rapid early response received standard CCG-modified BFM therapy
and were randomized to receive either IT methotrexate and cranial radiation or intensified IT
methotrexate alone for pre-symptomatic CNS therapy. Overall, intensified IT methotrexate produced a
slightly better EFS compared to IT methotrexate and cranial radiation. In patients greater than 10 years of
age, intensified IT methotrexate resulted in a significant decrease in the incidence of bone marrow
relapse. Patients showing a slow early response to induction therapy were randomized to receive CCG-
modified standard BFM (IT methotrexate/cranial RT for pre-symptomatic CNS therapy) and
“augmented” BFM which featured additional vincristine and L-asparaginase in consolidation and
reconsolidation phases and Capizzi methotrexate (vincristine and IV methotrexate on Day 1 and L-
asparaginase on Day 2) replaced oral 6-MP/methotrexate in interim maintenance. In addition, patients
received a second intensified interim maintenance and reinduction reconsolidation (DI phase).
Augmented therapy produced a marked improvement in EFS compared to standard CCG-modified BFM,
particularly for patients less than 13 years of age. CCG-1961 evaluated the role of two components of the
augmented regimen: increased early intensification, and longer duration of intensive therapy in the form
of a second interim maintenance and DI phase. Recent analysis of the patients with rapid early response
randomized on CCG-1961 demonstrates that augmenting the intensity of early therapy leads to a better



Review

Chemotherapy

Chemotherapy 2003;49:92-104

Received: August 5, 2002
Accepted after revision: January 2, 2003

DOI: 10.1159/000069773

Biochemical and Clinical Aspects of
Methotrexate Neurotoxicity

Sandra Vezmar@ Achim Becker?

Udo Bode® Ulrich Jaehde?

Departments of aClinical Pharmacy, Institute of Pharmacy and PPaediatric Haematology/Oncology,

Children’s Hospital, University of Bonn, Bonn, Germany

Key Words

Methotrexate - Neurotoxicity - Folates - Homocysteine -
Adenosine - Biopterins - Excitatory amino acids - CNS .
Cancer

Abstract

Acute, subacute and chronic neurotoxicity have been
observed after the administration of high-dose and/or
intrathecal methotrexate (MTX). Acute toxicity is usually
transient without permanent damage. Subacute and
chronic toxicity are associated with changes in the brain
and/or the spinal cord which may be progressive and
even lead to coma and death in severe cases. It is
believed that MTX can induce direct toxic effects to the
CNS by damaging the neuronal tissue. Moreover, MTX
interferes with the metabolic pathways of folates, excita-
tory amino acids, homocysteine, S-adenosylmethionine/
S-adenosylhomocysteine, adenosine and biopterins, in-
ducing biochemical alterations which have been associ-
ated with neurotoxic symptoms. It has been suggested
that acute toxicity is partly mediated by adenosine,
whereas homocysteine, S-adenosylmethionine/S-ade-
nosylhomocysteine, excitatory amino acids and biopter-
ins may play an important role in the development of
subacute and chronic toxicity. A better understanding of
the pathogenesis of MTX neurotoxicity would offer the
possibility of developing new therapeutic strategies for
its treatment or prevention.

Copyright © 2003 S. Karger AG, Basel

Introduction

Methotrexate (MTX, amethopterin) is a folate ana-
logue that was introduced in clinical practice more than
50 years ago. Today, it is widely used in the treatment of
patients with psoriasis, rheumatoid arthritis and other
autoimmune diseases. Moreover, it plays a major role in
the therapy of malignant diseases, such as acute lympho-
blastic leukaemia (ALL), lymphoma, medulloblastoma
and osteosarcoma, in which high doses are administered.

However, the introduction of intensified treatment
protocols was associated with an increased risk of neuro-
toxicity which may be transient and reversible, but severe
neurological disorders leading to coma or even death may
occur as well. The exact pathophysiological mechanisms
of neurotoxicity are still not understood although this
issue has been widely discussed in the past decade. It has
been postulated that the neurotoxicity associated with
MTX is a consequence of its direct damage to the central
nervous system (CNS). In addition, MTX induces meta-
bolic alterations which could at least partly be responsible
for the observed neurotoxicity.

In this article, the available scientific literature on
MTX neurotoxicity is summarised focusing on its multi-
factorial pathogenesis. The impact of direct and indirect
CNS effects of MTX on clinical symptoms is discussed.
Furthermore, we review present and future therapeutic
options for circumvention of this severe toxicity.
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Clinical Symptoms of Neurotoxicity

MTX-related neurotoxicity is usually classified into
three forms as acute, subacute and chronic neurotoxicity
[1, 2]. A summary of the clinical symptoms is shown in
table 1.

Acute Neurotoxicity

During or within hours after high-dose (=1 g/m?)
MTX infusion, somnolence, confusion, fatigue, disorien-
tation and seizures may occur [1]. Intrathecal MTX may
be associated with acute arachnoiditis, also called chemi-
cal arachnoiditis [1]. This syndrome occurs in 5-40% of
patients [1], usually 2—-4 h after injection, and lasts for 12—
72 h [3]. The most common symptoms of arachnoiditis
are headache, nausea, vomiting, fever, back pain, and diz-
ziness [1]. Pathologically, pleocytosis, increased protein
levels in the CSF, and high intracranial pressure have
been observed [1, 4, 5]. This form of neurotoxicity occurs
more often when no cranial irradiation is concomitantly
applied, probably due to the inhibition of the acute
inflammatory response by ionising radiation [6]. The
acute neurotoxicity is thought to be related to the admin-
istered dose and the peak MTX levels in the CSF [7, 8].

Subacute Neurotoxicity

Days to weeks following the exposure to MTX, an
encephalopathy may occur that is characterised by hemi-
paresis, ataxia, speech disorders, seizures, confusion, and
affective disturbances [9-11]. Due to these symptoms, the
term ‘stroke-like syndrome’ is used. Patients usually re-
cover spontaneously after 48—72 h, and subsequent MTX
courses do not have an increased risk of recurrence of this
syndrome [10].

Intrathecal MTX may be associated with a severe
myelopathy followed by symptoms as pain in the legs, sen-
sory changes, paraplegia and bladder dysfunction [12, 13].
Pathologic studies do not reveal any striking inflamma-
tion or vascular abnormalities [12, 13].

Rarely, both the brain and the spinal cord may be
affected, resulting in severe neurological disorders with
poor prognosis [14]. Highly intensive short treatment
sequences [15] delayed elimination from the CSF [16] or
long-term cumulative treatment [15] are considered to be
risk factors for subacute toxicity.

Chronic Neurotoxicity

Chronic neurotoxicity may develop months to years
following MTX therapy. The most characteristic syn-
drome is a leucoencephalopathy presenting with confu-

Neurotoxicity of Methotrexate

Table 1. Classification of neurotoxicity (according to the time of
appearance after administering methotrexate) and clinical symp-
toms

Neurotoxicity Clinical symptoms

Acute
(during or within hours)

somnolence, confusion, fatigue,
disorientation, seizures

chemical arachnoiditis: headache, nausea,
vomiting, fever, back pain, dizziness

Subacute encephalopathy: hemiparesis, ataxia,
(after days to weeks) speech disorders, seizures, confusion,
affective disturbances
myelopathy: pain in the legs, sensory
changes, paraplegia, bladder dysfunction
Chronic learning disability, cognitive disturbances,

(after months to years) decrease in intelligence
leucoencephalopathy: confusion,
somnolence or irritability, seizures, ataxia,
dementia, dysphasia, quadriparesis, visual

disturbances, slurred speech, coma, death

sion, somnolence or irritability, impaired vision and
speech, seizures, ataxia and dementia [1, 4, 17]. In more
severe cases, quadriparesis, coma or even death may
occur [4, 18]. However, partial recovery or stabilisation is
possible, primarily in children [5, 17, 18]. Leucoencepha-
lopathy primarily involves the white matter [19, 20], espe-
cially the periventricular regions and the centrum semi-
ovale [4] and is characterised by demyelination, multifo-
cal white matter necrosis, astrocytosis and axonal damage
[4]. Intracerebral calcifications [21-23], cerebral atrophy
[23, 24] and mineralising microangiopathy [13, 25] have
been described. Inflammatory cellular reactions have not
been observed [4].

Leucoencephalopathy occurs most frequently after a
combination of high-dose MTX, intrathecal MTX and
cranial irradiation (45%), whereas the incidence after
high-dose MTX and/or intrathecal MTX alone is less than
2% [1, 4]. Enhanced toxicity is especially observed if ion-
ising radiation is given before the administration of
MTX. This may be due to synergistic toxic effects of
MTX and irradiation and/or an altered distribution of
MTX in the CNS which can lead to an accumulation of
MTX in certain areas of the brain. Several mechanisms
are considered to be responsible for this accumulation.
First, irradiation increases the permeability of the blood-
brain barrier [26]. Second, the clearance of MTX from the
CNS may be disturbed by a decreased CSF turnover.
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Third, the ependymal barrier may be disrupted, enabling
MTX to enter the white matter. Finally, irradiation may
induce changes at the cellular level [1].

Besides leucoencephalopathy, chronic toxicity may be
associated with significant neuropsychological dysfunc-
tions such as learning disability, cognitive disturbances
and decrease in intelligence. Combined MTX and cranial
irradiation is thought to be responsible for these sequelae
[27-29]. Nevertheless, different authors showed that pa-
tients treated with MTX without cranial irradiation may
also have learning disability and a decrease in intelligence
quotient [24, 30, 31].

Attempts have been made to find an early marker of
chronic toxicity. Increased levels of myelin basic protein
[15] and tau protein [32] in the CSF, a decreased choline/
water ratio [33] and prolonged motor-evoked potential
latency [34] seem to correlate with demyelination.

Direct Toxic Effects of MTX on the CNS

Due to changes observed in leucoencephalopathic pa-
tients, such as coagulative necrosis of the white matter,
axonal swelling, demyelination and astrocytosis, MTX
may exert a direct toxic effect to the CNS. Furthermore,
severe neurotoxicity occurring shortly after the adminis-
tration of overdosed MTX [35, 36], seems to support this
hypothesis.

Several experiments on animals and cultured cells
were performed in order to elucidate the direct pathogen-
ic mechanism of MTX to the CNS. Weller et al. [37]
observed no short-term cytotoxic action of up to 2 mM
MTX in cocultures of cerebellar and cortical neurones
and astrocytes. In contrast, Gregorios et al. [38] showed
that alterations of astrocytes were the earliest and primary
pathologic finding in the rat brain after MTX exposure.
An impaired function of the astrocytes could lead to a dis-
turbance of neuronal activity or even neuronal damage
since astrocytes have a supplementary function for neu-
rons and play an important role in the uptake and metab-
olism of neurotransmitters. Oligodendroglial cells, known
to build the myelin sheath, neurones and endothelial cells
were relatively spared. Gilbert et al. [39] observed axonal
loss and demyelination of neurons after exposure of cere-
bellar rat explants to 1 uA MTX for 2 weeks. The demye-
lination was more pronounced after an exposure of 5
weeks. Oligodendroglial cells preserved their function in-
dicating that the demyelination was a consequence of
axonal loss. The pathological mechanism of the axonopa-
thy is still unclear. Considering the results of Gregorios et
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al. [38] and the fact that neurons do not replicate and
should therefore be insusceptible to MTX, it is possible
that the axonopathy is a consequence of astrocytosis.
Bruce-Gregorios et al. [40] suggested that astrocytosis
occurs predominantly due to a MTX-induced inhibition
of RNA and de novo purine synthesis. The explanation
for the insusceptibility of other replicating cells, such as
oligodendroglial and endothelial cells, to MTX may be
that astrocytes seem to be the likely site for uptake and
polyglutamation of MTX [41, 42]. However, due to the
contradictory literature data, the effect of MTX on the
CNS still remains unclear. Further studies with cultured
cells and animal models over a time period of several
weeks are required.

Biochemical Pathways Related to MITX Activity

MTX affects DNA and RNA synthesis by interfering
with the biosynthesis of thymidine and purines. MTX
and MTX polyglutamates, polyglutamated by the enzyme
folylpolyglutamate synthetase [43], inhibit the enzyme
dihydrofolate reductase (DHFR). As a result, the levels of
dihydrofolate in the cell increase while the levels of tetra-
hydrofolates (THF) such as 5,10-methylenetetrahydrofo-
late (5,10-methylene-THF), required for the thymidylate
synthesis and 10-formyltetrahydrofolate (10-formyl-
THF), important for the purine synthesis (fig. 1) decrease.
Moreover, MTX polyglutamates and dihydrofolate poly-
glutamates formed by the enzyme folylpolyglutamate syn-
thetase directly inhibit the enzyme thymidylate synthase
[44, 45] responsible for the conversion of uridine mono-
phosphate (dUMP) to thymidine monophosphate
(dTMP).

MTX strongly interferes with the metabolism of homo-
cysteine by reducing the level of 5-methyltetrahydrofolate
(5-methyl-THF) which serves as the donor of the methyl
group for the methylation of homocysteine to methionine.
This reaction is catalysed by the enzyme methionine syn-
thase and requires vitamin By, as a cofactor. In the kidney
and the liver, homocysteine can be metabolised to methi-
onine by betaine-homocysteine methyltransferase, but
this enzyme has not been found in the brain of animals or
man [46]. The reaction of methionine and adenosine tri-
phosphate in the presence of the enzyme methionine ade-
nosyltransferase yields S-adenosylmethionine (SAM), the
most important methyl donor in cellular metabolism.
SAM is converted to S-adenosylhomocysteine (SAH),
which is degraded by S-adenosylhomocysteine hydrolase
to homocysteine and adenosine (fig. 1).
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Fig. 1. Metabolism of folates and homocysteine. ATP = Adenosine triphosphate; DHF = dihydrofolate; SAH =
S-adenosylhomocysteine; SAM = S-adenosylmethionine; THF = tetrahydrofolate; dTMP = thymidine monophos-
phate; dUMP = uridine monophosphate; 1 = dihydrofolate reductase; 2 = serine-hydroxymethyltransferase; 3 = thy-
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The main route of catabolism of homocysteine is
through entering the transsulfuration pathway starting
with the conversion to cystathionine. Cystathionine is fur-
ther converted to cysteine which is subsequently oxidised
to cysteine sulphinic acid and cysteic acid. Cysteine sul-
phinic acid and cysteic acid can be decarboxylated to
hypotaurine and taurine by the enzyme cysteine sulphinic
acid decarboxylase (fig. 1). In analogy to the cysteine oxi-
dation pathway, homocysteine can be oxidised to homo-
cysteine sulphinic acid and homocysteic acid. As enzymes
catalysing this metabolic route of homocysteine have not
been described, a non-enzymatic conversion has been sug-
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gested [47]. The sulphur-containing amino acids cysteine
sulphinic acid, cysteic acid, homocysteine sulphinic acid
and homocysteic acid, structure analogues of aspartate
and glutamate, are known to exhibit strong excitatory
effects [48].

As an indirect consequence of MTX activity levels of
homocysteine, SAH and sulphur-containing amino acids
increase while the levels of methionine and SAM de-
crease.

MTX-polyglutamates and dihydrofolate polygluta-
mates also inhibit two enzymes of the purine synthe-
sis glycineamide-ribonucleotide-transformylase (GART)
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and S-aminoimidazole-4-carboxamide-ribonucleotide-
transformylase (AICART) [49] leading to an accumu-
lation of glycineamide-ribonucleotide (GAR) and 5-
aminoimidazole-4-carboxamide-ribonucleotide (AICAR)
(fig. 2). AICAR can inhibit 5’-adenylate deaminase and
adenosine deaminase, resulting in elevated levels of ade-
nylate and adenosine, respectively [50].

Finally, MTX affects the biopterin pathway by inhib-
iting the regeneration of tetrahydrobiopterin (THB) from
dihydrobiopterin (fig. 3). THB is required for the hydrox-
ylation of tyrosine, phenylalanine and tryptophan. THB
can be either synthesised de novo from guanosine triphos-
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phate (GTP), a pathway not affected by MTX, or it can be
recycled from quinoide dihydrobiopterin (gDHB) in
three ways all of which are affected directly or indirectly
by MTX. MTX directly inhibits the enzyme dihydropter-
idine reductase (DHPR) [51], necessary for the reduction
of gDHB to THB. This pathway is considered to be the
main source of salvage. gDHB can be non-enzymatically
converted into 7,8-DHB which is reduced to THB by
dihydrofolate reductase.

Moreover, THB may be regenerated from qDHB in
the presence of the enzyme 5,10-methylenetetrahydrofo-
late reductase (MTHFR), whereby 5-methyltetrahydrofo-
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Table 2. MTX-induced metabolic

CSF levels

Suggested pathogenic Clinical symptoms

after MTX mechanisms

alterations, pathogenic mechanisms and Substance
clinical consequences
SAM !
SAH 1

methylation capacity !,
demyelination

leucoencephalopathy,
depression, dementia

Homocysteine 1t

cerebrovascular ischemia
mineralising microangiopathy,
focal neurological deficits

direct toxic effects to the
vascular endothelium,
coagulation 1,

oxidative stress 1

excitability 1, excitotoxicity, seizures, dementia

neurodegeneration

nausea, vomiting, lethargy,
headache, seizures

altered cerebral blood flow,
neuronal excitability

SEAA 1
Adenosine 1
THB L?

affective disturbances,
hypokinesis, limb rigidity

impaired biosynthesis of
dopamine, serotonin

SAM = S-adenosylmethionine; SAH = S-adenosylhomocysteine; SEAA = sulphur-con-
taining excitatory amino acids; THB = tetrahydrobiopterin.

late is converted to 5,10-methylene-THF (fig. 3). This sal-
vage process can be affected by MTX due to depletion of
5-methyltetrahydrofolate.

After high-dose MTX, 5-formyltetrahydrofolate (leu-
covorin) is administered as rescue. Leucovorin antago-
nises the activity of MTX by several mechanisms. It com-
petes with MTX for the entry into the cell and for the
enzymes folylpolyglutamate synthetase and DHFR, lead-
ing to reduced levels of MTX polyglutamates and a
diminished inhibition of DHFR. Moreover, leucovorin is
rapidly converted into other reduced folates, thereby re-
storing the pool of reduced folates (see fig. 1).

MTX-Induced Metabolic Alterations and
Possible Clinical Consequences

The MTX-induced metabolic alterations, their patho-
genic mechanism and clinical symptoms are summarised
in table 2.

Folates

Depletion of reduced folates has been observed in
some metabolic disorders such as DHFR deficiency and
folate malabsorption. Moreover, CSF levels of 5-methyl-
tetrahydrofolate were shown to be decreased in patients
treated with MTX [52]. The neurological impairment
associated with folate deficiency is characterised by symp-
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toms such as insomnia, forgetfulness, seizures, irritability,
depression and schizoid psychosis [53].

However, since the folate metabolism is closely related
to the homocysteine and biopterin metabolic pathways, it
1s difficult to assess whether the pathological findings are
directly due to folate depletion. Patients with a deficiency
of reduced folates were shown to have decreased levels of
SAM [54, 55], THB, homovanillic acid and 5-hydroxyin-
doleacetic acid [56] as well as elevated levels of homocys-
teine [57, 58]. All of these metabolites were shown to be
involved in the development of neurological distur-
bances.

S-Adenosylmethionine/S-Adenosylhomocysteine

SAM is the methyl donor of various molecules includ-
ing catecholamines, indoleamines, choline, creatine, nu-
cleic acids, proteins and phospholipids. Decreased levels
in the brain can therefore lead to hypomethylation.

Significantly decreased levels of SAM in the CSF have
been observed in various neuropsychiatric illnesses such
as depression, Alzheimer’s dementia and Parkinson’s dis-
ease [59]. Moreover, treatment with SAM was shown to
improve cognitive dysfunction as well as mood and speed
of mental processing in patients with Alzheimer’s demen-
tia [60] and induce an antidepressant effect [61]. Further-
more, it was suggested that decreased levels of SAM were
correlated with demyelination [56] and therefore with
neurological disorders. Surtees et al. [55] found decreased
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levels of SAM in the CSF of patients with inborn errors of
the methyl-transfer pathway and demyelination of the
brain and the spinal cord.

However, in order to determine the methylation capac-
ity in the brain, SAH levels should also be considered
since SAH acts as a strong inhibitor of methylation reac-
tions. Therefore it has been suggested to assess the SAM/
SAH ratio (methylation ratio).

Significantly decreased levels of SAM and increased
levels of SAH were reported in the CSF of HIV-positive
patients in whom myelopathy and subacute encephalo-
myelitis may occur [62]. Kishi et al. [63] reported a lower
ratio of SAM/SAH in the CSF of 2 ALL patients with
toxic leucoencephalopathy in comparison to ALL patients
without leucoencephalopathy, treated by the same proto-
col, and a control group consisting of patients without sus-
picion of altered methyl transfer pathway. The authors
suggested that MTX-induced hypomethylation is partly
responsible for the demyelination observed in patients
with leucoencephalopathy.

Homocysteine

Homocysteine, an amino acid containing a highly reac-
tive sulphhydryl group, is known to be an independent
risk factor for arteriosclerosis [64], myocardial infarction
[65] and stroke [66, 67]. Patients suffering from homocys-
tinuria, due to a deficiency of cystathionine B-synthase or
methionine synthase, were shown to have a high risk of
thromboembolism, seizures and mental retardation [68-
70]. The pathophysiological mechanisms of homocysteine
are different and include direct toxic effects to the vascu-
lar endothelium and intima [71-73], altered coagulant
properties of the blood [74-76] and increased oxidative
stress [73, 77].

It was demonstrated that high- and low-dose therapy
with MTX increased plasma levels of homocysteine [78-
81]. Due to the pathophysiological mechanisms and the
fact that high-dose and intrathecal MTX can be associat-
ed with significantly increased levels of homocysteine in
the CSF [82, 83], it has been suggested that homocysteine
is at least partly responsible for ischaemic white matter
changes, mineralising microangiopathy, and focal neuro-
logical deficits observed after MTX treatment [2]. Since
the periventricular deep white matter is poorly vascular-
ised, it is believed to be more vulnerable to ischaemia-
induced lesions [31].

In contrast, Packer et al. [84] investigated the coagula-
tion profile and cerebral angiograms in patients with sub-
acute toxicity suffering from hemiparesis, speech disor-
ders, unconsciousness, and seizures and detected no ab-
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normalities. Moreover, Flott-Rahmel et al. [85] suggested
that it is unlikely that neurological complications ob-
served in patients with homocystinuria are caused by
homocysteine-induced vascular alterations. Due to the
absence of focal neurological symptoms and brain infarc-
tions in patients with homocystinuria, it was proposed
that homocysteine-related metabolites, especially homo-
cysteine sulphinic acid and homocysteic acid, are primari-
ly responsible for neurodegenerative effects, a hypothesis
first proposed by Grieco [70].

Sulphur-Containing Excitatory Amino Acids

Sulphur-containing amino acids derived from homo-
cysteine, especially homocysteic acid are known to accu-
mulate in the plasma of patients with homocystinuria
[86]. It has been shown that sulphur-containing amino
acids are present in the mammalian brain, predominantly
in glial cells [87] and activate excitatory amino acid recep-
tors such as the NMDA receptor [88, 89].

An intensive stimulation of the NMDA receptor may
lead to seizures [90-92] and an even more severe phe-
nomenon called excitotoxicity, which is mainly mediated
by a high influx of calcium ions through the NMDA
receptor-linked calcium channel. Increased intracellular
levels of calcium stimulate several catabolic enzymes such
as phospholipases, proteases and endonucleases and can
thereby lead to cell death [90, 93, 94]. The concept of exci-
totoxicity has been implicated in the pathogenesis of
acute (hypoglycaemia and ischaemia) and chronic neu-
ronal degeneration (Huntington’s disease, amyotrophic
lateral sclerosis and Alzheimer’s disease) [90, 93, 95].

Besides the direct activation of excitatory amino acid
receptors an increase in excitation may be mediated by
several further mechanisms. First, sulphur-containing
amino acids are capable of releasing the excitatory amino
acids aspartate and glutamate [96, 97] and to inhibit the
reuptake of these neurotransmitters in neuronal and glial
plasma membranes [98-102] which is considered to be
the most important mechanism to control levels of excita-
tory amino acids in the synaptic cleft and hence avoid tox-
icity. Moreover, damage to astrocytes induced by MTX
[103, 104] or sulphur-containing amino acids [95] may
contribute to an increased excitatory transmission since
astrocytes manage the enzymatic inactivation of gluta-
mate. Elevated excitotoxic levels of glutamate could fur-
ther damage astrocytes leading to an increased vulnerabil-
ity of neurones and glia cells [95].

Of particular interest is the fact that glutamate is mas-
sively released from neural structures during hypoxia and
ischaemia [105, 106]. Therefore, ischaemic conditions
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induced e.g. by homocysteine-mediated vascular obstruc-
tions could further contribute to neuronal damage.

In a retrospective study, Quinn et al. [107] determined
sulphur-containing amino acids in CSF samples obtained
from patients who received MTX for the treatment of
cancer. In all patients, sulphur-containing amino acid lev-
els were significantly increased and patients suffering
from neurotoxicity at the time of lumbar puncture had the
highest levels. In the control group, no sulphur-containing
amino acids could be detected. In a following case report,
Quinn et al. presented a 13-month-old boy who developed
generalised tonic-clonic seizures 4 days after intrathecal
administration of MTX for the treatment of ALL [108].
An analysis of the CSF performed on this day revealed
remarkably elevated levels of cysteine sulphinic acid and
homocysteic acid. At the time of diagnosis, no sulphur-
containing amino acids could be detected in the CSF.

Recently, the use of dextromethorphan, a noncompeti-
tive NMDA receptor antagonist, in 5 patients with severe
symptoms of subacute neurotoxicity (e.g. dysarthria,
hemiplegia, hemiparesis) was reported [109]. After ad-
ministration of dextromethorphan, the neurological defi-
cits were completely resolved. This finding confirms the
role of excessive NMDA receptor stimulation in the
pathogenesis of MTX neurotoxicity. Moreover, the au-
thors suggest that dextromethorphan should be consid-
ered as an option to prevent and treat subacute neurotox-
icity.

Since taurine, the final product of the metabolic path-
way of sulphur-containing amino acids, is known to pro-
tect neural cells from excitotoxicity [106], it would be
desirable to determine not only the levels of sulphur-con-
taining amino acids but also the levels of taurine in the
CSF of cancer patients in order to elucidate the ratio of
sulphur-containing excitatory and inhibitory amino acids
which are both expected to accumulate after MTX ther-

apy.

Adenosine

Adenosine is known to regulate cerebral blood flow
and neuronal excitability due to its activity on adenosine
receptors. Trials with the adenosine deaminase inhibitor
deoxycoformycine (pentostatin) in patients with refracto-
ry malignant diseases where high levels of adenosine were
induced, revealed nausea, vomiting, headache, somno-
lence, and seizures as main adverse events [110].

It was shown in animal experiments that MTX can
increase the levels of adenosine [111].

Bernini et al. [112] reported 6 children treated with
MTX all having elevated levels of adenosine in the CSF
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and signs of acute neurotoxicity, including nausea, vomit-
ing, lethargy, and headache. However, patients without
neurotoxic symptoms had increased adenosine levels as
well. Patients suffering from neurotoxicity were given the
adenosine receptor antagonist aminophylline after con-
ventional therapy with analgesics or antiemetics had
failed. An amelioration of neurotoxic symptoms was ob-
served in all patients; in 4 out of 6 patients, symptoms
resolved completely within 30 min after administration.
Peyriere et al. [113] reported a case treated with high-dose
and intrathecal MTX who developed symptoms of neuro-
toxicity, including seizures, respiratory insufficiency and
non-reactive coma, after the second therapy cycle. The
signs improved after administering aminophylline.

These reports indicate that increased levels of adeno-
sine may cause neurotoxicity, which is reversed by adeno-
sine receptor antagonists.

Biopterins

Due to the cofactor role in the hydroxylation of trypto-
phan, phenylalanine and tyrosine decreased levels of
tetrahydrobiopterin can affect the biosynthesis of impor-
tant bioamines such as dopamine and serotonin. The
defective metabolism of biopterin is characterised by
dopamine and serotonin deficiency and symptoms such
as extreme hypokinesis, trunk hypotonia, swallowing dif-
ficulty, limb rigidity, oculogyric crisis and recurrent hy-
perpyrexia [114, 115]. It was therefore suggested that
MTX-induced THB deficiency is at least partly responsi-
ble for symptoms observed in subacute neurotoxicity
[116].

Millot et al. [117] reported a 15-year-old boy who
received MTX for the treatment of ALL and developed
subacute toxicity with weakness, aphasia and anaesthesia
8 days after the third course. Homovanillic acid and 5-
hydroxyindoleacetic acid, the major metabolites of dopa-
mine and serotonin, respectively, determined in the CSF
directly after the infusion of MTX, were decreased after
the second and third course. Due to ethical reasons the
metabolites were not determined during the neurological
disorder. Two days after the spontaneous resolution of
symptoms the values were in the normal range. Another
case, a 3-year-old boy, developed neurotoxicity after the
third course of systemic and intrathecal MTX. He pre-
sented with fever, confusion, aphasia, increased tone of
limbs and coma. The CSF biopterin analysis revealed a
decreased level of THB. Clinical improvement was not
achieved with leucovorin rescue and methylprednisolone
given for 3 days, but subsequent administration of L-
dopa, carbidopa and 5-hydroxytryptophan (substitutive
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Table 3. Therapeutic options to reverse

MTX-induced neurotoxicity Affected substance Therapeutic option Administered doses
SAM/SAH SAM n.a.
Homocysteine betaine and 10 g/day,
vitamin Bg 200-1,000 mg/day [129]
vitamin By, n.a.
Sulphur-containing dextromethorphan 1-2 mg/kg p.o. [109]
excitatory amino acids calcium channel blockers n.a.

Adenosine aminophylline 2.5mg/kg[112, 113]
Tetrahydrobiopterin tetrahydrobiopterin 5-20 mg/kg/day [118, 119, 129]
L-dopa, 10 mg/kg/day,
carbidopa, and 1 mg/kg/day,
S-hydroxytryptophan 7 mg/kg/day [118]

SAM = S-adenosylmethionine; SAH = S-adenosylhomocysteine; n.a. = not yet adminis-
tered in case of MTX neurotoxicity.

therapy for biopterin deficiency) ameliorated the coma-
tose condition [118]. Blau et al. [119] reported cases of
hyperphenylalaninaemia in ALL patients receiving MTX
and suggested it was due to a deficiency of THB. How-
ever, the levels of THB in CSF were not determined.
These patients were more depressed and apathetic than
patients with normal levels of phenylalanine. After receiv-
ing THB, the levels of phenylalanine decreased signifi-
cantly.

Other studies [120-123] revealed different results sug-
gesting that after the administration of MTX the biosyn-
thesis of serotonin and dopamine remains unaffected. Sil-
verstein et al. [123] reported changes in the CSF levels of
homovanillic acid and 5-hydroxyindoleacetic acid after
administration of intrathecal MTX. Before treatment no
significant differences were found compared to a control
group. During the first 4-5 weeks, the values were stable
with a modest decline of 5-hydroxyindoleacetic acid and
homovanillic acid, but during weeks 6-9 the levels unex-
pectedly rose. Moreover, intrathecal cytosine arabinoside
was shown to decrease levels of both metabolites signifi-
cantly. In another study, Millot et al. [ 122] analysed biop-
terin levels as well as homovanillic acid and 5-hydroxyin-
doleacetic acid levels in the CSF of 57 children with ALL
after high-dose MTX (5 g/m?). They observed a signifi-
cant increase in total biopterin levels after MTX com-
pared to those before the infusion. The CSF levels of 5-
hydroxyindoleacetic acid did not change significantly and
a significant increase of homovanillic acid was detected
after the second cycle compared to pre-treatment values.
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Only 6 children had a transient decrease in homovanillic
acid and 5-hydroxyindoleacetic acid levels but none of
them manifested neurotoxic symptoms.

Experiments with rats and neuroblastoma cell cultures,
performed to induce a deficiency in THB with MTX,
revealed no significant decrease in THB [120, 121] sug-
gesting that MTX is unlikely to impair the hydroxylation
of tyrosine and tryptophan [121].

Due to the contradictory literature data it still remains
unclear whether MTX is capable of altering neurotrans-
mitter biosynthesis by reducing the levels of THB.

Therapeutic Options

It has been suggested that the MTX/leucovorin ratio is
important in preventing neurotoxicity [124]. However,
significant neurotoxicity is observed in most high-dose
chemotherapy protocols with MTX including leucovorin
rescue, suggesting that the usual doses of leucovorin are
not sufficient. Due to the fact that leucovorin rescues
malignant cells as well, a more intensified leucovorin res-
cue does not seem to be judicious. Therefore, alternative
therapeutic options are desired.

It has been shown that SAM may improve affective
and cognitive disturbances in folate- and SAM-deficient
patients [125, 126]. Furthermore, Surtees et al. [55] dem-
onstrated that a demyelination of the brain and spinal
cord can be reversed if SAM or methionine, the precursor
of SAM, is administered. To our knowledge, SAM has not
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yet been administered in case of MTX-induced neurotox-
icity. Since a decreased SAM/SAH ratio has been de-
scribed in neurotoxic patients a substitutive therapy with
SAM may be a promising approach to prevent or reverse
neurotoxic symptoms.

Elevated levels of plasma homocysteine can be de-
creased by vitamin Bg, vitamin B, and/or betaine, cofac-
tors involved in the metabolism of homocysteine [58,
127, 128]. Therefore, these cofactors could provide a ther-
apeutic option to treat symptoms of neurotoxicity associ-
ated with high levels of homocysteine. It has been suggest-
ed to administer betaine (10 g/day) and vitamin Bg
(600 mg/day) during high-dose chemotherapy with MTX
[129].

The NMDA receptor antagonist dextromethorphan
(1-2 mg/kg p.o.) has been successfully used to treat toxic
effects, probably induced by elevated levels of excitatory
sulphur-containing amino acids [109]. CNS-permeable
calcium channel blockers, e.g. nimodipine, could be an
alternative for the prevention of excitotoxicity [130].

Symptoms of acute neurotoxicity can be reversed by
the adenosine antagonist aminophylline given in a dose of
2.5mg/kg[112, 113].

Alterations concerning the biopterin and bioamine
pathway may be circumvented by administering THB
and/or neurotransmitter precursors. THB at doses of 5-
20 mg/kg [118, 119, 129] and the combination of L-dopa
(10 mg/kg/day), carbidopa (1 mg/kg/day) and DL-5-
hydroxytryptophan (7 mg/kg/day) [118] were shown to be
effective in ameliorating symptoms of subacute neurotox-
icity.

Since several pathways are simultaneously influenced
by MTX, the most promising approach in preventing neu-
rotoxicity should be a combination of the therapeutic
options discussed above. It would be reasonable to give a
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Introduction

Interindividual diversity in drug effects is a
major problem in clinical medicine and drug
development. This indicates a need to identify
the factors associated with variable drug sensi-
tivity, which will allow for the better clinical
management of patients resistant to treatment,
as well as a reduction of toxicity for patients
who respond well. A genetic contribution to
variability in drug action has long been recog-
nized [1] and, along with recent efforts to iden-
tify human genome variability, it opens up large
possibilities for the development of pharmaco-
genetics. Pharmacogenetics, thus, establishes a
link between individual genetic make-up and
therapeutic response; analyzing, via the candi-
date gene approach, the functional polymor-
phisms of genes that code for pharmacokinetic
and pharmacodynamic determinants of drug
effects (drug disposition and resistance, and
drug-associated toxicity). This knowledge is
particularly important for diseases, such as can-
cer or other chronic disorders, whose treatment
is based on long-term drug administration. One
of the chemotherapeutics with a wide therapeu-
tic spectrum is methotrexate (MTX). It is used
in the treatment of number of malignancies and
of several non-malignant diseases characterized
by a rapid cellular growth [2/. MTX has been
proven to be efficient in the treatment of child-
hood acute lymphoblastic leukemia (ALL) for
relapse induction, the prevention of disease
relapse in the CNS, and the maintenance of
continuous complete remission [3.4].

http://www.future-medicine.co.uk

Methotrexate (MTX) has proven efficient in the treatment of a number of malignancies, as
well as non-malignant disorders characterized by a rapid cellular growth. Yet some
patients might develop resistance, while others could have toxic side effects. MTX achieves
its cytotoxicity through the inhibition of folate-dependent enzymes, suggesting that the
genes controlling their activity or the levels of folate cofactors can modulate drug efficacy
and, thus, the sensitivity of a patient to MTX. Indeed, several studies, conducted mostly in
leukemia and rheumatoid arthritis patients, have addressed the potential for tailoring
MTX therapy based on a patient's genetics. Several genetic variants have been shown to
have a predictive role, among which the most frequently studied are those of
methylenetetrahydrofolate reductase and thymidylate synthase genes. The other
candidates, as well as gene-gene interactions, which may be even more important for the
prediction of disease outcomes than the individual gene effects, are also briefly discussed.

Substitution of the amino group for the
hydroxyl at the fourth position of the pteridine
ring is the critical change in the MTX structure
that leads to its capability to inhibit dihydrofolate
reductase (DHFR) 25]. The importance of
DHEFR inhibition comes from the fact that folates
are active as coenzymes only in their reduced
form. Two specific tetrahydrofolates (THF) play
an essential role in the folate cycle and in the syn-
thesis of nucleic acid molecules: 5,10-methylene-
tetrahydrofolate (5,10-methylene-THF), which
provides the carbon group for the reaction that
converts deoxyuridylate (dAUMP) to deoxythymi-
dylate (d{TMP); and 10-formyl-tetrahydrofolate
(10-formyl-THF), which provides a single carbon
group for the denovo synthesis of purines.
MTX-induced inhibition of DFHR results in
depletion of reduced tetrahydrofolate forms, thus
contributing to the inhibition of nucleic acid syn-
thesis and the resulting cellular death [5]. Lower
levels of THF coenzymes are not sufficient for
MTX cytotoxicity. Furthermore, it is dependent
on the direct inhibition of the enzymes implicated
in purine and thymidylate synthesis (thymidylate
synthase [TS], glycinamide ribonucleotide trans-
formylase [GART], and aminoimidazole carboxa-
mide ribonucleotide transformylase [AICART])
performed by the glutamylated forms of MTX
[2,5.6] (Figure l).

MTX-induced folate depletion will also affect
the homocysteine—methionine—polyamine path-
way by increasing plasma homocysteine levels and
by interfering with several methylation reactions,
which are mediated by S$-adenosyl-methionine [7].

Pharmacogenomics (2004) 5(7), 819-834 819



REVIEW - Krajinovic & Moghrabi

Figure 1. Schematic representation of methotrexate action.
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A number of enzymes are responsible for the
maintenance of adequate levels of homocysteine.
One of these is 5,10-methylenetetrahydrofolate
reductase (MTHFR) that converts 5,10-methyl-
ene-THF into 5-methyl-THE The latter pro-
vides the methyl group for homocysteine
methylation [8].

Beside its role as an antitumor agent, MTX is
also frequently used for the treatment of rheuma-
toid arthritis (RA) patients [5]. Low doses of MTX
were initially introduced because of its antiprolif-
erative properties. However, given that the admin-
istration of folic acid prevents much of the toxicity
of MTX without interfering with its anti-inflam-
matory efficacy [9], it is quite likely that a different
mechanism accounts for its therapeutic effect in
RA patients [10]. Indeed, it has been shown that

intracellular accumulation of purine biosynthesis
intermediates, resulting from an inhibition of
AICART by glutamylated forms of MTX, leads to
a release of adenosine that exhibits anti-inflamma-
tory properties (reviewed in {10,11}).

Interindividual variability in therapeutic
response of diseases treated with
methotrexate

Therapeutic improvements have led to remarka-
ble cure rates, which today are in the range of
70-80% [4.12], for childhood ALL patients. How-
ever, these figures disguise varying success rates
that are dependent on different features of the dis-
ease or those of the host [13]. A successful cure still
remains elusive for certain patients because of
drug resistance, rendering ALL the leading cause

Pharmacogenomics (2004) 5(7)
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of cancer-related death in children [12.14]. Inten-
sive treatment also has significant long-term con-
sequences, potentially causing  secondary
malignancies, growth retardation, bone abnor-
malities, or cognitive impairments [15,16]. Several
lines of evidence have revealed variability in MTX
response. For example, interindividual differences
of MTX levels in serum and cerebrospinal fluid, as
well as variations in plasma folate and homo-
cysteine concentrations, were found after MTX
treatment [17-19]. Accordingly, several groups
reported that adjustment of the MTX dose based
on drug plasma levels and drug clearance may
improve treatment outcome in patients with ALL
120.21). Likewise, side effects of MTX can occur in
some patients but not in others. At least some of
them, such as mucositis or hematological toxicity,
appear to be directly related to MTX folate antag-
onisms, especially in tissues with a high cell turn-
over, which have a high requirement for purines
and thymidine [22,23]. Likewise, in RA patients,
the drug doses required to effectively suppress dis-
ease activity can differ widely between patients
and, in some cases, MTX treatment can be almost
ineffective, whereas in others it might result in the
development of toxicities [24].

A number of genes that represent important
candidates for MTX pharmacogenetics have
emerged from studying the mechanism of
MTX action. An additional reason for the
selection of these genes is that variable levels of
their protein products
reported to contribute to MTX resistance 125).
The most frequently involved mechanisms are

have already been

the altered expression of target enzymes (men-
tioned briefly above), the decreased formation
of MTX glutamates [MTX(Glu),] influenced
by the action of folylpolyglutamate synthase
(FPGS) and y-glutamyl (GGH)
125.26], and/or decreased cellular intake of the
drug [25] due to the impaired reduced folate
carrier function [25.27} (Figure 1). Given the dif-
ferent mechanisms of MTX action in inflam-
matory diseases, MTX efficacy and its side
effects in RA patients can only partly be
explained by folate antagonism and may also
depend on other related metabolic pathways,
the  homocysteine-methionine—
polyamine pathway and purine metabolism [28].

The functional variants of the majority of can-
didate genes have been reported and the roles of
some of these polymorphisms have been assessed
in several pharmacogenetic studies [29]. Most fre-
quently analyzed were the variants of the

MTHFRand 75 genes.

hydrolase

such as

5,10-Methylenetetrahydrofolate
reductase

The MTHFR catalyzes the conversion of
5,10-methylene-THF into 5-methyl-THF, a
major circulating form of folate that provides a
methyl group for homocysteine methylation
(Figure 1) [8.30]. MTHFR plays a key role in folate
metabolism by channeling single-carbon units
between nucleotide synthesis and methylation
reactions [8]. Reduced 5-methyl-THF levels may
decrease homocysteine methylation to methio-
nine, resulting in hyperhomocysteinemia and
DNA hypomethylation [31]. On the other hand,
reduced levels of 5,10-methylene-THF, required
for thymidylate synthesis, could lead to uracil
misincorporation into DNA. This results in an
increase in the frequency of chromosome dam-
age [31.32], which is the effect that facilitates the
action of certain chemotherapeutics, including
that of MTX.

Two common polymorphisms, a C677to T
transition causing an alanine to valine substitu-
tion at codon 222 (Ala222Val) 33}, and an
A1298to Ctransition causing a glutamic acid to
alanine replacement at codon 429 (Glu429Ala)
[34.35], have been described in the M7THFR gene.
Both variants have an impact on enzyme func-
tion: 6777 affects the catalytic function of the
enzyme;, and [298C affects the regulatory
MTHFR domain [33.34]. Reduced enzymatic
activity has been observed in 77677 or CC1298
homozygotes, and, to a lesser extent, in hetero-
zygous individuals [33,35,36). The frequency of the
MTHFR 677T allele varies substantially in dif-
ferent regions of the world. A 7677 allele is
found with a frequency of 34% in Caucasians,
42% in Eastern Asians and 8% in Africans [37]. A
north-to-south increase in allele frequency has
also been observed in Europe [38]. Frequencies of
34, 21 and 9% of the C /298 allele were reported
for Caucasian, Japanese and African populations,
respectively {371. Both M7THFR polymorphisms
are in linkage disequilibrium, appearing on three
out of four possible haplotypes, with 7677-
C1298 being virtually absent {39]. The role of
MTHFR variants in a number of disorders
involving disturbances in folate metabolism,
such as neural tube defects (NTDs) (40], vascular
diseases due to the increased homocysteine levels
[41.42] and cancer susceptibility, is well docu-
mented [43-45). Recently, several studies (summa-
rized in Table 1) addressed the role of MTHFR
polymorphisms, and particularly that of the
C677T substitution, in response to MTX treat-
ment or in the outcome of diseases treated with
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Table 1. Summary of studies assessing the efficacy or toxicity of methotrexate treatment in the context of

the indicated gene variants.

Gene Polymorphism Functional Pharmacogenetic study
impact
Invitro Invivo Disease No. of MTX Association Ref.
patients treatment Efficacy Toxicity
MTHFR  CE677T + + Adult ALL 61 15-30 mg/m?8 n.a. + [47]
GVH 220 4x10-15 mg/im2 n.a. + (48]
prophylaxis in
leukemia
patients
GVH 53 4x10-15mgim2 na. - (51]
prophylaxis in
leukemia
patients
Childhood ALL 200 DFCI* + - (50]
Childhood ALL 53 St Jude* n.a. # (57
RA 106 Low? - + [49]
RA 236 Low? - + (53]
RA 105 Low? . + 54]
RA 115 Low? - - [55]
Ovarian 43 2.5 mg/day for - + [52]
cancer 21 days
MTHFR A1298C + + RA 106 Lowt + - [49)
RA 115 Lowt - - [55]
Childhood ALL 200 DFCI* - R [50]
MTHFDT G1958A n.a. + Childhood ALL 200 DFCH* - n 150}
IS 5’-UTR 28-bp + + Childhood ALL 200 DFCI* + n.a. 71
repeat Childhood ALL 80 BFM* - n.a. {72]
RA 115 Lowt + - [55)
s 3'-UTR 6-bp + +/- RA 115 Low? + - [55]
deletion
CCND1  A870G + + ALL 200 DFCI* + R {96}
RFC1 G80A - + Childhood ALL 200 DFCI* + n.a. [110]
Childhood ALL 53 St Jude* n.a. - [57)

Pharmacogenetic studies of childhood ALL patients treated with DFCI protocols, as labeled in the column MTX treatment, are conducted in the
same patient cohort. The reference number corresponds to the association study: the studies that documented functional significance of the
indicated polymorphisms are cited in the corresponding sections of the text.

*Childhood ALL treatment protocols differ mostly by the number of high doses of MTX (HD-MTX). The DFCI protocol comprises single HD-MTX

(4 mg/m¥) for relapse induction,; the BFM protocol is composed of four HD-MTX (5 mg/m?); and St Jude’s Total XIV protocol includes seven HD-MTX
(5g/m?) given before induction (one dose), during consolidation (two doses) and during continuation (four doses) of treatment. HD-MTX are in all
mentioned protocols followed by leucovorin rescue. ¥Low doses of MTX for the treatment of RA patients vary among studies but are generally in
the 2.5 - 15 mg/week range and are administered for several months. SRefers to the weekly doses given during the maintenance phase of
treatment during which period toxicity was recorded. YNo difference in drug dose reduction or withdrawal due to toxic episodes; the analysis of

toxic effects beyond the impact on MTX dose was not assessed. fThe toxicity included neurotoxicity or thrombosis recorded until the 31st week of
treatment.

ALL: Acute lymphoblastic leukemia; BFM: Berlin-Frankfurt-Munster; CCND1: Cyclin D1; DFCI: Dana-Farber Cancer Institute; GVH: Graft versus host;
MTHFD1: Methylenetetrahydrofolate dehydrogenase; MTHFR: Methylenetetrahydrofolate reductase; MTX: Methotrexate; n.a.: Not analyzed;
RA: Rheumatoid arthritis; RFC1: Reduced folate carrier; TS: Thymidylate synthase; UTR: Untranslated region.

this drug, such as rheumatoid arthritis, ovarian carriers of the variant genotype would be predis-
cancer and hematological malignancies [46-54]. posed to adverse MTX drug effects [46]. Taub

Due to the lower level of 5-methyl-THF, asin et a/. [46] assessed the relationship between the
the case of MTHFR variants with reduced M7HFR variant 6777 and in vitro MTX sensi-
MTHFR activity, it was hypothesized that tivity using lymphoblasts originating from ALL

822 Pharmacogenomics (2004) 5(7)
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patients who suffered from MTX-related neuro-
toxicity or hepatotoxicity. Cells with the 77
genotype exhibited greater MTX sensitivity when
compared with other MTHFR 677 genotypes.
The relationship between the MTHFR C677T
polymorphism and development of drug side
effects was also assessed in a clinical setting.
Among 61 adules with ALL, 7 homozygous
patients experienced a higher frequency of MTX
intolerance, requiring dose modification and
temporary MTX withdrawal during the mainte-
nance phase of treatment [47]. Toxicity affecting
liver and bone marrow function was seen more
often. In the case of childhood ALL, as observed
by the St Justine Hospital group (Montreal, Can-
ada) in a study of 200 children, no association
between the M7THFR polymorphisms and MTX
toxicity was noted, at least not to the extent that
it would lead to MTX withdrawal or dose reduc-
tion [50). Further analyses, beyond MTX dose, are
needed to confirm this observation.

The impact of the MTHFR C677T polymor-
phism on the development of toxic side effects
following MTX treatment has also been assessed
in other malignancies. For example, the associa-
tion between the 6777 variant and post-trans-
plantation complications in 220 adult patients
with chronic myeloid leukemia has been reported
|48]. All patients were given a short course of
MTX (four doses of 10-15 mg/m?) for preven-
tion of a graft-versus-host (GVH) disease. A sig-
nificantly reduced oral mucositis index score and
delayed hematological recovery was observed
among patients with the 77 genotype when
compared to CC individuals. Another study [51]
addressed the same questions by analyzing the
Turkish leukemia patient population (n = 53)
who received similar MTX doses for GVH
prophylaxis as in the study by Ulrich er al. [48].
No differences have been seen in the severity of
mucaositis, hematopoietic recovery time and the
increment in bilirubin levels between M7THFR
genotypes. The different origin and the number
of patients investigated in these two studies might
explain the observed discrepancies. In the study
of Toffoli et al |52, 43 ovarian cancer patients
that underwent a 21-day treatment with low
doses of MTX (2.5 mg/day) were analyzed. The
comparison of toxicity parameters showed that
TT patients had a 40-fold higher relative risk
than patients with other M7HFR genotypes of
developing high-grade (III or IV} toxicity.

Finally, similar genotype-phenotype correla-
tions have been provided by studies of RA
patients. Urano efal [(49) analyzed 106 RA

patients who were treated with weekly low doses
of MTX (2.5-7 mg) for at least 3 months. A dif-
fering effect of the two M7THFR polymorphisms
was observed. Patients with the C677-C1298
haplotype received lower doses of MTX and
responded better to the treatment than those
without this haplotype, as estimated by the
number of tender or swollen joints, the change
in C-reactive protein (CRP) and erythrocyte sed-
imentation rate values. Subjects carrying 7677
A1298 had a higher frequency of MTX side
effects, mostly confined to stomatitis and an
increase in hepatic transaminase values [49]. Sim-
ilar observations regarding drug side effects have
been reported by van Ede er a/. 53]. The carriers
of the 7677 allele among 236 studied patients
had an increased risk of discontinuing MTX
treatment because of adverse events that were
mainly due to elevated liver enzyme levels.
Gastrointestinal toxicity correlated with the
T677 variant in another study conducted on
105 RA patients [54]. Contrary to these findings,
Kumagai eral (55 did not find any of the
MTHFR polymorphisms to be associated with
MTX-related toxicity or efficacy.

The toxic effects observed in several studies in
individuals with the M7THFR T7677 genotype
seem to be mostly driven by decreased 5-methyl-
THEF levels, which might lead to a lower methyl-
ation of homocysteine, lower methionine levels,
and, in turn, reduced DNA methylation. How-
ever, a reduced MTHFR activity associated with
variant M7THFR genotypes also conserves the
higher 5,10-methylene-THF levels that are
needed for dUMP to dTMP conversion. Availa-
bility of 5,10-methylene-THF could, thus, facil-
itate. TS action, reducing the rate of uracil
misincorporation and the resulting chromaosome
damage, which might reduce MTX efficacy.
Indeed, the increase (twofold) of the risk of an
event associated with the MTHFR 7677 variant
(corresponding essentially to the MTHFR T677-
A1298 haplotype) has been observed in child-
hood ALL patients treated at St Justine Hospital
[50]. Further adding to this observation are recent
invitro chemosensitivity assays carried out in
colon and breast cell lines in the context of the
MTHFR 677 genotypes. The cells transfected
with 7677 cDNA showed decreased MTHFR
activity, changed intracellular folate distribution,
and accelerated cellular growth rate (56]. Impor-
tantly, increased TS activity and decreased
chemosensitivity to MTX were also observed [56].

Homocysteinemia arises as a consequence of
MTX-induced folate depletion and it is thought
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to mediate MTX-associated toxicity, particularly
neurotoxicity [7]. Regardless of the MTX treat-
ment, the association of M7HFR 7677 and
homocysteinemia due to a lower concentration of
5-methyl-THF, which is needed for homo-
cysteine methylation, has been reported in
numerous studies [41,42]. This association seems to
be particularly true in instances of folate defi-
ciency 8]. Therefore, it was reasonable to hypoth-
esize that the same M7HFR variants might also
correlate with increased homocysteine levels fol-
lowing MTX administration. However, not all
studies addressing this issue are in agreement. Fol-
lowing MTX administration, plasma homo-
cysteine levels were significantly higher in ovarian
cancer patients with the 77 genotype when com-
pared with other genotype groups (52]. Similar
observations have been made in at least one other
study conducted in RA patients [51). On the other
hand, the homocysteine levels measured in
53 children with ALL, who were treated on a sin-
gle clinical protocol at St Jude Children's
Research Hospital (Memphis, TN, USA), which
included two courses of high-dose MTX (HD-
MTYX) as consolidation therapy, did not find any
significant correlation between the increase in
homocysteine levels following HD-MTX and
MTHEFR genotypes [57. The correlation of these
genotypes with neurotoxicity or thrombosis was
also not observed. Likewise, the absence of corre-
lation with homocysteine levels was reported in
another study of RA patients [58). Different dis-
eases or types of malignancies, variable folate sta-
tus before initiation of therapy, and differences in
the drug doses and duration of MTX treatment
might account for the observed differences.

5,10-Methylenetetrahydrofolate
dehydrogenase

In addition to MTHFR, maintenance of the
folate pool is provided by the action of the
trifunctional enzyme methylenetetrahydro-
folate dehydrogenase/methenyltetrahydrofolate
cyclohydrolase/formyltetrahydrofolate synthetase
(MTHFD1). MTHFDI1 plays an important role
in the generation of the 5,10-methylene-THF
and 10-formyl-THF pools required for de novo
purine and thymidylate synthesis |59 (Figure 1).
The G to A substitution at position 1958 of the
MTHFDI gene, which causes an arginine to
glutamine substitution at codon 653 located
within the 10-formyl-THF synthetase enzyme
domain, has recently been reported 60]. The role
of a MTHFDI A1958 variant in susceptibility to
NTDs has been documented [61]. This, along

with the conservation of an arginine residue at
the corresponding position of the MTHFDI
gene across numerous species, suggests that
replacement with glutamine may have functional
consequences [61]. Since MTHFD1 Arg653GlIn
replacement lies within the 10-formyl-THF syn-
thetase domain of MTHFDI, it is possible that a
reduction in the formation of 10-formyl-THF
could shift the folate balance toward 5,10-meth-
ylene-THF pools. This would allow for more
efficient TS synthesis contributing to MTX
resistance and/or malignancy progression. The
study conducted at St Justine Hospital in an
ALL patient cohort did not support the inde-
pendent effect of the M7THFDI variant on
ALL outcome [50] (Table 1).

Thymidylate synthase
TS is a key enzyme in the nucleotide biosyn-
thetic pathway that converts dUMP to dTMP |5
and, thus, provides the only source for de novo
thymidylate production (Figure 1). The cytotoxic
action of MTX comprises of both indirect inhi-
bition of thymidylate synthesis due to folate
cofactor depletion, as well as direct enzyme
inhibition performed by glytamylated forms of
MTX [256]. TS suppression leads to deoxythy-
midine triphosphate (dTTP) depletion and
increased uracil misincorporation into nucleic
acid. This in turn results in chromosomal dam-
age and apoptotic cell death 62,63]. Recently, a
tandem repeat sequence was identified in the
enhancer element of the 5’-untranslated region
(5"-UTR) region of the 7 gene [64]. It has been
shown to be polymorphic, containing a variable
number of 28-bp repeat element. The triple
repeat (3) allele was found to be represented
with frequencies of 50-60, 60 and 80% in Cau-
casians, Southwest Asians and Eastern Asians,
respectively 165-67]. The repeat element appears to
function as an enhancer because in vitro studies
have shown that TS mRNA expression and TS
enzyme activity are associated with an increasing
number of repeat sequences [64,68-70]. These find-
ings have been extended to the clinical setting
where studies have documented higher TS
mRNA levels in JR homozygous patients when
compared to those that are homozygous for a
double repeat (Z2A) allele [69,70]. Several studies
have addressed the potential of this polymor-
phism to predict the outcome of diseases treated
with MTX (summarized in Table 1).

A study assessing the impact of the 7. repeat
polymorphism on the outcome of childhood
ALL was conducted at St Justine Hospital [71]. It
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analyzed 200 individuals of European descent
living in the Province of Quebec, Canada, and
who underwent treatment with three consecu-
tive treatments with the Dana-Farber Cancer
Institute (DFCI) protocols. As part of the multi-
agent chemotherapy, ALL patients were given a
single HD-MTX (4 mg/m?) for relapse induc-
tion, and intrathecal treatment for the preven-
tion of CNS disease followed by low doses
(30 mg/m?) administered weekly for up to
2 years of continuous complete remission. Indi-
viduals that were 3R homozygous were signifi-
cantly overrepresented in the event-positive
group and had shorter event-free survival (EFS)
when compared with other genotypes (71].
Lauten eral [72|
although, in this case, they applied a different

addressed the same issue,

study design to analyze ALL patients treated
with Berlin-Frankfurt-Munster (BFM) proto-
cols. A total of 40 patients with relapse were
compared with the same number of successfully
treated patients that were matched according to
treatment and clinical prognostic features. No
difference in the frequency of the 3K variant has
been found between cases with and without
relapse. The discrepant results from these two
studies may be due to differences in study
designs or in the number and heterogeneity of
patient groups, as well as to differences between
treatment protocols. For example, the first
study was carried out in a relatively diverse
patient population, whereas the other is rather
restricted to patients with particular character-
istics. Taking into regard the different treat-
ment protocols that were used in these studies,
it is also possible that this polymorphism is
important only in a specific therapeutic con-
text. Higher doses of MTX were used in the
BFM protocol (four times 5 mg/m?) and it
could be possible that this can overcome the
adverse effect of the 75 3R variant [72,73]. The
coexistence in the different ratio of the other
TS polymorphisms {described further in the
text) between patient groups may also account
for the observed differences. Although the
mechanism of MTX action might be different
in RA than in ALL patients, and it may not
necessarily be dependent on the efficacy of
thymidylate synthesis, one study addressed the
role of 75 repeat polymorphism in 115 RA
patients treated with low doses of MTX for
> 2 months [55]. A significantly higher fre-
quency of JX homozygotes was found among
RA patients who required higher doses of MTX
for successful treatment [55).

The more detailed molecular mechanism by
which the
enhances transcription has been recently eluci-
dated [74,75]. It appears that the impact of the 3X
genotype on TS transcriptional activity is related
to the additional upstream stimulatory factor
(USF) protein-binding site of the 3K allele com-
pared with the 2K variant. Moreover, both stud-
ies discovered a G to C polymorphism at
nucleotide position 12 within the second 28-bp
repeat of the JK allele indicated additional varia-
bility of the 7.5 gene and particularly that of the
tandem repeat polymorphism. This base substi-

tandem repeat polymorphism

tution appears to change a critical residue in the
USF consensus element, abolishing its ability to
complex with the USF protein. A 3RC construct
displayed a similar transcriptional activity to that
of a ZR allele.

A polymorphism within the 7.5 gene, consist-
ing of a 6-bp deletion of the sequence TTAAAG
at nucleotide 1494 of the TS ¢cDNA located in
the 3'-UTR, has
searching the public expressed sequence tag data-
base [76]. The 6-bp deletion allele was found to
be represented with frequencies of 41, 26, 52

been discovered through

and 76% in Caucasian, Hispanic, African—
American and Chinese populations, respectively
177]. In general, the 3'-UTR alteration may influ-
ence gene function through post-transcriptional
mechanisms, such as control of mRNA stability
and translational efficiency (78}. In vitro analysis,
at least in one study, indicated that the 6-bp
polymorphism is associated with decreased
mRNA stability, as shown by a 70% decrease in
luciferase activity and mRNA quantities 7). Lower
mRNA levels in homozygous 6-bp7/6-bp™ colon
cancer patients, compared with 6-bp*/6-bp* indi-
viduals, further supported this finding (77}. How-
ever, others reported no correlation between
altered TS transcription and the 6-bp deletion
variant |79]. The study of Kumagai eral. [55]
found significant improvement of the serum
CRP levels in RA patients that are homozygous
for the 6-bp deletion allele (Tabte 1). Our prelim-
inary data suggest the absence of an association
between 6-bp deletion variant and relapse rate in
ALL patients, at least if this variant is analyzed
independently from other 7.5 polymorphisms.
In the light of the data regarding the G to C
polymorphism within the 3R allele, as well as
those implicating the functional significance of
the 6-bp deletion polymorphism, it would be
interesting to further analyze the tumoral
mRNA levels in the function of 75 haplotypes.
Similarly, association studies, as based on the
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simultaneous impact of these three polymor-
phisms, may provide useful and more compre-
hensive information with respect to both drug
efficacy and toxicity. It is worth noting that the
source of the tissue used for 75 genotyping
might also be important for the predictive value
of this polymorphism (80]. A high frequency of
the loss of heterozygosity affecting the 75 gene
was observed in the cohort of colorectal cancer
patients. It remains to be defined if this observa-
tion holds true for tumors of different origin,
which will help define in which instances 7
polymorphism status should be determined in
tumor tissue.

Cyclin D1

The cyclin D1 (CCND]) gene product is one of
the key proteins regulating progression through
the Gl phase of the cell cycle (811. CCND1
overexpression, arising through various mecha-
nisms, has been documented in a number of
malignancies, implicating its role in both tum-
origenesis and tumor progression [82-85]. Besides
favoring cell proliferation, altered expression of
cell cycle regulators might also directly interfere
with the drug effect. This is well documented by
the p53 protein whose mutated forms show an
increased resistance to a wide range of chemo-
therapeutics [85]. CCND1 might have a similar
effect. It mediates the phosphorylation and
functional inactivation of the retinoblastoma
protein (pRB). An increased CCND1 expres-
sion can affect the phosphorylation state of
pRB, leading to higher levels of transcription
factor E2 (E2F) 187). This, in turn, may lead to
an increased E2F-mediated transcription of
major MTX targets, such as DFHR and TS,
which would ultimately affect MTX sensitivity
(Figure 2) [25,87.88]. Indeed, the study of a fibro-
sarcoma cell line transfected with complemen-
tary DNA sequence encoding human CCND1
demonstrated that CCND1 overexpression can
induce an increase in DHFR transcription, ren-
dering cells resistant to MTX (87}.

Different functional gene variants resulting
in altered CCND1 expression can also arise as
a consequence of the gene polymorphism. A
recently described CCNDJI A870 to G substi-
tution affects the splice donor site at the
exon/intron boundary, modulating the ratio of
CCND1! mRNA isoforms a and b [89.91]. Sev-
eral studies showed the association of this poly-
morphism, and particularly that of allele A,
with both tumor development and progression
[92-94). The observed impact was thought to be

due to a higher level of transcript b resulting in
a protein with a longer half-life that might
affect transition through the G1/S checkpoint
and cell proliferation [93,95]. In the case of dis-
eases treated with MTX, interference with
MTX sensitivity is an additional mechanism
that can, beside interference with cell cycle
progression, account for a worse outcome in
the patients having a CCNDJI A allele. In a-
study of 200 children with ALL conducted at
St Justine Hospital, A4 individuals were found
at a frequency of 41.2 and 19.3% in the event
and non-event groups, respectively (Tablel).
Consequently, A4 patients had a lower proba-
bility of 5-year post-treatment EFS compared
to other CCNDI genotype groups (66 versus
86%:; p = 0.006) 196). It should, however, be
kept in mind that CCND1 might influence
the responsiveness to multiple chemotherapeu-
tics 1971 and that the interference with the
action of other components of the multi-agent
ALL treatment regimen can also contribute to
the observed association.

The altered function of other cell cycle pro-
teins, such as pRB and E2F or other components
of the cyclin-dependent kinase system involved
in pRB phosphorylation, might also contribute
to MTX resistance. In line with this are findings
of several studies: osteosarcoma cells lacking an
active 2B gene were more resistant to MTX than
cell lines with an active X5 gene [98]; this gene's
mutations were found more often in ALL
patients who had relapsed 199). To our knowl-
edge, the analyses of the functional variants of
these genes with disease outcome or MTX sensi-
tivity have not yet been reported.

Reduced folate carrier

Reduced folate carrier (RFC1) is a major route
for MTX delivery (Figure 1). Defective transport
as a result of qualitative and quantitative altera-
tions in cultured cells has frequently been docu-
mented as a reason for antifolate drug resistance.
The predominant underlying mechanisms are
inactivating RFCJ mutations and the loss of
RFCI gene expression due to the altered func-
tion of the transcription factors [100,101]. The
mutations cluster primarily in the first trans-
membrane domain (TMD1), which results in a
major loss of antifolate uptake while preserving
sufficient reduced folate uptake to allow for cel-
fular growth (102,103). Likewise, alterations in
RFC1 function leading to MTX resistance have
been documented in a clinical setting [104,105].
However, inactivating mutations do not seem to

Pharmacogenomics (2004) 5(7)



www.pharmaco-genomics.com

Pharmacogenetics of methotrexate - REVIEW

Figure 2. The interference of cyclin D1 with the folate cycle enzyme and the proposed

mechanisms for gene-gene interactions.

5-methyl-THF

MTHFRﬂ

DHF ———) 5,10-methylene-THF

MTHFD1
MTX "Aéi_" pHFR{] i
\'dTMP —— dJdUMP  10-formyl-THF
MTX(Glu)n \\\\ o —>» TS

CCND1 ﬂ
and cyclin-
dependent kinases

CCND1-driven alteration in phosphorylation status of pRB can lead to the increased transcription of MTX
targets, TS and DHFR (arrows with dotted lines).

The suggested enzyme activity, as presented by the arrows (pointing up for increased and down for
decreased activity), are due to the presence of the described variants (CCND7 A870, TS 3R, MTHFR T677 and
MTHFD1 A1958). An increase in CCND1 expression can result in enhanced TS and DFHR expression (blue
arrows). Decrease in MTHFR and MTHFD1 activity would lead to the increased levels of 5,10-methylene-THF
needed as a cofactor for TS synthesis {pink arrows). The triple repeat TS polymorphism is associated with
increased TS expression (yellow arrow). Gene-gene interactions (discussed in the text) that may lead to an
enhanced resistance to MTX, can be schematically viewed as combinations of arrows; yellow and blue for
CCND1 and TS interaction, and yellow and pink for TS and 5,10-methylene-THF, whose increase in
concentrations result from altered MTHFR and MTHFD1 activities.

DHF: Dihydrofolate; DHFR: Dihydrofolate reductase; dTMP: Deoxythyridine monophosphate;

dUMP: Deoxyuridine monophosphate; MTHFD1: Methylenetetrahydrofolate dehydrogenase;

MTHFR: Methylenetetrahydrofolate reductase; MTX: Methotrexate; MTX(Glu),: MTX glutamates;

pRB: Retinoblastoma protein; THF: Tetrahydrofolate; TS: Thymidylate synthase.

play a role, at least in ALL patients [103]. RFC'/
gene polymorphisms could also be partly respon-
sible for the observed functional differences.

A G80 to A polymorphism leading to a
His27Arg replacement in the TMD1 of the
RFC1 protein, has been described 1106]. This
polymorphism influences homocysteine levels
and was found to play a role in the development
of NTDs [106-108]. Since both folate and homo-
cysteine homeostasis are affected by MTX action
{5.109], it is plausible that the RFCI! G80A poly-
morphism may modulate the disease outcome in
patients treated with this drug. In a study of
200 children affected with ALL (St Justine Hos-
pital) (110], a modest influence of the A variant on
the rate of relapse and on MTX plasma levels was
observed. In a study of 53 ALL patients,

conducted at St Jude Hospital, no relationship
between neurotoxicity of thrombosis was
observed based on the RFCI! G80A genotype |57|
(Table 1). Given that in vitro assays measured sim-
ilar MTX uptake for the A and G variants {111],
the functional impact of this polymorphism
remains unclear. The other variants, independ-
ently or in context of the RFC/ haplotype, may
also play a role in MTX response. For example, a
61-bp repeat polymorphism in the KFCI pro-
moter associated with increased transcriptional
activity of the gene, was recently reported [112].
Its relationship to the G80A polymorphism or its
relevance for pharmacogenetics of MTX has not
yet been assessed. Our preliminary results sug-
gest little independent influence of this poly-
morphism on ALL outcome.
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Gene-gene interactions

MTX-mediated inhibition of de novo purine and
thymidylate synthesis consists of both substrate
depletion and direct enzymatic inhibition
143,113-116]. Given that MTX glutamates directly
inhibit TS, along with the fact that TS requires
5,10-methylene-THF for its activity, it is possi-
ble that combined effects of genes controlling TS
activity and folate cofactor levels have a higher
impact on MTX response than either of them
regarded separately. Lower levels of TS and
5,10-methylene-THF would facilitate MTX
action, while, in contrast, high levels would
mediate MTX resistance. The latter would be
expected in individuals that are homozygous for
a triple repeat (3/) of the 5-UTR 7 poly-
morphism and who have MTHFR and/or
MTHFDI1 variants that shunt folate metabolism
toward  5,10-methylene-THF  conservation
(Figure 2). Toward this end, the group at St Jus-
tine Hospital assessed the association of MTHFR
and MTHFD/! polymorphisms with childhood
ALL outcome in the context of 75 3R homozy-
gosity [50]. The association of both gene polymor-
phisms with ALL outcome seems more obvious
when combined with that of the 75 gene. Individ-
uals with both 75 3R3Rand MTHFR 1767741298
haplotypes or 75 JR3R and MTHFDI A1958
genotypes had a remarkably lower probability of
5-year post-treatment EFS, compared with sub-
jects with no event-predisposing genotypes
(54 versus 93%, p = 0.0001, and 45 versus 95%,
p = 0.0002, respectively).

Similarly, the combined effect can be observed
for other genes participating in the folate cycle.
The change in CCND1-mediated regulation of
the pRB can lead to an increased expression of
MTX targets and, thus, a reduction of sensitivity
to MTX [25287.88]. This would be particularly obvi-
ous in individuals with higher MTX target expres-
sion, such as in those that are homozygous for 7.5
IR (Figure 2). Indeed, the analysis of the combined
impact of the CCND! and 7 polymorphisms in
childhood ALL patients showed that individuals
with both 75 3R3R and CCND! AA870 geno-
types were differently represented in the event and
non-event group (26.5 versus 3.7%). Conse-
quently, they had a significantly lower probability
of 5-year post-treatment EFS, compared with
those without these event-predisposing genotypes

(37 versus 889, p < 0.00005) [96].

Outlook and conclusion
Several studies showed that the variants of
genes controlling the levels of folate cofactors

or the activity of folate-dependent enzymes can
affect the outcome of diseases treated with
MTX. However, our understanding of the role
of genetic variants in response to MTX has only
just begun to be unravelled. Certain studies are
still inconclusive and require further confirma-
tions. Inconstancies that can be due to different
treatment regimens and drug doses or insuffi-
cient sample sizes exist across the literature.
Some studies care about the fact that gene vari-
ants vary in their frequencies across different
subpopulations [117], whereas others might be
confounded by these differences. Several mech-
anisms have been described to play a role in
MTX resistance. There is, thus, no doubt that
several genes and their polymorphisms have to
be considered simultaneously to accurately pre-
dict the outcome of diseases treated with this
drug. Most studies have addressed only one
enzyme or one polymorphism at a time and are,
hence, insufficient to fully predict MTX
response, indicating a need for larger and col-
laborative studies. Further research will also
need to focus on new candidate genes or on
new polymorphisms in genes that have already
been identified. In that regard, the poly-
morphisms of several genes whose variable
products can modulate MTX response
|26,27,118-122] are described in the literature.
These include polymorphisms of the DFHR
and GGH genes, as well as those encoding the
family of multi-drug resistance protein,
recently shown to participate in the MTX
efflux (123-130). No information is yet available
regarding their role in MTX response.

An important step forward for pharmaco-
genetic studies is represented by the efforts of
individual research groups and consortiums to
identify SNP and make them publicly available
through SNP databases. For example, the
SNP500 Cancer Database [201] provides
sequence and genotype assay information for
candidate SNPs (including frequency in differ-
ent populations, functional assays and the
organization in haplotypes when available) that
have been implicated in cancer development or
progression [131). Although the choice of candi-
date genes focuses primarily on the genes rele-
vant for cancer etiology, there is a great overlap
with those that might modulate differential
response to chemotherapeutics. Important
information for studies of antitumor agents is
also provided by the Pharmacogenetics and
Pharmacogenomics Knowledge Base 1202,
which collects and summarizes relevant

Pharmacogenomics (2004) 5(7)



« Due to their correlation with altered enzymatic
activity, genetic polymorphisms can exert an
influence on drug effects in many ways and, as
such, contribute to interindividual variability in
therapeutic response.

This paper reviewed the current knowledge
regarding the potential of the folate cycle
polymorphisms to modulate the response

to MTX.

Larger studies are needed to analyze the
whole spectra of relevant variants and to
identify those with the highest predictive
value, thus leading to individualized drug use
and better disease outcomes.
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ABSTRACT

Background Children with high-risk acute lym-
phoblastic leukemia (ALL) who have a slow response
to initial chemotherapy (more than 25 percent blasts
in the bone marrow on day 7) have a poor outcome
despite intensive therapy. We conducted a random-
ized trial in which such patients were treated with ei-
ther an augmented intensive regimen of post-induc-
tion chemotherapy or a standard regimen of intensive
post-induction chemotherapy.

Methods Between January 1991 and June 1995,
311 children with newly diagnosed ALL who were ei-
ther 1 to 9 years of age with white-cell counts of at
least 50,000 per cubic millimeter or 10 years of age
or older, had a slow response to initial therapy, and
entered remission at the end of induction chemo-
therapy were randomly assigned to receive standard
therapy (156 children) or augmented therapy (155).
Those with lymphomatous features were excluded.
Event-free survival and overall survival were as-
sessed from the end of induction treatment.

Results The outcome at five years was significant-
ly better in the augmented-therapy group than in the
standard-therapy group (Kaplan—Meier estimate of
event-free survival [=SD]: 75.0+3.8 vs. 55.0+4.5 per-
cent, P<0.001; overall survival: 78.4*+3.7 vs. 66.7+4.2
percent, P=0.02). The difference between treatments
was most pronounced among patients one to nine
years of age, all of whom had white-cell counts of at
least 50,000 per cubic millimeter (P<0.001). Risk fac-
tors for an adverse event in the entire cohort includ-
ed a white-cell count of 200,000 per cubic millimeter
or higher (P=0.004), race other than black or white
(P<0.001), and the presence of a t(9;22) translocation
(P=0.007). The toxic effects of augmented therapy
were considerable but manageable.

Conclusions Augmented post-induction chemo-
therapy results in an excellent outcome for most pa-
tients with high-risk ALL and a slow response to ini-
tial therapy. (N Engl J Med 1998;338:1663-71.)
©1998, Massachusetts Medical Society.

N children with acute lymphoblastic leukemia
(ALL) who are older than one year of age, cer-
tain presenting features, such as a white-cell
count above 50,000 per cubic millimeter,!3 an
age of 10 years or older,*5 the presence of bulky dis-
ease,l3¢ T-cell-lineage immunophenotype,”¥ and
various chromosomal translocations,!-1¢ carry an in-
creased risk of treatment failure. The outcome for
most of these children has improved with the use of

intensive chemotherapy after the induction of remis-
sion,!722 but approximately 30 percent of such high-
risk patients eventually relapse.

Numerous studies have demonstrated that a rapid
response to initial chemotherapy is an important
prognostic factor in childhood ALL.1718,23-28 German
investigators observed that patients with fewer than
1000 blasts per cubic millimeter in the peripheral
blood after a seven-day course of prednisone had
significantly better event-free survival than patients
with 1000 or more blasts per cubic millimeter.!7:28.29
Similarly, we reported that children with 25 percent
blasts or fewer in the bone marrow on day 7 had a
better response to initial chemotherapy (three-year
event-free survival, 77 percent) than those with more
than 25 percent blasts (three-year event-free surviv-
al, 48 percent).2¢ In an attempt to improve the out-
come for children with a slow response to initial
therapy, we developed a strategy of augmented, in-
tensive post-induction chemotherapy that was based
on previous successful regimens for ALL.30-32 This
approach appeared promising in a nonrandomized
pilot study.3? We now report on a randomized com-
parison of augmented therapy with standard inten-
sive post-induction therapy in children with high-risk
ALL who entered remission after a slow response to
initial therapy.

METHODS
Patients

Children and adolescents with newly diagnosed ALL who were
1 to 9 years of age and had white-cell counts of at least 50,000
per cubic millimeter or who were 10 years of age or older were
enrolled between January 1991 and June 1995. Those with lym-
phomatous features® were excluded. Diagnosis was based on mor-
phologic, biochemical, and immunologic features of leukemic
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cells, including lymphoblast morphology as determined by Wright—
Giemsa staining, negative staining for myeloperoxidase, and re-
activity with monoclonal antibodies to lymphoid differentiation
antigens associated with B-cell or T-cell lineage, as described pre-
viously.3* Patients with slow initial responses (>25 percent mar-
row blasts on day 7) who had entered remission by day 28 were
randomly assigned at the end of induction therapy to receive
standard or augmented therapy.

Treatment Protocol

All patients received identical five-week courses of induction
chemotherapy, as previously described.3? The post-induction reg-
imens are given in Table 1. During the first year of post-induction
therapy, the augmented regimen included more vincristine, aspar-
aginase, methotrexate, and dexamethasone than the standard reg-
imen, although the standard regimen included more oral metho-
trexate, prednisone, and mercaptopurine. Therapy was continued
for two years for girls and for three years for boys, beginning with
the first interim maintenance period (Table 1)3 (and unpublished
data). Presymptomatic central nervous system therapy consisted
of intrathecal methotrexate and cranial radiation. This protocol
was approved by the National Cancer Institute and the institu-
tional review boards of the participating institutions. Informed
consent was obtained from the patients, their parents, or both, as
deemed appropriate, according to Department of Health and
Human Services guidelines.

Study Design and Statistical Analysis

Balanced block randomization was used to ensure that approx-
imately equal numbers of patients were randomly assigned to
cach regimen. The study was monitored by an independent data-
monitoring committee and followed a monitoring plan that was
based on group sequential monitoring boundaries3¢ that required
analysis of results at six-month intervals for a maximum of 10
analyses. With a target enrollment of 296 randomized patients,
we estimated that the study had a power of approximately 81 per-
cent at the final analysis to detect a change in five-year event-free
survival from 45 percent to 62 percent or more with a two-sided
log-rank test (alpha level, 0.05). The monitoring boundary was
crossed in July 1996 (the ninth planned data analysis), and at that
time study results were released.

This analysis was performed in December 1997. Similarities be-
tween patients in the two groups were assessed with chi-square
tests for homogeneity of proportions. Outcome analyses used
life-table methods and associated statistics. The primary end point
examined was event-free survival from the time of randomization.
The events considered were relapse at any site, death during re-
mission, or a second malignant neoplasm, whichever occurred
first. Data on patients who had not had an event at the time of
the analysis were censored in the analysis of event-free survival at
the time of the last contact with them. Life-table estimates were
calculated by the Kaplan—Meier procedure, and the standard de-
viation of the life-table estimate was obtained with Greenwood’s
formula.?” The Kaplan—Meier estimates (=SD) are presented for
cither the first five years or the first three years after randomiza-
tion, depending on the number of patients in the follow-up.
Ninety-five percent confidence intervals can be approximated as
the life-table estimates £1.96 SD. The log-rank statistic was used
to compare patterns of event-free survival and overall survival in
the groups.383 Comparisons of randomized treatment regimens
were performed according to the intention-to-treat method.
Stratified log-rank tests were also used to adjust for the possible
moditying effect of other factors on the comparison of interest.*0
An adjusted Cox regression analysis was used to determine the in-
fluence of prognostic factors on the primary treatment effect.
Life-table analyses of the effect of isolated central nervous system
and marrow relapses on the results with each regimen were com-
pared with the log-rank statistic. Life-table analysis of the relative
risk of an adverse event was calculated with the log-rank ratio of
observed events to expected events.*!

1664 June 4, 1998

RESULTS
Patients

A total of 1136 patients were enrolled. Three pa-
tients died before day 7, and marrow was not ob-
tained on day 7 from 15 patients. Of the remaining
1118 patients, 360 (32 percent) had slow responses
to initial therapy. Of these, 340 (94 percent) entered
remission after induction therapy, 19 did not enter
remission after induction therapy, and 1 received
modified induction therapy and therefore was deemed
ineligible. Of the 340 eligible patients, 317 (93 per-
cent) underwent randomization. A subsequent re-
view revealed that 6 of these patients did not have a
slow response; thus, 311 patients were eligible for the
study. Of these, 156 were assigned to standard ther-
apy and 155 were assigned to augmented therapy.

The characteristics of the patients in the two
groups are shown in Table 2. There were no signifi-
cant differences between the groups. Most patients
were at least 10 years of age, and approximately half
had white-cell counts of at least 50,000 per cubic mil-
limeter. Centrally reviewed cytogenetic data on trans-
locations associated with a high risk of an adverse
event were available for 91 of the patients: 3 patients
had the t(4;11) translocation, 4 had t(1;19), and 7 had
t(9;22). Among 209 patients with immunophenotyp-
ic data, 87.6 percent had ALL of B-cell lineage.

Study Violations

Thirteen patients (seven in the standard-therapy
group and six in the augmented-therapy group) re-
ceived a bone marrow transplant during their first
remission but were included in the intention-to-treat
analysis. Indications for transplantation included the
presence of a t(9;22) translocation (four patients), a
white-cell count of more than 200,000 per cubic
millimeter (three patients), virus-associated hemo-
phagocytic syndrome (one patient), the presence of
myeloid antigen (two patients), and other reasons
(three patients). Two patients in the standard-thera-
py group and one patient in the augmented-therapy
group refused cranial radiotherapy. Five patients as-
signed to augmented therapy did not receive the sec-
ond cycle of delayed intensification therapy. Major
changes in treatment were required for three pa-
tients assigned to standard therapy (two patients had
fungal infections, and one had an elevation in ami-
notransferases) and five patients assigned to aug-
mented therapy (three patients had elevations in ami-
notransferases, one had leukoencephalopathy, and
one was not compliant with oral therapy).

Outcome of Treatment

At the time the study data were released in July
1996, the four-year event-free survival rate was signif-
icantly better among patients in the augmented-ther-
apy group than among those in the standard-therapy
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TABLE 1. THE STANDARD-THERAPY AND AUGMENTED-THERAPY REGIMENS. *

PHASE

Consolidation
(5 wk)

Interim mainte-
nance (8 wk)

Delayed intensifi-
cation (7 wk)

Reinduction
(4 wk)

Reconsolidation
(3 wk)

Maintenance
(12 wk)§

STANDARD THERAPY

TREATMENT
Prednisone
Cyclophosphamide
Mercaptopurine
Vincristine

Cytarabine

Methotrexatet
Radiotherapy}

Mercaptopurine
Methotrexate

Dexamethasone
Vincristine
Doxorubicin
Asparaginase
Vincristine
Cyclophosphamide
Thioguanine

Cytarabine

Methotrexatet

Vincristine
Prednisone

Mercaptopurine
Methotrexate

Methotrexatet

DOSE

7.5 mg/m? day 0; 3.75
mg,/m?/day days 1, 2

1000 mg,/m?2/day IV days 0, 14

60 mg/m?/day PO days 0-27

1.5 mg/m?2/day IV days 14, 21,
42,49

75 mg/m?/day IV days 1-4,
8-11, 15-18, 22-25

IT days 1, 8, 15, 22

Cranial, 1800 cGy

Cranial, 2400 cGy, and
spinal, 600 cGy

60 mg,/m?/day PO days 0-41
15 mg/m?/day PO days 0, 7,
14, 21, 28, 35

10 mg/m?/day PO days 0-20,
then taper for 7 days

1.5 mg/m?/day IV days 0, 14, 21

25 mg/m?/day IV days 0, 7, 14

6000 U/m?/day IM days 3, 5, 7,
10, 12, 14

1.5 mg/m2/day IV days 42, 49

1000 mg/m? IV day 28

60 mg/m?2/day PO days 28-41

75 mg/m?/day SQ or IV days
29-32, 36-39

IT days 29, 36

1.5 mg/m?/day IV days 0,
28, 56

40 mg/m?/day PO days 0—4,
28-32, 56-60

75 mg/m?/day PO days 0-83

20 mg/m?/day PO days 7, 14, 21,

28, 35, 42, 49, 56, 63, 70, 77
IT day O

PHASE

Consolidation
(9 wk)

Interim mainte-
nance I (8 wk)

Delayed intensifi-
cation I (8 wk)

Reinduction
(4 wk)

Reconsolidation
(4 wk)

Interim mainte-
nance IT (8 wk)

Delayed intensifi-

cation IT (8 wk)

Maintenance
(12 wk)§

AUGMENTED THERAPY

TREATMENT

Cyclophosphamide
Cytarabine

Mercaptopurine
Vincristine
Asparaginase

Methotrexatet
Radiotherapyt

Vincristine

Methotrexate

Asparaginase

Dexamethasone

Vincristine
Doxorubicin
Asparaginase
Vincristine
Cyclophosphamide
Thioguanine
Cytarabine

Methotrexatet
Asparaginase

Vincristine

Methotrexate

Asparaginase

Methotrexatet

Same as for delayed
intensification I

Vincristine
Prednisone

Mercaptopurine
Methotrexate

Methotrexatet

DOSE

1000 mg,/m?2/day IV days 0, 28

75 mg/m?2/day SQ or IV days
1-4, 8-11, 29-32, 36-39

60 mg,/m?2/day PO days 0-13,
28-41

1.5 mg/m2/day IV days 14, 21,
42,49

6000 U/m?/day IM days 14, 16,
18,21, 23, 25, 42, 44, 46, 49
51,53

IT days 1, 8, 15, 22

Cranial, 1800 cGy

Cranial, 2400 cGy, and
spinal, 600 cGy

Testicular, 2400 cGy

1.5 mg/m?/day IV days 0, 10,
20, 30, 40

100 mg/m?/day IV days 0, 10,
20, 30, 40 (escalate by 50
mg,/m?2/dose)

15,000 U/m?/day IM days 1, 11,
21, 31, 41

10 mg/m2/day PO days 0-20,
then taper for 7 days

1.5 mg/m?/day IV days 0, 14, 21

25 mg/m?2/day IV days 0, 7, 14

6000 U/m?/day IM days 3, 5,7,
10,12, 14

1.5 mg/m2/day IV days 42, 49

1000 mg/m? IV day 28

60 mg/m?2/day PO days 28-41

75 mg/m?2/day SQ or IV days
29-32, 36-39

IT days 29, 36

6000 U/m2/day IM days 42,
44, 46, 49, 51, 53

1.5 mg/m?/day IV days 0, 10,
20, 30, 40

100 mg/m?/day IV days 0, 10,
20, 30, 40 (escalate by 50
mg,/m?2/dose)

15,000 U/m?/day IM days 1, 11,
21, 31, 41

IT days 0, 20, 40

1.5 mg/m?2/day IV days 0, 28, 56

60 mg,/m2/day PO days 0-4,
28-32,56-60

75 mg/m?2/day PO days 0-83

20 mg/m?/day PO days 7, 14,
21, 28, 35, 42, 49, 56, 63,
70, 77

IT day 0

*IV denotes intravenously, PO orally, I'T intrathecally, SQ subcutaneously, and IM intramuscularly.

tThe doses were age-adjusted as follows: age 1 to 1.9 years, 8 mg; age 2 to 2.9 years, 10 mg; age =3 years, 12 mg. Patients with central nervous system
disease at diagnosis did not receive intrathecal methotrexate on days 15 and 22 of consolidation therapy.

tDuring the first two weeks of consolidation therapy, patients without central nervous system disease at diagnosis received 1800 ¢Gy of cranial radio-
therapy in 10 fractions; patients with central nervous system disease at diagnosis received 2400 cGy to the cranial midplane in 12 fractions and 600 cGy
to the spinal cord in 3 fractions. In the augmented-therapy group, patients with testiculomegaly at diagnosis received 2400 cGy bilateral testicular radiation

in 8 fractions.

§The cycles of maintenance therapy were repeated until the total duration of therapy, beginning with the first interim maintenance period, reached two
years for girls and three years for boys.
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TABLE 2. CHARACTERISTICS OF THE PATIENTS AT DIAGNOSIS.

STANDARD AUGMENTED
THERAPY THERAPY

CHARACTERISTIC* (N=156) (N=155) P VaLuet

no. (%)

Age (yr) 0.85
1-9 50 (32.1) 54 (34.8)

10-15 73 (46.8) 68 (43.9)
=16 33(21.2)  33(21.3)

White cells (X10-3/mm3) 0.53
<50 79 (50.6) 76 (49.0)

50-199 59 (37.8) 66 (42.6)
=200 18 (11.5) 13 (8.4)

Sex 0.61
Male 89 (57.1) 83 (53.5)

Female 67 (42.9) 72 (46.5)

Race 0.55
White 106 (67.9) 111 (71.6)

Black 7 (4.5) 9 (5.8)
Other 3 (27.6) 35 (22.6)

Down’s syndrome 0.99
Yes 3(1.9) 4 (2.6)

No 153 (98.1) 151 (97.4)

Livert 0.25
Normal 97 (62.2) 82 (52.9)
Moderately enlarged 56 (35.9) 70 (45.2)

Markedly enlarged 3(1.9) 3(1.9)

Spleen 0.49
Normal 72 (46.2) 62 (40.0)
Moderately enlarged 3(53.2) 91 (58.7)

Markedly enlarged 1 (0.6) 2(1.3)

Lymph nodes 0.17
Normal 96 (61.5) 82 (52.9)
Moderately enlarged 6 (35.9) 71 (45.8)

Markedly enlarged 4 (2.6) 2 (1.3)

Mediastinal mass 0.78
Absent 150 (96.2) 149 (96.8)

Present 6(3.8) 5(3.2)

STANDARD AUGMENTED
THERAPY THERAPY
CHARACTERISTIC* (N=156) (N=155) P VaLuet
no. (%)
Hemoglobin (g/dl) 0.94
1-79 82 (52.9) 78 (52.7)
8.0-10.9 52 (33.5) 48 (32.4)
=11.0 21 (13.5) 2 (14.9)
Platelets (X10-3/mm?3) 0.23
1-49 83 (54.2) 81 (54.0)
50-149 41 (26.8) 50 (33.3)
=150 29 (19.0) 19 (12.7)
CNS disease at diagnosis 0.69
Yes 3(1.9) 3(2.0)
No 151 (98.1) 150 (98.0)
Morphology§ 0.12
L1 121 (77.6) 105 (67.7)
Mixed L1/L2 or L2/L1 23 (14.7) 29 (18.7)
12 12 (7.7) 21 (13.5)
Immunophenotype{ 0.98
B-cell lincage 94 (87.0) 89 (88.1)
T-cell lineage 14 (13.0) 12 (11.9)
Karyotypic features|| 0.32
Number
Diploid (46) 18 (42.9) 11 (22.4)
Pseudodiploid (46) 3(7.1) 4(8.2)
Hypodiploid (<46) 12 (28.6) 19 (38.8)
Hyperdiploid (47-50) 4(9.5) 5(10.2)
Hyperdiploid (>50) 5(11.9) 10 (20.4)
Translocations 0.66**
t(4;11) present 1(2.4) 2(4.1)
t(4;11) absent 41 (97.6) 47 (95.9)
t(1;19) present 3(7.1) 1(2.0)
t(1;19) absent 39 (92.9) 48 (98.0)
t(9;22) present 3(7.1) 4 (8.2)
t(9;22) absent 39 (92.9) 45 (91.8)

*Because of rounding not all percentages total 100. Percentages were based on the number of patients for whom there were data on the various charac-

teristics. CNS denotes central nervous system.

tThe global chi-square test for homogeneity was used.

1The degree of organomegaly was determined as described by Steinherz et al.¢

§The French—American—British system of classification was used.

YData on the immunophenotype were available for a subgroup of 108 patients in the standard-therapy group and 101 patients in the augmented-therapy

group.

|| Centrally reviewed and accepted cytogenetic data were available for a subgroup of 91 patients.

**The P value is for the overall comparison for the three translocations.

group (75.4%4.0 vs. 57.2+4.5 percent, P=0.009,
adjusted for multiple evaluations of the data). At that
time the median follow-up for patients with event-
free survival was 31 months (range, 1 to 63). When
we reanalyzed the data in December 1997 after an ad-
ditional follow-up period of approximately 1.5 years,
5-year event-free survival remained significantly better
in the augmented-therapy group than in the stand-
ard-therapy group (75.0%=3.8 vs. 55.0%4.5 percent,
P<0.001) (Fig. 1). The median follow-up for patients
with event-free survival was 49 months (range, 2 to
82 months). The difference in event-free survival was
maintained (P<<0.001) when patients who received
a bone marrow transplant were censored at the time
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of transplantation. Overall survival at five years was
also better in the augmented-therapy group than in
the standard-therapy group (78.4*3.7 vs. 66.7*+4.2
percent, P=0.02).

There were 65 events in the standard-therapy
group and 36 events in the augmented-therapy group
(Table 3). Isolated marrow relapse was the main
cause of treatment failure for both regimens, occur-
ring in 43 patients in the standard-therapy group
and 30 patients in the augmented-therapy group (P=
0.004 by the log-rank test), whereas central nervous
system relapses were more common among patients
in the standard-therapy group (8 vs. 0, P=0.002 by
the log-rank test). Seven patients in the standard-
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therapy group and four patients in the augmented-
therapy group died while in remission.

In all subgroups analyzed, the results were better
among patients who received augmented therapy
than among those who received standard therapy.
The difference in outcome between groups was most
pronounced for patients who were one to nine years
of age, all of whom had high white-cell counts as
dictated by the eligibility criteria, with five-year event-
free survival of 41.7+8.4 percent in the standard-
therapy group and 84.6+5.0 percent in the augment-
ed-therapy group (P<<0.001) (Fig. 2A) and a relative
risk of an adverse event in the standard-therapy group
of 4.6. For patients who were 10 or more years old
with white-cell counts of at least 50,000 per cubic
millimeter, the outcome was better after augmented
therapy than after standard therapy (three-year event-
free survival, 66.7+9.7 vs. 47.9+9.7 percent) (Fig.
2B), with a relative risk of an adverse event of 1.7 in
the standard-therapy group (P=0.21). Among pa-
tients who were 10 or more years old with white-cell
counts below 50,000 per cubic millimeter, the five-
year event-free survival rate was 73.3+5.7 percent in
the augmented-therapy group and 66.2+5.8 percent
in the standard-therapy group (relative risk of an ad-
verse event, 1.26; P=0.45). Among 31 patients with
white-cell counts of 200,000 per cubic millimeter or
higher, event-free survival was better for those in the
augmented-therapy group (relative risk of an adverse
event in the standard-therapy group, 2.2; P=0.14).

Augmented therapy improved the outcome for
patients with ALL of either B-cell lineage or T-cell
linecage. Estimates of five-year event-free survival for
patients with B-cell-lineage ALL were 74.7%+5.1
percent with augmented therapy and 52.2+5.9 per-
cent with standard therapy (P=0.002). For patients
with T-cell-lineage ALL, event-free survival at three
years was 91.7+8.0 percent in the augmented-ther-
apy group and 71.4%12.1 percent in the standard-
therapy group (P=0.25). Furthermore, the outcome
for patients with ALL of T-cell lineage was similar to
that for patients with ALL of B-cell lineage, regard-
less of regimen.

Prognostic Factors

An analysis of prognostic factors for the entire
cohort of patients indicated that most base-line
characteristics did not influence event-free survival.
However, a white-cell count of 200,000 per cubic
millimeter or higher, race other than black or white,
and the presence of a t(9;22) translocation were
prognostically important. For patients with white-
cell counts of at least 200,000 per cubic millimeter,
three-year event-free survival was 47.4+9.1 percent,
as compared with 72.4*2.7 percent for those with
white-cell counts below 200,000 per cubic millime-
ter (P=0.004). Patients who were neither black nor
white had a significantly increased risk of an adverse
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Figure 1. Event-free Survival during Five Years of Follow-up in
Patients with ALL, According to the Type of Post-Induction Che-
motherapy.

TABLE 3. FREQUENCY AND TYPE OF EVENTS
AMONG PATIENTS ASSIGNED TO STANDARD
OR AUGMENTED THERAPY.

STANDARD  AUGMENTED
THERAPY THERAPY
EVENT (N=156) (N=155)
no. (%)
Isolated marrow relapse 43 (27.6) 30 (19.4)
Central nervous system relapse 8 (5.1) 0
Marrow and central nervous 3(1.9) 1 (0.6)
system relapse
Testicular relapse 2 (1.3) 0
Marrow and testicular relapse 1 (0.6) 0
Relapse at other sites 1 (0.6) 0
Second cancer 0 1 (0.6)
Death in remission* 7 (4.5) 4 (2.6)
Total 65 (41.7) 36 (23.2)

*All but two deaths were related to the toxicity of treatment.
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Figure 2. Event-free Survival during Five Years of Follow-up in
Patients with ALL Who Received Standard Therapy or Aug-
mented Therapy, According to Age and White-Cell Count at Di-
agnosis.
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event, as compared with whites or blacks (five-year
event-free survival, 51.2+6.0 percent vs. 69.4+3.4
percent; P<<0.001). Patients with a t(9;22) translo-
cation had a significantly increased risk of an adverse
event, as compared with those without this translo-
cation (three-year event-free survival, 28.6*x17.1 per-
cent vs. 73.6*+4.8 percent; P=0.007).

Notably, of the seven patients with the Philadel-
phia chromosome, two of the three in the standard-
therapy group and three of the four in the augment-
ed-therapy group had events. Both patients with the
Philadelphia chromosome who survived without an
event (one in each group) received a bone marrow
transplant while in first remission. A Cox regression
analysis with adjustment for these and other com-
mon prognostic factors revealed no attenuation of
the effect of treatment on the difference in outcome
between the augmented-therapy and the standard-
therapy groups (P=0.001).

Toxic Effects

The toxic effects of the two types of therapy are
shown in Table 4. There was a higher frequency of
allergic reactions to Escherichin coli asparaginase in the
augmented-therapy group than in the standard-ther-
apy group (64 vs. 4 reactions). The majority of the
patients with allergic reactions (49 and 4, respective-
ly) successtully continued asparaginase therapy after
they were switched to erwinia asparaginase or poly-
ethylene glycol asparaginase. Osteonecrosis developed
in 20 patients in the augmented-therapy group and
in 14 patients in the standard-therapy group; only
1 of these patients was under 10 years of age at the
time of diagnosis. Life-table estimates for the oc-
currence of osteonecrosis at three years were 15.1
percent for the augmented-therapy group and 11.9
percent for the standard-therapy group (P=0.44).
No cases had developed after three years of follow-
up. The mean total duration of hospitalization was
slightly longer for patients in the augmented-thera-
py group than in the standard-therapy group, pri-
marily because of the additional time needed for the
second cycles of interim maintenance and delayed
intensification therapy (data not shown).

Three patients in the augmented-therapy group
died in remission as a result of toxicity: one died of
acute respiratory distress syndrome, one of pulmo-
nary toxicity, and one of Candida tropicalis infec-
tion; one patient in remission was murdered. Seven
patients in the standard-therapy group died in remis-
sion. Four of these deaths were due to documented
infection: aspergillosis in one patient, clostridium
septicemia in one, hepatosplenic candidiasis in one,
and infection with an unspecified gram-negative bac-
teria in one. Of the remaining three deaths, one was
due to pulmonary hemorrhage, one was due to acute
respiratory distress syndrome after a presumed infec-
tion, and one was due to unknown causes.
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TABLE 4. TOXIC EFFECTS OF STANDARD AND
AUGMENTED THERAPY.

STANDARD  AUGMENTED
THERAPY THERAPY
Toxic EFFecT (N=156) (N=155)
no. (%)
Allergic reaction to asparaginase
Escherichin coli asparaginase 4 (2.6) 64 (41.3)
Erwinia asparaginase 0 15 (9.7)*
Polyethylene glycol asparaginase 0 2 (1.3)*
Pancreatitis 2(1.3) 5(3.2)
Thrombotic events 0 4 (2.6)
Mucositis 0 38 (24.5)
Seizures 3(1.9) 5(3.2)
Leukoencephalopathy 1 (0.6) 2(1.3)
Osteonecrosis 14 (9.0) 20 (12.9)
Stroke 1(0.6) 0
Deatht 6(3.8) 3(1.9)

*These allergic reactions occurred in patients after they
had switched from E. coli asparaginase to erwinia asparagin-
ase or polyethylene glycol asparaginase.

1The causes of death are given in the Results section.

DISCUSSION

We previously reported that among children with
high-risk ALL, those with a rapid response to initial
therapy (defined as the presence of no more than 25
percent blasts in the marrow on the seventh day of
induction chemotherapy) had a better outcome than
those with a slow response (more than 25 percent
blasts).2426.27 Other investigators also reported poor
outcomes for patients with a slow response to pred-
nisone or multiagent induction therapy.!1725:2829 In
this randomized trial of post-induction treatment of
patients with a slow response, we found that the
outcome with augmented treatment was superior to
that with standard treatment (five-year event-free sur-
vival, 75 percent vs. 55 percent). In our nonrandom-
ized pilot study of augmented therapy, the four-year
event-free survival rate (£SD) was 70.8+4.6 per-
cent.3 Furthermore, subsequent analysis of the pilot
study revealed a six-year event-free survival rate of
65.4*4.9 percent, suggesting that the results of the
randomized trial are unlikely to change significantly
with longer follow-up. Our results also suggest that
the degree of cytoreduction achieved after one to
two weeks of induction chemotherapy is a useful in-
dicator of the susceptibility of leukemic cells to che-
motherapeutic drugs.

Augmented treatment significantly improved event-
free survival overall (75.0=3.8 percent, as compared
with 55.0%4.5 percent in the standard-therapy
group). In all subgroups analyzed, augmented ther-
apy resulted in improved event-free survival. The dif-

ference was significant in the subgroup of patients
who were one to nine years of age, all of whom had
high white-cell counts. There was a trend toward a
better outcome among older patients. There was
also a trend toward improved outcomes with aug-
mented therapy in patients with ALL of either B-cell
lineage or T-cell lineage. This finding is in agreement
with our analysis, which demonstrated improved out-
come for the entire cohort of children with T-cell—-
lineage ALL who were treated with Children’s Can-
cer Group protocols between 1989 and 1995.3¢
Augmented therapy was ineffective for the seven pa-
tients with the Philadelphia chromosome. Five of
these seven patients had events, and four of them ul-
timately died. The two patients who survived with-
out events received a bone marrow transplant while
in first remission. These data are consistent with re-
cent data from European studies of children with
ALL who have a poor response to initial prednisone
therapy.+2

The toxic effects of augmented therapy have been
considerable, but they appear to be manageable. The
most common long-term toxic effect was osteone-
crosis, which occurred almost exclusively in adoles-
cent patients.

We noted a significantly lower rate of central nerv-
ous system relapse in the augmented-therapy group
than in the standard-therapy group. Since the pa-
tients assigned to each regimen received cranial ra-
diotherapy and intrathecal therapy for presympto-
matic treatment of the central nervous system, the
benefit observed with augmented therapy may have
been due to the use of intensified systemic therapy.
Indeed, previous investigators have noted a similar
effect with intensive systemic therapy.+3-45

Although we do not know which components of
augmented therapy were responsible for the im-
proved outcome, we surmise that the effect is attrib-
utable to the increased dose intensities and prolonged
duration of therapy. During the interim maintenance
phase in the augmented-therapy regimen, repeated
courses of vincristine, intravenous methotrexate, and
asparaginase replaced the daily oral mercaptopurine
and the weekly oral methotrexate used in the stand-
ard-therapy regimen. The augmented regimen also
included an additional two weeks of nonmyelosup-
pressive therapy with vincristine and asparaginase dur-
ing each consolidation or reconsolidation course and
included both a second interim maintenance phase
and a second course of delayed intensification.

A recent Children’s Cancer Group study of inter-
mediate-risk ALL showed that patients with a slow
response had an improved outcome when treated
with two courses of delayed intensification rather
than one course,* suggesting that prolonged thera-
py was important to the improved outcome with
augmented therapy in the current study. We are at-
tempting to distinguish the relative contributions of
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early increased dose intensity and a prolonged dura-
tion of therapy in a new therapeutic study of chil-
dren with high-risk ALL.
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APPENDIX
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Cancer Group participated in the study: Group Operations Center, Arca-
dia, Calif. — W. Bleyer, A. Khayat, H. Sather, M. Krailo, J. Buckley, D.
Stram, R. Sposto; University of Michigan Medical Center, Ann Arbor —
R. Hutchinson; University of California Medical Center, San Francisco —
K. Matthay; University of Wisconsin Hospital, Madison — P. Gaynon;
Children’s Hospital and Medical Center, Seattle — R. Chard; Rainbow Ba-
bies and Children’s Hospital, Cleveland — S. Shurin; Children’s National
Medical Center, Washington, D.C. — G. Reaman; Children’s Hospital of
Los Angeles, Los Angeles — J. Ortega; Children’s Hospital of Columbus,
Columbus, Ohio — FE. Ruymann; Columbia Presbyterian College of Phy-
sicians and Surgeons, New York — S. Piomelli; Children’s Hospital of Pitts-
burgh, Pittsburgh — J. Mirro; Vanderbilt University School of Medicine,
Nashville — J. Lukens; Doernbecher Memorial Hospital for Children,
Portland, Oreg. — L. Wolff; University of Minnesota Health Sciences Cen-
ter, Minneapolis — W. Woods; Children’s Hospital of Philadelphia, Phila-
delphia — A. Meadows; Memorial Sloan-Kettering Cancer Center, New
York — P. Steinherz; James Whitcomb Riley Hospital for Children, Indi-
anapolis — P. Breitfeld; University of Utah Medical Center, Salt Lake City
— R. O’Brien; University of British Columbia, Vancouver — C. Fryer;
Children’s Hospital Medical Center, Cincinnati — R. Wells; Harbor—
UCLA and Miller Children’s Medical Center, Long Beach, Calif. — J. Fin-
klestein; University of California Medical Center, Los Angeles — S. Feig;
University of Iowa Hospitals and Clinics, Iowa City — R. Tannous; Chil-
dren’s Hospital of Denver, Denver — L. Odom; Mayo Clinic and Founda-
tion, Rochester, Minn. — G. Gilchrist; Izaak Walton Killam Hospital for
Children, Halifax, N.S. — D. Barnard; University of North Carolina,
Chapel Hill — J. Wiley; University of Medicine and Dentistry of New Jer-
sey, Camden — M. Donaldson; Children’s Mercy Hospital, Kansas City,
Mo. — M. Hetherington; University of Nebraska Medical Center, Omaha
— P. Coccia; Wyler Children’s Hospital, Chicago — J. Nachman; M.D.
Anderson Cancer Center, Houston — B. Raney; Princess Margaret Hospi-
tal, Perth, Western Australia — D. Baker; New York University Medical
Center, New York — A. Rausen; and Children’s Hospital of Orange Coun-
ty, Orange, Calif. — M. Cairo.
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AUGMENTED POST-INDUCTION THERAPY FOR CHILDREN WITH HIGH-RISK
ACUTE LYMPHOBLASTIC LEUKEMIA AND A SLOW RESPONSE
TO INITIAL THERAPY

JAMES B. NAcHMAN, M.D., HARLAND N. SATHER, PH.D., MARTHA G. SENSEL, PH.D., MicHAEL E. TRIGG, M.D.,
JoeL M. CHerLow, M.D., PH.D., JoHN N. Lukens, M.D., LAwrence WoLFF, M.D., FaTiH M. Uckun, M.D., PH.D.,
AND PAuUL S. GAYNON, M.D.

ABSTRACT

Background Children with high-risk acute lym-
phoblastic leukemia (ALL) who have a slow response
to initial chemotherapy (more than 25 percent blasts
in the bone marrow on day 7) have a poor outcome
despite intensive therapy. We conducted a random-
ized trial in which such patients were treated with ei-
ther an augmented intensive regimen of post-induc-
tion chemotherapy or a standard regimen of intensive
post-induction chemotherapy.

Methods Between January 1991 and June 1995,
311 children with newly diagnosed ALL who were ei-
ther 1 to 9 years of age with white-cell counts of at
least 50,000 per cubic millimeter or 10 years of age
or older, had a slow response to initial therapy, and
entered remission at the end of induction chemo-
therapy were randomly assigned to receive standard
therapy (156 children) or augmented therapy (155).
Those with lymphomatous features were excluded.
Event-free survival and overall survival were as-
sessed from the end of induction treatment.

Results The outcome at five years was significant-
ly better in the augmented-therapy group than in the
standard-therapy group (Kaplan—Meier estimate of
event-free survival [=SD]: 75.0+3.8 vs. 55.0+4.5 per-
cent, P<0.001; overall survival: 78.4*+3.7 vs. 66.7+4.2
percent, P=0.02). The difference between treatments
was most pronounced among patients one to nine
years of age, all of whom had white-cell counts of at
least 50,000 per cubic millimeter (P<0.001). Risk fac-
tors for an adverse event in the entire cohort includ-
ed a white-cell count of 200,000 per cubic millimeter
or higher (P=0.004), race other than black or white
(P<0.001), and the presence of a t(9;22) translocation
(P=0.007). The toxic effects of augmented therapy
were considerable but manageable.

Conclusions Augmented post-induction chemo-
therapy results in an excellent outcome for most pa-
tients with high-risk ALL and a slow response to ini-
tial therapy. (N Engl J Med 1998;338:1663-71.)
©1998, Massachusetts Medical Society.

N children with acute lymphoblastic leukemia
(ALL) who are older than one year of age, cer-
tain presenting features, such as a white-cell
count above 50,000 per cubic millimeter,!3 an
age of 10 years or older,*5 the presence of bulky dis-
ease,l3¢ T-cell-lineage immunophenotype,”¥ and
various chromosomal translocations,!-1¢ carry an in-
creased risk of treatment failure. The outcome for
most of these children has improved with the use of

intensive chemotherapy after the induction of remis-
sion,!722 but approximately 30 percent of such high-
risk patients eventually relapse.

Numerous studies have demonstrated that a rapid
response to initial chemotherapy is an important
prognostic factor in childhood ALL.1718,23-28 German
investigators observed that patients with fewer than
1000 blasts per cubic millimeter in the peripheral
blood after a seven-day course of prednisone had
significantly better event-free survival than patients
with 1000 or more blasts per cubic millimeter.!7:28.29
Similarly, we reported that children with 25 percent
blasts or fewer in the bone marrow on day 7 had a
better response to initial chemotherapy (three-year
event-free survival, 77 percent) than those with more
than 25 percent blasts (three-year event-free surviv-
al, 48 percent).2¢ In an attempt to improve the out-
come for children with a slow response to initial
therapy, we developed a strategy of augmented, in-
tensive post-induction chemotherapy that was based
on previous successful regimens for ALL.30-32 This
approach appeared promising in a nonrandomized
pilot study.3? We now report on a randomized com-
parison of augmented therapy with standard inten-
sive post-induction therapy in children with high-risk
ALL who entered remission after a slow response to
initial therapy.

METHODS
Patients

Children and adolescents with newly diagnosed ALL who were
1 to 9 years of age and had white-cell counts of at least 50,000
per cubic millimeter or who were 10 years of age or older were
enrolled between January 1991 and June 1995. Those with lym-
phomatous features® were excluded. Diagnosis was based on mor-
phologic, biochemical, and immunologic features of leukemic
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cells, including lymphoblast morphology as determined by Wright—
Giemsa staining, negative staining for myeloperoxidase, and re-
activity with monoclonal antibodies to lymphoid differentiation
antigens associated with B-cell or T-cell lineage, as described pre-
viously.3* Patients with slow initial responses (>25 percent mar-
row blasts on day 7) who had entered remission by day 28 were
randomly assigned at the end of induction therapy to receive
standard or augmented therapy.

Treatment Protocol

All patients received identical five-week courses of induction
chemotherapy, as previously described.3? The post-induction reg-
imens are given in Table 1. During the first year of post-induction
therapy, the augmented regimen included more vincristine, aspar-
aginase, methotrexate, and dexamethasone than the standard reg-
imen, although the standard regimen included more oral metho-
trexate, prednisone, and mercaptopurine. Therapy was continued
for two years for girls and for three years for boys, beginning with
the first interim maintenance period (Table 1)3 (and unpublished
data). Presymptomatic central nervous system therapy consisted
of intrathecal methotrexate and cranial radiation. This protocol
was approved by the National Cancer Institute and the institu-
tional review boards of the participating institutions. Informed
consent was obtained from the patients, their parents, or both, as
deemed appropriate, according to Department of Health and
Human Services guidelines.

Study Design and Statistical Analysis

Balanced block randomization was used to ensure that approx-
imately equal numbers of patients were randomly assigned to
cach regimen. The study was monitored by an independent data-
monitoring committee and followed a monitoring plan that was
based on group sequential monitoring boundaries3¢ that required
analysis of results at six-month intervals for a maximum of 10
analyses. With a target enrollment of 296 randomized patients,
we estimated that the study had a power of approximately 81 per-
cent at the final analysis to detect a change in five-year event-free
survival from 45 percent to 62 percent or more with a two-sided
log-rank test (alpha level, 0.05). The monitoring boundary was
crossed in July 1996 (the ninth planned data analysis), and at that
time study results were released.

This analysis was performed in December 1997. Similarities be-
tween patients in the two groups were assessed with chi-square
tests for homogeneity of proportions. Outcome analyses used
life-table methods and associated statistics. The primary end point
examined was event-free survival from the time of randomization.
The events considered were relapse at any site, death during re-
mission, or a second malignant neoplasm, whichever occurred
first. Data on patients who had not had an event at the time of
the analysis were censored in the analysis of event-free survival at
the time of the last contact with them. Life-table estimates were
calculated by the Kaplan—Meier procedure, and the standard de-
viation of the life-table estimate was obtained with Greenwood’s
formula.?” The Kaplan—Meier estimates (=SD) are presented for
cither the first five years or the first three years after randomiza-
tion, depending on the number of patients in the follow-up.
Ninety-five percent confidence intervals can be approximated as
the life-table estimates £1.96 SD. The log-rank statistic was used
to compare patterns of event-free survival and overall survival in
the groups.383 Comparisons of randomized treatment regimens
were performed according to the intention-to-treat method.
Stratified log-rank tests were also used to adjust for the possible
moditying effect of other factors on the comparison of interest.*0
An adjusted Cox regression analysis was used to determine the in-
fluence of prognostic factors on the primary treatment effect.
Life-table analyses of the effect of isolated central nervous system
and marrow relapses on the results with each regimen were com-
pared with the log-rank statistic. Life-table analysis of the relative
risk of an adverse event was calculated with the log-rank ratio of
observed events to expected events.*!
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RESULTS
Patients

A total of 1136 patients were enrolled. Three pa-
tients died before day 7, and marrow was not ob-
tained on day 7 from 15 patients. Of the remaining
1118 patients, 360 (32 percent) had slow responses
to initial therapy. Of these, 340 (94 percent) entered
remission after induction therapy, 19 did not enter
remission after induction therapy, and 1 received
modified induction therapy and therefore was deemed
ineligible. Of the 340 eligible patients, 317 (93 per-
cent) underwent randomization. A subsequent re-
view revealed that 6 of these patients did not have a
slow response; thus, 311 patients were eligible for the
study. Of these, 156 were assigned to standard ther-
apy and 155 were assigned to augmented therapy.

The characteristics of the patients in the two
groups are shown in Table 2. There were no signifi-
cant differences between the groups. Most patients
were at least 10 years of age, and approximately half
had white-cell counts of at least 50,000 per cubic mil-
limeter. Centrally reviewed cytogenetic data on trans-
locations associated with a high risk of an adverse
event were available for 91 of the patients: 3 patients
had the t(4;11) translocation, 4 had t(1;19), and 7 had
t(9;22). Among 209 patients with immunophenotyp-
ic data, 87.6 percent had ALL of B-cell lineage.

Study Violations

Thirteen patients (seven in the standard-therapy
group and six in the augmented-therapy group) re-
ceived a bone marrow transplant during their first
remission but were included in the intention-to-treat
analysis. Indications for transplantation included the
presence of a t(9;22) translocation (four patients), a
white-cell count of more than 200,000 per cubic
millimeter (three patients), virus-associated hemo-
phagocytic syndrome (one patient), the presence of
myeloid antigen (two patients), and other reasons
(three patients). Two patients in the standard-thera-
py group and one patient in the augmented-therapy
group refused cranial radiotherapy. Five patients as-
signed to augmented therapy did not receive the sec-
ond cycle of delayed intensification therapy. Major
changes in treatment were required for three pa-
tients assigned to standard therapy (two patients had
fungal infections, and one had an elevation in ami-
notransferases) and five patients assigned to aug-
mented therapy (three patients had elevations in ami-
notransferases, one had leukoencephalopathy, and
one was not compliant with oral therapy).

Outcome of Treatment

At the time the study data were released in July
1996, the four-year event-free survival rate was signif-
icantly better among patients in the augmented-ther-
apy group than among those in the standard-therapy
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TABLE 1. THE STANDARD-THERAPY AND AUGMENTED-THERAPY REGIMENS. *

PHASE

Consolidation
(5 wk)

Interim mainte-
nance (8 wk)

Delayed intensifi-
cation (7 wk)

Reinduction
(4 wk)

Reconsolidation
(3 wk)

Maintenance
(12 wk)§

STANDARD THERAPY

TREATMENT
Prednisone
Cyclophosphamide
Mercaptopurine
Vincristine

Cytarabine

Methotrexatet
Radiotherapy}

Mercaptopurine
Methotrexate

Dexamethasone
Vincristine
Doxorubicin
Asparaginase
Vincristine
Cyclophosphamide
Thioguanine

Cytarabine

Methotrexatet

Vincristine
Prednisone

Mercaptopurine
Methotrexate

Methotrexatet

DOSE

7.5 mg/m? day 0; 3.75
mg,/m?/day days 1, 2

1000 mg,/m?2/day IV days 0, 14

60 mg/m?/day PO days 0-27

1.5 mg/m?2/day IV days 14, 21,
42,49

75 mg/m?/day IV days 1-4,
8-11, 15-18, 22-25

IT days 1, 8, 15, 22

Cranial, 1800 cGy

Cranial, 2400 cGy, and
spinal, 600 cGy

60 mg,/m?/day PO days 0-41
15 mg/m?/day PO days 0, 7,
14, 21, 28, 35

10 mg/m?/day PO days 0-20,
then taper for 7 days

1.5 mg/m?/day IV days 0, 14, 21

25 mg/m?/day IV days 0, 7, 14

6000 U/m?/day IM days 3, 5, 7,
10, 12, 14

1.5 mg/m2/day IV days 42, 49

1000 mg/m? IV day 28

60 mg/m?2/day PO days 28-41

75 mg/m?/day SQ or IV days
29-32, 36-39

IT days 29, 36

1.5 mg/m?/day IV days 0,
28, 56

40 mg/m?/day PO days 0—4,
28-32, 56-60

75 mg/m?/day PO days 0-83

20 mg/m?/day PO days 7, 14, 21,

28, 35, 42, 49, 56, 63, 70, 77
IT day O

PHASE

Consolidation
(9 wk)

Interim mainte-
nance I (8 wk)

Delayed intensifi-
cation I (8 wk)

Reinduction
(4 wk)

Reconsolidation
(4 wk)

Interim mainte-
nance IT (8 wk)

Delayed intensifi-

cation IT (8 wk)

Maintenance
(12 wk)§

AUGMENTED THERAPY

TREATMENT

Cyclophosphamide
Cytarabine

Mercaptopurine
Vincristine
Asparaginase

Methotrexatet
Radiotherapyt

Vincristine

Methotrexate

Asparaginase

Dexamethasone

Vincristine
Doxorubicin
Asparaginase
Vincristine
Cyclophosphamide
Thioguanine
Cytarabine

Methotrexatet
Asparaginase

Vincristine

Methotrexate

Asparaginase

Methotrexatet

Same as for delayed
intensification I

Vincristine
Prednisone

Mercaptopurine
Methotrexate

Methotrexatet

DOSE

1000 mg,/m?2/day IV days 0, 28

75 mg/m?2/day SQ or IV days
1-4, 8-11, 29-32, 36-39

60 mg,/m?2/day PO days 0-13,
28-41

1.5 mg/m2/day IV days 14, 21,
42,49

6000 U/m?/day IM days 14, 16,
18,21, 23, 25, 42, 44, 46, 49
51,53

IT days 1, 8, 15, 22

Cranial, 1800 cGy

Cranial, 2400 cGy, and
spinal, 600 cGy

Testicular, 2400 cGy

1.5 mg/m?/day IV days 0, 10,
20, 30, 40

100 mg/m?/day IV days 0, 10,
20, 30, 40 (escalate by 50
mg,/m?2/dose)

15,000 U/m?/day IM days 1, 11,
21, 31, 41

10 mg/m2/day PO days 0-20,
then taper for 7 days

1.5 mg/m?/day IV days 0, 14, 21

25 mg/m?2/day IV days 0, 7, 14

6000 U/m?/day IM days 3, 5,7,
10,12, 14

1.5 mg/m2/day IV days 42, 49

1000 mg/m? IV day 28

60 mg/m?2/day PO days 28-41

75 mg/m?2/day SQ or IV days
29-32, 36-39

IT days 29, 36

6000 U/m2/day IM days 42,
44, 46, 49, 51, 53

1.5 mg/m?/day IV days 0, 10,
20, 30, 40

100 mg/m?/day IV days 0, 10,
20, 30, 40 (escalate by 50
mg,/m?2/dose)

15,000 U/m?/day IM days 1, 11,
21, 31, 41

IT days 0, 20, 40

1.5 mg/m?2/day IV days 0, 28, 56

60 mg,/m2/day PO days 0-4,
28-32,56-60

75 mg/m?2/day PO days 0-83

20 mg/m?/day PO days 7, 14,
21, 28, 35, 42, 49, 56, 63,
70, 77

IT day 0

*IV denotes intravenously, PO orally, I'T intrathecally, SQ subcutaneously, and IM intramuscularly.

tThe doses were age-adjusted as follows: age 1 to 1.9 years, 8 mg; age 2 to 2.9 years, 10 mg; age =3 years, 12 mg. Patients with central nervous system
disease at diagnosis did not receive intrathecal methotrexate on days 15 and 22 of consolidation therapy.

tDuring the first two weeks of consolidation therapy, patients without central nervous system disease at diagnosis received 1800 ¢Gy of cranial radio-
therapy in 10 fractions; patients with central nervous system disease at diagnosis received 2400 cGy to the cranial midplane in 12 fractions and 600 cGy
to the spinal cord in 3 fractions. In the augmented-therapy group, patients with testiculomegaly at diagnosis received 2400 cGy bilateral testicular radiation

in 8 fractions.

§The cycles of maintenance therapy were repeated until the total duration of therapy, beginning with the first interim maintenance period, reached two
years for girls and three years for boys.
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TABLE 2. CHARACTERISTICS OF THE PATIENTS AT DIAGNOSIS.

STANDARD AUGMENTED
THERAPY THERAPY

CHARACTERISTIC* (N=156) (N=155) P VaLuet

no. (%)

Age (yr) 0.85
1-9 50 (32.1) 54 (34.8)

10-15 73 (46.8) 68 (43.9)
=16 33(21.2)  33(21.3)

White cells (X10-3/mm3) 0.53
<50 79 (50.6) 76 (49.0)

50-199 59 (37.8) 66 (42.6)
=200 18 (11.5) 13 (8.4)

Sex 0.61
Male 89 (57.1) 83 (53.5)

Female 67 (42.9) 72 (46.5)

Race 0.55
White 106 (67.9) 111 (71.6)

Black 7 (4.5) 9 (5.8)
Other 3 (27.6) 35 (22.6)

Down’s syndrome 0.99
Yes 3(1.9) 4 (2.6)

No 153 (98.1) 151 (97.4)

Livert 0.25
Normal 97 (62.2) 82 (52.9)
Moderately enlarged 56 (35.9) 70 (45.2)

Markedly enlarged 3(1.9) 3(1.9)

Spleen 0.49
Normal 72 (46.2) 62 (40.0)
Moderately enlarged 3(53.2) 91 (58.7)

Markedly enlarged 1 (0.6) 2(1.3)

Lymph nodes 0.17
Normal 96 (61.5) 82 (52.9)
Moderately enlarged 6 (35.9) 71 (45.8)

Markedly enlarged 4 (2.6) 2 (1.3)

Mediastinal mass 0.78
Absent 150 (96.2) 149 (96.8)

Present 6(3.8) 5(3.2)

STANDARD AUGMENTED
THERAPY THERAPY
CHARACTERISTIC* (N=156) (N=155) P VaLuet
no. (%)
Hemoglobin (g/dl) 0.94
1-79 82 (52.9) 78 (52.7)
8.0-10.9 52 (33.5) 48 (32.4)
=11.0 21 (13.5) 2 (14.9)
Platelets (X10-3/mm?3) 0.23
1-49 83 (54.2) 81 (54.0)
50-149 41 (26.8) 50 (33.3)
=150 29 (19.0) 19 (12.7)
CNS disease at diagnosis 0.69
Yes 3(1.9) 3(2.0)
No 151 (98.1) 150 (98.0)
Morphology§ 0.12
L1 121 (77.6) 105 (67.7)
Mixed L1/L2 or L2/L1 23 (14.7) 29 (18.7)
12 12 (7.7) 21 (13.5)
Immunophenotype{ 0.98
B-cell lincage 94 (87.0) 89 (88.1)
T-cell lineage 14 (13.0) 12 (11.9)
Karyotypic features|| 0.32
Number
Diploid (46) 18 (42.9) 11 (22.4)
Pseudodiploid (46) 3(7.1) 4(8.2)
Hypodiploid (<46) 12 (28.6) 19 (38.8)
Hyperdiploid (47-50) 4(9.5) 5(10.2)
Hyperdiploid (>50) 5(11.9) 10 (20.4)
Translocations 0.66**
t(4;11) present 1(2.4) 2(4.1)
t(4;11) absent 41 (97.6) 47 (95.9)
t(1;19) present 3(7.1) 1(2.0)
t(1;19) absent 39 (92.9) 48 (98.0)
t(9;22) present 3(7.1) 4 (8.2)
t(9;22) absent 39 (92.9) 45 (91.8)

*Because of rounding not all percentages total 100. Percentages were based on the number of patients for whom there were data on the various charac-

teristics. CNS denotes central nervous system.

tThe global chi-square test for homogeneity was used.

1The degree of organomegaly was determined as described by Steinherz et al.¢

§The French—American—British system of classification was used.

YData on the immunophenotype were available for a subgroup of 108 patients in the standard-therapy group and 101 patients in the augmented-therapy

group.

|| Centrally reviewed and accepted cytogenetic data were available for a subgroup of 91 patients.

**The P value is for the overall comparison for the three translocations.

group (75.4%4.0 vs. 57.2+4.5 percent, P=0.009,
adjusted for multiple evaluations of the data). At that
time the median follow-up for patients with event-
free survival was 31 months (range, 1 to 63). When
we reanalyzed the data in December 1997 after an ad-
ditional follow-up period of approximately 1.5 years,
5-year event-free survival remained significantly better
in the augmented-therapy group than in the stand-
ard-therapy group (75.0%=3.8 vs. 55.0%4.5 percent,
P<0.001) (Fig. 1). The median follow-up for patients
with event-free survival was 49 months (range, 2 to
82 months). The difference in event-free survival was
maintained (P<<0.001) when patients who received
a bone marrow transplant were censored at the time
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of transplantation. Overall survival at five years was
also better in the augmented-therapy group than in
the standard-therapy group (78.4*3.7 vs. 66.7*+4.2
percent, P=0.02).

There were 65 events in the standard-therapy
group and 36 events in the augmented-therapy group
(Table 3). Isolated marrow relapse was the main
cause of treatment failure for both regimens, occur-
ring in 43 patients in the standard-therapy group
and 30 patients in the augmented-therapy group (P=
0.004 by the log-rank test), whereas central nervous
system relapses were more common among patients
in the standard-therapy group (8 vs. 0, P=0.002 by
the log-rank test). Seven patients in the standard-
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therapy group and four patients in the augmented-
therapy group died while in remission.

In all subgroups analyzed, the results were better
among patients who received augmented therapy
than among those who received standard therapy.
The difference in outcome between groups was most
pronounced for patients who were one to nine years
of age, all of whom had high white-cell counts as
dictated by the eligibility criteria, with five-year event-
free survival of 41.7+8.4 percent in the standard-
therapy group and 84.6+5.0 percent in the augment-
ed-therapy group (P<<0.001) (Fig. 2A) and a relative
risk of an adverse event in the standard-therapy group
of 4.6. For patients who were 10 or more years old
with white-cell counts of at least 50,000 per cubic
millimeter, the outcome was better after augmented
therapy than after standard therapy (three-year event-
free survival, 66.7+9.7 vs. 47.9+9.7 percent) (Fig.
2B), with a relative risk of an adverse event of 1.7 in
the standard-therapy group (P=0.21). Among pa-
tients who were 10 or more years old with white-cell
counts below 50,000 per cubic millimeter, the five-
year event-free survival rate was 73.3+5.7 percent in
the augmented-therapy group and 66.2+5.8 percent
in the standard-therapy group (relative risk of an ad-
verse event, 1.26; P=0.45). Among 31 patients with
white-cell counts of 200,000 per cubic millimeter or
higher, event-free survival was better for those in the
augmented-therapy group (relative risk of an adverse
event in the standard-therapy group, 2.2; P=0.14).

Augmented therapy improved the outcome for
patients with ALL of either B-cell lineage or T-cell
linecage. Estimates of five-year event-free survival for
patients with B-cell-lineage ALL were 74.7%+5.1
percent with augmented therapy and 52.2+5.9 per-
cent with standard therapy (P=0.002). For patients
with T-cell-lineage ALL, event-free survival at three
years was 91.7+8.0 percent in the augmented-ther-
apy group and 71.4%12.1 percent in the standard-
therapy group (P=0.25). Furthermore, the outcome
for patients with ALL of T-cell lineage was similar to
that for patients with ALL of B-cell lineage, regard-
less of regimen.

Prognostic Factors

An analysis of prognostic factors for the entire
cohort of patients indicated that most base-line
characteristics did not influence event-free survival.
However, a white-cell count of 200,000 per cubic
millimeter or higher, race other than black or white,
and the presence of a t(9;22) translocation were
prognostically important. For patients with white-
cell counts of at least 200,000 per cubic millimeter,
three-year event-free survival was 47.4+9.1 percent,
as compared with 72.4*2.7 percent for those with
white-cell counts below 200,000 per cubic millime-
ter (P=0.004). Patients who were neither black nor
white had a significantly increased risk of an adverse
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Figure 1. Event-free Survival during Five Years of Follow-up in
Patients with ALL, According to the Type of Post-Induction Che-
motherapy.

TABLE 3. FREQUENCY AND TYPE OF EVENTS
AMONG PATIENTS ASSIGNED TO STANDARD
OR AUGMENTED THERAPY.

STANDARD  AUGMENTED
THERAPY THERAPY
EVENT (N=156) (N=155)
no. (%)
Isolated marrow relapse 43 (27.6) 30 (19.4)
Central nervous system relapse 8 (5.1) 0
Marrow and central nervous 3(1.9) 1 (0.6)
system relapse
Testicular relapse 2 (1.3) 0
Marrow and testicular relapse 1 (0.6) 0
Relapse at other sites 1 (0.6) 0
Second cancer 0 1 (0.6)
Death in remission* 7 (4.5) 4 (2.6)
Total 65 (41.7) 36 (23.2)

*All but two deaths were related to the toxicity of treatment.
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Figure 2. Event-free Survival during Five Years of Follow-up in
Patients with ALL Who Received Standard Therapy or Aug-
mented Therapy, According to Age and White-Cell Count at Di-
agnosis.
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event, as compared with whites or blacks (five-year
event-free survival, 51.2+6.0 percent vs. 69.4+3.4
percent; P<<0.001). Patients with a t(9;22) translo-
cation had a significantly increased risk of an adverse
event, as compared with those without this translo-
cation (three-year event-free survival, 28.6*x17.1 per-
cent vs. 73.6*+4.8 percent; P=0.007).

Notably, of the seven patients with the Philadel-
phia chromosome, two of the three in the standard-
therapy group and three of the four in the augment-
ed-therapy group had events. Both patients with the
Philadelphia chromosome who survived without an
event (one in each group) received a bone marrow
transplant while in first remission. A Cox regression
analysis with adjustment for these and other com-
mon prognostic factors revealed no attenuation of
the effect of treatment on the difference in outcome
between the augmented-therapy and the standard-
therapy groups (P=0.001).

Toxic Effects

The toxic effects of the two types of therapy are
shown in Table 4. There was a higher frequency of
allergic reactions to Escherichin coli asparaginase in the
augmented-therapy group than in the standard-ther-
apy group (64 vs. 4 reactions). The majority of the
patients with allergic reactions (49 and 4, respective-
ly) successtully continued asparaginase therapy after
they were switched to erwinia asparaginase or poly-
ethylene glycol asparaginase. Osteonecrosis developed
in 20 patients in the augmented-therapy group and
in 14 patients in the standard-therapy group; only
1 of these patients was under 10 years of age at the
time of diagnosis. Life-table estimates for the oc-
currence of osteonecrosis at three years were 15.1
percent for the augmented-therapy group and 11.9
percent for the standard-therapy group (P=0.44).
No cases had developed after three years of follow-
up. The mean total duration of hospitalization was
slightly longer for patients in the augmented-thera-
py group than in the standard-therapy group, pri-
marily because of the additional time needed for the
second cycles of interim maintenance and delayed
intensification therapy (data not shown).

Three patients in the augmented-therapy group
died in remission as a result of toxicity: one died of
acute respiratory distress syndrome, one of pulmo-
nary toxicity, and one of Candida tropicalis infec-
tion; one patient in remission was murdered. Seven
patients in the standard-therapy group died in remis-
sion. Four of these deaths were due to documented
infection: aspergillosis in one patient, clostridium
septicemia in one, hepatosplenic candidiasis in one,
and infection with an unspecified gram-negative bac-
teria in one. Of the remaining three deaths, one was
due to pulmonary hemorrhage, one was due to acute
respiratory distress syndrome after a presumed infec-
tion, and one was due to unknown causes.
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TABLE 4. TOXIC EFFECTS OF STANDARD AND
AUGMENTED THERAPY.

STANDARD  AUGMENTED
THERAPY THERAPY
Toxic EFFecT (N=156) (N=155)
no. (%)
Allergic reaction to asparaginase
Escherichin coli asparaginase 4 (2.6) 64 (41.3)
Erwinia asparaginase 0 15 (9.7)*
Polyethylene glycol asparaginase 0 2 (1.3)*
Pancreatitis 2(1.3) 5(3.2)
Thrombotic events 0 4 (2.6)
Mucositis 0 38 (24.5)
Seizures 3(1.9) 5(3.2)
Leukoencephalopathy 1 (0.6) 2(1.3)
Osteonecrosis 14 (9.0) 20 (12.9)
Stroke 1(0.6) 0
Deatht 6(3.8) 3(1.9)

*These allergic reactions occurred in patients after they
had switched from E. coli asparaginase to erwinia asparagin-
ase or polyethylene glycol asparaginase.

1The causes of death are given in the Results section.

DISCUSSION

We previously reported that among children with
high-risk ALL, those with a rapid response to initial
therapy (defined as the presence of no more than 25
percent blasts in the marrow on the seventh day of
induction chemotherapy) had a better outcome than
those with a slow response (more than 25 percent
blasts).2426.27 Other investigators also reported poor
outcomes for patients with a slow response to pred-
nisone or multiagent induction therapy.!1725:2829 In
this randomized trial of post-induction treatment of
patients with a slow response, we found that the
outcome with augmented treatment was superior to
that with standard treatment (five-year event-free sur-
vival, 75 percent vs. 55 percent). In our nonrandom-
ized pilot study of augmented therapy, the four-year
event-free survival rate (£SD) was 70.8+4.6 per-
cent.3 Furthermore, subsequent analysis of the pilot
study revealed a six-year event-free survival rate of
65.4*4.9 percent, suggesting that the results of the
randomized trial are unlikely to change significantly
with longer follow-up. Our results also suggest that
the degree of cytoreduction achieved after one to
two weeks of induction chemotherapy is a useful in-
dicator of the susceptibility of leukemic cells to che-
motherapeutic drugs.

Augmented treatment significantly improved event-
free survival overall (75.0=3.8 percent, as compared
with 55.0%4.5 percent in the standard-therapy
group). In all subgroups analyzed, augmented ther-
apy resulted in improved event-free survival. The dif-

ference was significant in the subgroup of patients
who were one to nine years of age, all of whom had
high white-cell counts. There was a trend toward a
better outcome among older patients. There was
also a trend toward improved outcomes with aug-
mented therapy in patients with ALL of either B-cell
lineage or T-cell lineage. This finding is in agreement
with our analysis, which demonstrated improved out-
come for the entire cohort of children with T-cell—-
lineage ALL who were treated with Children’s Can-
cer Group protocols between 1989 and 1995.3¢
Augmented therapy was ineffective for the seven pa-
tients with the Philadelphia chromosome. Five of
these seven patients had events, and four of them ul-
timately died. The two patients who survived with-
out events received a bone marrow transplant while
in first remission. These data are consistent with re-
cent data from European studies of children with
ALL who have a poor response to initial prednisone
therapy.+2

The toxic effects of augmented therapy have been
considerable, but they appear to be manageable. The
most common long-term toxic effect was osteone-
crosis, which occurred almost exclusively in adoles-
cent patients.

We noted a significantly lower rate of central nerv-
ous system relapse in the augmented-therapy group
than in the standard-therapy group. Since the pa-
tients assigned to each regimen received cranial ra-
diotherapy and intrathecal therapy for presympto-
matic treatment of the central nervous system, the
benefit observed with augmented therapy may have
been due to the use of intensified systemic therapy.
Indeed, previous investigators have noted a similar
effect with intensive systemic therapy.+3-45

Although we do not know which components of
augmented therapy were responsible for the im-
proved outcome, we surmise that the effect is attrib-
utable to the increased dose intensities and prolonged
duration of therapy. During the interim maintenance
phase in the augmented-therapy regimen, repeated
courses of vincristine, intravenous methotrexate, and
asparaginase replaced the daily oral mercaptopurine
and the weekly oral methotrexate used in the stand-
ard-therapy regimen. The augmented regimen also
included an additional two weeks of nonmyelosup-
pressive therapy with vincristine and asparaginase dur-
ing each consolidation or reconsolidation course and
included both a second interim maintenance phase
and a second course of delayed intensification.

A recent Children’s Cancer Group study of inter-
mediate-risk ALL showed that patients with a slow
response had an improved outcome when treated
with two courses of delayed intensification rather
than one course,* suggesting that prolonged thera-
py was important to the improved outcome with
augmented therapy in the current study. We are at-
tempting to distinguish the relative contributions of
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early increased dose intensity and a prolonged dura-
tion of therapy in a new therapeutic study of chil-
dren with high-risk ALL.
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26126, CA 14560, CA 27678, CA 29314, CA 28851, and CA 28882).

APPENDIX

The following institutions and principal investigators of the Children’s
Cancer Group participated in the study: Group Operations Center, Arca-
dia, Calif. — W. Bleyer, A. Khayat, H. Sather, M. Krailo, J. Buckley, D.
Stram, R. Sposto; University of Michigan Medical Center, Ann Arbor —
R. Hutchinson; University of California Medical Center, San Francisco —
K. Matthay; University of Wisconsin Hospital, Madison — P. Gaynon;
Children’s Hospital and Medical Center, Seattle — R. Chard; Rainbow Ba-
bies and Children’s Hospital, Cleveland — S. Shurin; Children’s National
Medical Center, Washington, D.C. — G. Reaman; Children’s Hospital of
Los Angeles, Los Angeles — J. Ortega; Children’s Hospital of Columbus,
Columbus, Ohio — FE. Ruymann; Columbia Presbyterian College of Phy-
sicians and Surgeons, New York — S. Piomelli; Children’s Hospital of Pitts-
burgh, Pittsburgh — J. Mirro; Vanderbilt University School of Medicine,
Nashville — J. Lukens; Doernbecher Memorial Hospital for Children,
Portland, Oreg. — L. Wolff; University of Minnesota Health Sciences Cen-
ter, Minneapolis — W. Woods; Children’s Hospital of Philadelphia, Phila-
delphia — A. Meadows; Memorial Sloan-Kettering Cancer Center, New
York — P. Steinherz; James Whitcomb Riley Hospital for Children, Indi-
anapolis — P. Breitfeld; University of Utah Medical Center, Salt Lake City
— R. O’Brien; University of British Columbia, Vancouver — C. Fryer;
Children’s Hospital Medical Center, Cincinnati — R. Wells; Harbor—
UCLA and Miller Children’s Medical Center, Long Beach, Calif. — J. Fin-
klestein; University of California Medical Center, Los Angeles — S. Feig;
University of Iowa Hospitals and Clinics, Iowa City — R. Tannous; Chil-
dren’s Hospital of Denver, Denver — L. Odom; Mayo Clinic and Founda-
tion, Rochester, Minn. — G. Gilchrist; Izaak Walton Killam Hospital for
Children, Halifax, N.S. — D. Barnard; University of North Carolina,
Chapel Hill — J. Wiley; University of Medicine and Dentistry of New Jer-
sey, Camden — M. Donaldson; Children’s Mercy Hospital, Kansas City,
Mo. — M. Hetherington; University of Nebraska Medical Center, Omaha
— P. Coccia; Wyler Children’s Hospital, Chicago — J. Nachman; M.D.
Anderson Cancer Center, Houston — B. Raney; Princess Margaret Hospi-
tal, Perth, Western Australia — D. Baker; New York University Medical
Center, New York — A. Rausen; and Children’s Hospital of Orange Coun-
ty, Orange, Calif. — M. Cairo.
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