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Thioguanine pharmacokinetics in induction therapy

of children with acute myeloid leukemia

Palle Josefine®, Frost Britt-Marie?, Petersson Curt®, Hasle Henrik®,
Hellebostad Marit®, Kanerva Jukka', Schmiegelow Kjeldd, Lonnerholm Gudmar?,
on behalf of the Nordic Society for Paediatric Haematology and Oncology

We studied the pharmacokinetics of 6-thioguanine (6TG) in
50 children treated for newly diagnosed acute myeloid
leukemia, four of them with Down syndrome (DS). They
received oral 6TG 100 mg/m? body surface area twice daily
for 4 days. Etoposide, 100 mg/m?/24 h, and cytarabine,
200 mg/m2/24 h, were administered concomitantly by
intravenous infusion. On day 5, doxorubicin 75 mg/m? was
given as an 8-h infusion. The concentration of thioguanine
nucleotides (TGN) in erythrocytes, the active metabolites
of 6TG, was determined by high-performance liquid
chromatography. The mean TGN concentration from 72,
95, and 106-h samples was used as a measure of

drug exposure for each individual. The median TGN
concentration in non-DS children above 2 years of age was
2.30 pmol/mmol Hb (range 0.57-25.3). The TGN
concentrations varied widely (30-fold) also after dose
normalization. We found no correlation with demographic,
clinical, or biochemical parameters, and differences in
bioavailability might be the most important explanation to
interpatient variability. Children with high TGN
concentration tended to have longer treatment interval

to the next course, but we found no correlation with

our predefined parameters for clinical response, that is,
remission and relapse rate. Therefore, 6TG does not seem

Introduction

Since four decades, the thiopurines 6-thioguanine (6TG)
and 6-mercaptopurine (6MP) have been important drugs in
the treatment of childhood acute lymphoblastic (ALL) and
myeloid leukemia (AML) [1]. Both thiopurines are
prodrugs that require intracellular conversion to thio-
guanine nucleotides (TGN) for cytotoxic activity. The
TGN are incorporated into DNA replacing the endogenous
guanine, and the resulting DNA strand-breaks and
chromatid damage are the main documented mechanisms
of cytotoxicity. For 6TG the conversion to TGN requires
only one enzymatic step, whereas for 6MP the conversion
requires three steps [2,3]. Several studies have been
performed comparing the effect of 6TG and 6MP with the
main question whether or not 6MP should be replaced by
6TG in ALL maintenance treatment [4-7]. The conclu-
sions drawn from these studies were that
6TG is more cytotoxic and penetrates better into
CNS, but that toxic side effects such as myelotoxicity,
veno-occlusive disease, and portal hypertension still
make 6MP the drug of choice in maintenance therapy of
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to be a candidate for therapeutic drug monitoring by TGN
measurement, at least not in the setting of short multidrug
treatment courses. Children with DS had significantly
higher TGN concentrations, indicating that dose reduction
might be considered to reach the same drug exposure as
in non-DS children. Anti-Cancer Drugs 20:7-14 © 2009
Wolters Kluwer Health | Lippincott Williams & Wilkins.
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ALL. Today, 6TG is used mainly in combination with other
cytotoxic agents as part of intensive treatment blocks, both
in AML and ALL [1,8]. In a series of protocols used in the
Nordic countries for the treatment of childhood AML, 6 TG
has been part of the induction treatment [9].

6TG is usually administrated orally, which gives a low and
highly variable bioavailability on account of the extensive
first-pass metabolism in the intestinal mucosa and liver
[3,10,11]. The plasma concentration of 6TG varies
markedly during the dose interval, whereas TGN
gradually accumulate in erythrocytes and reach a steady
state, which makes the erythrocyte TGN concentration
a more suitable parameter for pharmacokinetic studies
[3,12]. A correlation between erythrocyte TGN levels
and neutropenia has been well documented during
maintenance treatment of ALL, both for 6MP and 6 TG
[12-14]. However, the role of 6 TG in block therapy
1s much more difficult to evaluate, and no studies of
pharmacokinetics and effect in this context are known to
us. As the use of 6TG in induction therapy of childhood
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AML is based on clinical experience rather than studies
of pharmacokinetics and dynamics, the dosing of 6TG
is empirical. The lack of evidence-based dosing rules is
even more evident when it comes to the treatment of
subgroups of children, for example infants below 2 years
of age and children with Down syndrome (DS). DS
children have a higher morbidity than non-DS children
after treatment with some anticancer drugs [15]. This
might be partly because of differences in drug distri-
bution or elimination, but for 6T'G no such data have been
published so far, though DS children constitute 5-15% of
children diagnosed with AML.

In this study we have measured erythrocyte TGN levels
during induction therapy in children with AML, treated
according to a common Nordic protocol. Pharmacokinetic
data were correlated to clinical effect, estimated by bone
marrow morphology after remission induction therapy
and by long-term clinical follow-up. In a subgroup of
patients, pharmacokinetic data for doxorubicin and
etoposide were available, allowing an effort to correlate
data for all three drugs.

Patients and methods

Patients

Between March 1995 and October 2000, 50 children were
successfully included in the study at nine Nordic centres
for pediatric oncology: Copenhagen, Goteborg, Helsinki,
Linképing, Lund, Tampere, Ulleval, Umea, and Uppsala.
During this time period, 87 children were diagnosed
with AML, that is, our patient group represents 57% of
the patient population at these centers. Reasons for not
including patients were mostly practical difficulties, such
as lack of extra venous access or lack of staff to handle
research samples, or sometimes refusal of patients or
parents to participate.

Four of the children had DS, and because AML in
children with DS differs markedly from other forms
of AML, the two groups were analyzed separately.
Baseline data for DS and non-DS children are displayed
in Table 1. All children were treated according to the
Nordic Society of Paediatric Haematology and Oncology
(NOPHO) AML.-93 protocol [16]. As shown in Fig. 1, the
induction course included an intrathecal injection of
methotrexate on day 1, followed by etoposide, 100 mg/m?
body surface area (BSA)/24 h, and cytarabine, 200 mg/mz/
24 h, administered concomitantly by continuous infusion
over a 96-h period on days 1-4. During the same 96-h
period, 100 mg/m? of 6TG was administered orally every
12h to a total dose of 800 mg/m?. On day 5, doxorubicin
75mg/m® was given as an 8-h infusion. Data on other
drugs administered, for example antiemetics, analgesics,
and antibiotics, were not available to us. According to the
treatment protocol, BSA was calculated by the formula
m2 = \/[height (cm) x weight (kg)/3600] for children > 2

Table 1 Patient characteristics

Non-DS DS
No. 46 4
Age (years) median 11.0 1.8
Range 0.5-17.7 1.1-3.3
Sex (n)
Male 18 1
Female 28 3
WBC (109/l) median 11.8 25.6
Range 0.5-190.3 7.1-44.7
FAB (n)
Mo 3 0
M1 7 2
M2 10 0
M3 0 0
M4 13 0
M5 9 0
M7 2 2
Other 2 0

DS, Down syndrome; WBC, white blood cell.

years of age. For children below two years of age all doses
were calculated based on body weight according to the
formula m* = (BSA dose/30) x weight in kg. Accordingly,
the dosage of 6TG in children below 2 years of age was
3.3 mg/kg twice daily.

According to the protocol, a bone marrow sample was drawn
3 weeks after the start of the induction course (median 24
days, range 13-42 days) to evaluate treatment response.
Less than 5% blast cells in a stained smear of
a nonhypoplastic bone marrow was the main criterion for
complete remission (CR). When the first bone marrow was
too hypoplastic to determine remission, bone marrow
samples were to be obtained at weekly intervals until
normal hemopoiesis or regrowth of malignant cells
emerged. Thirty-six out of the 50 patients reached CR
after the initial course (three with DS), and received
a second course of treatment, identical to the one given
upfront. Repeated sampling for pharmacokinetic analysis
was successful in 18 of the 36 patients who received
two identical treatment courses (one of them with DS).
Patients not in CR after the first course received treatment
with cytarabine and mitoxantrone and intrathecal metho-
trexate. After two induction courses, all patients who had
reached CR received a total of four consolidation blocks,
which consisted of intrathecal methotrexate and high-dose
intravenous cytarabine x (6-18g/m%), combined with
etoposide (two blocks) or mitoxantrone (one block) [16].
Children with a matched related donor were candidates for
allogeneic stem cell transplantation (SCT) in first CR.

Patient characteristics and clinical follow-up data were
obtained from annual reports submitted from the treating
clinicians to the Nordic registry at the Childhood Cancer
Research Unit in Stockholm, and the last day of follow-up
was January 2008. Toxicity was not routinely reported
to the registry.

Local ethics committees approved the study.
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Fig. 1

NOPHO AML 93
Induction course
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MTX = methotrexate intrathecal injection day 1
Dose according to age, < 1 yr: 6 mg, 1-2 yr: 8 mg, 2-3 yr: 10 mg, > 3yr: 12 mg

o 6 -TG = 6-thioguanine tabl 100 mg/m? orally twice daily for 4 days

W
% ARA-C = cytarabine 200 mg/m?/day as continuous infusion for 4 days
% VP-16 = etoposide 100 mg/m?/day as continuous infusion for 4 days

DOXO = doxorubicin 75 mg/m? as an 8 h infusion on day 5

Children less than 2 yrs of age, dosing after
weight where 30 kg equals 1 m?

Induction course of the Nordic Society of Paediatric Haematology and Oncology (NOPHO AML-93) protocol.

Samples 60 min. Plasma was then removed and plasma and
Blood samples were drawn before and 48, 72, 95, and  erythrocytes stored separately at —70°C until analysis.
106 h after the start of the treatment. Blood was drawn

from a venous line not used for drug infusion and Patient data (body weight, height, actual dose adminis-
collected in tubes containing EDTA. The sample was tered), as well as times for drug administration and for
immediately put into ice water and centrifugated within ~ blood sampling, were noted. Data on exact dose and
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time for administration of 6TG were missing in six
cases. Serum concentrations of aspartate aminotransferase
(AST) and alanine aminotransferase (ALT), albumine,
Hb, and white blood cell (WBC) count determined before
the start of the induction course, were also recorded.

Analytical procedure

The thioguanine nucleotides in erythrocytes were
determined by reversed-phase high-performance liquid
chromatography as purine bases after acid hydrolysis
and an extraction procedure, as described by Lennard
and Singleton [17]. The metabolites were quantified by
absorbance at 330 nm. Calibrators were prepared by
adding 6-T'G from a stock solution to drug-free red
blood cell concentrates. The limit of quantification for
TGN was 13.3 x 10~ pmol/mmol Hb. At this concentra-
tion, the interassay coefficient of variation was 18%
(n=11). The standard curve was linear over a 50-fold
concentration range.

For 35 patients, the etoposide plasma level was measured
on days 2—4 during the 4-day constant infusion, and in
36 patients the doxorubicin plasma concentration was
measured during the doxorubicin infusion on day 5.
For both drugs, the steady-state concentration and total
body clearance were calculated as reported in earlier
publications [18,19]. Data for all three drugs were
available for 28 children.

Pharmacokinetic evaluation and statistics

On the basis of recorded data for body weight and height,
we recalculated the BSA of all patients by using the formula
m’ = \/[height (cm) x weight (kg)/3600]. Body mass index
was calculated as weight/(height)?. Dose-normalized TGN
concentration was calculated by using the formula TGN
concentration X (target dose/administered dose) where the
target dose was set at 200 mg/m%/24 h.

The Spearman’s rank test (two sided) was used to
examine correlations, the Mann-Whitney U test to
compare values from two groups, the Kruskall-Wallis test
to examine differences among three or more groups, the
Wilcoxon’s signed-rank test to compare two related
samples, the Friedman test to examine several related
samples, and logistic regression analysis to test the
probability of a defined event. The SPSS 15.0 software
package (SPSS Inc., Chicago, Illinois, USA) was used
for the calculations. A P value of less than 0.05 was
considered as statistically significant.

Results

Non-Down syndrome children

Erythrocyte TGN concentrations were measured at
48, 72,95, and 106 h after the start of treatment. Samples
from all four points in time were available for 21 patients.
The concentration in the 48-h sample was significantly

lower than in the 72, 95, and 106-h samples, (P < 0.001),
whereas there were no significant differences (NS)
among the three other samples, see Fig. 2. In the
following calculations we used the mean TGN concen-
tration of the 72, 95, and 106-h samples as a measure of
drug exposure for each individual (in about half of the
patients only two values were available).

The median TGN concentration in children above 2
years of age was 2.30 umol/mmol Hb (Table 2). The
median 6 TG dose received by children above 2 years of
age was 199 mg/m*/24 h, which was very close to the target
dose of 200 mg 6TG/m?%24h (the exact dose administered
was known in 35 of 41 children). The five children below
2 years of age (0.53, 0.61, 1.0, 1.3, and 1.8 years of age,
respectively) received 109, 143, 149, 157, and 138 mg
6TG/m%24h resulting in TGN concentrations of 3.04,
2.13, 0.82, 1.57, and 2.98 pmol/mmol Hb, respectively.

To allow a comparison between patients, irrespective
of dose, the dose-normalized TGN concentration was
calculated. As evident from Table 2, there was a large
interindividual variation in erythrocyte TGN levels
also after dose normalization (30-fold). The median
dose-normalized concentration of TGN in children below

Fig. 2
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Thioguanine nucleotides (TGN) concentration in erythrocytes (umol/
mmol Hb) at 48, 72, 95 and 106 h after the start of treatment in the 21
patients for whom samples were analyzed at all four time points. The
concentration at 48 h was significantly lower than at the three following
time points (P<0.001). The box and whisker plot shows median, first,
and third quartiles, and whiskers extend to the highest and lowest value,
excluding outliers, which are denoted by circles.
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and above 2 years of age was 2.97 and 2.85 pmol/mmol
Hb, respectively (NS).

The dose-normalized concentration of TGN was used to
explore the correlation with background variables, and
all non-DS children were included in this analysis. We
did not find any significant correlation with age, weight,
height, ALT, AST, albumine, WBC count, or Hb at
diagnosis (Table 3). As expected, there were wide
variations in WBC count and Hb concentration values
(see Table 1), but very few children had amino
transferase values outside the normal limits.

No correlation was observed between erythrocyte TGN
and plasma etoposide steady-state concentrations (7 = 35;
p —0.04, P=0.80) or between erythrocyte TGN and
plasma doxorubicin concentrations (7 =236; p -0.08,
P=0.64).

Table 2 Summary of pharmacokinetic parameters in children with
or without DS

Non-DS Non-DS

<2 years P >2 years P° DS
TGN concentration (umol/mmol Hb)
No. 5 41 4
Median 2.13 0.49 2.30 0.29 3.76
Range 0.82-3.04 0.57-25.3 1.83-9.29
p 25-75 1.38-4.47
Dose (mg/m?/24 h)
No.® 5 35 4
Median 143 0.001 199 0.002 114
Range 109-157 113-233 83-169
p 25-75 189-209
Dose normalized TGN concentration® (umol/mmol Hb)
No. 5 35 4
Median 2.97 1.0 2.85 0.04 7.44
Range 1.11-5.568 0.79-23.4 4.17-11.0
p 25-75 1.80-4.58

p 25-75, 25-75 percentile.

6TG; 6-thioguanine; DS, Down syndrome; TGN, thioguanine nucleotides.
*Non-DS <2 years versus >2 years.

®DS versus all non-DS children.

°Data on the exact dose of 6TG administered were missing in six cases.

9Dose normalized TGN concentration was calculated by the formula TGN
concentration x (target dose/administered dose) where the target dose was set
at 200 mg/m?/24 h.

Table 3 Analysis of the influence of demographic, clinical, and
biochemical variables on the dose normalized concentration
of TGN

Variable P value p
Sex 0.24

Age 0.23 -0.19
Weight 0.15 -0.23
Height 0.40 -0.14
BMI 0.087 -0.27
ALT 0.76 -0.05
AST 0.8 -0.04
Albumine 0.63 -0.08
WBC 0.43 -0.13
Hb 0.40 0.14

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass
index; TGN, thioguanine nucleotides; WBC, white blood cell count at diagnosis.
Only children without Down syndrome were included in the analysis.
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Children with Down syndrome

The four children with DS were 1.1, 1.7, 1.9, and 3.3
years of age. They received 169, 142, 83, and 87 mg
6TG/m?%/24h and their TGN concentrations were 9.29,
2.96, 1.83, and 4.57 umol/mmol Hb, respectively. Their
median  dose-normalized TGN concentration was
7.44 umol/mmol Hb, which was significantly higher than
for the non-DS children (P = 0.04; Table 2).

Repeated courses

Thirty-six out of 50 patients went into CR after the first
course and received a second treatment course identical
to the first one. The median time interval between the
start of the courses was 31 days (range 20-50 days).
Patients with high TGN concentrations tended to have
a longer interval between treatment courses (p 0.31,
P =0.088 for non-DS children). The three DS children
that went into remission after the first course all had long
time intervals between the courses (Fig. 3).

Repeated sampling was successful in 18 of the 36 patients
(one with DS) and there was a strong correlation in TGN
concentrations between courses, p 0.76, P value less than
0.001 (Fig. 4).

Thioguanine nucleotides concentration and response
in non-Down syndrome patients

One patient died from aplasia 1 month after the start of
treatment, before any evaluation of treatment response,
and is therefore not included in the calculations below.
We compared the 33 patients who went into CR after the
first treatment course with the 12 patients who did not.
The median TGN concentration was 2.39 and 2.40 umol/
mmol Hb, respectively (NS). The TGN concentration
was not an independent factor for CR in univariate
(P=0.92) or multivariate regression analysis including
sex, age, and WBC count (P =0.92). Figure 5 shows the
predicted probability of CR as a function of TGN
concentration in a univariate analysis. In a multivariate
analysis including TGN, etoposide, and doxorubicin
steady-state concentrations (z = 25), none of the drugs
was an independent factor for CR.

Twenty-four patients were in continuous CR at the latest
follow-up (11 after allogeneic SCT in first CR), with
a median follow-up time of 9.2 years (range 7.9-12.7
years), whereas 18 had relapsed (six after allogeneic
SCT in first CR). One patient with resistant disease
was treated according to another protocol. Two patients
died in CR after allogeneic SCT. The median TGN
concentration for CR and relapse patients was 2.54 and
2.23 pmol/mmol Hb, respectively (NS).

Discussion

In this study of 6TG pharmacokinetics in 50 Nordic
children with AML, we measured the levels of TGN
metabolites in erythrocytes, a method that circumvents

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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the problem with widely fluctuating plasma levels of
the parent drug during dose intervals. After repeated oral
intake, TGN gradually accumulates in the erythrocytes.
Patients receiving 40mg 6TG/m* once daily during
maintenance therapy reached steady-state concentrations
of 0.1-0.3 umol/mmol Hb after 1-2 weeks [20]. Our
patients received 100 mg 6TG/m?* twice daily, and their
TGN levels reached a plateau already after 72h of
treatment, with a median concentration of 2.3 pmol/mmol
Hb. Thus, a five-fold increase in dose resulted in a
rapid accumulation of TGN in erythrocytes and an
approximately 10-fold increase in TGN concentration.
Whether this indicates dose-dependent pharmacokinetics
or an influence of other drugs concomitantly adminis-
tered to our patients cannot be judged. The TGN levels
measured at 72, 95, and 106 h were very similar, with a
little intraindividual variation, but it is not clear whether
this represents a true steady state. In any case, we judged
that the mean value of these three samples was the best
available measure of drug exposure in our patients.

The present data confirm earlier findings of large
interindividual variations in 6TG pharmacokinetics
[4,10,20,21]. The reason for this variability is not known.
We compared the TGN concentrations with baseline data
such as age, weight, length, body mass index, ALT, AST,
albumine, WBC count, and Hb at diagnosis, but found no
significant correlations. The extensive first-pass metabo-
lism in intestinal mucosa and liver after oral administra-
tion, including the enzymatic transformation to TGN,
leads to a low and highly variable bioavailability, which
seems to be the most probable explanation to the
interindividual differences in TGN erythrocyte concen-
tration [10,11,22].

Infants are often treated with reduced doses of anti-
neoplastic drugs. In the NOPHO AML.-93 protocol used
here, dosage was based on body surface area in children
> 2 years of age, and on body weight in younger children.
We found that the TGN concentrations, normalized
for a dose of 200mg 6TG/m?/24h, did not show any
significant difference between children below and above
2 years of age. Thus, our data give no support to dose
reduction of 6TG in infants. However, it must be kept in
mind that only two children were below the age of 1 year
and none below 6 months of age.

Children with DS have an increased risk of developing
acute leukemia, especially AML, where they constitute
10-15% of all children with this diagnosis. Several groups,
including NOPHO, have reported that DS children with
AML have an excellent prognosis when actively treated
[23-26]. There is still, however, much uncertainty about
the optimal dosing of drugs administered in multiagent
treatment courses, because the effect and toxicity of
individual drugs are very difficult to evaluate. To our
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knowledge, data on 6 TG pharmacokinetics have not been
published for children with DS. The NOPHO AMIL.-93
protocol had no recommendations for dosage of 6TG in
DS children, but we found that the DS patients studied
here in practice received considerably reduced doses.
Still, the median TGN concentration tended to be
higher, and after dose normalization it was significantly
higher than in non-DS children. Although the small
number of patients calls for caution, this supports the
idea of dose reduction of 6TG in DS children also in
future protocols. The conclusion also takes into account
that DS children have a higher morbidity than non-DS
children after treatment with anti-cancer drugs, but have
a more favourable long-term outcome in AML [23,26].

A correlation between TGN levels and posttreatment
neutropenia and thrombocytopenia has been reported in
patients receiving maintenance therapy [5,27]. We found
a nonsignificant (P =0.088) correlation between TGN
concentrations and time interval to the next treatment
course in non-DS children. Although WBC counts during
this interval were not available to us, it is reasonable to
presume that neutropenia was the major reason for
prolonging the treatment interval. The DS children all
had marked treatment delays, and part of the explanation
might be neutropenia caused by high TGN levels. We
did not, however, find any correlation between TGN
concentration and our predefined endpoints for clinical
effect, that is, bone marrow morphology after induction
therapy and long-term clinical follow-up. Several factors
might have contributed: 6TG was administered as one
of four drugs during the induction course and was
followed by consolidation blocks without 6 TG, which
might ‘dilute’ or obscure any effect of the drug. Further-
more, it has been reported that TGN concentrations in
neutrophils can differ from those in erythrocytes, and
therefore erythrocyte TGN may not reflect drug exposure
of the target cells as has been presumed [28,29].

We have published data showing that the doxorubicin
plasma concentration is an independent factor for CR
in children with AML treated according to NOPHO
AML-93 [18], but we found no correlation between
etoposide pharmacokinetics and remission or relapse rate
[19]. Our original plan was to measure the plasma level
of all four drugs administered during induction therapy:
cytarabine, etoposide, 6 TG, and doxorubicin. Cytarabine
measurements failed because of the lack of a specific and
reproducible method for analysis of the drug. The other
drugs were successfully analyzed, but for practical reasons
data for all three drugs were not available in all patients
(a major factor was a transport accident). No correlation
was observed, or any trend to a correlation, between TGN
and etoposide steady-state concentrations (7 = 35), or
between TGN and doxorubicin concentrations (7 = 36).
This was not unexpected, because the drugs are
metabolized and eliminated by different pathways. In
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a multivariate analysis, including TGN, doxorubicin and
etoposide concentrations, none of the drugs was an
independent factor for CR. However, complete data were
only available for 25 non-DS patients.

In summary, we found high and constant concentrations
of TGN in erythrocytes 72-106h after twice-daily oral
administration of high-dose 6TG. TGN concentration
varied widely, also after dose normalization. We found no
correlation with demographic, clinical, or biochemical
variables, and literature data indicate that differences in
bioavailability might be the most important explanation to
interpatient variability. Children with high TGN concen-
tration tended to have longer treatment interval to the next
course, but we found no correlation to other parameters
for clinical response, that is, remission and relapse rate.
Therefore, 6T'G does not seem to be a candidate for
therapeutic drug monitoring by TGN measurement, at
least not in the setting of short multidrug treatment
courses. Children with DS had significantly higher TGN
concentrations after dose normalization, indicating that
dose reduction might be considered to reach the same drug
exposure as in non-DS children.
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