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Thiopurine methyltransferase activity is related to the risk of relapse of childhood acute
lymphoblastic leukemia: results from the NOPHO ALL-92 study
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Myelotoxicity during thiopurine therapy is enhanced in
patients, who because of single nucleotide polymorphisms
have decreased activity of the enzyme thiopurine methyltrans-
ferase (TPMT) and thus more thiopurine converted into 6-
thioguanine nucleotides. Of 601 children with acute lympho-
blastic leukemia (ALL) who were treated by the NOPHO ALL-92
protocol, 117 had TPMT genotype determined, whereas for 484
patients only erythrocyte TPMT activity was available. The latter
were classified as heterozygous, if TPMT activity was <141U/
ml, or deficient (<1.01U/ml). 526 patients had TPMT wild type,
73 were presumed heterozygous, and two were TPMT deficient.
Risk of relapse was higher for the 526 TPMT wild type patients
than for the remaining 75 patients (18 vs 7%, P=0.03). In cox
multivariate regression analysis, sex (male worse; P=0.06),
age (higher age worse, P=0.02), and TPMT activity (wild type
worse; P=0.02) were related to risk of relapse. Despite a lower
probability of relapse, patients in the low TPMT activity group
did not have superior survival (P=0.82), possibly because of an
excess of secondary cancers among these 75 patients
(P=0.07). These data suggest that children with ALL and TPMT
wild type might have their cure rate improved, if the pharma-
cokinetics/-dynamics of TPMT low-activity patients could be
mimicked without a concurrent excessive risk of second
cancers.
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Introduction

The impact of pharmacogenetic variation on treatment response
has become a major research area in recent years. However, for
childhood acute lymphoblastic leukemia (ALL) clinical studies
have yielded divergent results.' The thiopurines 6-mercapto-
purine (6MP) and 6-thioguanine (6TG) are among the oldest and
most widely used agents in the treatment of childhood acute
lymphoblastic leukemia (ALL).>™ They primarily exert their
cytotoxicity through conversion into 6-thioguanine nucleotides
(6TGN) that are incorporated into DNA and cause DNA damage
partly by postreplicative mismatch DNA-repair.>~ Interindivi-
dual variations in response to thiopurine therapy are influenced
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by genetically determined polymorphisms in the activity of the
enzyme thiopurine methyltransferase (TPMT).2 TPMT competes
with the formation of 6TGN, as it methylates the thiopurines
(especially 6MP) and some of their metabolites. The methyl-
ated metabolites are relatively non-toxic, although some (for
example, methyl-thioinosine monophosphate) can inhibit
purine de novo synthesis. Approximately 10 percent of all
Caucasian individuals are TPMT heterozygous, with one wild
type and one low-activity allele, and one in 300 individuals are
TPMT deficient with two low-activity alleles.® The natural
substrate of TPMT is not known, and beyond their reduced
tolerance of thiopurines, the TPMT-deficient individuals are
otherwise healthy.

Although (i) TPMT is one of the most widely studied
pharmacogenetic polymorphisms in childhood ALL, (i) TPMT
pheno- and genotyping are done routinely by several collabora-
tive ALL groups,” (i) TPMT low-activity patients have increased
availability of 6MP for 6TGN formation,'® higher E-6TGN
levels,'® and higher risk of myelosuppression,”'" treatment
interruption,'? and second cancer'>'* and (iv) TPMT genotyping
prior to thiopurine therapy of childhood ALL has been claimed to
be cost-effective,' it remains unclear whether children with ALL
and low-activity phenotypes have a relapse rate that differs
significantly from that of TPMT wild-type patients.

Several studies have explored the prognostic impact of TPMT
low-activity geno- and/or phenotypes, but may have lacked
sufficient power to show a statistically significant lower relapse
rate compared with TPMT normal activity patients.”>™'® In a
previous study of children treated according to the NOPHO
ALL-92 study, we showed that TPMT phenotype was signifi-
cantly related to the risk of relapse, but only in a complex model
that also included gender, white blood cell count (WBC) at
diagnosis, the average neutrophil count during maintenance
therapy and the randomized recommendation to adjust therapy
by red blood cell levels of 6MP and MTX metabolite levels. With
longer follow-up and inclusion of additional patients, we show
in this study of 601 patients that ‘TPMT status’ has an
independent impact on the risk of relapse in both uni- and
multivariate analyses.

Patients and methods

Patients
From January 1992 until October 2001, 1703 children 1.0-14.9
years of age were diagnosed with B-cell precursor (pre-B) or
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T-cell ALL in the Nordic countries (Denmark, Finland, Iceland,
Norway, and Sweden). Two patients with Down syndrome
received no antileukemic therapy, 10 patients were treated
according to non-NOPHO protocols, one patient was treated
according to the previous NOPHO ALL-86 protocol, and 45
patients were treated according to the NOPHO ALL-2000
protocol, before it was officially opened. Of the 1645 patients
who started therapy according to the NOPHO ALL-92 protocol,
TPMT pheno- and/or genotype was available for 609 patients
(Table 1), of whom 485 participated in the randomized ALL-92
study of individualized dose adjustments of 6MP and metho-
trexate (MTX) during maintenance therapy.'' Thus, a large
proportion of the patients were included in this study late in
their antileukemic therapy. If patients who experienced an event
prior to the start of maintenance therapy were excluded, the
patients for whom TPMT pheno- and/or genotype were available
did not have an event-free survival that differed significantly
from that of the remaining patients, and that was also the case,
when the risk groups were analysed separately. Two patients,
both with a TPMT wild-type genotype, died in first remission
before the start of maintenance therapy. Another two patients
developed a relapse before the start of maintenance therapy,
one with an M2 bone marrow day 29 (TPMT wild type
genotype) and one with a WBC of 600 x 10%/ at diagnosis
(TPMT heterozygous genotype). Finally, four patients, all of
whom had a TPMT wild type genotype, were treated with
LSA,L, maintenance therapy blocks that each consisted of four
multidrug courses at 2 week intervals with alternating combina-
tions of 6-thioguanine, cyclophosphamide, hydroxyurea, dau-
norubicin, MTX, cytarabine and VCR.'? The remaining 329 boys
and 272 girls with a median age of 4.2 years and a WBC of
6.0 x 10/ constituted the study cohort, and the latter eight
patients, who experienced an event prior to maintenance
therapy or who received LSA,L, maintenance therapy, were
only included in one relapse analysis to demonstrate that their
inclusion did not significantly change the overall results. The
601 patients did not differ significantly from the remaining 716
patients on the NOPHO ALL-92 protocol, who were in first
remission at the start of maintenance therapy, with respect to
gender (P=0.19), age (P=0.31) or WBC at diagnosis (median:

6.0 vs 8.0 x 10%/1, P=0.07), or the fraction of T-ALL (P=0.71).
The ALL-92 protocol was approved by the ethical committee of
Copenhagen (no. V.200.2080/91) as well as by the local ethical
committees, and participants gave informed consent according
to the Helsinki Declaration.

The clinical characteristics and treatment assignment of the
eligible 329 boys and 272 girls are given in Table 1.

Risk group assignment

The risk group assignment was based on age and white blood
cell count (WBC) at diagnosis (SR: age 2.0-9.9 years and WBC
<10.0 x 10%/; IR: age 1.0-1.9 or >10.0 years and/or WBC
10-49.9 x 10%/I; higher risk (that is, high risk (HR) or very high
risk (VHR)): WBC >50.0 x 10%1) and the presence of higher
risk features: T-lineage ALL, the presence of CNS or testi-
cular involvement, translocations t(9;22)(q34;q11) or t(4;11)
(921;923), lymphomatous leukemia or mediastinal lymphoma,
and a poor treatment response (M3 BM at day 15 or M2/M3 at
day 29)." In the NOPHO ALL-92 protocol, patients who had
higher risk features were assigned to the VHR treatment arm, if
they were at least 5 years of age at diagnosis (due to the use of
cranial irradiation in that protocol arm) and in addition had (i)
T-cell disease with one or more additional HR-features, (ii) CNS
leukemia, (iii) lymphomatous leukemia, and/or (iv) higher risk
ALL at diagnosis and a day 15 M3 or a day 29 M2/M3 bone
marrow. All the remaining patients with higher risk features
were assigned to the HR treatment arm. In the NOPHO ALL-92
protocol, patients treated according to the VHR arm received
LSA,L, maintenance therapy, and they were not part of this
study, whereas the SR-, IR-, and HR-ALL patients received oral
MTX/6MP maintenance therapy.'?

Cytogenetics

Only G-band karyotyping was mandatory in the NOPHO ALL-
92 protocol. In addition, many patients were explored with
high-resolution comparative genomic hybridization, fluorescent
in-situ hybridization, and/or reverse transcriptase PCR for
selected translocations. All Nordic karyotypes have subse-

Table 1 Patient characteristics in relation to thiopurine methyltransferase activity®

Wild type® Heterozygous® Deficient® P-value
Male/female* 287/239 41/32 11 0.96
Median age (50% range)* 4.0 (2.8-6.2) 4.4 (3.0-6.4) 6.8 (6.5-7.0) 0.19
Median WBCP (50% range)* 6 (3-18) 6 (4-18) 18 (3-32) 0.94
B-/T-lineage*™ 513/13 68/5 2/0 0.12
Cytogenetics* P=0.51
High-hyperdiploid® or t(12;21)° 172 19 1
Other® 92 18 0
None' 262 36 1
SR/IR/HR? 250/223/53 29/32/12 1/1/0 0.44
Control/TDM/non-randomized” 218/207/101 26/32/15 1/1/0 0.85

%Patients were classified as heterozygous, if they had one low activity allele; if no TPMT genotype was available, they were classified as

heterozygous, if TPMT <14 1U/ml, or deficient if TPMT <1.01U/ml.
PWhite blood cell count at diagnosis.

°Modal chromosome number 51-61).

ITEL/AML1 (= ETV6/RUNX1) translocation.

®Other chromosomal aberrations.

No aberrations detected (see text).

9Standard/intermediate/high risk treatment (defined in text).

h485 patients participated in NOPHO ALL-92 randomized study of therapeutic dose adjustment by red blood cell MTX/6MP metabolite levels,

TDM = pharmacological dose adjustment group (Schmiegelow 20083).
*P>0.10; *P=0.05-0.10.

Leukemia



Schmiegelow, TPMT and risk of relapse of ALL
K Schmiegelow et a/

d

Table 2 Probability of relapse in relation to thiopurine methyltransferase activity®
pRelapse (s.e.) TPMT determined P-value
Wild type Low-activity

Overall 0.18 (0.02) 0.07 (0.03) 0.03
Male/female 0.21 (0.03)/0.14 0.02) 0.07 (0.04)/0.06 (0.04) 0.02
Age 1.0-7.0/8.0-15.0 years 0.16 (0.02)/0.23 (0.04) 0.05 (0.03)/0.12 (0.08) 0.02
WBCP <50/50 x 107/ 0.17 (0.02)/0.22 (0.07) 0.07 (0.03)/0.0 0.03
B-/T-lineage 0.18 (0.02)/0.16 (0.10) 0.07 (0.03)/0.0 0.03
HeH or t(12;21)/other/none® 0.18 (0.03)/0.23 (0.05)/0.15 (0.02) 0.11 (0.07)/0.0/0.08 (0.05) 0.02
SR/R/HR? 0.14 (0.02)/0.20 (0.03)/0.21 (0.06) 0.07 (0.05)/0.09 (0.05)/0.0 0.02
Pharmacology®/control groupf 0.22 (0.03)/0.16 (0.03) 0.06 (0.06)/0.07 (0.05) 0.03

®Patients were classified as heterozygous, if they had one low activity allele; if no TPMT genotype was available, they were classified as
heterozygous, if TPMT <14 1U/ml, or deficient if TPMT < 1.0IU/ml. The numbers of any relapse involving bone marrow, isolated CNS relapses,
isolated testicular relapse, and other relapses for the TPMT"T and TPMT-" patients were 73/9/5/2 and 4/0/1/0, respectively.

PWhite blood cell counts at diagnosis.

°HeH =modal chromosome number 51-61,
none = no aberrations detected (see text).
9Standard/intermediate/high risk treatment (defined in text).

®Pharmacology group = dose adjustments by red blood cell levels of MTX and 6MP metabolites vs
'Control group (see text and reference 11).

t(12;21) = TEL/AML1 = ETV6/RUNX1 translocation, Other=other chromosomal aberrations,
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Figure 1 Treatment elements of standard (SR), intermediate (IR), and high risk (HR) ALL according to the NOPHO ALL 92 protocol (see also the
text). 7 = oral prednisolone (60 mg/m /day). v & V=vincristine (2. Omg/m ). A=doxorubicin (40 mg/m i.v.), N =Erwinia asparagmase
(30000 IU/m? per day for 10 days) o = intrathecal MTX by age. M = high-dose MTX (5 g/m?/24 h or 8 g/m* (HR on[y)) V/P = vincristine (2.0 mg/m?
X 1)/predmsolone (60 mg/m*/day for 7 days) reinductions. l B B MTX 20 mg/m?/week. B2 6MP 75 mg/m?/day. ¢ —cyclophosphamlde (1 g/
m? i.v.). Low-dose AraC (75 mg/m?). [T 6MP or 6TG 60 mg/m?/day. U = daunorubicin (30 mg/m?), %= Erwmla asparaginase (30.000 IU/m
two times weekly for 2 weeks). HC = high dose AraC (2 g/m? two times daily for 3 days). v/p = vincristine (2.0 mg/m* x 1)/prednisolone (40 mg/m*/

day for 7 days) reinductions without or with (/m) methotrexate i.t. in age-adjusted doses.

quently been scrutinized centrally by the NOPHO cytogenetic
working group. The karyotypes of the patients were described
according to ISCN 1995.2° To explore the impact of the
TPMT activity on relapse, the patients were divided into three
cytogenetic subsets: (1) those with a favorable karyotype
(high-hyperdiploidy with a modal chromosome number of
51-61 chromosomes or a t(12;21)[ETV6/RUNXT]-translocation),
(2) those with other aberrations, and (3) those who lacked
karyotyping (N=13) or no aberrant karyotype was identified
(Table 2).

Treatment

Based on risk group assignments, patients were treated accord-
ing to the SR, IR, or HR arm (Figure 1).'° However, for twenty-
three patients the assigned treatment did not match completely
the risk group criteria: Nineteen patients with morphologically
suspected, but uncertain, M3 bone-marrow on day 15 and/or
M2/M3 bone-marrow on day 29 had SR-ALL (N=14) or IR-ALL
(N=5) by all other criteria and were treated according to the SR

or IR treatment arms, respectively. Furthermore, three patients
who fulfilled the SR-ALL criteria were by decision of the treating
physician assigned to the IR-arm, and one patient, who fulfilled
the IR-ALL criteria, was, by decision of the treating physician,
assigned to the SR-arm. Finally, one patient who fulfilled the
VHR criteria received oral MTX/6MP maintenance therapy. Six
of these 24 patients, all of whom had a suspected poor response
to induction therapy (M3 day 15 N=1 or M2/M3 day 29 N=5),
developed a relapse.

As induction therapy, all patients received prednisolone
(60 mg/m?/day on days 1-36, then tapered), weekly vincristine
(VCR, 2.0 mg/m? times six), doxorubicin (40 mg/m? 3 (SR and IR)
or four doses (HR)), Erwinia asparaginase (30 000 1U/m? daily on
days 37-46), and intrathecal (i.t.) MTX on four occasions.

Consolidation therapy for SR-ALL included three courses of
high-dose MTX (HD-MTX) 5g/m*24h with i.t. MTX and
Leucovorin rescue, whereas patients with IR-, or HR-ALL
received alternating series of (a) i.v. cyclophosphamide (total
cumulative dose: 3g/m2) with low-dose cytarabine (AraC) and
either oral 6MP or oral 6TG; (b-1) IR: oral 6MP (25 mg/m?*/day)
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with four courses of HD-MTX 5g/m*/24h with i.t. MTX and
Leucovorin rescue at 2-week intervals; (b-2) HR: HD-MTX 8g/
m?24h with i.t. MTX and Leucovorin rescue times four,
alternating with high-dose AraC (12 g/m?) times four with two
2-month intervening periods of oral weekly MTX and daily 6MP
with two VCR/prednisolone reinductions per period; (c) 4 weeks
of delayed intensification with dexamethasone (10 mg/m?/day
for 3 weeks, then tapered), weekly VCR (2.0 mg/m? four times),
weekly anthracycline (30 mg/m?/day doxorubicin three times
(HR) or daunorubicin four times (IR)), and Erwinia asparaginase
(30.000 1U/m? four times). '’CNS irradiation was not given to
any of the patients.

6MP/MTX maintenance therapy was initiated at treatment
weeks 13 (SR), 32 (IR), or 63 (HR) and continued until 2 (IR and
HR) or 23 years (SR) after diagnosis. The starting dose of 6MP
was 75 mg/m?/day and of MTX was 20 mg/m?/week. During the
first year of maintenance therapy, patients with SR- or IR-ALL
received alternate pulses at 4-week intervals of (i) VCR (2.0 mg/m?
once) and prednisolone (60 mg/m?*/day for 1 week) and (ii)
HD-MTX 5 g/m?/24 h with i.t. MTX and Leucovorin rescue until
five courses of HD-MTX had been given. Every 8 weeks
throughout maintenance therapy, HR patients received reinduc-
tions of VCR (1.5 mg/m? once) and prednisolone (40 mg/m?/day
for 5 days) with i.t. MTX. Between 1992 and 1996, 538 patients
with SR-, IR-, or HR-ALL, of whom 485 were included in the
present study, were entered into the randomized ALL-92
maintenance therapy trial. It explored the prognostic impact of
pharmacologically based monitoring and dose adjustments
of oral 6MP/MTX maintenance therapy by erythrocyte levels of
6TGN and MTX."" As part of that study, and in addition to
almost 10000 measurements of red blood cell 6MP and MTX
metabolite levels, 28 580 data sets of MTX and 6MP doses as
well as parameters for myelo- and hepatotoxicity were
registered."’

TPMT

In total, TPMT genotype data (presence of TPMT low-activity
polymorphisms G460A and/or A719G) were available for 117
patients, whereas for 484 patients only erythrocyte TPMT
activity was available, and it was measured 1-5 times during
maintenance therapy, as described earlier.”' The TPMT pheno-
and genotype were not revealed to the physicians, when the
patients were on therapy. For patients with more than one TPMT
activity measurement, an arithmetic mean TPMT activity was
calculated. All TPMT phenotype assays were performed at least
8 weeks after the most recent blood transfusion. The antimode of
the TPMT activity distribution was 141U/ml."* The 62 patients
below that level, and for whom no TPMT genotype was
available, were classified as TPMT presumed heterozygous
(N=160; median TPMT-activity: 10.4, range: 6.2-13.9 [U/ml) or
TPMT deficient (0.01 and 0.58 IU/ml, respectively). Among the
39 patients for whom both TPMT geno- and phenotyping was
available, all nine patients who were TPMT heterozygous by
genotyping had TPMT activity <141U/ml. However, also four
out of thirty patients (13%), who had the wild-type genotype,
had TPMT activity <141U/ml (range: 9.0-13.4), but were
classified by their genotype as TPMT wild type. In total, 526
patients were classified as TPMT wild type, 73 as heterozygous,
and two as TPMT deficient. In the following analyses the latter
two subsets were grouped together as TPMT low activity
(TPMT™Y), which included all patients with a heterozygous
genotype as well as the presumed heterozygous patients (TPMT
activity <141U/ml, no genotype available), and the remainder
as TPMT wild type (TPMTWT). The fraction of patients classified
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as TPMT* was the same for the 485 patients, who participated
in the randomized maintenance therapy study (12.4%) and the
116 who did not (12.9%).

Statistics

Survival analyses were performed with a basic time scale
defined by the date of diagnosis. Patients who died in first
remission (N=3) or developed second malignant neoplasms
(N=13) were censored at the time of these events in the
analyses of risk factors for a leukemic relapse. Cox proportional
hazard regression analyses were performed with the likelihood
ratio test for differences in outcome.?”?* Non-parametric
methods were applied to compare the distribution of parameters
between subgroups.”* The Kaplan-Meier method was applied
for estimation of remission duration and for the generation of
survival curves.> Subgroups were compared with the log-rank
test,2° stratified where needed. Two-sided P-values <0.05 were
regarded as significant.

Results

After a median follow-up of the 491 patients who did not
experience an event of 12.4 years (50% range: 10.7-13.8 years),
94 patients had developed a relapse 0.9-12.0 years from diagnosis
(median: 3.7 years), with a cumulative incidence of relapse of
0.16. Of the 94 relapses, 77 involved the bone-marrow, and 17
involved the CNS, of which nine were isolated. The overall
cumulative risk of CNS relapse was 0.03 £ 0.01. Three patients, all
being TPMT"T, died in first remission. Thirteen patients developed
a second malignant neoplasm, four of whom were TPMT™*
patients (P=0.07), of which 11 died, including all four TPMTHA
patients. Owing to this excess of second malignant neoplasms the
overall survival did not differ between the TPMT* and the
TPMT™T patients (0.90 for both groups).

The risk of relapse was significantly lower for the 75 TPMT**
patients than for the 526 TPMT' patients (73 vs 18+ 2%;
P=0.03) (Figure 2). If the TPMT group was assigned by TPMT
activity first and then by TPMT genotype, or if the four patients
who were classified as TPMTW' due to their TPMT genotype
were excluded, the differences in relapse rate were still
statistically significant. The difference in relapse rate was even
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Risk of relapse

Years from diagnosis

Figure 2 Risk of relapse with respect to the TPMT activity. Lower
curve: TPMT low-activity patients (TPMT heterozygous (N=73) or
TPMT deficient (N=2), relapse risk: 7+3%). Upper curve: TPMT
wild-type patients (N=1526, relapse risk: 18 +2%); P=0.03.



more pronounced, if the 24 patients with protocol violations in
risk and treatment assignment were excluded from the analysis
(4£2 vs 17 £2%; P=0.007). In addition, if the eight patients,
who received LSA;L, maintenance therapy or who had an event
before initiation of MTX/6MP maintenance therapy were
included, the difference in relapse still remained significant
(813 vs 18 £2%; P=0.045). Finally, if only patients with TPMT
phenotyping were included, the TPMT presumed heterozygous
patients (TPMT activity <141U/ml) had a significantly lower
relapse risk than the TPMT presumed wild type (TPMT activity
>141U/ml) (63 vs 191 2%; P=0.02).

The relapse rate for patients classified as TPMT wild type
was higher than for patients with low TPMT activity across all
analysed ALL subtypes, which included sex, age groups,
WBC groups, B-lineage versus T-lineage ALL, and karyotype
subsets (Table 2). Thus, in the survival analyses the differences
in relapse rate remained significant when the TPMT high
and low-activity groups were compared with the analyses
stratified for these parameters. That was also the case when the
survival analyses were stratified by whether the patients were
randomized to the control arm (N=245) or the pharmacology
arm (N=240) in the NOPHO ALL-92 maintenance therapy
study'" (Table 2).

We used Cox multivariate regression analysis to test the effect
on relapse risk of sex, WBC at diagnosis, age at diagnosis,
karyotype subgroup, immune phenotype, and TPMT group
(TPMT** =1 vs TPMTWT=2). Sex, age and TPMT group were
significantly related to the risk of relapse (overall P-value of the
Cox model: 0.002). Owing to major differences in the
distribution of clinical characteristics among the patients, the
Cox regression analysis was repeated after stratification by
immunophenotype (T- vs non-T cell ALL), which did not
significantly change the variables in the Cox model or their
coefficients. This was also the case when Cox regression
analysis was stratified by karyotype groups (favorable karyotypes
(see cytogenetics section) vs other aberrations vs normal/
missing). Thus, the best-fit model included as covariates sex
(male=1, female=2; B (regression coefficient)=—0.41,
P=0.06), age at diagnosis (B=0.069, P=0.02), and TPMT
group (B=1.06, P=0.02). None of the other covariates reached
a significance level <0.10 in any of the backward steps. To
explore the impact of the actual TPMT activity measured for
those 523 patients for whom this measure was available, we
repeated the Cox analysis with stratification for the TPMT group
(TPMT™* or TPMTWT). In that analysis sex (B=—0.41, P=0.07),
age at diagnosis (B=0.088, P=0.003), and the TPMT activity
(B=0.076, P=0.05) were related to risk of relapse (overall P-
value of the Cox model: 0.002).

Compared to patients who were classified as TPMT"", those
who belonged to the TPMT** group received lower average
6MP doses (Median: 52.1 vs 60.1 mg/m?®/day, P<0.001) and
average MTX doses (Median: 14.1 vs 15.8 mg/m?/week,
P=0.001) during maintenance therapy; they achieved lower
absolute neutrophil counts (ANC, median: 1.86 vs 1.98 x 10%/1;
P=0.12); and they achieved higher erythrocyte 6TGN levels
(Median: 338 vs 161 nmol/mmol hemoglobin; P<0.001) but
lower erythrocyte MTX polyglutamate levels (Median: 5.2 vs
5.7 nmol/mmol hemoglobin; P=0.009). For the 484 TPMT
phenotyped patients, TPMT activity was related to the average
erythrocyte  6TGN level achieved during maintenance
(rs=—0.58, P<0.001), and this correlation was more pro-
nounced for those with TPMT activity below <14I1U/ml
(rs=—0.53, P<0.001), than for the TPMT presumed wild type
patients (rs=-0.13, P=0.009). Overall, the patient who
developed a relapse did not have higher erythrocyte 6TGN
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Figure 3 Risk of relapse with respect to the TPMT activity and the
average absolute neutrophil counts (ANC) during maintenance
therapy. The median for all patients is 1.96 x 10%1. @) TPMT wild
type and ANC >1.96 x 10%/1, relapse risk: 23 +3%; (b) TPMT wild
type and ANC <1.96 x 10%I, relapse risk: 13 £2%; (c) TPMT low
activity and ANC >1.96 x 107, relapse risk: 9+ 6%; (d) TPMT low
activity and ANC <1.96 x 10%I, relapse risk: 6 + 4%; P=0.001 (trend
analysis, log-rank Mantel-Cox linear trend analysis).

levels than those who stayed in remission (P=0.31), and the 35
patients with 6TGN levels above 338 nmol/mmol hemoglobin
(median of the TPMT** patients) did not have a relapse rate that
differed significantly from the remaining patients (P=0.35). The
median ANC during maintenance therapy for the 481 patients for
whom this information was available, was 1.96 x 107/I. Among
the TPMTWT patients, those with an average ANC below
1.96 x 10%/1 had a significantly lower risk of relapse than those
with higher ANC levels (0.13+£0.02 vs 0.23+0.03; P=0.01)
(Figure 3).

Discussion

Increased understanding of interindividual variation in the
disposition of anticancer drugs and the sequencing of the
human genome have raised expectations for individualized
therapy based on the pharmacogenetic classification of
patients,”” not least since high-throughput technology has
facilitated exploration of the pharmacogenomic fraction of the
millions of single nucleotide polymorphisms (SNP) that occur at
a frequency of more than 1%.?® One of the most explored
polymorphisms in childhood ALL therapy involves TPMT (E.C.
2.1.1.67), an enzyme that methylates 6MP, 6TG, and some of
their metabolites. Of these, 6-methyl-thioinosine 5’-monopho-
sphate can inhibit purine de novo synthesis, which may
enhance the incorporation of 6TGN into DNA.??

Although several previous studies have indicated that TPMT
heterozygous patients have a reduced risk of relapse, they have
lacked sufficient power to be able to demonstrate significant
differences in cure rates between wild type and low-activity
patients.'®™'® Thus, in a recent report from the St Jude Childrens
Research Hospital the hematologic relapse of the TPMT* and
TPMTWT patients were very similar to the relapse rates of this
study (6.7 and 13.2%, respectively).’® The pharmacodynamics
behind the superior outcome of the TPMT low-activity patients
in this study may involve several treatment phases in which
thiopurines are given together with other anticancer agents: (i)
together with cyclophosphamide and low dose AraC during
consolidation (6MP, 60mg/m?) and delayed intensification
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therapy (6TG, 60mg/m?®) for IR- and HR-ALL, (i) during
consolidation therapy (6MP 25mg/m?) together with four
courses at 2-week intervals of HD-MTX (5g/m?*/24h) for IR-
ALL; (iii) during maintenance therapy together with low-dose
oral MTX for all risk groups; and (iv) during the early phase of
maintenance for SR- and IR-ALL, where five reinductions with
HD-MTX 5g/m?24h are given at 8-week intervals on a
backbone of 6MP (75 mg/m?).

This study may have underestimated the superior outcome of
the TPMT"* patients treated by the NOPHO ALL-92 protocol. Of
the five relapses among these patients, two patients had a
suspected poor response to induction therapy with a day 15 M3
bone marrow (N=1) or a day 29 M2/M3 bone marrow (N=1),
but were by decision of the local physician treated according to
the SR- and [R-protocols, respectively. In addition, one patient
may not have had a TPMT low-activity allele, as no TPMT
genotype was available, the TPMT activity was 13.91U/ml, and
the mean erythrocyte 6TGN level was only 145 nmol/mml Hb,
even though the average 6MP dose was 88.5 mg/m?.

Consolidation therapy with 6MP or 6TG (60 mg/m?) together
with cyclophosphamide and low-dose AraC'® was in NOPHO
ALL-92 given to IR- and HR-ALL patients. This drug combination
is very efficacious in reducing the level of residual leukemia,
which improves cure rates,>' and the reduction of residual
leukemia was more pronounced for TPMT low activity
compared with wild type patients. Thus, in a BFM study of
treatment response to a combination of 6MP, cyclophospha-
mide and low-dose AraC, 55 patients heterozygous for allelic
variants of TPMT, conferring on average a 50% reduction in
enzyme activity, had a significantly lower rate of MRD positivity
(9.1%) at the end of the this consolidation phase compared with
755 patients who had homozygous wild type alleles (22.8%)
(P=0.02).>> However, in this study the difference in outcome
was as pronounced for SR-ALL as for IR- and HR-ALL, even
though the SR-ALL patients did not receive this kind of
consolidation therapy.

Several in vitro®® and in vivo studies have demonstrated the
synergistic effect of 6MP and MTX. In the NOPHO ALL-88 study
of oral 6MP/MTX maintenance therapy, the most significant
pharmacological parameter which predicted the risk of relapse
was the product of the red blood cell levels of MTX-
polyglutamates and 6TGN.>* In addition, the most significant
parameter to predict the rise in WBC levels after cessation of
oral 6MP/MTX maintenance therapy was also the product of red
blood cell levels of MTX-polyglutamates and 6TGN.?> Further-
more, several studies have demonstrated that the toxicity of
HD-MTX is influenced by the treatment intensity of 6MP given
concurrently. First, if HD-MTX (5.0 g/m?/24 h) is given without
6MP, the subsequent myelotoxicity is very limited.*® Second, as
the dose of 6MP is increased, so is the degree of myelotoxicity,
even if the HD-MTX dose is unchanged, and individual
adjustments of the 6MP dose can reduce the degree of bone-
marrow suppression.>®3” Third, patients with TPMT deficiency
are at especially high risk for myelosuppression when 6MP is
coadministered with HD-MTX.?® Fourth, it is possible that i.t.
MTX, which may result in significant systemic MTX exposure
and intracellular concentrations,® could have influenced the
relation between TPMT genotype and post-consolidation
residual leukemia in the study reported by Stanulla et al.*? As
HD-MTX in the NOPHO ALL-92 protocol was given together
with 6MP, both during the consolidation phase (6MP: 25 mg/m?;
IR-ALL) and during maintenance therapy (6MP: 75 mg/m?; SR-
and IR-ALL), it cannot be determined which 6MP dosages and
treatment phases were responsible for the reduced relapse rate
among TPMT low-activity patients.

Leukemia

The present study indicates that even among TPMT wild type
patients the variation in the TPMT phenotype, that is, enzyme
activity, may influence the risk of relapse. This observation
emphasizes that, although the genotype of a given polymorphic
enzyme may be predictive for efficacy or toxicity, even within
the same genotype, patients may differ in their response. Thus,
genotyping should, in general, be seen as a supplement to
phenotyping rather than a substitute.

The vast majority of the patients in this study had non-B ALL
with a WBC at diagnosis less than 50 x 10%1, so this study does
not allow conclusions to be drawn with respect to patients with
higher risk criteria, including T-lineage ALL. This reflects the fact
that most patients had their TPMT pheno- or genotype
determined after they initiated maintenance therapy, that is, as
part of the randomized NOPHO ALL-92 study, which included
only 60 patients with HR-ALL. Of interest, none of the five cases
of T-ALL and none of the 12 cases of HR-ALL who had TPMT
low activity developed a relapse.

This study indicates that childhood ALL may be far more
chemosensitive than what is shown by the event free survival
curves of contemporary protocols, and that individualization of
therapy to mimic the pharmacokinetics and -dynamics of TPMT
low-activity patients might significantly increase the cure rates
of childhood ALL. One feature of TPMT heterozygosity is the
higher intracellular levels of 6TGN.*® Two European and one
US randomized trials have compared 6TG and 6MP in MTX/
thiopurine maintenance therapy with 6MP, of which the British
and German studies have been published.*'** Only the British
study®' showed a reduced relapse rate in the 6TG arm, which
however was counteracted by a 10% risk of veno-occlusive
disease (VOD) as also reported by others.*> As an alternative,
the use of non-steroidal anti-inflammatory agents that may
inhibit TPMT has been proposed,** and 5-aminosalicylic acid,
an inhibitor of TPMT** has been shown to increase E-6TGN
levels during 6-mercaptopurine therapy.*®*”  Prospective
studies are needed to explore the efficacy of such drug-drug
interactions.

Owing to their higher risk myelosuppression' and supposed
risk of second malignant neoplasms,n/13 NOPHO have since
2001 in their ALL-2000 and ALL-2008 protocols adjusted the
initial 6MP dosage in maintenance therapy according to the
TPMT genotypes (75 mg/m? for wild type patients, 50 mg/m?* for
heterozygous patients, and 10mg/m? for TPMT-deficient
patients). Subsequently, the 6MP dose is adjusted to the same
WABC target. It is yet to early to determine whether this strategy
has changed the relapse rate for the TPMT heterozygous/
deficient patients.

In conclusion, pharmacogenomic exploration is more than
an attempt to understand the pharmacological background
for leukemic relapse and serious adverse events, such as
second cancers. It may make it possible to identify patients
with pharmacogenetically determined reduced relapse rates,
and thus could help to set a target for cure rates when drug
metabolism is optimal. In this respect, it may also indicate
which drugs, treatment phases, and metabolic pathways are of
greatest importance, and it may help to identify amendments to
therapy or use of alternate drugs that could improve cure rates.
Therefore, ‘pharmacogenetic exploration’ should be integrated
into the research arms of collaborative protocols.
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