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Maintenance therapy (MT) with oral methotrexate (MTX) and 6-mercaptopurine (6-MP) is essential for the cure of acute
lymphoblastic leukemia (ALL). MTX and 6-MP interfere with nucleotide synthesis and salvage pathways. The primary cytotoxic
mechanism involves the incorporation of thioguanine nucleotides (TGNs) into DNA (as DNA-TG), which may be enhanced by the
inhibition of de novo purine synthesis by other MTX/6-MP metabolites. Co-medication during MT is common. Although
Pneumocystis jirovecii prophylaxis appears safe, the benefit of glucocorticosteroid/vincristine pulses in improving survival and of
allopurinol to moderate 6-MP pharmacokinetics remains uncertain. Numerous genetic polymorphisms influence the pharmacology,
efficacy, and toxicity (mainly myelosuppression and hepatotoxicity) of MTX and thiopurines. Thiopurine S-methyltransferase
(encoded by TPMT) decreases TGNs but increases methylated 6-MP metabolites (MeMPs); similarly, nudix hydrolase 15 (encoded by
NUDT15) also decreases TGNs available for DNA incorporation. Loss-of-function variants in both genes are currently used to guide
MT, but do not fully explain the inter-patient variability in thiopurine toxicity. Because of the large inter-individual variations in MTX/
6-MP bioavailability and metabolism, dose adjustments are traditionally guided by the degree of myelosuppression, but this does
not accurately reflect treatment intensity. DNA-TG is a common downstream metabolite of MTX/6-MP combination chemotherapy,
and a higher level of DNA-TG has been associated with a lower relapse hazard, leading to the development of the Thiopurine
Enhanced ALL Maintenance (TEAM) strategy—the addition of low-dose (2.5-12.5 mg/m?/day) 6-thioguanine to the 6-MP/MTX
backbone—that is currently being tested in a randomized ALLTogether1 trial (EudraCT: 2018-001795-38). Mutations in the
thiopurine and MTX metabolism pathways, and in the mismatch repair genes have been identified in early ALL relapses, providing
valuable insights to assist the development of strategies to detect imminent relapse, to facilitate relapse salvage therapy, and even

to bring about changes in frontline ALL therapy to mitigate this relapse risk.
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INTRODUCTION
Overall survival (OS) of acute lymphoblastic leukemia (ALL) has
improved tremendously in recent decades and now exceeds 90%
in children who receive the best contemporary therapy [1]. The
path to this success was laid down more than half a century ago,
when the folate analogue aminopterin (later replaced by
methotrexate [MTX]) and the thio-substituted purine analogue
6-mercaptopurine (6-MP) were shown to induce temporary
remission of ALL [2, 3]. Subsequently, remissions induced by
vincristine (VCR) and glucocorticosteroids led to a steady increase
in cure rates when remission was followed by maintenance
therapy (MT) with oral daily 6-MP and weekly MTX until 2-2.5
years post remission [4].

In this review, we address the mode of action of MT, its
necessary duration, strategies for dose adjustment and

therapeutic drug monitoring, the impact of pharmacogenomic
variants, mechanisms of relapse and drug resistance during MT,
and novel approaches to improving MT.

MAINTENANCE DURATION

A meta-analysis of individual patient data from 3 115 children
from 14 randomized trials investigating shorter vs. longer MT (2
years vs. 3 years or more) found that longer MT did not increase
OS [5]. Further, there was no difference between boys and girls in
terms of the effect of treatment length on event-free survival (EFS)
and OS [5]. Male sex has historically been considered an adverse
prognostic factor; consequently, on some protocols, male patients
have received longer therapy than female patients. This sex-
associated difference has, however, diminished with the advent of
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Fig.1 Thiopurine and methotrexate metabolism and mechanisms of thiopurine resistance. MTX is polyglutamated intracellularly by FPGS.

6-MP is metabolized through three competing pathways: conversion to thiouric acid by XO, methylation to MeMPs by TPMT, and conversion
to TGNs. This multi-step process involves conversion to TIMP by HGPRT followed by conversion to TGMP by IMPDH and GMPS. Subsequently,
deoxynucleoside kinases and reductase generate TGDP and then TGTP, which is incorporated into DNA (as DNA-TG) in competition with
natural guanine. This process is counteracted by NUDT15, which dephosphorylates TGNs. Conversely, 6-thioguanine (6-TG) is converted
directly to TGMP by HGPRT. Many of the intermediary thiopurine metabolites are substrates for TPMT, creating inactive metabolites (MeMP,
MeTG, and MeTGMP), although MeTIMP is a potent inhibitor of de novo purine synthesis. Mutations in NT5C2, MSH6, and PRPST illustrate
mechanisms of thiopurine resistance resulting in early leukemic relapse. Figure created with BioRender.com. 6-MP 6-mercaptopurine, 6-TG 6-
thioguanine, DNA-TG DNA-incorporated thioguanine, FPGS folylpolyglutamyl synthetase, GMPS guanine monophosphate synthetase, HGPRT
hypoxanthine-guanine phosphoribosyltransferase, IMPDH inosine monophosphate dehydrogenase, ITPA inosine triphosphate pyropho-
sphatase, M+ DPK monophosphate and diphosphate kinases, MeMP methyl-mercaptopurine, MeMPs methylated 6-mercaptopurine
metabolites, MeTG methyl-thioguanine, MeTIMP methyl-thioinosine monophosphate, MSH6 MutS homolog 6, MTX methotrexate, NUDT15
nudix hydrolase 15, PRPS1 phosphoribosyl pyrophosphate synthetase 1, TGDP thioguanine diphosphate, TGMP thioguanine monophosphate,
TGN thioguanine nucleotide, TGTP thioguanine triphosphate, TIMP thioinosine monophosphate, TITP thioinosine triphosphate, TPMT

thiopurine S-methyltransferase, XO xanthine oxidase.

intensified, risk-based therapy, and although a recent study found
that boys with B-cell ALL still experience inferior EFS and OS when
compared to girls [6], longer MT for boys has largely been
abandoned [4] (Supplementary Table 1). Reducing the total
duration of chemotherapy to 18 months or less has been
attempted, but this significantly increases the relapse rate [7].
Yet, even with truncation of chemotherapy at 1 year after
diagnosis (6 months of MT), 60% of patients are cured [7].
However, identifying the subset of patients who need longer MT
remains a challenge. Retrospective analysis of cytogenetic subsets
indicated that more than 90% of patients with t(12;21)
[ETV6-RUNX1] or t(1;19)[TCF3-PBX1] translocations were cured
with only 1 year of chemotherapy [7]. There was no stratification
of outcome analyses by the level of minimal residual disease
(MRD) during the first months of therapy, and it therefore remains
unclear whether MT can be shortened for patients who experience
deep molecular remission after the first months of treatment.

METHOTREXATE

As an antifolate, MTX exerts its cytotoxicity by depleting reduced
folates and directly inhibiting distal steps in nucleotide synthesis,
thereby blocking thymidine and de novo purine synthesis (DNPS),
which is paramount for the survival of leukemic stem cells [8, 9].
MTX is a pro-drug that is polyglutamated intracellularly by
folylpolyglutamyl synthetase (FPGS), with up to seven gamma-
linked glutamic acid residues (Fig. 1). Longer glutamate chains
facilitate intracellular drug retention, as well as higher affinity for
target enzymes in folate metabolism, such as dihydrofolate
reductase (DHFR) [8]. Measurement of the cumulated MTXpg2-6
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has been proposed as a means of therapeutic drug monitoring,
eliminating the short-term fluctuation in MTXpg1 associated with
MTX intake [10]. MTXpg4 dominates during MT, accounting for
30% of the long-chained MTXpg3-6 and having a 96% correlation
with the variation in the summarized MTXpg3-6 [10].

The toxicity of MTX at low doses primarily manifests as
moderate myelosuppression and hepatotoxicity, whereas high-
dose MTX (HD-MTX), i.e., 24-h intravenous infusion of 5 g/m? with
subsequent leucovorin rescue, is associated with acute severe
renal, neuro, and hepatotoxicity [11].

6-MERCAPTOPURINE

The pharmacokinetics of oral 6-MP is characterized by low
bioavailability, on average less than 20%, due to first-pass
metabolism by xanthine oxidase in the intestinal mucosa and liver
[12]. As a pro-drug, 6-MP undergoes extensive intracellular
metabolism by enzymes in the de novo and salvage purine
biosynthesis pathways, ultimately forming 6-thioguanine nucleo-
tides (TGNs) [9, 13] (Fig. 1). These nucleotide analogs are then
incorporated into the DNA double strand (as DNA-TG) in competi-
tion with natural guanine, with a median of approximately 1 in 6000
nucleotides being thioguanine (TG) substituted during MT [14].
DNA-TG can undergo random methylation, favoring mismatching
with thymine (T). TG-T mismatching is recognized by the mismatch
repair (MMR) system, with MutS homolog 6 (MSH6) playing a key
role; however, as the aberrant base is in the template strand, it
ultimately leads to DNA strand breaks and apoptosis [13]. Higher
levels of DNA-TG have been associated with a reduced relapse
hazard [14, 15]. There are many other intermediate thiopurine
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metabolites, some of which have also been linked to anti-leukemia
effects. For example, thioinosine nucleotides and their methyl-
derivatives (MeMPs) can directly inhibit DNPS [9, 13] (Fig. 1).

The complex processes by which thiopurines are metabolized
give rise to wide inter-individual variability in the systemic
exposure to these drugs. Consequently, both the efficacy and
toxicity of thiopurines are highly variable, and a plethora of
genetic factors (see below) and non-genetic factors have been
implicated in influencing thiopurine pharmacology.

6-THIOGUANINE

Like 6-MP, 6-thioguanine (6-TG) exerts its cytotoxicity through
DNA-TG, but its intracellular pathway is more direct, and early on it
was regarded superior to 6-MP, e.g., higher potency and requiring
a shorter duration of exposure for cytotoxicity [16]. 6-TG has been
used mainly in the treatment of acute myeloid leukemia, but
contemporary use also includes the consolidation phases of
childhood ALL treatment, and long-term treatment of inflamma-
tory bowel disease.

Three randomized trials have evaluated the replacement of
6-MP with 6-TG in childhood ALL MT, using 6-TG doses of 40-60
mg/m?/day [17-19]. In a meta-analysis of individual patient data
from 4000 patients randomized in these trials, a significant benefit
with respect to EFS was seen only in boys younger than 10 years
of age (OR=10.70; 95% confidence interval: 0.58-0.84); there was
no benefit with respect to OS [20].

Patients receiving 6-TG exhibit seven-fold higher erythrocyte
(Ery)-TGN concentrations when compared to patients receiving
6-MP [21]. However, when 6-MP is replaced with 6-TG, inhibition
of DNPS by MeMPs is lost, which may account for the overall lack
of improved efficacy in these trials. Consistent with this, the DNA-
TG levels obtained with 6-TG and 6-MP administered in
equipotent doses are almost identical [22]. Furthermore, patients
receiving 6-TG experienced significant hepatotoxicity in the form
of acute sinusoidal obstruction syndrome (SOS) (see below).

INTERACTION OF THIOPURINES AND METHOTREXATE

MTX increases the bioavailability of 6-MP by inhibiting xanthine
oxidase, which catabolizes 6-MP [23] (Fig. 1). Inhibition of DNPS by
MTX and MeMPs leads to increased levels of phosphoribosyl
pyrophosphate, which can increase both the formation of TGNs
and their incorporation into DNA [24]. There is a significant, albeit
weak, correlation between Ery-TGNs and Ery-MTXpgs during MT
[25]. DNA-TG is associated with Ery-TGNs, Ery-MeMPs, and Ery-
MTXpg2-6 [26].

THIOPURINE ENHANCED ALL MAINTENANCE (TEAM)
STRATEGY

The addition of low-dose, slowly titrated 6-TG to the conventional
MTX/6-MP maintenance backbone should, theoretically, increase
DNA-TG markedly, because 6-TG leads to increased cytosol TGN,
and both MeMPs and MTXpgs will inhibit DNPS and, thus,
enhance DNA-TG incorporation. In the recently piloted TEAM
strategy, 2.5 mg/m?*/day 6-TG is initially added to an MT backbone
of 6-MP (50 mg/m?/day) and MTX (20 mg/m?*/week) [27]. Subse-
quently, the 6-TG dose is increased in steps of 2.5 mg/m*/day at
2 weeks intervals to identify the maximum tolerated dose for the
individual patient, up to a capping dose of 12.5 mg/m?/day. In this
pilot study, 24 of 30 patients (80%) tolerated the maximum 6-TG
dose [27]. When DNA-TG levels obtained with the TEAM strategy
were compared with data from the Nordic Society for Pediatric
Hematology and Oncology (NOPHO) ALL2008 trial, which included
repetitive DNA-TG measurements in 918 patients with ALL [14],
the TEAM strategy significantly increased DNA-TG levels (with a
mean increase of 272 fmol/pg DNA; P < 0.0001). Such increments
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theoretically lead to a 59% reduction in the relapse hazard [27].
The TEAM strategy is now being tested in a randomized sub-
protocol in the ALLTogether1 trial (EudraCT: 2018-001795-38).

ADVERSE EFFECTS OF THIOPURINES

Thiopurines are reasonably well tolerated, with myelosuppression
being the most common dose-limiting toxicity. Pharmacogenetics
strongly influence the risk of thiopurine-related myelosuppression,
with variations in thiopurine S-methyltransferase (TPMT) and
nudix hydrolase 15 (NUDT15) genes accounting for approximately
45% of the interpatient variability (see below).

Thiopurines frequently cause hepatotoxicity, mainly manifested
as elevated serum aminotransferases without other signs of liver
dysfunction [28]. The underlying pharmacologic mechanism is not
clearly understood, although an association of transaminitis with
high levels of MeMPs is established [29]. Fasting hypoglycemia
during MT has also been associated with high levels of MeMPs
[30]. Co-administration of allopurinol can reduce the level of
MeMPs and alleviate hepatotoxicity and gastrointestinal toxicity
through the inhibition of TPMT [31, 32]. However, this requires
dose reduction of 6-MP, and the impact on relapse risk is unknown
because TPMT low activity only moderately increases DNA-TG and
a TPMT low activity genotype was not related to relapse risk in
recent trials [33, 34]. Most importantly, allopurinol has not been
tested in children with ALL in a randomized trial, although the
combination of thiopurine and allopurinol has been shown to
increase efficacy in patients with ulcerative colitis [35].

SOS is a severe hepatotoxicity, caused by disturbed micro-
circulation, that has mostly been reported with 6-TG therapy. SOS
is one of the most frequent life-threatening complications of
hematopoietic stem cell transplantation, with a mortality rate of
20% [36]. In contrast, SOS during chemotherapy is reported less
frequently, can generally be managed conservatively or, in severe
cases, with defibrotide, and is almost never fatal [37, 38]. In the
three above mentioned randomized trials, 10%-25% of patients
receiving 6-TG (40-60 mg/m?/day) experienced SOS [17, 19] or
discordant thrombocytopenia [18] and 2.5% developed chronic
hepatotoxicity including nodular regenerative hyperplasia (NRH)
[39]. Even with short-term high-dose 6-TG during late intensifica-
tion phases, the risk of SOS is increased [37]. Furthermore, the risk
of developing SOS was 22 fold higher for TPMT heterozygous
patients, as compared with TPMT wild-type patients (the general
impact of TPMT is discussed below) [37]. Both the occurrence and
severity of 6-TG-related hepatotoxicity appear to be highly dose-
dependent, and it rarely occurs at doses below 12 mg/m?*/day [39].

Both SOS and NRH are often accompanied by thrombocytope-
nia [20, 39]. Of note, high DNA-TG levels do not appear to be
associated with an increased risk of SOS, nor with thrombocyto-
penia during MT [22]. In the TEAM pilot study, no hepatic serious
adverse events (including SOS) were reported, and TEAM therapy
was not associated with biochemical signs of increased hepato-
toxicity or thrombocytopenia [27]. Therefore, the TEAM strategy is
not anticipated to lead to excess hepatotoxicity in the form of
SOS/NRH. However, with the introduction of new drugs for ALL
such as inotuzumab, which can also cause SOS, especially if
followed by hematopoietic stem cell transplantation [40], caution
should be exercised when combining these agents, and further
mechanistic studies are warranted to inform their proper use
during antileukemic therapy.

MEASURES OF TREATMENT INTENSITY AND NOVEL
BIOMARKERS FOR THERAPEUTIC DRUG MONITORING
Contemporary protocols use starting doses of 50-75 mg/m?/day
for oral 6-MP, and 20-40 mg/mz/week for oral MTX (Supplemen-
tary Table 1). Doses are subsequently titrated to obtain a target
degree of myelosuppression, as evaluated via the white blood cell
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count (WBC) or absolute neutrophil count (ANC), of which the ANC
appear to be the most significant predictor of relapse [41].
However, there is no international consensus on dose titration
strategies. Although some studies have associated dose intensity
with EFS [42], this association has not been confirmed in more
recent trials [14, 43]. Additionally, aggressive dosing may be
counteracted by toxicities, and potentially increase the risk of
developing a second malignant neoplasm (SMN) (see below)
[13, 44].

Thrombocyte counts during and after the cessation of MT
significantly correlate, but thrombocytopenia is rarely a dose-
limiting factor [26]. Patients with unexplained thrombocytopenia
should be evaluated for myelodysplasia, SOS/NRH, hypersplenism,
and active viral infections (e.g.,, CMV or Parvovirus B19 infection).

Hepatotoxicity with high aminotransferase levels should not
automatically lead to withholding of MT unless accompanied by
bilirubin levels three times higher than the upper normal limit
and/or coagulation factor II-VII-X levels below 0.50 IU/L [28],
because patients who continue therapy have lower relapse rates
than do patients with treatment interruptions due to hepatotoxi-
city [45]. High aminotransferase levels are a biomarker for patient
adherence to MT, but recent studies have not found high
aminotransferase levels to be associated with a reduced relapse
rate [28]. Patients with liver dysfunction should be evaluated for
causes other than MT, including hepatotropic viruses, SOS, or
Gilbert syndrome. For patients with severe hypoglycemia, addition
of allopurinol can be considered [32], although its impact on cure
rates and DNA-TG levels is unexplored.

The traditional approach to guiding MT by monitoring the WBC/
ANC is confounded by natural variation with age and ethnicity and
by circadian and seasonal fluctuations [26]. Although Amerindian
and African ancestries are established adverse risk factors in
childhood ALL [1], the contribution of ethnicity-associated
variations in normal WBC and ANC values is unknown. At the
time of diagnosis of ALL, the normal level for each patient is
unknown; therefore, applying a common WBC/ANC target for MT
dose adjustment result in differing treatment intensities across
patients. Hence, new strategies are needed to guide MT, and one
based on DNA-TG may be a useful candidate, because (i) DNA-TG
is a downstream metabolite that integrates upstream thiopurine
and MTX metabolites; (i) it is readily manipulable [27]; (iii) it has
been linked to relapse, especially in patients who are MRD positive
at the end of induction therapy [14, 15]; and (iv) monitoring of
DNA-TG is feasible in multi-center studies, because it is very stable.
Meanwhile, an optimal DNA-TG level that balance efficacy and
toxicity has yet to be determined.

CIRCADIAN SCHEDULE AND CO-ADMINISTRATION OF FOOD
Historically, is was recommended to take 6-MP and MTX in the
evening without concurrent food or milk intake [9]. However, two
recent studies with a total of 973 children, and including 6-MP and
MTX metabolite monitoring, found no association between the
circadian schedule, metabolite levels, and relapse [46, 47]. Like-
wise, the supposed negative impact of food and milk intake,
because of an anticipated effect of xanthine oxidase, was refuted
[47]. Therefore, to promote treatment adherence, it is recom-
mended that patients be instructed to follow a regular schedule
without specific restrictions.

CO-MEDICATION

Co-medication can skew the pharmacokinetics and pharmacody-
namics of MTX and 6-MP. Pneumocystis jirovecii prophylaxis with
trimethoprim-sulfamethoxazole enhances myelotoxicity and leads
to lower administered doses of 6-MP, but it does not affect EFS
[48]. Therefore, it is advised to administer this prophylaxis 2 or
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3 days a week throughout MT to prevent potentially fatal
Pneumocystis pneumonia [48].

Although widely used, VCR-containing pulses have been shown
to prevent relapse in some trials, but with no clear effect on OS,
whether combined with prednisone/prednisolone or with dex-
amethasone [5, 49] (Supplementary Table 1). However, they may
be important in protocols in which less intensive treatment is
given before MT [49] or in specific patient subsets such as those
with IKFZ1 deletion [50]. A recent Children’s Oncology Group
(COQG) trial showed no difference in OS when VCR/dexamethasone
pulses were reduced from every 4 weeks to every 12 weeks for
standard-risk patients [51]. The Chinese CCCG-ALL2015 trial also
showed that removing VCR pulses after 1 year of ALL therapy did
not compromise the cure rate for children with low-risk ALL [52].
VCR/dexamethasone pulses are currently being omitted in a
randomization for patients stratified to intermediate risk-low treat-
ment in the ALLTogether1 trial (EudraCT: 2018-001795-38).

CNS-directed therapy with intrathecal MTX (alone or combined
with cytarabine and a glucocorticoid, i.e. triple intrathecal
therapy) continues during all or part of MT, depending on the
risk factors present [1, 4] (Supplementary Table 1). However, the
spacing of intrathecal therapy makes it unlikely to cause
noteworthy myelotoxicity and thus influence MTX/6-MP dosing.
HD-MTX pulses with oral 6-MP are used in some protocols,
although their benefit during MT has not been validated in
randomized trials [11].

T-cell blasts have decreased sensitivity to many chemother-
apeutics, including MTX, and many groups use HD-MTX or Capizzi-
escalating MTX without leucovorin rescue during consolidation
and/or MT for patients with T-ALL to enhance MTX efficacy
[1, 11, 53]. Noteworthy, replacing MTX/6-MP MT with other
chemotherapy seems to markedly increase relapse rate in T-ALL
and high risk B-ALL [54]. A recent randomized study found an
association of the purine nucleoside analog nelarabine with
improved disease-free survival in patients with T-ALL. However, as
other components differed, e.g., asparaginase dosing were more
intensive in the nelarabine arm, the true impact of nelarabine
remains uncertain. Regardless, several current protocols include
nelarabine for patients with T-ALL, either for a selected subset of
patients or for all patients with T-ALL [1, 53].

THIOPURINE PHARMACOGENOMICS

Genetic polymorphisms affect the competition between activation
and inactivation metabolic pathways, thereby contributing to the
interpatient variability in the efficacy and toxicity of thiopurine
drugs, and these polymorphisms may be used to personalize
treatment. The earliest example of the use of pharmacogenomics
in ALL and the one most widely used clinically is TPMT genotyping.
This is now a routine clinical test in many ALL consortia [55], and
guidelines for individualized dose adjustment based on the TPMT
genotype and/or phenotype are well established [56].

The TPMT enzyme methylates thiopurines and their intermedi-
ate metabolites, creating mainly inactive, but also some bioactive
metabolites (MeMPs) [13, 56] (Fig. 1). TPMT activity shows
monogenic, autosomal inheritance, and TPMT variant alleles that
correlate with low enzymatic activity confer an increased risk of
6-MP toxicity through the accumulation of TGNs [33, 57, 58]. The
frequency and type of variants affecting TPMT activity vary by
ethnicity: 10% of Europeans have a genetic variant in TPMT and
0.5% are completely TPMT deficient, whereas TPMT deficiency is
rare in East Asian populations. The TPMT gene is highly
polymorphic, with a multitude of variants having been identified.
Individuals carrying two loss-of-function TPMT alleles (homozy-
gous or compound heterozygous TPMT deficient individuals) are
at very high risk of life-threatening myelosuppression, if 6-MP
dose is not appropriately reduced [56].
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Historically, low TPMT activity has been linked to a reduced
relapse rate concurrent with an increased risk of SMNs at
standard 6-MP doses of 75mg/m? [59]. However, this effect
disappeared in subsequent trials, that preemptively reduced
6-MP starting dose to 50 mg/m? for TPMT-heterozygous patients
[33, 34]. In accordance with these findings, TPMT-heterozygous
patients receive the same 6-MP starting dose as do TPMT wild-
type patients on the current European ALLTogether1 protocol
(Supplementary Table 1).

Despite a lower frequency of TPMT mutations in Asians, they
experience more thiopurine-induced toxicity compared to
Europeans. A genome-wide association study (GWAS) revealed
a variant in the NUDT15 gene, predominantly found in patients
of East Asian ancestry, that partly explained the ancestry-related
differences in 6-MP tolerance [60]. NUDT15 encodes a nucleo-
side diphosphatase that dephosphorylates TGNs, thereby
preventing their incorporation into DNA [61] (Fig. 1), and one
in 50 patients of East Asian ancestry shows an NUDT15 poor-
metabolizer phenotype [56]. A recent study of 270 children
enrolled in ALL trials in Guatemala, Singapore, and Japan
identified three additional NUDT15 variants associated with
thiopurine toxicity [61].

The NUDTI15 genotype and activity are now comprehensively
characterized, with massively parallel genotyping assays identify-
ing almost 92% of all possible missense variants in NUDT15. These
function-based variant classifications accurately predict risk alleles
for thiopurine toxicity, vastly improving our ability to implement
genotype-guided thiopurine therapy [62]. Similar to TPMT, NUDT15
testing is now incorporated in clinical guidelines for thiopurine
dose adjustment [56] (Supplementary Table 1), although the
evidence supporting a different starting dose recommendation for
patients who are intermediate metabolizers for both TPMT and
NUDT15 remains limited [60].

The influence of the gene encoding inosine triphosphate
pyrophosphatase (/ITPA) has also been investigated. ITPA hydro-
lyzes thioinosine triphosphate (TITP) to thioinosine monopho-
sphate (TIMP), thereby theoretically leading to increased levels of
TGNs and DNA-TG; conversely, excessive TITP may be methylated
by TPMT and contribute to the pool of MeMPs inhibiting DNPS
[63] (Fig. 1). The evidence for the effect of ITPA remains conflicting.
Inactivating polymorphisms in the ITPA gene have been asso-
ciated with increased levels of DNA-TG [58]. Another study found
that ITPA-heterozygous patients had significantly higher MeMPs
levels compared to ITPA wild-type patients, which may lead to
higher DNA-TG through increased inhibition of DNPS [64]. The
presence of at least one nonfunctional /TPA allele has been
associated with both improved and decreased EFS [65, 66].
Overall, prospective studies of this gene in larger multi-ethnic
cohorts are indicated.

MTX PHARMACOGENOMICS
Despite extensive studies of genes associated with MTX metabo-
lism, there are currently no recommendations on MTX dosing
based on genetic variants. Two single-nucleotide polymorphisms
(SNPs) entailing reduced activity of methylene-tetrahydrofolate
reductase (MTHFR), a key enzyme in the folate-homocysteine
cycle, have been examined extensively in children with ALL.
However, these studies collectively showed no evidence for any
effects of these variants on MTX-related phenotypes [11, 55].

Furthermore, MTX pharmacogenomic studies have generally
addressed high-dose rather than low-dose MTX; hence, the
findings cannot be applied directly to dose adjustments during
MT [11, 55]. In addition, MTXpg profiles have, thus far, not been
associated with relapse risk [43].

One GWAS of 447 patients associated germline variants in DHFR
and FPGS with short-chain MTXpgs and long-chain MTXpgs,
respectively, and the variant in FPGS was also associated with
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increased relapse risk [67]. This implied that patients with the FPGS
variant were sub-optimally treated, and thus, such patients may
benefit from increased MTX doses relative to 6-MP doses.
Interestingly, the DHFR genotype did not affect EFS in this study,
possibly because short-chain MTXpgs are less potent than long-
chain MTXpgs.

SNPs in solute carrier organic anion transporter family member
1B1 (encoded by SLCO1B7) have been found in GWAS to be
associated with HD-MTX clearance [68]. Although not at genome-
wide level, the same SNPs have also been implicated in MT. A
study of 48 Turkish children found these variant alleles in SLCO1B1
to be associated with lower MTX and 6-MP tolerance [69], and a
separate study of 53 Japanese children found that polymorphisms
in SLCOTB1 was a predictor of 6-MP dose reduction [70].

POLYGENIC RISK SCORES

Given the complex metabolism of thiopurines and MTX, as well as
their interplay, it is important to evaluate pharmacogenetic
markers in a composite manner, determining the likely phenotypic
effects of combination. Interactions among TMPT, ITPA, and
NUDTI15 and their association with 6-MP toxicity have been
described [60, 71]. However, large-scale studies to validate the
utility of polygenic risk scores are lacking.

GENOMICS OF DRUG RESISTANCE AND RELAPSE

Besides affecting toxicity, genetic factors can also contribute to
drug resistance via somatically acquired mutations. The current
concept of leukemogenesis involves multiple subclones present at
the time of diagnosis, some of which acquire additional mutations
under the selection pressure of treatment, along with survival and
expansion competition between subclones [72].

Gain-of-function mutations in cytosolic 5-nucleotidase |
(encoded by NT5C2) have been found to cause in vitro and
in vivo thiopurine resistance [73-76]. The NT5C2 enzyme
regulates the purine pool by dephosphorylating metabolites
in the purine salvage pathway, but it can also dephosphorylate
thiopurine monophosphate nucleotides (Fig. 1). NT5C2 muta-
tions are almost exclusively associated with early and
on-therapy relapse, being present in 35%-45% of these cases
[73-75], albeit often at a sub-clonal level. However, their
presence is still associated with inferior outcomes in relapsed
B-ALL [74, 76]. Moreover, in subsequent relapses, the NT5C2-
mutated clones are often diminished or have even disappeared,
which indicate impairment of their proliferative capacity
[73, 76]. These observations suggest that NT5C2-mutated cells
are not essential for the maintenance of relapsed leukemia, but
they still play an important role in driving poor outcomes.

NT5C2 inhibitors are currently under development and
investigation [77]. However, given the frequent sub-clonal nature
of NT5C2 mutations and their disappearance in subsequent
relapses, it remains questionable whether therapy targeting the
NT5C2-mutated cells at the time of relapse will be sufficiently
effective [76]. Possible solutions to this problem, although yet to
be tested, include targeting NT5C2-mutated cells during first-line
therapy. Alternatively, early detection of NT5C2 mutations may
warrant treatment intensification with non-antimetabolite-based
therapy [78].

Of note, germline NT5C2 variants have been linked to both
thiopurine metabolites during MT and with relapse-specific NT5C2
mutations, indicating that there is an interaction between
germline and acquired mutations, whereby primarily those
patients with gain-of-function germline variants are more likely
to develop relapse-specific NT5C2 mutations [79].

The phosphoribosyl pyrophosphate synthetase 1 gene (PRPST),
which encodes the first rate-limiting purine biosynthesis enzyme,
is also associated with early relapse [80]. Mechanistically,
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mutations in PRPS1 lead to decreased feedback inhibition in the
DNPS pathway, thereby increasing the pool of canonical purines
competing with TGNs for incorporation into DNA. Furthermore,
PRPST mutations lead to decreased conversion of 6-MP to TIMP via
competitive inhibition of hypoxanthine-guanine phosphoribosyl
transferase by increased hypoxanthine levels [80] (Fig. 1).

Studies are underway to ameliorate drug resistance induced by
PRPS1 mutations. Inhibiting DNPS, either by CRISPR-Cas9 genome
editing of de novo pathway genes or by treatment with
lometrexol, a small-molecule inhibitor of DNPS that is in clinical
development, can potentially reverse drug resistance [80]. PRPS1-
mutant ALL cells have also been shown to be specifically more
sensitive to 5-fluorouracil (5-FU) in both in vitro and mouse
studies, highlighting 5-FU as a potential chemotherapeutic agent
for the salvage therapy of PRPSI-induced relapses [81].

Another mechanism of thiopurine resistance is malfunctioning
of the MMR system, because the cytotoxicity of thiopurines is
dependent on functional MMR (Fig. 1). Mutations in or copy
number loss of MSH6 have been found in 4%-10% of patients with
relapsed B-ALL [82]. Knocking down MSH6, which is a critical
component of the MMR system, not least for single-variant repair,
leads to significant resistance to thiopurine therapy in vitro and
in vivo. Hence, in these patients, despite their higher levels of
DNA-TG, leukemic cells continue to proliferate [82].

Biallelic, constitutional deficiency in MMR systems usually
causes increased mutability and, therefore, a hypermutator
phenotype; however, reduced MSH6 activity in these leukemia
clones has not been shown to result in an increased mutational
burden or genomic instability [82]. Although treatment modalities
to bypass MSH6 mutations have yet to be identified, under-
standing the biological mechanisms of the mutations paves the
way to ameliorating the resistance arising from these mutations.
Immune checkpoint blockade is being investigated in MMR-
mutated solid tumors (e.g., tumors of the colon and prostate and
endometrial cancer); however, the efficacy of this treatment
modality for ALL is in question in view of the putatively low
mutational burden of ALL.

Recently, multiple relapse mutations have been identified in the
FPGS gene, which encodes the enzyme that polyglutamates MTX,
leading to MTX resistance [83].

Adding another level of complexity, epigenetic changes
contribute to the clonal heterogeneity of ALL, but these changes
are a not yet well understood. As an example, mutations in genes
encoding the epigenetic regulators CREBBP and WHSCT have been
found in relapsed ALL; however, the clinical significance of these
findings, not least with respect to MT, remains to be determined
[72, 74].

Most studies have failed to identify these relapse mutations in
samples collected at diagnosis, suggesting that relapse muta-
tions are acquired and promoted during treatment
[73, 75, 77, 83]. However, one study found that 75% of relapsed
B-ALL tumors were descendants of minor subclones already
present at diagnosis [74]. A two-step process involving a pre-
existing subclone that subsequently acquired additional muta-
tions caused by chemotherapy and/or selection to proliferate has
been proposed to be responsible for relapses emerging during
MT [83]. Importantly, the new understanding of clonal evolution
and the emergence of resistant subclones during therapy
provide a strong rationale for the development and implementa-
tion of monitoring strategies to detect rising subclones, which
have recently been piloted [83, 84].

CARCINOGENESIS

Both the intensity of MT (evaluated by the average 6-MP dose)
and its duration have been associated with the development of
SMNs, most frequently myeloid neoplasms and CNS tumors
[44, 85]. An association between the TPMT genotype/phenotype
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and SMNs has been shown in protocols using a 6-MP starting dose
of 75mg/m?/day [44, 85], but not in protocols using a 6-MP
starting dose of 50 mg/m?/day [86]. The risk of developing an SMN
appears to be highest in the standard-risk patient population,
which could implicate their longer MT phase in some protocols,
although the underlying factors, including mechanisms that drive
both the propensity for ETV6/RUNXT mutation or high-
hyperdiploidy [44] as well as SMN, have not yet been identified
[87]. Although the cumulative incidences of SMNs in contempor-
ary protocols are very low (around 1%-2%), it is crucial to prevent
SMNs due to their dismal prognosis. This necessitates acquiring
further understanding of the mechanisms underlying SMNs, and
identification of patient subsets at high risk for SMNs through
international collaborations, with extensive mapping of host
genomic variants and characteristics of both ALL and SMNs.

MAINTENANCE THERAPY AND QUALITY OF LIFE

Even though MT is less intensive and toxic than the preceding
treatment phases, it is long lasting, and its effect on quality of life
(QOL) and how the treatment burden is perceived by patients and
parents is still not fully elucidated. QOL during MT of children with
ALL has been reported as significantly impaired, when compared
to siblings or healthy children, and emotional reactions including
fear, anger, sleeping problems, and worries, have been reported
[88]. Studies investigating parents’ QOL during MT of their child
have also reported sleep disturbances, high distress and low
mental QOL [89]. When compared to parents with healthy
children, the parents of children undergoing MT have higher
scores for depression, but not for anxiety [90].

During MT, patients have less robust and stable sleep rhythms,
lower levels of physical activity, and higher fatigue levels when
compared to healthy children [91]. Moreover, patients experience
even more fatigue and have lower physical activity when receiving
dexamethasone-containing pulses, as compared to their experi-
ence during periods of MT without dexamethasone [91],
emphasizing the importance of current and future studies aimed
at de-escalating treatment intensity by skipping pulses, adding
low-dose 6-TG to reduce 6-MP doses, or adding allopurinol to shift
the thiopurine metabolism to a TPMT-heterozygous phenotype to
decrease the burden of therapy while upholding survival out-
comes [51].

TREATMENT COMPLIANCE AND ADHERENCE

Treatment intensity during MT reflects both physician compliance
with the treatment protocol and patient/parent adherence to
therapy. Poor patient adherence has been reported in 10%-20%
of pediatric patients with ALL. This varies with age and ethnicity
and may be attributable to socioeconomic factors [92-94].

Poor adherence (defined as mean adherence rates < 90%-95%,
as recorded by an electronic system registering bottle opening
[95]) has been associated with a 2.5-3.9-fold increase in the risk of
relapse [93, 94, 96, 971.

In addition to electronic monitoring, non-adherence may be
revealed by low levels of drug metabolites with a rapid
turnover, such as Ery-TGN/Ery-MeMPs/Ery-MTXpg [96, 98, 99],
or alternatively, by an inability to reach the target myelosup-
pression level when doses are increased, not least when this is
combined with no increase in serum aminotransferases as proxy
measures [9].

Adherence is consistently reported to decrease in adolescents
and young adults [92, 94, 100], and this may contribute to the
inferior outcomes observed in these patients. Psycho-education
and reminders have been attempted but have not been shown to
improve adherence [97]. Hence, future studies should explore new
strategies for monitoring adherence and interventions to mitigate
this challenge. Three strategies for improving adherence are being
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tested in high-risk patients in the current COG AALL1732 trial
(Clinicaltrials.gov identifier: NCT03959085).

CONCLUSIONS AND FUTURE DIRECTIONS

Over the past 60-70 years, ALL investigators have methodically
tested different combinations of chemotherapeutics through
successive clinical trials, and they have identified critical compo-
nents of curative therapy for ALL. An important concept that
emerged from these empirical efforts is the necessity of prolonged
MTX/thiopurine MT.

From being a purely empiric, poorly understood, phase of anti-
leukemic therapy, MT has recently become a focus of attention as
a result of several basic science, genetic, and clinical studies. In the
coming years, our understanding of MT and how to improve it will
be facilitated by detailed monitoring of thiopurine and MTX
metabolites combined with mapping of both host genetic variants
and acquired mutations in relapse leukemia cells. Ultimately, this
could lead not only to reduced relapse rates but also to the
identification of patients who can be cured with less intensive and
shorter MT. Should the TEAM strategy prove superior to
conventional MTX/6-MP maintenance therapy without causing
excess toxicity, future studies should investigate whether MTX can
be omitted from a combined 6-TG/6-MP MT regimen, testing the
hypothesis that DNPS can be inhibited sufficiently by
MeMPs alone.

The prognostic impact of thiopurine and MTX metabolism has
gradually diminished with the intensification of other drugs. For
example, lower 6-MP dose intensity was significantly associated
with higher incidence of ALL relapse in the St. Jude Total XIIIB
trial, but it was no longer prognostic in more recent frontline
ALL protocols evaluated by St. Jude and COG. This is also true
for the effects of TPMT genotype on ALL treatment outcomes.
Therefore, it is reasonable to speculate that MT could be de-
intensified without compromising cure rates, at least for some
patients (potentially those that are MRD negative at the end of
induction therapy) yet identifying this subset of patients reliably
remains a challenge. Interestingly, some ALL treatment proto-
cols, especially those implemented in resource-limited coun-
tries, already feature less intensive MT (e.g., with lower
thiopurine dosages to avoid infection), with which a significant
proportion of patients are cured. Leveraging these “natural
experiments,” one could retrospectively perform genomic
profiling and identify features characteristic of patients who
are cured in these settings.

The paradigm of ALL therapy is likely to shift significantly in
the near future thanks to the introduction of several exciting
novel therapeutics, e.g., blinatumomab, inotuzumab, and CAR-T
cells. These immunotherapeutics have shown striking activity in
relapsed and/or refractory ALL, and they are on track to move
rapidly into frontline protocols. If these agents improve
treatment outcomes for ALL, questions will naturally arise as
to whether and which cytotoxic drugs should be eliminated
from the protocols. In fact, a substantial proportion of patients
with relapsed ALL who receive CAR-T therapy remain in
remission even without MT. In the meantime, attention should
be given to the impact of immunosuppressive drugs such as
thiopurines and MTX on the efficacy of immunotherapy, if this is
used in first-line therapy. Traditionally, it has been preferred to
keep patients modestly myelosuppressed during ALL therapy,
as this has been linked to a better prognosis. However,
prolonged repression of host immunity may be detrimental to
the activity of immunotherapeutics. Carefully designed clinical
trials and correlative biology studies are urgently needed to
determine the optimal timing and combination of various
chemotherapeutic agents with immunotherapy in ALL treat-
ment. As we inch toward a new era of ALL therapy, the field is
wide open for the next generation of investigators to redefine
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MT by introducing more innovative, more precise, and less toxic
regimens.

REFERENCES

1. Inaba H, Mullighan CG. Pediatric acute lymphoblastic leukemia. Haematologica.
2020;105:2524-39.

2. Farber S, Diamond LK. Temporary remissions in acute leukemia in children
produced by folic acid antagonist, 4-aminopteroyl-glutamic acid. N Engl J Med.
1948;238:787-93.

3. Elion G. The purine path to chemotherapy. Science. 1989;244:41-7.

4. Teachey DT, Hunger SP, Loh ML. Optimizing therapy in the modern age: dif-
ferences in length of maintenance therapy in acute lymphoblastic leukemia.
Blood. 2021;137:168-77.

5. Childhood ALL Collaborative Group. Duration and intensity of maintenance
chemotherapy in acute lymphoblastic leukaemia: overview of 42 trials involving
12000 randomised children. Lancet. 1996;347:1783-8.

6. Gupta S, Teachey DT, Chen Z, Rabin KR, Dunsmore KP, Larsen EC, et al. Sex-
based disparities in outcome in pediatric acute lymphoblastic leukemia: a
Children’s Oncology Group report. Cancer. 2022;128:1863-70.

7. Kato M, Ishimaru S, Seki M, Yoshida K, Shiraishi Y, Chiba K, et al. Long-term
outcome of 6-month maintenance chemotherapy for acute lymphoblastic leu-
kemia in children. Leukemia. 2017;31:580-4.

8. Chabner BA, Allegra CJ, Curt GA, Clendeninn NJ, Baram J, Koizumi S, et al.
Polyglutamation of methotrexate. Is methotrexate a prodrug? J Clin Invest.
1985;76:907-12.

9. Schmiegelow K, Nielsen SN, Frandsen TL, Nersting J. Mercaptopurine/Metho-
trexate maintenance therapy of childhood acute lymphoblastic leukemia: clin-
ical facts and fiction. J Pediatr Hematol Oncol. 2014;36:503-17.

10. Nersting J, Nielsen SN, Grell K, Paerregaard M, Abrahamsson J, Lund B, et al.
Methotrexate polyglutamate levels and co-distributions in childhood acute
lymphoblastic leukemia maintenance therapy. Cancer Chemother Pharm.
2019;83:53-60.

11. Schmiegelow K. Advances in individual prediction of methotrexate toxicity: a
review. Br J Haematol. 2009;146:489-503.

12. Zimm S, Collins JM, Riccardi R, O'Neill D, Narang PK, Chabner B, et al. Variable
bioavailability of oral mercaptopurine. Is maintenance chemotherapy in acute
lymphoblastic leukemia being optimally delivered? N. Engl J Med.
1983;308:1005-9.

13. Karran P, Attard N. Thiopurines in current medical practice: molecular
mechanisms and contributions to therapy-related cancer. Nat Rev Cancer.
2008;8:24-36.

14. Nielsen SN, Grell K, Nersting J, Abrahamsson J, Lund B, Kanerva J, et al. DNA-
thioguanine nucleotide concentration and relapse-free survival during main-
tenance therapy of childhood acute lymphoblastic leukaemia (NOPHO
ALL2008): a prospective substudy of a phase 3 trial. Lancet Oncol.
2017;18:515-24.

15. Toksvang LN, Grell K, Nersting J, Degn M, Nielsen SN, Abrahamsson J, et al. DNA-
thioguanine concentration and relapse risk in children and young adults with
acute lymphoblastic leukemia: an IPD meta-analysis. Leukemia. 2022;36:33-41.

16. Adamson PC, Poplack DG, Balis FM. The cytotoxicity of thioguanine vs mer-
captopurine in acute lymphoblastic leukemia. Leuk Res. 1994;18:805-10.

17. Vora A, Mitchell CD, Lennard L, Eden TOB, Kinsey SE, Lilleyman J, et al. Toxicity
and efficacy of 6-thioguanine versus 6-mercaptopurine in childhood lympho-
blastic leukaemia: a randomised trial. Lancet. 2006;368:1339-48.

18. Harms DO, Gobel U, Spaar HJ, Graubner UB, Jorch N, Gutjahr P, et al. Thioguanine
offers no advantage over mercaptopurine in maintenance treatment of childhood
ALL: results of the randomized trial COALL-92. Blood. 2003;102:2736-40.

19. Stork LC, Matloub Y, Broxson E, La M, Yanofsky R, Sather H, et al. Oral
6-mercaptopurine versus oral 6-thioguanine and veno-occlusive disease in
children with standard-risk acute lymphoblastic leukemia: report of the Chil-
dren’s Oncology Group CCG-1952 clinical trial. Blood. 2010;115:2740-8.

20. Escherich G, Richards S, Stork LC, Vora AJ, Childhood Acute Lymphoblastic
Leukaemia Collaborative G. Meta-analysis of randomised trials comparing
thiopurines in childhood acute lymphoblastic leukaemia. Leukemia.
2011;25:953-9.

21. Erb N, Harms DO, Janka-Schaub G. Pharmacokinetics and metabolism of thio-
purines in children with acute lymphoblastic leukemia receiving 6-thioguanine
versus 6-mercaptopurine. Cancer Chemother Pharm. 1998;42:266-72.

22. Toksvang LN, Grell K, Nielsen SN, Nersting J, Murdy D, Moorman AV, et al. DNA-
TG and risk of sinusoidal obstruction syndrome in childhood acute lympho-
blastic leukemia. Leukemia. 2022;36:555-7.

23. Innocenti F, Danesi R, Di Paolo A, Loru B, Favre C, Nardi M, et al. Clinical and
experimental pharmacokinetic interaction between 6-mercaptopurine and
methotrexate. Cancer Chemother Pharm. 1996;37:409-14.

SPRINGER NATURE

1755



L.N. Toksvang et al.

1756

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Bokkerink JP, Bakker MA, Hulscher TW, De Abreu RA, Schretlen ED. Purine de
novo synthesis as the basis of synergism of methotrexate and 6-mercaptopurine
in human malignant lymphoblasts of different lineages. Biochem Pharm.
1988;37:2321-7.

Dervieux T, Hancock M, Evans W, Pui C-H, Relling MV. Effect of methotrexate
polyglutamates on thioguanine nucleotide concentrations during continuation
therapy of acute lymphoblastic leukemia with mercaptopurine. Leukemia.
2002;16:209-12.

Nielsen SN, Grell K, Nersting J, Frandsen TL, Hjalgrim LL, Schmiegelow K. Mea-
sures of 6-mercaptopurine and methotrexate maintenance therapy intensity in
childhood acute lymphoblastic leukemia. Cancer Chemother Pharm.
2016;78:983-94.

Larsen RH, Utke Rank C, Grell K, Nergaard Mgller L, Malthe Overgaard U,
Kampmann P, et al. Increments in DNA-thioguanine level during thiopurine
enhanced maintenance therapy of acute lymphoblastic leukemia. Haematolo-
gica. 2021;106:2824-33.

Ebbesen MS, Nygaard U, Rosthoj S, Sorensen D, Nersting J, Vettenranta K, et al.
Hepatotoxicity during maintenance therapy and prognosis in children with
acute lymphoblastic leukemia. J Pediatr Hematol Oncol. 2017;39:161-6.
Nygaard U, Toft N, Schmiegelow K. Methylated metabolites of 6-mercaptopurine
are associated with hepatotoxicity. Clin Pharm Ther. 2004;75:274-81.

Melachuri S, Gandrud L, Bostrom B. The association between fasting hypogly-
cemia and methylated mercaptopurine metabolites in children with acute
lymphoblastic leukemia. Pediatr Blood Cancer. 2014;61:1003-6.

Blaker PA, Arenas-Hernandez M, Smith MA, Shobowale-Bakre EA, Fairbanks L,
Irving PM, et al. Mechanism of allopurinol induced TPMT inhibition. Biochem
Pharm. 2013;86:539-47.

Kamojjala R, Bostrom B. Allopurinol to prevent mercaptopurine adverse effects
in children and young adults with acute lymphoblastic leukemia. J Pediatr
Hematol Oncol. 2021;43:95-100.

Nielsen SN, Toksvang LN, Grell K, Nersting J, Abrahamsson J, Lund B, et al. No
association between relapse hazard and thiopurine methyltransferase geno- or
phenotypes in non-high risk acute lymphoblastic leukemia: a NOPHO ALL2008
sub-study. Cancer Chemother Pharm. 2021;88:271-9.

Relling MV, Pui CH, Cheng C, Evans WE. Thiopurine methyltransferase in acute
lymphoblastic leukemia. Blood. 2006;107:843-4.

Kiszka-Kanowitz M, Theede K, Thomsen SB, Bjerrum JT, Brynskov J, Gottschalck IB,
et al. Low-dose azathioprine and allopurinol versus azathioprine monotherapy in
patients with ulcerative colitis (AAUC): an investigator-initiated, open, multicenter,
parallel-arm, randomised controlled trial. EClinicalMedicine. 2022;45:101332.
Cesaro S, Pillon M, Talenti E, Toffolutti T, Calore E, Tridello G, et al. A prospective
survey on incidence, risk factors and therapy of hepatic veno-occlusive disease
in children after hematopoietic stem cell transplantation. Haematologica.
2005;90:1396-404.

Stanulla M, Schaeffeler E, Méricke A, Buchmann S, Zimmermann M, Igel S, et al.
Hepatic sinusoidal obstruction syndrome and short-term application of
6-thioguanine in pediatric acute lymphoblastic leukemia. Leukemia. 2021;35:2650-7.
Schmiegelow K, Miller K, Mogensen SS, Mogensen PR, Wolthers BO, Stoltze UK,
et al. Non-infectious chemotherapy-associated acute toxicities during childhood
acute lymphoblastic leukemia therapy. F1000Research. 2017;6:444.

Toksvang LN, Schmidt MS, Arup S, Larsen RH, Frandsen TL, Schmiegelow K, et al.
Hepatotoxicity during 6-thioguanine treatment in inflammatory bowel disease
and childhood acute lymphoblastic leukaemia: a systematic review. PLoS ONE.
2019;14:20212157.

Wynne J, Wright D, Stock W. Inotuzumab: from preclinical development to
success in B-cell acute lymphoblastic leukemia. Blood Adv. 2019;3:96-104.
Schmiegelow K, Nersting J, Nielsen SN, Heyman M, Wesenberg F, Kristinsson J,
et al. Maintenance therapy of childhood acute lymphoblastic leukemia revisited-
Should drug doses be adjusted by white blood cell, neutrophil, or lymphocyte
counts? Pediatr Blood Cancer. 2016;63:2104-11.

Relling MV, Hancock ML, Boyett JM, Pui CH, Evans WE. Prognostic importance of
6-mercaptopurine dose intensity in acute lymphoblastic leukemia. Blood.
1999;93:2817-23.

Schmiegelow K, Bjork O, Glomstein A, Gustafsson G, Keiding N, Kristinsson J,
et al. Intensification of mercaptopurine/methotrexate maintenance che-
motherapy may increase the risk of relapse for some children with acute lym-
phoblastic leukemia. J Clin Oncol. 2003;21:1332-9.

Schmiegelow K, Levinsen MF, Attarbaschi A, Baruchel A, Devidas M, Escherich G,
et al. Second malignant neoplasms after treatment of childhood acute lym-
phoblastic leukemia. J Clin Oncol. 2013;31:2469-76.

Schmiegelow K. Prognostic significance of methotrexate and 6-mercaptopurine
dosage during maintenance chemotherapy for childhood acute lymphoblastic
leukemia. Pediatr Hematol Oncol. 1991;8:301-12.

Clemmensen KK, Christensen RH, Shabaneh DN, Harila-Saari A, Heyman M,
Jonsson OG, et al. The circadian schedule for childhood acute lymphoblastic

SPRINGER NATURE

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

leukemia maintenance therapy does not influence event-free survival in the
NOPHO ALL92 protocol. Pediatr Blood Cancer. 2014;61:653-8.

Landier W, Hageman L, Chen Y, Kornegay N, Evans WE, Bostrom BC, et al.
Mercaptopurine ingestion habits, red cell thioguanine nucleotide levels, and
relapse risk in children with acute lymphoblastic leukemia: a report from the
Children’s Oncology Group study AALLO3N1. J Clin Oncol. 2017;35:1730-6.
Levinsen M, Shabaneh D, Bohnstedt C, Harila-Saari A, Jonsson OG, Kanerva J, et al.
Pneumocystis jiroveci pneumonia prophylaxis during maintenance therapy influ-
ences methotrexate/6-mercaptopurine dosing but not event-free survival for
childhood acute lymphoblastic leukemia. Eur J Haematol. 2012,88:78-86.

Eden T, Pieters R, Richards S. Systematic review of the addition of vincristine
plus steroid pulses in maintenance treatment for childhood acute lymphoblastic
leukaemia - an individual patient data meta-analysis involving 5659 children. Br
J Haematol. 2010;149:722-33.

Clappier E, Grardel N, Bakkus M, Rapion J, De Moerloose B, Kastner P, et al. IKZF1
deletion is an independent prognostic marker in childhood B-cell precursor
acute lymphoblastic leukemia, and distinguishes patients benefiting from pul-
ses during maintenance therapy: results of the EORTC Children’s Leukemia
Group study 58951. Leukemia. 2015;29:2154-61.

Angiolillo AL, Schore RJ, Kairalla JA, Devidas M, Rabin KR, Zweidler-McKay P,
et al. Excellent outcomes with reduced frequency of Vincristine and Dex-
amethasone pulses in standard-risk B-Lymphoblastic leukemia: results from
Children’s Oncology Group AALL0932. J Clin Oncol. 2021;39:1437-47.

Yang W, Cai J, Shen S, Gao J, Yu J, Hu S, et al. Pulse therapy with vincristine and
dexamethasone for childhood acute lymphoblastic leukaemia (CCCG-ALL-2015):
an open-label, multicentre, randomised, phase 3, non-inferiority trial. Lancet
Oncol. 2021;22:1322-32.

Teachey DT, O'Connor D. How | treat newly diagnosed T-cell acute lymphoblastic
leukemia and T-cell lymphoblastic lymphoma in children. Blood. 2020;135:159-66.
Schmiegelow K, Heyman M, Kristinsson J, Mogensen UB, Rosthgj S, Vettenranta
K, et al. Oral methotrexate/6-mercaptopurine may be superior to a multidrug
LSA2L2 Maintenance therapy for higher risk childhood acute lymphoblastic
leukemia: results from the NOPHO ALL-92 study. J Pediatr Hematol Oncol.
2009;31:385-92.

Lee SHR, Yang JJ. Pharmacogenomics in acute lymphoblastic leukemia. Best Pr
Res Clin Haematol. 2017;30:229-36.

Relling MV, Schwab M, Whirl-Carrillo M, Suarez-Kurtz G, Pui CH, Stein CM, et al.
Clinical pharmacogenetics implementation consortium guideline for thiopurine
dosing based on TPMT and NUDT15 genotypes: 2018 Update. Clin Pharm Ther.
2019;105:1095-105.

Relling MV, Hancock ML, Rivera GK, Sandlund JT, Ribeiro RC, Krynetski EY, et al.
Mercaptopurine therapy intolerance and heterozygosity at the thiopurine
S-methyltransferase gene locus. J Natl Cancer Inst. 1999;91:2001-8.

Gerbek T, Ebbesen M, Nersting J, Frandsen TL, Appell ML, Schmiegelow K. Role
of TPMT and ITPA variants in mercaptopurine disposition. Cancer Chemother
Pharm. 2018;81:579-86.

Schmiegelow K, Forestier E, Kristinsson J, Soderhdll S, Vettenranta K, Wein-
shilboum R, et al. Thiopurine methyltransferase activity is related to the risk of
relapse of childhood acute lymphoblastic leukemia: results from the NOPHO
ALL-92 study. Leukemia. 2009;23:557-64.

Yang JJ, Landier W, Yang W, Liu C, Hageman L, Cheng C, et al. Inherited NUDT15
variant is a genetic determinant of mercaptopurine intolerance in children with
acute lymphoblastic leukemia. J Clin Oncol. 2015;33:1235-42.

Moriyama T, Nishii R, Perez-Andreu V, Yang W, Klussmann FA, Zhao X, et al.
NUDT15 polymorphisms alter thiopurine metabolism and hematopoietic toxi-
city. Nat Genet. 2016;48:367-73.

Suiter CC, Moriyama T, Matreyek KA, Yang W, Scaletti ER, Nishii R, et al. Massively
parallel variant characterization identifies NUDT15 alleles associated with thio-
purine toxicity. Proc Natl Acad Sci USA. 2020;117:5394-401.

Bierau J, Lindhout M, Bakker JA. Pharmacogenetic significance of inosine tri-
phosphatase. Pharmacogenomics. 2007;8:1221-8.

Stocco G, Cheok MH, Crews KR, Dervieux T, French D, Pei D, et al. Genetic
polymorphism of inosine triphosphate pyrophosphatase is a determinant of
mercaptopurine metabolism and toxicity during treatment for acute lympho-
blastic leukemia. Clin Pharm Ther. 2009;85:164-72.

Kim H, Kang HJ, Kim HJ, Jang MK, Kim NH, Oh Y, et al. Pharmacogenetic analysis
of pediatric patients with acute lymphoblastic leukemia: a possible association
between survival rate and ITPA polymorphism. PLoS ONE. 2012;7:e45558.
Smid A, Karas-Kuzelicki N, Milek M, Jazbec J, Mlinaric-Rascan I. Association of
ITPA genotype with event-free survival and relapse rates in children with acute
lymphoblastic leukemia undergoing maintenance therapy. PLoS ONE. 2014;9:
e109551.

Tulstrup M, Moriyama T, Jiang C, Grosjean M, Nersting J, Abrahamsson J, et al.
Effects of germline DHFR and FPGS variants on methotrexate metabolism and
relapse of leukemia. Blood. 2020;136:1161-8.

Leukemia (2022) 36:1749- 1758



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Ramsey LB, Bruun GH, Yang W, Treviiio LR, Vattathil S, Scheet P, et al. Rare versus
common variants in pharmacogenetics: SLCO1B1 variation and methotrexate
disposition. Genome Res. 2012;22:1-8.

Eldem |, Yavuz D, Cumaogullari O, ileri T, Unal ince E, Ertem M, et al. SLCO1B1
polymorphisms are associated with drug intolerance in childhood leukemia
maintenance therapy. J Pediatr Hematol Oncol. 2018;40:289-€94.

Suzuki R, Fukushima H, Noguchi E, Tsuchida M, Kiyokawa N, Koike K, et al.
Influence of SLCO1B1 polymorphism on maintenance therapy for childhood
leukemia. Pediatr Int. 2015;57:572-7.

Dorababu P, Nagesh N, Linga VG, Gundeti S, Kutala VK, Reddanna P, et al.
Epistatic interactions between thiopurine methyltransferase (TPMT) and inosine
triphosphate pyrophosphatase (ITPA) variations determine 6-mercaptopurine
toxicity in Indian children with acute lymphoblastic leukemia. Eur J Clin Pharm.
2012;68:379-87.

Ferrando AA, Loépez-Otin C. Clonal
2017;23:1135-45.

Tzoneva G, Dieck CL, Oshima K, Ambesi-Impiombato A, Sanchez-Martin M,
Madubata CJ, et al. Clonal evolution mechanisms in NT5C2 mutant-relapsed
acute lymphoblastic leukaemia. Nature. 2018;553:511-4.

Ma X, Edmonson M, Yergeau D, Muzny DM, Hampton OA, Rusch M, et al. Rise
and fall of subclones from diagnosis to relapse in pediatric B-acute lympho-
blastic leukaemia. Nat Commun. 2015;6:6604.

Meyer JA, Wang J, Hogan LE, Yang JJ, Dandekar S, Patel JP, et al. Relapse-specific
mutations in NT5C2 in childhood acute lymphoblastic leukemia. Nat Genet.
2013;45:290-4.

Barz MJ, Hof J, Groeneveld-Krentz S, Loh JW, Szymansky A, Astrahantseff K, et al.
Subclonal NT5C2 mutations are associated with poor outcomes after relapse of
pediatric acute lymphoblastic leukemia. Blood. 2020;135:921-33.

Dieck CL, Ferrando A. Genetics and mechanisms of NT5C2-driven chemotherapy
resistance in relapsed ALL. Blood. 2019;133:2263-8.

Moriyama T, Liu S, Li J, Meyer J, Zhao X, Yang W, et al. Mechanisms of NT5C2-
mediated thiopurine resistance in acute lymphoblastic leukemia. Mol Cancer
Ther. 2019;18:1887-95.

Tulstrup M, Grosjean M, Nielsen SN, Grell K, Wolthers BO, Wegener PS, et al.
NT5C2 germline variants alter thiopurine metabolism and are associated with
acquired NT5C2 relapse mutations in childhood acute lymphoblastic leukaemia.
Leukemia. 2018;32:2527-35.

Li B, Li H, Bai Y, Kirschner-Schwabe R, Yang JJ, Chen Y, et al. Negative feedback-
defective PRPST mutants drive thiopurine resistance in relapsed childhood ALL.
Nat Med. 2015;21:563-71.

Wang D, Chen Y, Fang H, Zheng L, Li Y, Yang F, et al. Increase of PRPP enhances
chemosensitivity of PRPST mutant acute lymphoblastic leukemia cells to
5-Fluorouracil. J Cell Mol Med. 2018;22:6202-12.

Evensen NA, Madhusoodhan PP, Meyer J, Saliba J, Chowdhury A, Araten DJ, et al.
MSH6 haploinsufficiency at relapse contributes to the development of thiopurine
resistance in pediatric B-lymphoblastic leukemia. Haematologica. 2018;103:830-9.
Li B, Brady SW, Ma X, Shen S, Zhang Y, Li Y, et al. Therapy-induced mutations
drive the genomic landscape of relapsed acute lymphoblastic leukemia. Blood.
2020;135:41-55.

Saliba J, Evensen NA, Meyer JA, Newman D, Nersting J, Narang S, et al. Feasibility
of monitoring peripheral blood to detect emerging clones in children with
acute lymphoblastic leukemia. Pediatr Blood Cancer. 2020;67:228306.
Schmiegelow K, Al-Modhwabhi |, Andersen MK, Behrendtz M, Forestier E, Hasle H,
et al. Methotrexate/6-mercaptopurine maintenance therapy influences the risk
of a second malignant neoplasm after childhood acute lymphoblastic leukemia:
results from the NOPHO ALL-92 study. Blood. 2009;113:6077-84.

Stanulla M, Schaeffeler E, Méricke A, Coulthard SA, Cario G, Schrauder A, et al.
Thiopurine methyltransferase genetics is not a major risk factor for secondary
malignant neoplasms after treatment of childhood acute lymphoblastic leuke-
mia on Berlin-Frankfurt-Munster protocols. Blood. 2009;114:1314-8.

Nielsen SN, Eriksson F, Rosthoej S, Andersen MK, Forestier E, Hasle H, et al.
Children with low-risk acute lymphoblastic leukemia are at highest risk of sec-
ond cancers. Pediatr Blood Cancer. 2017;64:26518.

Bansal M, Sharma KK, Bakhshi S, Vatsa M. Perception of indian parents on
health-related quality of life of children during maintenance therapy of acute
lymphobilastic leukemia: a comparison with siblings and healthy children. J
Pediatr Hematol Oncol. 2014;36:30-6.

Rensen N, Steur LMH, Grootenhuis MA, van Eijkelenburg NKA, van der Sluis IM,
Dors N, et al. Parental functioning during maintenance treatment for childhood
acute lymphoblastic leukemia: effects of treatment intensity and dex-
amethasone pulses. Pediatr Blood Cancer. 2020;67:e28697.

Neu M, Matthews E, King NA, Cook PF, Laudenslager ML. Anxiety, depression,
stress, and cortisol levels in mothers of children undergoing maintenance therapy
for childhood acute lymphoblastic leukemia. J Pediatr Oncol Nurs. 2014;31:104-13.

evolution in leukemia. Nat Med.

Leukemia (2022) 36:1749- 1758

L.N. Toksvang et al.

91.

Steur LMH, Kaspers GJL, van Someren EJW, van Eijkelenburg NKA, van der Sluis
IM, Dors N, et al. The impact of maintenance therapy on sleep-wake rhythms
and cancer-related fatigue in pediatric acute lymphoblastic leukemia. Support
Care Cancer. 2020;28:5983-93.

92. Pritchard MT, Butow PN, Stevens MM, Duley JA. Understanding medication
adherence in pediatric acute lymphoblastic leukemia: a review. J Pediatr
Hematol Oncol. 2006;28:816-23.

93. Bhatia S, Landier W, Hageman L, Kim H, Chen Y, Crews KR, et al. 6MP adherence
in a multiracial cohort of children with acute lymphoblastic leukemia: a Chil-
dren’s Oncology Group study. Blood. 2014;124:2345-53.

94. Bhatia S, Landier W, Shangguan M, Hageman L, Schaible AN, Carter AR, et al.
Nonadherence to oral mercaptopurine and risk of relapse in hispanic and non-
hispanic white children with acute lymphoblastic leukemia: a report from the
Children’s Oncology Group. J Clin Oncol. 2012;30:2094-101.

95. Landier W, Chen Y, Hageman L, Kim H, Bostrom BC, Casillas JN, et al. Comparison
of self-report and electronic monitoring of 6MP intake in childhood ALL: a
Children’s Oncology Group study. Blood. 2017;129:1919-26.

96. Bhatia S, Landier W, Hageman L, Chen Y, Kim H, Sun CL, et al. Systemic exposure
to thiopurines and risk of relapse in children with acute lymphoblastic leukemia:
a children’s oncology group study. JAMA Oncol. 2015;1:287-95.

97. Bhatia S, Hageman L, Chen Y, Wong FL, McQuaid EL, Duncan G, et al. Effect of a
daily text messaging and directly supervised therapy intervention on oral
mercaptopurine adherence in children with acute lymphoblastic leukemia: a
randomized clinical trial. JAMA Netw Open. 2020;3:€2014205.

98. Kandikonda P, Bostrom B. Methotrexate polyglutamate values in children and
adolescents with acute lymphoblastic leukemia during maintenance therapy. J
Pediatr Hematol Oncol. 2019;41:429-32.

99. Rohan JM, Fukuda T, Alderfer MA, Wetherington Donewar C, Ewing L, Katz ER,
et al. Measuring medication adherence in pediatric cancer: an approach to
validation. J Pediatr Psychol. 2017;42:232-44.

100. Kristjansdottir ER, Toksvang LN, Schmiegelow K, Rank CU. Prevalence of non-
adherence and non-compliance during maintenance therapy in adults with
acute lymphoblastic leukemia and their associations with survival. Eur J Hae-
matol. 2022;108:109-17.

ACKNOWLEDGEMENTS

This work is part of the Childhood Oncology Network Targeting Research,
Organization & Life expectancy (CONTROL) and was supported by the Danish
Cancer Society (R-257-A14720) and the Danish Childhood Cancer Foundation (2019-
5934 and 2020-5769). SHRL is supported by a Singapore NMRC Research Training
Fellowship (003/008-258). JJY is supported by the National Institutes of Health
(particularly R35GM141947 in relation to this work) and by ALSAC. The content of this
manuscript is solely the responsibility of the authors. It does not necessarily represent
the official views of the National Institutes of Health. The authors thank Keith A.
Laycock, PhD, ELS, for scientific editing of the manuscript.

AUTHOR CONTRIBUTIONS
All authors drafted the manuscript, revised the manuscript, and approved the final
version. LNT prepared figures and tables.

COMPETING INTERESTS
JJY receives research funding from the Takeda Pharmaceutical Company. The other
authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41375-022-01591-4.

Correspondence and requests for materials should be addressed to Kjeld
Schmiegelow.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

SPRINGER NATURE


https://doi.org/10.1038/s41375-022-01591-4
http://www.nature.com/reprints
http://www.nature.com/reprints

L.N. Toksvang et al.

1758
Open Access This article is licensed under a Creative Commons article’s Creative Commons license and your intended use is not permitted by statutory
BY Attribution 4.0 International License, which permits use, sharing, regulation or exceeds the permitted use, you will need to obtain permission directly
adaptation, distribution and reproduction in any medium or format, as long as you give from the copyright holder. To view a copy of this license, visit http://creativecommons.
appropriate credit to the original author(s) and the source, provide a link to the Creative org/licenses/by/4.0/.

Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the © The Author(s) 2022

SPRINGER NATURE Leukemia (2022) 36:1749- 1758


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Maintenance therapy for acute lymphoblastic leukemia: basic science and clinical translations
	Introduction
	Maintenance duration
	Methotrexate
	6-nobreakMercaptopurine
	6-nobreakThioguanine
	Interaction of thiopurines and methotrexate
	Thiopurine Enhanced ALL Maintenance (TEAM) strategy
	Adverse effects of thiopurines
	Measures of treatment intensity and novel biomarkers for therapeutic drug monitoring
	Circadian schedule and co-administration of food
	Co-medication
	Thiopurine pharmacogenomics
	MTX pharmacogenomics
	Polygenic risk scores
	Genomics of drug resistance and relapse
	Carcinogenesis
	Maintenance therapy and quality of life
	Treatment compliance and adherence
	Conclusions and future directions
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




