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“But the story of leukemia--the story of cancer--isn’t the story of doctors who struggle
and survive, moving from one institution to another. It is the story of patients who
struggle and survive, moving from one embankment of illness to another. Resilience,
inventiveness, and survivorship--qualities often ascribed to great physicians--are
reflected qualities, emanating first from those who struggle with illness and only then
mirrored by those who treat them. If the history of medicine is told through the stories
of doctors, it is because their contributions stand in place of the more substantive
heroism of their patients.”
― Siddhartha Mukherjee, The Emperor of All Maladies: A Biography of Cancer
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Chapter 1
Pediatric cancer
In the Netherlands, 600 children are newly diagnosed with cancer each year. Although
pediatric cancer survival rates have reached 75% over the past decades, cancer remains
the leading cause of death by disease among children. (1) Therapy regimens developed
over the past five decades have a large impact on the patient during and after therapy
as they are accompanied with a range of physical and psychosocial side effects.
Acute Lymphoblastic Leukemia
Acute Lymphoblastic Leukemia (ALL) is the most frequently occurring type of cancer
in childhood affecting 120 – 130 patients per year in The Netherlands. (2) ALL is a
cancer of the lymphoid progenitors of blood cells (Figure 1). (3) Normal hematopoiesis
mostly resides in the bone marrow, where multipotential hematopoietic stem cells
can give rise to either myeloid or lymphoid progenitors (Figure 1). ALL arises in the
lymphoid progenitor line as a result of an accumulation and hyperproliferation
of abnormal immature B- or T-lymphocytes due to a differentiation arrest. The
uncontrolled expansion of leukemic blasts leads to bone marrow repression and
cytopenia’s of the other healthy blood cell lines. (3) Children with ALL often present
with fever, opportunistic infections, paleness, fatigue, lethargy, bone or joint pain and
a hemorrhagic diathesis. (3)

Figure 1. Normal Hematopoiesis (by: Mikael Häggström and A. Rad). A multipotential hematopoietic stem cell gives rise to myeloid and lymphoid progenitors that further develop into the
different independent cell types.
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The history of ALL treatment
The history of treatment of leukemia in children starts in the year 1947 with the discovery
of the antifolate Aminopterin. Before 1947, the diagnosis of ALL was considered a death
sentence as at that time no therapeutic options were available. Over the past decades
the outcome of pediatric ALL has improved substantially, with 5-year overall survival
rates currently exceeding 90% in the developed countries by constantly improving
therapy regimens over the years (Figure 2). (4-7)
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Figure 2. 5-year survival rates of ALL in The Netherlands over the last decades (Pieters, NTVG 2010)

In the following years after 1947 many new drugs, such as 6-Mercaptopurine and
Prednisone, were introduced, but none of these monotherapies led to long-term
survival in pediatric ALL. This led to the introduction of combination therapies. A 6-week
regimen including a backbone of Vincristine and Prednisone led to short-term remission
in the majority of patients, but again relapses occurred. In following regimens, the
duration of treatment regimens was prolonged and central nervous system (CNS)directed therapy was introduced. In addition, many new chemotherapeutic agents, such
as anthracyclines, alkylating agents and asparaginase were introduced between 1960
and 1967. In 1962, Donald Pinkel and colleagues at the newly founded St. Jude Children’s
Research Hospital introduced the ‘Total Therapy’ treatment protocol featuring four
components that are the backbone of current ALL treatment: (1) remission induction, (2)
central-nervous-system (CNS)-directed therapy with cranial irradiation and intrathecal
methotrexate, (3) intensification (consolidation) therapy – to eliminate residual disease
and (4) maintenance treatment – to ensure continuation of remission. (8) In the 1970s,
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concerns were raised as cranial irradiation was associated with serious complications
such as second malignancies, neurocognitive impairment and endocrinopathy. (9-11)
This led to the development of triple intrathecal therapy including methotrexate,
hydrocortisone and cytarabine, in combination with intermediate-dose intravenous
methotrexate to replace prophylactic intracranial irradiation as CNS-prophylaxis. (8)
Subsequent studies showed that high doses of methotrexate (>500 mg/m2 /dose)
resulted in less systemic and testicular relapses compared to intermediate doses of
methotrexate (50–500 mg/m2/dose). (8) Folinic acid rescue therapy to reduce severeand life-threatening toxic side effects was administered after intermediate- and
high doses of methotrexate. (8) Finally, a better understanding of the biological and
genetic background of ALL and mechanisms of drug resistance led to enhanced risk
stratification and the introduction of more targeted therapies. (8)
In The Netherlands, eleven pediatric ALL treatment protocols have been implemented
in the period between 1972 and 2019 by first the Dutch Childhood Leukemia Study
Group (DCLSG) and from 2002 onwards the Dutch Childhood Oncology Group (DCOG)
– ALL1 to ALL11. (6, 12)
Two challenges remain today in pediatric ALL treatment:
1. Survival rates have not reached 100% and therefore strategies to improve survival
outcome even further are necessary.
2. As survival rates have increased tremendously due to intensified treatment
schedules, it is important to focus on the early and late side effects of therapy and
to develop strategies to reduce these.
The focus of this thesis lies on High-Dose Methotrexate (HD-MTX) therapy – protocol M
– in ALL10 and ALL11 protocols. We aim to identify genetic, epigenetic and biochemical
determinants of HD-MTX induced oral mucositis and to elucidate the role of folinic acid
rescue therapy after HD-MTX in relation to HD-MTX induced oral mucositis.
The Discovery of Antifolate Therapy
In the early 1940s, it was discovered that removing folate from the diet induced bone
marrow depression and, that administering folate to patients with pernicious anemia
restored normal blood cell division. (13, 14) Folic acid is a precursor of purines and
thymidines, which are essential for DNA and RNA synthesis, and thus crucial for cell
division and cell functioning. (15) In 1944, Lewisohn et al. observed that “folic acid
concentrate” caused regression of mammary tumors in mice. (16) Based on these
observations, in 1946, Sidney Farber – at that time assistant professor of pathology at
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Harvard Medical School – and his research team started a trial in which folic acid was
administered to 90 patients with cancer, including 11 children with ALL, in order to
induce a remission state of the leukemia and to restore normal cell division. (17) This
trial had an unexpected and dramatic outcome. Instead of stopping the progression
of ALL, the administration of folic acid in pediatric ALL patients led to an accelerated
progression of the disease – the acceleration phenomenon. (17) This outcome led to
the fabrication of the first antifolate – Aminopterin. (18) Antifolates inhibit purine- and
thymidine- synthesis, thereby inhibiting DNA- and RNA synthesis which are essential
for normal cell functioning. In 1947, Farber started administering Aminopterin to 16
pediatric patients with ALL, of whom 10/16 reached a temporary state of remission. (19)
Aminopterin is a structural analog to the drug Methotrexate, which is currently used in
the treatment of pediatric ALL. (20) Methotrexate was preferred over Aminopterin in
the 1960s, because of the more excessive and more unpredictable toxicity profile of
Aminopterin which led to toxic deaths. (21) As supportive care measures have improved,
current studies have re-challenged administering Aminopterin instead of Methotrexate
to ALL patients with a high risk of relapse as effectivity of treatment might also be higher.
(21) However, up till now Methotrexate remains the standard antifolate treatment in
pediatric ALL protocols.
High-Dose Methotrexate in ALL treatment: protocol M
In the most recent ALL-10 and ALL-11 treatment protocols, patients are treated for
a period of two years in total. Remission induction therapy is administered for the
first month (protocol 1A). After this, patients are treated according to protocol 1B
(consolidation) and then protocol M. Protocol M consists of both CNS-directed and
systemically-directed therapy and includes high-dose methotrexate (HD-MTX),
6-Mercaptopurine and intrathecal therapy. In protocol M, four HD-MTX infusions
are administered intravenously every 2 weeks at a dose of 5 g/m2 over 24 hours in
combination with oral 6-mercaptopurine 25 mg/m2 daily for 57 days (Figure 3). (22) Each
HD-MTX administration is combined with intrathecal triple chemotherapy in a standard
dose adjusted for age (8-12 mg MTX; 20-30 mg Cytosine Arabinoside; 8-12 mg Diadreson
F aquosum). Folinic acid rescue therapy (15 mg/m2) to reduce toxic side effects is
administered for a minimum of three doses at 42, 48 and 54 hours after the start of
MTX administration. Standard supportive care guidelines included hyperhydration (2.5
– 3.0 L/m2/day) and urine alkalinization through administration of sodium bicarbonate
(target pH urine between 7 and 8). Urine alkalinization increases the solubility of acidic
methotrexate, thereby preventing toxic crystallization of methotrexate in the renal
tubular lumen. Creatinine levels as well as liver enzymes (alanine transaminase and
aspartate transaminase) are monitored after HD-MTX administration. According to
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our current treatment protocol, plasma MTX levels are measured at 48 hours after
starting the HD-MTX infusion. Patients are discharged if the plasma MTX level at 48
hours is ≤0.4 µmol/L. If the patient is discharged at 48 hours the last dose of folinic
acid rescue is administered orally at home. When the plasma MTX level is >0.4 µmol/L,
hyperhydration, urine alkalinization and folinic acid rescue therapy are continued for
at least another 24 hours.

Figure 3. Overview Protocol M (HD-MTX phase) treatment protocol in DCOG ALL-10 and ALL-11
protocols. 6-Mercaptopurine (6-MP) is administered daily for a total of 57 days. Intravenous
High-Dose Methotrexate (HD-MTX) and intrathecal MTX / ARA-C / DAF are administered every
two weeks followed by three doses of Leucovorin.

High-Dose Methotrexate: mechanism of action
Methotrexate (MTX) is an important component of pediatric ALL treatment. MTX is
an antifolate agent that enters the cell mainly through the Reduced Folate Carrier 1
(RFC1), Proton Coupled Folate Transporter (PCFT), Membrane Folate Transporters
(MFR) or by passive diffusion through the cell membrane (Figure 4). (23) While
circulating, MTX contains one polyglutamate group (MTX-PG1). Once inside the cell,
MTX is polyglutamated by Folylpolyglutamate Synthetase (FPGS) with up to seven
polyglutamate groups. (24) Long-chain MTX-PG’s (MTX-PG4-7) can not be transported
out of the cell before de-polyglutamation by Gamma-Glutamyl Hydrolase (GGH). (25)
Short-chain MTX-PG’s (MTX-PG1-3) will be actively transported out of the cell by ABCC1-4,
ABCB1 and ABCG2 transporters (Figure 4). (25)
MTX is cytotoxic as it impairs purine- and pyrimidine synthesis by inhibiting the
enzymes Dihydrofolate Reductase (DHFR) and Thymidylate Synthase (TYMS) (Figure
4). (26) Purine- and pyrimidine synthesis is essential for DNA- and RNA-synthesis. The
mechanism of action of MTX takes place in the DNA replication phase (S-phase) of the
cell cycle. (27)
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Figure 4. Mechanism of action of MTX. Leucovorin (5-formylTHF) is represented in bold / italic. Abbreviations: ABCB1 - ATP Binding Cassette Subfamily B Member 1; ABCC1-4 - ATP Binding Cassette
Subfamily C Member 1 – 4; ABCG2 - ATP Binding Cassette Subfamily G Member 2; DHFR – Dihydrofolate Reductase; FPGS – Folylpolyglutamate Synthetase; GGH – Gamma-Glutamyl Hydrolase;
MFR – Membrane Folate Transporter; MTHFR - Methylene tetrahydrofolate reductase; MTHFD1
- Methylenetetrahydrofolate Dehydrogenase, Cyclohydrolase And Formyltetrahydrofolate Synthetase 1; PCFT – Proton-Coupled Folate Transporter; RFC1 – Reduced Folate Carrier; SHMT - Serine
hydroxymethyltransferase; TS – Thymidylate Synthase. Created with Biorender.com©

High-Dose Methotrexate and one-carbon metabolism
MTX inhibits one-carbon metabolism (Figure 4 and Figure 5). In one-carbon metabolism,
a carbon unit is transferred to tetrahydrofolate (THF) to form 5,10-methyleneTHF. This
is either used for the synthesis of thymidine (a pyrimidine), which is incorporated into
DNA, or oxidized to 10-formylTHF which is used for the synthesis of purines, used
in RNA-and DNA synthesis (Figure 4). A third pathway is that 5,10-methyleneTHF is
reduced to 5-methylTHF which is then used to methylate homocysteine to form
methionine (Figure 5). MTX inhibits methionine-adenosine transferase (MAT), resulting
in higher levels of methionine with concomitant lower S-adenosyl-methionine (SAM)
and is therefore expected to decrease DNA methylation. (28, 29) DNA methylation
is the epigenetic process in which methyl-groups (-CH3) bind to Cytosine-phosphateGuanine dinucleotides (CpG) in the DNA. This process can play a role in ‘gene-silencing’.
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(30) Methyl-groups are obtained from one-carbon metabolism, during which the
methyl-group from SAM is donated to DNA, RNA and proteins, after which S-adenosylhomocysteine (SAH) is formed (Figure 5). DNA methylation changes have been
implicated as a possible biomarker of treatment-related toxicity in other malignancies
and rheumathoid arthritis treatment. (31-34) No data exist on whether DNA methylation
changes are related to methotrexate-induced toxicity in pediatric ALL. Furthermore,
many genetic variants in genes involved the folate- and one-carbon metabolism, of
which MTHFR c.677C>T is the most frequently studied, have been studied in relation to
methotrexate-induced toxicity, but results of these studies were inconsistent, leaving
a large gap of knowledge in this field.

Figure 5. MTX in relation to methylation cycle. DHFR – Dihydrofolate Reductase; MTHFD1 – Methylenetetrahydrofolate Dehydrogenase, Cyclohydrolase And Formyltetrahydrofolate Synthetase 1;
MTHFR – Methylene tetrahydrofolate reductase; MS – Methionine Synthase; MAT – Methionine
Adenosine Transferase; SAHH – S-adenosylhomocysteine hydrolase; TS – Thymidylate Synthase.
Created with Biorender.com©

Folinic Acid rescue therapy
After antifolates were first introduced to pediatric ALL therapy in the 1940s, several
pre-clinical in vitro and mice studies showed that Leucovorin (5-formyltetrahydrofolate
- LV) was able to reduce toxicity when administered during or after MTX treatment.
(35-37) As, at that time, HD-MTX courses were thought to be highly toxic and possibly
lethal to patients, these courses have always been accompanied by LV rescue therapy
since. LV is a reduced folate and a structural analogue of MTX that bypasses the block
of Dihydrofolate Reductase (DHFR) by MTX, thereby restoring the reduced intracellular
folate pool after HD-MTX therapy (Figure 4). Both pediatric ALL studies (38-41) as well

General Introduction

17

as rheumathoid arthritis studies (42, 43) have since suggested that Leucovorin rescue
therapy decreases toxicity rates, but might also be accompanied by an increased risk
of relapse in ALL and decreased treatment efficacy in rheumathoid arthritis. In cancer
therapy, this phenomenon has been referred to as the folate ‘overrescue’ principle,
where not only healthy cells, but also tumor cells are rescued. In contrast, several
studies advocate the use of higher doses of Leucovorin to reduce toxicity as they were
not able to show decreased treatment efficacy of high-dose MTX in combination with
Leucovorin. (44-46) Up till now, no studies have focused on determining the most
optimal dosing- and timing- regimen of Leucovorin. Therefore, many different HD-MTX
and LV rescue dosing- and timing regimens are being administered in various protocols
throughout the world.
Methotrexate – Induced Oral Mucositis
HD-MTX therapy causes side effects, such as oral and gastro-intestinal mucositis, bone
marrow depression, nephrotoxicity, hepatotoxicity and neurotoxicity. Children with
ALL who receive HD-MTX therapy differ largely in their response to treatment with
regard to the occurrence of toxic side effects. We previously showed that severe oral
mucositis (NCI-CTCAE grade ≥ 3) was the most frequently occurring toxicity during
HD-MTX therapy that occurred in 20% of patients despite folinic acid rescue therapy.
(47) The development of oral mucositis due to chemo- and radiotherapy is multifactorial
and involves DNA damage-, apoptosis- and inflammatory- pathways. These processes
result in a painful ulceration of the oral mucosa, that impacts the nutritional status
and the quality of life and can result in a delay of subsequent chemotherapy. (48, 49)
It is therefore relevant to investigate determinants of oral mucositis and interventions
to reduce oral mucositis.
Previously, the pathophysiology of (oral) mucositis was simply proposed to be due
to DNA damage in the rapidly proliferating cells of the basal epithelium causing cell
death. (50-53) When mucositis was studied in more detail, it became apparent that
the pathophysiology was more complicated even though cell death remained one of
the hallmarks of developing oral mucositis. In 2004, Sonis et al. proposed a 5-phase
model (52):
1. The initiation phase: DNA damage and generation of Reactive Oxygen Species – ROS
– which cause cell death
2. The primary damage response: production of pro-inflammatory cytokines
3. The signal amplification phase: positive feedback due to pro-inflammatory cytokines,
which amplifies the lesions

1
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4. The ulceration phase: characterized by painful ulceration and bacterial colonization
5. The healing phase: epithelial proliferation restoring integrity of epithelium
Determinants of Methotrexate – Induced Oral Mucositis
The occurrence of MTX-induced oral mucositis is unpredictable and the severity is
highly variable between patients. Inconsistent results have been published on risk
factors of MTX induced oral mucositis in the pediatric ALL population, but low body
weight, impaired renal function, concomitant therapies, low neutrophil count and
elevated pre-therapeutic levels of inflammatory mediators have been mentioned as
such. (54, 55) A large number of studies have been performed on the role of genetic
variation in genes involved in the pharmacodynamics (e.g. MTHFR) or pharmacokinetics
(e.g. SLC19A1) of methotrexate in developing oral and gastro-intestinal mucositis.
However, results are often inconsistent and not reproducible. Several meta-analyses
have been conducted for the two most frequently studied MTHFR genetic variations
c.677C>T (rs1801394) and c.1298A>C (rs1801131). (56-59) However, these metaanalyses included only a small subset of the available studies and only focused on
two possible relevant polymorphisms. One Genome Wide Association Study (GWAS)
into methotrexate-induced toxicity has been performed showing that SLCO1B1 singlenucleotide polymorphisms (SNP) rs11045879 and rs4149081 were associated with
methotrexate clearance and GI toxicity. (60, 61)
Aims and Outline Of This Thesis
The aim of this thesis is to identify genetic, epigenetic and biochemical determinants of
HD-MTX induced oral mucositis and to elucidate the role of folinic acid rescue therapy
after high-dose Methotrexate (HD-MTX) in relation to HD-MTX induced oral mucositis
(Figure 6).
In Chapter 2 we summarize data on three previously described genetic variants within
the TYMS gene in relation to MTX-induced oral mucositis in a prospective pediatric ALL
study and perform a meta-analysis of previous results. In Chapter 3 we review and
meta-analyze all previously described genetic variants in relation to MTX-induced oral
mucositis and gastrointestinal toxicity in adults and children with cancer. In Chapter
4 we study whether Single Nucleotide Polymorphisms (SNPs) in miRNA’s and miRNAprocessing genes are related to the development of MTX-induced oral mucositis. In
Chapter 5 we present results on global DNA methylation in relation to the development
of MTX-induced oral mucositis. In Chapter 6 we study whether vitamin D levels are
associated with the development of MTX-induced oral mucositis. In Chapter 7 we
review current literature on the effect of Leucovorin rescue therapy and the most
optimal dosing and timing regimens of Leucovorin to prevent MTX-induced oral
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mucositis. In Chapter 8 we show results of different dosing- and timing- regimens of
LV to ‘rescue’ mucosal cell death during treatment with HD-MTX in a human oral mucosa
organoid model. In Chapter 9 and Chapter 10 we present studies on the interaction
between intracellular folate- and MTX-PG levels throughout treatment with HD-MTX
and Leucovorin rescue therapy. We discuss the results of this thesis in Chapter 11 and
a summary is provided in Chapter 12.

1

Figure 6. Overview of topics addressed in this thesis.
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ABSTRACT
Background Methotrexate (MTX) is an important drug in the treatment of pediatric
acute lymphoblastic leukemia (ALL). MTX is cytotoxic as it impairs DNA and RNA
synthesis by inhibiting the enzymes dihydrofolate reductase (DHFR) and thymidylate
synthase (TYMS). The association between genetic variants within the TYMS gene and
MTX-induced toxicity has been studied, but results are inconsistent. We determined
the role of three previously described variants within the TYMS gene and MTX-induced
oral mucositis in a prospective cohort of Dutch children with ALL and performed a
meta-analysis of previous results.
Methods We analyzed the presence of a 28-base pair tandem repeat (rs34743033; 2R3R),
a single nucleotide polymorphism present within the 28-base pair repeat on the 3R
allele (rs2853542; 3RG>C) and a 6-base pair deletion (rs15126436; TTAAAG) within the
TYMS gene in germline DNA of 117 pediatric ALL patients. Oral mucositis was defined
as grade≥3 according to the National Cancer Institute Common Terminology Criteria
for Adverse Events (CTCAE) v.3.0. Data were analyzed for the individual rs34743033
(2R3R) and rs151264360 (6bp deletion) polymorphisms, whereas rs2853542 (3RG>C)
was combined with rs34743033 (2R3R) and analyzed according to predicted expression
levels of TYMS: low expression (2R/2R, 2R/3RC, 3RC/3RC), median expression (2R/3RG,
3RC/3RG) and high expression (3RG/3RG). We performed a meta-analysis of current
literature on these polymorphisms in relation to oral mucositis using a fixed effects model.
Results The 2R2R genotype (rs34743033) was not significantly associated with
developing MTX-induced oral mucositis compared with the 2R3R/3R3R genotypes,
which was confirmed in a meta-analysis (OR 1.17 [0.62 – 2.19]). Patients carrying the low
expression TYMS genotype (2R2R, 2R3RC, 3RC3RC) had an increased odds of developing
MTX-induced oral mucositis (OR 2.42 [0.86 – 6.80]), which did not reach statistical
significance. The 6bp deletion (rs151264360, OR 0.79 [0.20 – 3.19]) was not associated
with the development of MTX-induced oral mucositis.
Conclusion The TYMS 6bp deletion and 2R3R polymorphism were not associated with
MTX-induced oral mucositis. Validation studies in prospective cohorts are necessary
to assess the possible role of the low expression TYMS genotypes in relation to MTXinduced oral mucositis.

The role of TYMS variants in methotrexate toxicity

27

INTRODUCTION
Methotrexate (MTX) is an important drug in the treatment of pediatric acute
lymphoblastic leukemia (ALL). Patients with ALL who receive high-dose MTX courses
differ largely in their response to treatment with regard to both the pharmacokinetics
of MTX as well as to the occurrence of toxic side effects. The interindividual differences
in the susceptibility to toxic effects of MTX could partly be due to variation in genes
involved in the pharmacokinetics of MTX. [1-3] Previously, we reported that oral
mucositis occurs in 20% of children with ALL treated with 5 g/m2 MTX. [4] Identifying
genetic predictors of MTX-induced oral mucositis would be of value to select patients
who may benefit from personalized treatment strategies.
MTX is cytotoxic as it impairs DNA and RNA synthesis by inhibiting the enzymes
dihydrofolate reductase (DHFR) and thymidylate synthase (TYMS). [5] Polymorphisms
within the TYMS gene and corresponding TYMS mRNA and protein levels have been
studied in relation to both survival and toxicity in pediatric ALL patients. [6-8] The
three most frequently studied TYMS polymorphisms in relation to MTX toxicity are a
28-base pair tandem repeat (2R3R), a single nucleotide polymorphism (SNP) within the
third 28-base pair repeat (3RG>C) and a 6-base pair deletion (6bp deletion). These three
polymorphisms have a different effect on TYMS levels (Supplemental Table 1). The 2R3R
tandem repeat contains a putative Enhancer box (E-box) on the first repeat of the 2R
allele and on the first two repeats of the 3R allele. [7,9] More repeats, and thus E-boxes,
lead to an increased transcription of the TYMS gene and consequently higher TYMS
mRNA and protein levels. [10] The 3R G>C SNP on the twelfth nucleotide of the second
repeat of the 3R allele disrupts the E-box, thereby reducing the stimulating effect of the
E-box and decreasing TYMS levels. [7] In a previous study, the genotypes of the 2R3R
and 3R G>C polymorphisms were combined into the following categories: low (2R/2R,
2R/3RC, 3RC/3RC) versus medium (2R/3RG, 3RG/3RC) and high expression (3RG/3RG)
TYMS levels. [3] Finally, the 6bp deletion affects a region of TYMS pre-messenger
ribonucleic acid (mRNA) that contains cis adenylate-uridylate-rich elements (AREs).
[11,12] In the presence of a 6bp deletion these AREs bind to a trans AU-rich factor 1
(AUF1) which impairs mRNA stability, resulting in lower TYMS levels. [8,11,12]
Previous studies on the influence of TYMS polymorphisms on toxicity revealed
inconsistent results (Table 1). Most studies showed that high expression TYMS variants
are associated with lower MTX-induced toxicity rates or that low expression TYMS
genotypes are associated with higher toxicity rates in pediatric ALL. [1,5,13] However,
other studies reported no association with toxicity. [3,14,15] Therefore, the role of TYMS
polymorphisms in MTX-induced toxicity remains unclear.
In this study, we examined the association between the TYMS rs34743033 (2R3R),
rs2853542 (3RG>C) and rs151264360 (6bp deletion) polymorphisms and MTX-induced
oral mucositis in a prospective cohort of Dutch children with ALL and performed a
meta-analysis of the available literature.
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Prospective
cohort

Prospective
cohort

Dulucq et al., ALL
277
2008
(pediatric)

ALL
240
(pediatric)

ALL
64
(pediatric)

ALL
198
(pediatric)

Kishi et al.,
2008

Relling et al.,
2004

Erculj et al.,
2012

Dose MTX

Effect toxicity (Yes/No)
+ type toxicity

USA/St Jude
Children’s Research
Hospital treatment
protocols (Total XIIIB
or XIV)
2 - 4x 5g/ m2
MTX

2 g/m2 MTX a

Consolidation +
maintenance
weekly doses of
30 to 45 mg/m2
MTX
2 g/m2 MTX a

Induction
4 g/m2 MTX

β=−0.48 (-0.84 - -0.12)

Effect toxicity

OR 0.54 (0.19 – 1.57)

OR 0.30 (0.13 – 0.69)
OR 0.23 (0.09 – 0.59)

Yes (CTCAE grade ≥2):
*Leucocytopenia – 3R allele
*Thrombocytopenia – 3R allele

OR 7.4 (1.0 – 54.3)

Yes (CTCAE grade ≥1):
*Osteonecrosis – 2R2R
No (CTCAE grade ≥2):
*Mucositis – 3R allele

No (CTCAE grade cut-off - NS):
*Mucositis / Gastro-intestinal NA due to low number
toxicity
of cases (3%)

No (CTCAE grade ≥3):
*Mucositis / Gastro-intestinal No effect, not further
toxicity
specified

No (CTCAE grade cut-off - NS):
*Mucositis / Gastro-intestinal NA due to low number
toxicity
of cases (<1%)

rs34743033 (2R3R) polymorphism
4x 5g/m2 MTX a
Yes (sum score NCI grade 0 – 4
during 4 courses; continuous):
*Mucositis – 3R allele

USA/St Jude
Children’s Research
Hospital treatment
protocol Total XIIIB

Retrospective Slovenia/ ALL
cohort
BFM90/95 or
ICBFM02

Prospective
cohort

Germany/
ALL BFM2000

Prospective
cohort

Radtke et al., ALL
348
2013
(pediatric)

Canada/
Dana-Farber
Cancer Institute ALL
Consortium DFCI
87-01, 91-01, 95-01

Country/
ALL protocol

Author
Number
Year of
Diagnosis
Type study
patients
publication

Table 1. Literature study of TYMS polymorphisms in relation to MTX-induced toxicity

Yes
(sex, treatment
protocol and
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demographic
factors)
Yes
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Yes
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MTX AUC0-48h,
and genotypes)
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Multivariate
analysis
(factors)
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ALL
198
(pediatric)

Erculj et al.,
2012

Retrospective Spain/ LALcohort
SHOP99/05

Effect toxicity (Yes/No)
+ type toxicity

Yes (WHO grade ≥1):
*Mucositis – 3R allele
*Thrombocytopenia – 3R allele

No (No - Yes):
*Mucositis

No

Yes
(age, sex)

Multivariate
analysis
(factors)

OR 0.19 (0.06 – 0.58)

*Thrombocytopenia –
medium/high expression
TYMS genotypes
rs151264360 (6bp deletion)
3x 3 g/m2 or
No (CTCAE grade cut-off - NS):
3x 5 g/m2 MTX
Mucositis

NS

OR 0.49 (0.25 – 0.94)

OR 0.21 (0.05 – 0.96)

Yes
(age, sex)

Yes
(sex, treatment
protocol and
risk group)

Yes
OR 0.016 (0.0012-0.20) (MTX exposure,
OR 0.15 (0.039–0.61)
patient age,
immunophenotype)

No effect, not further
specified

*Leucocytopenia –
medium/high
expression TYMS genotypes

rs151264360 (3R G>C) polymorphism
2 - 4x 5g/ m2
Yes (CTCAE grade ≥2):
MTX
*Mucositis medium/high expression TYMS
genotypes (2R/3RG, 3RC/3RG,
3RG/3RG)

4x 2 g/ m2 or
4x 5 g/ m2 MTX

3x 2 g/m2 or
4x 3 g/m2 MTX

NA due to low number
of cases (2%)

Effect toxicity

a

Leucovorin dosage was adjusted based on plasma methotrexate concentrations; Abbreviations: ALL, acute lymphoblastic leukemia; B-ALL, B-cell
acute lymphoblastic leukemia; AML, acute myeloid leukemia; AUC, area under the drug concentration-time curve; MRD, minimal residual disease; MTX,
methotrexate; NA, not analyzed; NS, not specified; WBC, white blood cell count.

Lopez-Lopez B-ALL
115
et al.,
(pediatric)
2011

ALL/AML 64
(pediatric)

Faganel et
al.,
2011

Retrospective Slovenia/ ALL
cohort
BFM86/90/95 or
ICBFM2002/2002HR
or NHL BFM90

Retrospective Netherlands/
cohort
DCOG ALL-9 protocol

ALL
81
(pediatric)

Huang et al.,
2008

Retrospective Slovenia/ ALL
cohort
BFM90/95 or
ICBFM02

Dose MTX
rs34743033 (2R3R) polymorphism
No (CTCAE grade cut-off - NS):
3x 3 g/m2 or
3x 5 g/m2 MTX
*Mucositis

Retrospective Spain/ LALcohort
SHOP99/05

Country/
ALL protocol

Lopez-Lopez B-ALL
115
et al., 2011
(pediatric)

Author
Number
Year of
Diagnosis
Type study
patients
publication

Table 1. Continued.
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MATERIALS AND METHODS
Patient selection
A previously described cohort of pediatric ALL patients [4], aged between 1 and 19
years, were included in the study. Only standard and medium risk patients treated
according to the Dutch Childhood Oncology Group ALL-10 protocol before the start
of protocol M (methotrexate phase) were included in this study, as high risk patients
received interfering concomitant drugs. We excluded patients with Down syndrome
since they received lower dosages of MTX during protocol M. Written informed consent
was obtained from the patients (12 years of age or older) and their parents or guardians
according to the Declaration of Helsinki. The study was approved by the Medical
Research Ethics Committee (MEC-2005-358).
Treatment and toxicity evaluation
As previously described, four high-dose (HD) MTX infusions were administered every
2 weeks at a dose of 5 g/m2 over 24 hours. [4] In addition, protocol M included oral
6-mercaptopurine (25 mg/m2 daily for 56 days). Each MTX administration was combined
with intrathecal triple chemotherapy. Folinic acid rescue therapy was administered at
42, 48 and 54 hours after the start of MTX administration. We used a modified version
of the National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events
(CTCAE) v.3.0 score system [16] to score and document toxicity (Supplementary Table
1). The highest grade of oral mucositis observed for each patient during 4 courses
of HD-MTX therapy was recorded. Clinically relevant oral mucositis was defined as
CTCAE grade ≥3 (CTCAE grade 3: confluent ulcerations, bleeding with minor trauma;
symptomatic and unable to consume food or liquids orally).
DNA isolation and Genotyping protocols
Peripheral blood was drawn at the start of protocol M before the first course of HDMTX. We isolated DNA using the MagNA Pure Compact Nucleic Acid isolation kit (Roche
Molecular Biochemicals®, Almere, The Netherlands).
For rs34743033 (2R3R) the following primers were used: forward primer: 5’ – GTC GCT
CCT GCG TTT CCC CC – 3’ and reverse primer: 5’ – CCA AGC TTG GCT CCG AGC CGG
CCA CAG GCA TGG CGC GG – 3’ (Invitrogen™, Bleiswijk, The Netherlands). We added
1.5 µl of isolated DNA (10 ng/µL) to each reaction in a total volume of 25 µl. The PCR
reaction contained 2.55 µl 10x buffer, 2.55 µl 2mM deoxyribonucleotide triphosphates
(dNTPs), 1.25 µl 25mM MgCl2, 2 µl of the forward and reverse primer (10 pmol/L), 2.55 µl
dimethylsulfoxide (DMSO), 0.25 µl AmpliTaq (5 U/L, Applied Biosystems, Waltham, MA,
USA) and 11.85 µl of H2O. The PCR was performed using the C1000 Touch™ Thermal
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Cycler (Bio-Rad, Veenendaal, The Netherlands). Cycle conditions were as follows: 7
minutes at 95°C, 35 cycles of 1 minute at 95°C, 1 minute at 60°C, 1 minute at 72°C
and finally 7 minutes at 72°C and infinite hold at 7°C. The amplified fragments were
separated on a 3% agarose gel. The fragments were 214 bp for the 2R allele and 242
bp for the 3R allele in length.
For rs2853542 (3RG>C) a restriction fragment length polymorphism (RFLP) assay
was performed; 10 µl of the PCR product from the 2R3R tandem repeat (rs34743033)
reaction was incubated with 15 U HaeIII restriction enzyme (GG^CC; New England
Biolabs, Ippswich, MA, USA), 2 µl Cutsmart 10x buffer in a total volume of 20 µL for 2h
at 37°C. After digestion, the fragments were separated on a 4% agarose gel. An overview
of the digested fragments per genotype is described in Supplementary Table 2.
For rs151264360 (6bp deletion) the following primers were used: forward primer: 5’
–CAA ATC TGA GGG AGC TGA GT – 3’ and reverse primer: 5’ – CAG ATA AGT GGC AGT
ACA GA – 3’. The PCR reaction contained 1.5 µl of isolated DNA (10 ng/µL), 2.5 µl 10x
buffer, 2.5 µl 2mM deoxyribonucleotide triphosphates (dNTPs), 1.5 µl 25mM MgCl2, 2 µl
of the forward and reverse primer (10 pmol/L), 2.5 µl dimethylsulfoxide (DMSO), 0.25
µl AmpliTaq (5 U/L) and 12 µl of H2O. Cycle conditions were as follows: 10 minutes at
95°C, 40 cycles of 30 seconds at 95°C, 45 seconds at 58°C, 45 seconds at 72°C and
finally 5 minutes at 72°C and infinite hold at 7°C. Subsequently, an RFLP assay was
performed to determine the genotype; 10 µl of the PCR product was incubated with
15 Units DraI restriction enzyme (TTT^AAA; Applied Biosystems, Waltham, MA, USA),
2 µl 10x Cutsmart buffer and 6.5 µl H2O for 1h at 37°C. After digestion, the fragments
were separated on a 3% agarose gel. The 6bp deletion creates a restriction site with
DraI and gives a 66bp and 88bp band on the gel. The 6bp insertion has no restriction
site and gives a 148bp band on the gel.
In all assays, sequenced samples were used as positive controls. Negative controls
without patient DNA were included to confirm the absence of contamination during the
procedure. We repeated genotyping in ten percent of all samples as a quality control.
Statistical analysis
The TYMS polymorphisms were checked for deviations from Hardy Weinberg Equilibrium
(HWE). We used the Chi-square test or a Fisher’s Exact test when appropriate to
examine the association between two of three TYMS polymorphisms (2R3R; 6bp
deletion) and MTX-induced oral mucositis. The 3RG>C polymorphism was not analyzed
individually as it only co-exists with the 2R3R polymorphism. In line with previous
studies, the genotypes of rs34743033 (2R3R) and rs2853542 (3RG>C) were combined
into the following categories: low (2R2R, 2R/3RC, 3RC/3RC) versus medium (2R/3RG,
3RG/3RC) and high (3RG/3RG) TYMS expression levels. [3] Subsequently, univariate
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logistic regression was performed with the polymorphisms as the independent and oral
mucositis as the dependent variable to calculate odds ratios (OR) and 95% confidence
intervals (95% CI). The OR and 95% CI were calculated if the statistical power was large
enough (>5 patients in each cell of 4x4 table). Statistical analyses were performed
with SPSS Statistics Version 20.0.0.1 (SPSS, Chicago, IL, USA). The significance level
was set at a p-value < 0.017 using a Bonferroni correction for multiple comparisons
(p-value = 0.05/3 = 0.017).
Literature review and meta-analysis of rs34743033 (2R3R)
We performed a review of literature in PubMed on the 4 th of October 2017 using
synonyms for TYMS and methotrexate (Supplemental Table 5). We identified 998 articles
in this search. Inclusion criteria were that studies had to be performed in a pediatric ALL
setting (<19 years of age) and had to report on TYMS genetic polymorphisms in relation
to developing MTX-induced oral mucositis. Articles had to be available in English, Dutch
or German language. After screening all titles and abstracts of articles for eligibility,
seven studies were identified to meet the inclusion criteria. [1-3,5,7,13,14] One study was
found after reference screening and had performed TYMS genotyping and analysis with
MTX-induced oral mucositis, but had not mentioned this in the title/abstract as results
were negative. [15] As many studies did not report the original data, we contacted all
authors by personal communication to verify whether they had analyzed oral mucositis
cases in relation to TYMS polymorphisms and whether they were willing to share the
original data for meta-analysis. A fixed-meta-analysis using Cochrane RevMan (Review
Manager 5.3) was performed using the original data (2R2R versus 2R3R + 3R3R, event
was defined as oral mucositis CTCAE grade ≥ 2 or CTCAE grade ≥ 3).

RESULTS
Patient characteristics
In total, 112 pediatric ALL patients were included in the study. Four patients had an
aberrant genotype in either the TYMS 2R3R or the 3RG>C polymorphisms: one had a
6bp insertion in the second 28bp repeat (2R) and three patients had a 2RC genotype.
We excluded these four patients from the statistical analysis. Patient characteristics
of the remaining 108 patients are summarized in Table 2. In total, 23 patients (21%)
developed oral mucositis CTCAE grade ≥ 3 during one out of four HD-MTX courses; 16
patients (15%) developed oral mucositis during the 1st HD-MTX course, 10 (9%) during
the 2nd HD-MTX course, 0 (0%) during the 3d HD-MTX course and 2 (2%) during the 4th
HD-MTX course.
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Table 2. Patient characteristics
Patient characteristics (n = 108)
Age at diagnosis,
median (range in years)
Sex, n (%)
Female
Male
Immunophenotype ALL, n (%)
B-lineage
T-lineage
Biphenotypic
Risk group ALL-10 protocol, n (%)
Standard risk
Medium risk
Mucositis, n (%)*
Yes
No

5.7 (1 – 18)
49 (45)
59 (55)
91 (84)
16 (15)
1 (1)

2

29 (27)
79 (73)
85 (79)
23 (21)

*Clinically relevant mucositis is defined as ≥ grade 3 according to the National Cancer Institute
Common Terminology Criteria for Adverse Events v.3.0.

Genotyping results
All three polymorphisms were in Hardy Weinberg equilibrium. In total, 25% of patients
had the 2R2R genotype (n = 27), 11% had the homozygous 6bp deletion genotype
(n = 12) and 57% had the low expression genotype (2R/2R, 2R/3RC, 3RC/3RC; n = 59)
(Supplemental Table 4). The 2R3R (p-value 0.27) and 6bp deletion (OR 0.79 [0.20 – 3.19],
p-value 0.74) polymorphisms were not significantly associated with the development of
MTX-induced oral mucositis. Patients carrying low expression genotypes (2R/2R, 2R/3RC,
3RC/3RC) developed MTX-induced oral mucositis in 27% of cases (n=16), whereas
medium (2R/3RG, 3RG/3RC) and high expression genotypes (3RG/3RG) developed MTXinduced oral mucositis in 13% of cases (n=6) (OR 2.42 [0.86 – 6.80], p-value 0.09) (Table 3).
Table 3. Association of TYMS polymorphisms with MTX-induced oral mucositis
Polymorphism

Genotype

No mucositis Mucositis
n (%)
n (%)

p-value

OR

95% CI

Combination
High + medium
rs34743033 (2R3R) and gene expression
a
rs2853542 (3R G>C)
Low gene
expression

39

(87%)

6

(13%)

43

(73%)

16

(27%)

0.09

2.42 [0.86 – 6.80]

rs34743033 (2R3R)

2R2R
2R3R/3R3R

24
61

(89%)
(76%)

3
19

(11%)
(24%)

0.27b

b

rs151264360
(6bp deletion)

6bp ins/ins
6bp ins/del +
6bp del/del

41
44

(77%)
(80%)

12
11

(23%)
(20%)

0.74

0.79 [0.20 – 3.19]

b

OR: odds ratio; 95% CI: 95% confidence interval; aHigh + medium expression genotypes: 2R 3RG,
3RG 3RC, 3RG 3RG; Low expression genotypes: 2R 2R, 2R 3RC, 3RC 3RC; bFisher’s exact test was
performed and OR + 95% CI could not be presented due to low power.
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Literature review and meta-analysis 2R3R tandem repeat (rs34743033)
We identified eight studies that assessed MTX-induced oral mucositis and the 2R3R
tandem repeat (n = 8 studies), the 3RG>C SNP (n = 1 study) and the 6bp deletion (n = 1
study) respectively; four studies were prospective [1,2,5,15] and four were retrospective
cohort studies [3,7,13,14] (Table 1). In two studies numbers of oral mucositis were too
low (<3% of the population) to analyze [2,5], in one study another grading system
(system: present yes / no) was used to assess oral mucositis [14] and in two studies
the exact data on separate mucositis grading scores were not available in all patients
upon request. [13,15]
Radtke et al., Erculj et al. and Lopez-Lopez et al. analyzed oral mucositis in relation
to the TYMS 2R3R polymorphism and were willing to share the original dataset for
meta-analysis. [1,3,7] These three studies and our current study were included in the
meta-analysis with oral mucositis CTCAE grade ≥ 2 as endpoint (Figure 1). The 2R2R
genotype was not significantly associated (pooled OR 1.45, 95% CI [0.99 – 2.14]) with
developing MTX-induced oral mucositis. Only the study of Radtke et al. had enough
power to analyze the data with oral mucositis CTCAE grade ≥ 3 as endpoint (Figure
2). [1] The meta-analysis of the data of Radtke et al. and our study did not show a
significant association between 2R2R genotype and the development of MTX-induced
oral mucositis (pooled OR 1.17, 95% CI [0.62 – 2.19]).

Figure 1. Meta-analysis rs34743033 (2R3R) in relation to MTX-induced oral mucositis
Meta-analysis of four studies on the rs34743033 (2R3R) polymorphism in relation to MTX-induced
oral mucositis (CTCAE grade ≥ 2).

Figure 2. Meta-analysis rs34743033 (2R3R) in relation to MTX-induced oral mucositis
Meta-analysis of two studies on the rs34743033 (2R3R) polymorphism in relation to MTX-induced
oral mucositis (CTCAE grade ≥ 3).
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DISCUSSION
In this study, we investigated the role of three polymorphisms in the TYMS gene in the
development of MTX-induced oral mucositis in pediatric ALL patients. The 2R3R and
6bp deletion polymorphisms were not associated with MTX-induced oral mucositis. Low
expression TYMS (2R3R + 3RG>C) genotypes showed an increased odds of developing
MTX-induced oral mucositis, though this did not reach statistical significance.
Between 2004 and 2016 eight studies were published that analyzed one of the three
TYMS polymorphisms, of which six studies analyzed the 2R3R polymorphism in relation
to MTX-induced oral mucositis in pediatric ALL patients. [1,3,7,13-15] Three out of six
studies could be included in our meta-analysis [1,3,7] and three studies had to be
excluded due to using another grading system [14] or not having the exact data on
separate mucositis grading scores available in all patients [13,15]. Out of these six
studies, four studies (2 studies included in meta-analysis; 2 studies excluded from
meta-analysis) showed no association between the 2R3R polymorphism and developing
oral mucositis, which was in line with our results. [3,7,14,15] Two studies did show a
protective effect of the 3R allele in relation to developing oral mucositis. [1,13] Faganel et
al. showed in a retrospective cohort of 64 patients that the 3R allele was associated with
an OR of 0.016 [0.0012 – 0.20]. [13] The largest prospective study in 385 patients, that
was included in our meta-analysis, previously showed that carriers of the 3R allele had
a decreased risk of developing oral mucositis (β=−0.48; 95% CI -0.84 - -0.12; R 2= 0.018;
P= 0.009) in a linear regression model corrected for age, gender, white blood cell count,
minimal residual disease and mean MTX area under the curve at 48 hours. [1] In our
meta-analysis, the 2R3R polymorphism did not show a significant effect on developing
MTX-induced oral mucositis.
However, in line with previous work, our study did show a 2.4 fold increased odds for
developing oral mucositis for carriers of low expression genotypes (2R2R, 2R/3RC,
3RC/3RC) during high-dose MTX treatment in ALL, though this did not reach statistical
significance. Erculj et al. investigated the combined 2R3R and 3RG>C (rs2853542)
polymorphisms in ALL and found that the low expression genotypes was associated
with increased rates of MTX-induced toxicity (leukocytopenia, thrombocytopenia, and
mucositis CTCAE grade ≥2). [3] In light of these results, we would recommend that future
larger validation studies do not focus on the individual effect of these two polymorphisms,
but combine the genotypes to high, medium and low expression genotypes.
The 6bp deletion (rs151264360) was described in one previous study in pediatric ALL
patients, but not enough power existed to analyze this polymorphism in relation to
oral mucositis. [7] The 6bp deletion has also been studied extensively in rheumatoid
arthritis patients who receive low-dose MTX therapy. [8-12] These studies show no
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significant association between the 6bp deletion and MTX-induced toxicity. In contrast,
a recent systematic review and meta-analysis in rheumatoid arthritis patients showed
that the 6bp deletion was associated with the absence of overall MTX toxicity. [17]
However, there was no association with the development of gastrointestinal toxicity.
Our data confirm that this polymorphism is not related to MTX-induced oral mucositis.
When analyzing all available literature on TYMS polymorphisms in relation to MTX –
induced oral mucositis, it was striking that the oral mucositis rate differed between
studies from close to 0% [2,7,18] until up to 50% [14]. This could be due to different
HD-MTX treatment regimens, missing data in retrospective study designs and different
classification systems of oral mucositis. It is of interest to note the low oral mucositis
rate in the prospective studies of Kishi et al. (7%) and Relling et al. (<3%) as the used
treatment protocols personalize methotrexate and leucovorin rescue therapy dosages
based on plasma methotrexate concentrations, which might lead to lower oral mucositis
rates. [5,15] Personalizing methotrexate and leucovorin doses might be another strategy
to improve quality of life of patients by reducing the toxicity rate.
The inconsistent results on the association between TYMS polymorphisms and MTXinduced toxicity between the previously performed studies are most likely due to the
use of different treatment protocols and dosage schedules of MTX and Leucovorin,
different toxicity cut-off points and the retrospective nature of most studies. In future
prospective studies in which toxicity is well-documented, other polymorphisms in the
folate and MTX pathway, such as transporter genes (RFC1 / PCFT / ABCC1-5) and DHFR,
should be taken into account in analyses. Strengths of our study are the prospective
collection of toxicity data, the fact that all patients were treated according to the same
standardized DCOG ALL-10 treatment protocol and the fact that we aimed to metaanalyze all available data at present resulting in more power.
In conclusion, in our prospective pediatric ALL cohort the 2R3R and 6bp deletion
polymorphisms were not associated with the development of MTX-induced oral
mucositis. Low expression TYMS genotypes showed an increased odds of developing
MTX-induced oral mucositis, which did not reach statistical significance. Validation
studies in cohorts with prospectively collected toxicity data and analysis strategies
which take into account other polymorphisms in the folate and purine / pyrimidine
pathway are necessary in order to construct clinically relevant prediction models.
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SUPPLEMENTAL MATERIAL
Supplemental Table 1. Expression levels of the rs34743033 (2R3R), rs2853542 (3RG>C) and
rs151264360 (6bp deletion) polymorphisms within the thymidylate synthase (TYMS) gene
Polymorphism

Genotype

2R3R
(VNTR 28bp;
rs34743033)
+
3RG>C
(SNP; rs2853542)

2R 2R
2R 3Rc
2R 3Rg
3Rg 3Rc
3Rc 3Rc
3Rg 3Rg
6bp insertion
6bp deletion

6bp deletion
(TTAAAG; rs151264360)

Expected amount
Category
Enhancer-boxes (n) expression
level TYMS
2
Low expression
2
Low expression
3
Medium expression
3
Medium expression
2
Low expression
4
High expression
NA
*
Low expression

Abbreviations: VNTR; variable number tandem repeat, SNP; single nucleotide polymorphism,
NA; not applicable
*normal situation

Supplemental Table 2. National Cancer Institute Common Terminology Criteria for Adverse
Events version 3.0. [13]
Adverse
event
Grade

0

1

2

Erythema of
Mucositis/
the mucosa.
stomatitis
Normal Minimal
of the oral
symptoms,
cavity
normal diet.

3

Confluent
ulcerations, bleeding
Patchy ulcerations,
with minor trauma.
symptomatic but
Symptomatic and
can eat and swallow
unable to adequately
modified diet.
aliment or hydrate
orally.

4

5

Tissue necrosis,
significant
spontaneous
bleeding.
Symptoms
associated with
life-threatening
consequences.

Death

Shown are the CTCAE grading criteria (clinical exam and functional/symptomatic) for oral mucositis/
stomatitis. Mucositis CTCAE grade ≥ 3 was considered as a clinical endpoint for this study.

Supplemental Table 3. Overview RFLP assay 3RG>C polymorphism (rs2853542) fragment length
Genotype
2R/2R
2R/3RG
2R/3RC
3RG/3RG
3RG/3RC
3RC/3RC

Fragment length (bp)
12 bp, 44 bp, 45 bp, 47 bp, 66 bp
12 bp, 44 bp, 45 bp, 47 bp, 28 bp, 66 bp
12 bp, 44 bp, 45 bp, 47 bp, 66 bp, 94 bp
12 bp, 44 bp, 45 bp, 47 bp, 28 bp, 66 bp
12 bp, 44 bp, 45 bp, 47 bp, 28 bp, 66 bp, 94 bp
12 bp, 44 bp, 45 bp, 47 bp, 94 bp

Overview of fragment lengths of the RFLP assay of the 3RG>C polymorphism. The diagnostic
fragments are indicated in bold.
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Supplemental Table 4. Numbers of patients per TYMS polymorphism genotype
Polymorphism
Combination
rs34743033
(2R3R) and
rs2853542
(3R G>C)
rs34743033
(2R3R)
rs151264360
(6bp deletion)

No mucositis
n (%)
Low gene expression (2R2R, 2R3RC , 3RC3RC) 43
(73%)
Medium gene expression (2R3RG, 3RG3RC)
34
(87%)
High gene expression (3RG3RG)
5
(83%)

Mucositis
n (%)
16 (27%)
5
(13%)
1
(17%)

2R2R
2R3R
3R3R
6bp ins/ins
6bp ins/del
6bp del/del

3
13
6
12
8
3

Genotype

24
37
24
41
35
9

(89%)
(74%)
(80%)
(77%)
(81%)
(75%)

(11%)
(26%)
(20%)
(23%)
(19%)
(25%)

Supplemental Table 5. Search terms literature review performed 4th of October 2017 in PubMed
TYMS
(“thymidylate synthase”[MeSH Terms] OR “thymidylate synthase”[Title/Abstract] OR “thymidylate
synthetase”[Title/Abstract] OR TS[Title/Abstract] OR TYMS[Title/Abstract])
AND
Methotrexate
(“folic acid antagonists”[MeSH Terms] OR MT X[ Title/Abstract] OR “methotrexate
polyglutamate”[Title/Abstract] OR amethopterin[Title/Abstract] OR mexate[Title/Abstract]
OR “methotrexate sodium”[Title/Abstract] OR rheumatrex[Title/Abstract] OR antifolate[Title/
Abstract] OR antifolates[Title/Abstract] OR “folic acid antagonist”[Title/Abstract] OR “folic acid
antagonists”[Title/Abstract] OR “folic acid metabolism inhibitors”[Title/Abstract])
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Genetic variants associated with methotrexateinduced mucositis and gastrointestinal toxicity in
cancer treatment: a systematic review and metaanalysis
Maagdenberg H, Oosterom N, Zanen J, Gemmati D, Seidemann K, Windsor RE, Heil SG,
Esperon P, Jabeen S, Ruiz-argüelles GJ, Zolk O, Hoerning S, Salazar J, Badell I, Yang W,
Faganel-Kotnik B, Sleurs C, Lopez-Lopez E, Moreno-Galván M, van den Heuvel-Eibrink
MM, Maitland-van der Zee AH, and Carleton BC.
To be submitted
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ABSTRACT
Background Methotrexate (MTX) is an important chemotherapeutic agent in the
treatment of childhood and adult cancers. Although MTX has shown its value in the
treatment of cancer, it is often accompanied with toxicity such as oral mucositis and
gastrointestinal toxicity (GIT). The occurrence of these toxicities is unpredictable and
the severity is highly variable between patients. Even though many pharmacogenetic
studies have been conducted in relation to MTX-induced mucositis/GIT, results are
often inconsistent and not replicated by others.
Objective In this study, we review previously studied genetic variants and conduct a
meta-analysis of these polymorphisms in relation to MTX-induced mucositis/GIT.
Methods We conducted a systematic review in Medline and Embase databases until
December 2017. We included genetic association studies on MTX chemotherapy with
information on mucositis and/or GIT as an adverse effect of MTX within the adult and
pediatric cancer population. Publication bias and risk of bias were assessed and quality
assessments were performed according to current guidelines. A meta-analysis was
conducted for those genetic variations for which at least two studies found a statistically
significant association.
Results We included 50 studies in our systematic review. In total 31 SNPs in genes
involved in MTX pharmacodynamics/kinetics or with miRNA (processing genes)
were associated with mucositis/GIT at least once. The only published Genome
Wide Association Study (GWAS) showed that SLCO1B1 c.1865+4846T>C T allele and
c.1865+248G>A (rs4149081) G allele were associated with GIT. Seven of the 31 SNPs
identified in our review were replicated. In our meta-analysis, two of these seven SNPs
were significantly associated with mucositis/GIT: MTHFR c.677C>T (OR 2.63, 95%CI
[1.44-4.32], FDR corrected p-value 0.024) and MTRR c.66A>G (OR 2.08, 95%CI [1.16 3.73], FDR-corrected p-value 0.042). SLC19A1 c.80G>A was only statistically significantly
associated when heterogeneity was reduced (OR 0.68, 95%CI [0.52-0.89], FDR-corrected
p-value 0.037). The results from the previously published GWAS were not replicated
in another candidate gene study (SLCO1B1 c.1865+248G>A) or in our meta-analysis
(SLCO1B1 c.1865+4846T>C; OR 0.73, 95%CI [0.36-1.51]).
Conclusion We reviewed and meta-analyzed all studied genetic variants in relation
to the development of MTX-induced mucositis/GIT in the cancer population. MTHFR
c.677C>T is a valuable candidate to study in future genetic prediction models. The
role of MTRR c.66A>G, SLC19A1 c.80G>A, SLCO1B1 c.1865+4846T>C and c.1865+248G>A
remains unclear and should be further studied in large, homogenous cohorts with clear
case - control definitions.
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INTRODUCTION
Methotrexate (MTX) is a cornerstone of the treatment of childhood and adult cancers
such as acute lymphoblastic leukemia (ALL), osteosarcoma and non-Hodgkin lymphoma.
Although MTX has shown its value in the treatment of these cancer types, it is often
accompanied with toxicity such as oral mucositis and gastrointestinal toxicity (GIT).
Previous studies showed that 10-40% of patients develop oral mucositis/GIT after
intravenous high-dose MTX therapy despite administration of folinic acid rescue
therapy [1–3]. The occurrence of these toxicities is unpredictable and the severity is
highly variable between patients. Mucositis and GIT can cause a decreased intake of
nutrients and an impaired quality of life during therapy, but are also associated with dose
reductions or cessations of treatment which can interfere with treatment efficacy [1,4,5].
A large number of studies have been conducted on the association between genetic
variations in genes involved in MTX pharmacodynamics (e.g. MTHFR) or pharmacokinetics
(e.g. SLC19A1) and the development of mucositis and GIT (Figure 1).

Figure 1. Important transporters and enzymes in MTX- and folate metabolism
Mechanism of action of MTX. MTX is transported into the cell by Reduced Folate Carrier 1 (SLC19A1/
RFC1) / Proton-Coupled Folate Transporter (SLC49A1/PCFT). In the liver, MTX is transported by SLCO1B1.
MTX is then polyglutamated by Folylpolyglutamate Synthetase (FPGS) and inhibits Dihydrofolate
Reductase (DHFR) / Thymidylate Synthase (TS). MTX is de-polyglutamated by gamma-glutamyl
hydrolase (GGH) and then transported out of the cell by ABCC1-5, ABCB1 and ABCG2. Methylene
tetrahydrofolate reductase (MTHFR), Methylenetetrahydrofolate Dehydrogenase, Cyclohydrolase
And Formyltetrahydrofolate Synthetase 1 (MTHFD1) and Methionine Synthase / Methionine Synthase
Reductase (MS/MTRR) are important enzymes in the folate / one-carbon metabolism cycle.
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In short, MTX is transported into the cell by the reduced folate carrier 1 (RFC1/
SLC19A1) and proton-coupled folate transporter (PCFT/SLC49A1). SLCO1B1 is an
important MTX transporter in the liver. Inside the cell, MTX is polyglutamated (MTXPG) by Folylpolyglutamate Synthase (FPGS) which augments cellular retention and
pharmacological activity of MTX, and is afterwards de-polyglutamated by gammaglutamyl hydrolase (GGH). MTX(-PG) inhibits Dihydrofolate Reductase (DHFR)
and Thymidylate Synthase (TS). Important and often studied genes in the onecarbon and folate metabolism are Methylenetetrahydrofolate Reductase (MTHFR),
Methylenetetrahydrofolate Dehydrogenase 1 (MTHFD1) and Methionine Synthase/
Reductase (MS/MTRR) [6,7].
In addition, as coding regions only comprise 1.5% of the entire genome, awareness
was raised regarding the important regulatory functions of non-coding regions such as
miRNAs [8]. Therefore, genetic variation in non-coding parts of the genome, such as in
miRNA machinery genes and miRNAs have been studied in relation to developing MTX
toxicity [8,9]. miRNAs play an important role in RNA-silencing and post-transcriptional
regulation of gene expression [10].

Figure 2. miRNA machinery
The miRNA machinery consists of a series of protein complexes which act to: (1) cleave the
precursor-miRNA hairpin from its primary transcript (i.e. DROSHA and DGCR8); (2) traffic the
miRNA hairpin between nucleus and cytoplasm (i.e. XPO5 and RAN); (3) remove the loop sequence
of the hairpin by a second nucleolytic cleavage reaction (i.e. DICER1, TARBP2); (4) facilitate loading
of the mature miRNA sequence into an Argonaute protein (typically AGO) as part of the RNAInduced Silencing Complex (RISC).
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The miRNA machinery consist of a series of protein complexes that (1) cleave the
precursor-miRNA hairpin from its primary transcript (i.e. DROSHA/DGCR8), (2) traffic the
miRNA hairpin structure between cell nucleus and cytoplasm (i.e. XPO5/RAN), (3) remove
the loop sequence of the miRNA hairpin (i.e. DICER1/TARBP2) and (4) facilitate the loading
of the mature miRNA sequence into an Argonaute protein as part of the RNA-Induced
Silencing Complex (RISC) (Figure 2) [10]. Genetic variation in these genes and in miRNA
products processed by these genes have been studied in relation MTX-induced toxicity [8].
However, results are often inconsistent and not replicated by other studies. This is
likely due to differences in patient characteristics, outcome definitions of toxicity,
chemotherapy protocols and often relatively small sample sizes. Several meta-analyses
have been conducted for two of the most frequently studied MTHFR genetic variations
c.677C>T (rs1801133) and c.1298A>C (rs1801131) [11–14]. However, these meta-analyses
only included a small and variable subset of the available studies. This resulted in
different conclusions varying for c.677C>T from no association [11,12] to an increased
risk of mucositis/GIT in patients with the TT genotype compared to the CT and CC
genotype [13,14]. For c.1298A>C three studies showed no association with an increased
risk of developing mucositis/GIT [12–14], whereas one study showed an association
between c.1298A>C and developing overall MTX toxicity [11].
To our knowledge no systematic review and meta-analysis, which provides an overview
of all the studied SNPs in relationship to MTX-induced mucositis/GIT, has been
performed. Therefore, it remains unclear which SNPs have a high likelihood of being
relevant to study in more detail and would have possible value in clinical prediction
models. In this study, we review all previously studied SNPs and conduct a meta-analysis
of all the SNPs with at least two studies showing a statistically significant association
with MTX-induced mucositis/GIT in pediatric and adult cancer patients.

METHODS
This systematic review was carried out according to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses guidelines (PRISMA) [15]. The protocol
of this review and meta-analysis was published on PROSPERO, registration number:
CRD42018092843.
Data sources and search strategy
Both the Medline (Ovid) database and Embase were searched from inception until
December 2017. The search terms used can be found in Table S1 (Embase) and S2
(Medline). References of all included studies, reviews, meta-analyses, and PharmGKB
[16] were screened for additional articles.
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Selection criteria
Studies were eligible when fulfilling the following inclusion criteria: (1) genetic association
studies (candidate gene and genome wide association studies), (2) MTX chemotherapy,
(3) studies that included mucositis or gastrointestinal toxicity (including mucositis) as
an adverse outcome of MTX treatment, (4) studies published in English language, and
(5) studies including cancer patients. Studies had to describe an analysis and results
of the association between genetic variants (1) and the development of mucositis/GIT
(3). Reviews, case reports, letters to the editor, preclinical studies (in vivo or in vitro
studies), studies in which mucositis/GIT was studied after a stem cell transplantation/
bone marrow transplantation, and studies published as conference abstracts were
excluded. All the identified records were screened for meeting the inclusion criteria
based on the title and abstract. The article was assessed full-text if it was not clear
whether to include or exclude the study based on screening the title and abstract.

Figure 3. Flowchart
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Data extraction
Data extracted from full-text articles were: last name of first author, year of publication,
country, study design (Genome Wide Association Study [GWAS] or candidate gene),
chemotherapy (MTX dose, protocol phase, administration of folinic acid rescue),
patient population (sample size, age, sex, ethnicity, type of cancer), and mucositis/
gastrointestinal toxicity (definition, grading system used, prospectively/ retrospectively
collected and graded), genetic variants (name of gene, rs number, position, and
genotype frequency). If the rs number was not provided in the article, PharmGKB [16],
SNPedia [17] or PubMed dbSNP [18] were used to find the rs number. For each genetic
variant studied, the occurrence of mucositis/GIT per genotype and per grade, OR and
95% confidence interval (CI) and p-value was collected. If this information was not
available the authors were requested to provide this information.
Risk of bias and quality assessment
Publication bias was assessed by a Funnel plot and Egger’s test if more than 10 studies
were included in the meta-analysis of one single SNP. The quality and risk of bias of
each article was assessed using a scoring system modified from a previously published
study [19] based on the STREGA recommendations (Table S3) [20].
Data-analysis
A meta-analysis was conducted for all genetic variations for which at least two studies
found a statistically significant association. By using the four-genetic model strategy
described by Horita and Kaneko, the most applicable genetic model (recessive, allelic,
dominant and overdominant) was chosen per genetic variation [21]. For this specific
genetic model, the odds ratio was estimated and the 95% CI using a random-effects
model (DerSimonian-Laird method). For the primary analysis the case control definition
of grade ≥3 vs grade 0-2 was used, if possible. Only studies with the information available
for the specific model and case-control definition, were included in the analysis.
Study heterogeneity was estimated using the Cochran’s Q test and reporting of the
I-squared statistic. As a sensitivity analysis to test the robustness of the meta-analysis,
the meta-analysis was repeated several times, each time excluding one study (LeaveOne-Out analysis).
Subgroup analysis was conducted within pediatric patients, patients using IV MTX (often
high-dose MTX) and ALL patients. Furthermore, other definitions of cases and controls
were used to test the influence of using another cutoff value of mucositis/GIT grade to
define a patient as case or control.
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RESULTS
Study eligibility and characteristics
In total, 235 unique records were found in Medline and Embase, 1 additional record was
found by reviewing the references of the reviews/meta-analysis and another record,
which was at the moment of selection unpublished, was sent to us by the author, see
Figure 3. After screening of the titles and abstracts, 94 articles were selected. Of these,
44 articles were excluded. They were mainly excluded due to not reporting mucositis/GIT
and/or not reporting on an association with genetic variation (n=37). Four other articles
were excluded due to being the wrong publication type (review, case-report, comment,
and authors reply). The other three articles were excluded due to studying another
disease than cancer (n=1), studying another drug than MTX (n=1), and one was only
reporting the outcome in a mixed cohort in which only one patient was using MTX. In total
50 studies were included in the qualitative synthesis. The study characteristics of these
included studies are given in Table S4. All studies were published between 2005 and 2017,
except for the one study which was sent to us by the author and which was published in
2018 [22], and were mostly set up as candidate gene studies with the exception of the
study of Treviño et al. that described a genome-wide association study [23].
Study population
In total 6500 patients were studied for associations between genetic variations and
MTX-induced mucositis/GIT. The sample size per study ranged from 15 to 640 patients
with a median of 91 patients. Of the studies which provided information on the sex
of the patients (n=43), 36 studies included more males than females (on average 59%
was male). In 41 of the 50 studies only pediatric patients were included. The other 9
studies included adults (n=7) or included adult and pediatric patients (n=2). Ethnicity was
reported in a small proportion of the studies (n=15), which was mainly Caucasian/white
in 12 studies and in 3 studies Asian (Chinese). Most studies were carried out in Europe
(n=22; 12 southern Europe, 7 Western Europe, and 3 northern Europe) and Asia (n = 16;
9 eastern Asia, 3 southeastern Asia, 3 southern Asia, and 1 western Asia). Nine studies
were carried out in America (4 USA, 3 Mexico, 1 Argentina, and 1 Uruguay). Most studies
were carried out in patients with ALL (n=37). Other cancer types were osteosarcoma
(n=4), NHL (n=3) or multiple cancer types within one study (n=6).
Chemotherapy protocols
A large range of chemotherapy protocols was used in the included studies. Twenty-six
of the 50 studies included only patients treated with one and the same chemotherapy
protocol. Of 6 studies the protocol number and name were unknown. Most commonly,
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one or more Berlin-Frankfurt-Münster protocols were included (n=18). Within these
protocols MTX was administered in various dosage forms and strengths. However, the
studies mainly focused on the protocol phase in which IV MTX (n=43) was administered,
for which the doses varied from 0.4 to 12 g/m2 (n=40 IV MTX of 2-5 g/m2). All IV MTX
doses were combined with folinic acid rescue.
Mucositis / Gastrointestinal (GIT) toxicity
The NCI CTCAE v1.0 – 4.0 was used in most studies to grade the severity of mucositis
or GIT (n=32). In addition, the WHO criteria, CCG toxicity criteria and OMI-score were
used. Four studies did not use a grading system, but gave a description of what they
considered as mucositis/GIT being present. The cutoff value to classify a patient as
mucositis/GIT case varied between the studies from mucositis/GIT of any grade (grade
1-4) to only severe mucositis/GIT (grade 3-4). The case definition was clearly described
in most studies; however, the control definition was often missing. Not all studies used
a binary outcome to test the association, but some used the number of variant alleles
or a sum score (adding up all grades of the different courses) in a linear regression
model. Some studies used the number of cycles with and without a mucositis/GIT
event, others the number of patients with at least one event with a grade defined as
case during total follow-up. Also, the moment of grading varied (24 prospectively and
12 retrospectively) and was not always defined (n=14).
Quality assessment
As none of the studies used a control group, the quality of all the included studies was
assessed for only the first four items of Table S3 (not using MTX). We scored the studies
on reporting important patient characteristics with at least age, sex, and the number
of patients per cancer type, per ALL risk group and per ALL immunophenotype, Table
S5. In quite a number of studies, important patient characteristics were not completely
reported. In 24 out of the 50 included studies the number of patients per ALL risk group
was not reported. Fourteen studies did not report the ALL immunophenotype. Age,
sex and number of patients were reported in most studies. In 6 studies, one or more
of these characteristics were missing.
For the characteristics of treatment, we scored on reporting the protocol name or the
MTX dose, route of administration of MTX and number of cycles. All studies except one
reported the required information.
Thirty-two studies reported if the distribution of genotypes was in Hardy Weinberg
Equilibrium. The quality of genotyping was addressed in 21 studies. The methods for
checking the quality varied from having control samples in the genotyping analysis to
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repeating the genotyping of all samples with a different method. Some only reported
the percentage of samples which were successfully genotyped or provided call rates.
Description of which laboratory methods were used with regards to the genotyping was
very minimal in 12 studies and in 2 studies even completely missing. In a large amount of
studies, it was not clear which cells (germline or tumor) and at which moment (diagnosis
or remission) in time the material was collected for DNA extraction. This information was
completely missing in 6 studies. In 26 studies, only the type of material was described.
In 17 studies the moment of material collection and the type of material was reported.
A sample size calculation was rarely provided (n=2). In the study by Kotnik et al. from 2017
the sample size calculation was based on the MTX toxicity and genotype association.
Correction for multiple testing was carried out for a small number of studies (n=8). For
eight of the other studies correction for multiple testing was not required, because of
the evaluation of a single SNP.
For all the studies the geographical point of were the study took place was stated in
the article or could be deducted based on the author affiliation. Two studies adjusted
for ethnicity in the analysis.
Genes studied in relationship with mucositis / gastrointestinal (GIT) toxicity
In candidate studies a large number of SNPs in 11 genes involved in the
pharmacodynamics and 9 genes involved in the pharmacokinetics of MTX were studied
for association with mucositis or gastrointestinal toxicity (Table S6). Furthermore, 10
SNPs in non-coding pre-microRNAs and miRNA processing genes were also studied
by Gutiérrez-Camino et al. [9] and López-López et al. [8]. In total 31 SNPs in 25 (miRNA
processing) genes/pre-miRNAs were at least once statistically significantly associated
with mucositis/GIT (p<0.05). Of these, 7 SNPs were replicated by at least one other
study (Table 1). These seven SNPs were studied in our meta-analysis.
Table 1. SNPs with at least one statistically significant replication
Gene name and rs number
MTHFR c.677C>T (rs1801133)
MTRR c.66A>G (rs1801394)
TYMS 2R>3R (rs34743033)
ABCC2 c.24C>T (rs717620)
SLC19A1 c.80G>A (rs1051266)
SLCO1B1 c.1865+4846T>C
(rs11045879)
miR-1206 G>A (rs2114358)

Number of studies that
found a statistically
significant association
7
2
2
2
3

Total number of studies [ref.]

2

33 [1–32]
4 [5,9,32,33]
12 [7–9,11,15,20,21,23,31–34]
6 [5,23,31,35–37]
18 [5,9,11,13,15,20–
23,26,29,31,33,36,38–40]
5 [23,36,40–42]

2

2 [43,44]
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MTHFR c.677C>T (rs1801133)
A large number of studies (n=33) have studied the association between MTHFR
c.677C>T and mucositis/GIT [1,4,5,24–53]. Seven studies found a statistically significant
association [28,31–33,42,46,51]. A total of 14 studies provided information on the
number of cases and controls per genotype using the grade ≥3 versus grade 0-2
definition and were included in the meta-analysis [1,32–34,36,39,42,44,45,47–49,51,52].
The data was best fitted using a recessive model. Patients with the TT genotype had a
higher chance of developing mucositis/GIT compared to the CT and CC genotype (Odds
Ratio [OR] 2.63, 95% CI [1.44-4.82], FDR-corrected p-value 0.024) (Figure 4).

3

Figure 4. Meta-analysis results for MTHFRC677T grade ≥3 versus grade 0-2
Abbreviations: OR odds ratio, CI confidence interval, * outcome was gastrointestinal toxicity, not
mucositis. Quality: item 1 = quality of clinical information; item 2 = quality of genotyping; item
3 = quality in reporting of study population origin; item 4 = quality in terms of sample size and
statistical correction for multiple testing.

However, the heterogeneity was relatively large (I2=49%) and mainly caused by the study
of Tantawy et al. [51]. When this study was excluded the OR was 1.91 (1.24-2.93) with a
FDR corrected p-value of 0.040 (Figure S7). There was no clear sign of publication bias
in the Funnel plot or with the Egger’s test (p=0.133), except for the fact that the study
of Tantawy et al. was far outside of the funnel. The Leave-One-Out analysis showed a
stable OR varying between 1.91 to 2.92 for which none of the 95% CI’s was including
the value 1 (Figure S8).
Three subgroup analyses were conducted (Figures S9-11). The first was within studies
in which patients received IV MTX (n=13). The association was less pronounced and did
not reach statistical significance after correction for multiple testing (OR 2.39, 95%CI
[1.31-4.33], FDR-corrected p-value of 0.055). The second was including studies with
pediatric patients (n=8) which resulted in an OR of 2.90 (1.22-6.89) with a FDR-corrected
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p-value of 0.130. The third was including studies with only patients with ALL (n=7) the
OR was 3.31 (1.09-10.04) with a FDR-corrected p-value was 0.242.
Applying different case control definitions resulted in a not statistically significant
association for the grade ≥1 versus grade 0 definition and a statistically significant
association for the grade ≥3 versus grade 0-1 (excluding grade 2) definition with a OR
of 2.39 (1.35-4.25), FDR-corrected p-value was 0.026 (Figures S12-13).
MTRR c.66A>G (rs1801394)
In total 4 studies were identified which studied the association between MTRR c.66A>G
and mucositis/GIT [1,31,35,53]. Two studies found a statistically significant association
[31,35]. For three studies the number of events were available per genotype if the case
control definition of grade ≥1 versus grade 0 was used [1,31,35]. The fourth study was
excluded from the primary meta-analysis, because the number of cases (grade ≥3)
were only available when using a recessive model [53].
Applying the four-model method on the 3 studies resulted in an overdominant model.
This model showed an OR of 2.08 (1.16, 3.73) with a FDR-corrected p-value of 0.042
(Figure 5). The heterogeneity was low (I2 of 11%, p=0.33) and there was no indication of
publication bias using 3 studies). The Leave-One-Out analysis showed that only when
the study of Faganel Kotnik et al. was excluded the association was still statistically
significant (OR 2.59, 95%CI [1.33-5.03]) (Figure S14). However, when one of the other
two studies was excluded no statistically significant association was found.

Figure 5. Meta-analysis results for MTRR A66G grade ≥1 versus grade 0
Abbreviations: OR odds ratio, CI confidence interval. Quality: item 1 = quality of clinical information;
item 2 = quality of genotyping; item 3 = quality in reporting of study population origin; item
4 = quality in terms of sample size and statistical correction for multiple testing.

SL19A1 c.80G>A (rs1051266)
Of the 18 studies conducted for SL19A1 c.80G>A [1,4,12,31,33,35,36,38,42–
45,48,50,52,54–56], three found a statistically significant association [38,44,48]. A total
of 10 studies could be included for the primary analysis when using the grade ≥3 versus
grade 0-2 case control definition [1,33,36,42,44,45,48,52,55,56]. The four-model method
showed that the allelic model was fitting the data best. The A-allele was associated with
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a decrease in mucositis/GIT when compared to the G-allele (OR 0.52, 95%CI [0.32-0.85],
FDR corrected p-value was 0.09, Figure 6). However, the heterogeneity was very large
(I2=69%) and was mainly caused by the study of Salazar et al. When this study was
excluded the heterogeneity almost completely disappeared (I2=3%) and the association
became statistically significant even after FDR correction (OR 0.68, 95%CI [0.52-0.89],
FDR-corrected p-value was 0.037, Figure S15). The Leave-One-Out analysis showed a
stable OR varying from 0.48 to 0.68 and the 95%CI’s did not include the value 1, Figure
S16. Visual inspection of the funnel plot showed no clear indication of publication bias,
except for the fact that the study of Salazar et al. was clearly an outlier in the funnel plot.

3

Figure 6. Meta-analysis results for SLC19A1 G80A grade ≥3 versus grade 0-2
Abbreviations: OR odds ratio, CI confidence interval, * outcome was gastrointestinal toxicity, not
mucositis. Quality: item 1 = quality of clinical information; item 2 = quality of genotyping; item
3 = quality in reporting of study population origin; item 4 = quality in terms of sample size and
statistical correction for multiple testing.

Three subgroup analyses were conducted. The first was within studies in which patients
were using IV MTX (n=9) and resulted in an OR of 0.48 (95%CI [0.29-0.79], FDR-corrected
p-value = 0.036, Figure S17). The second was within studies including pediatric patients
(n=6) and the third was including patients with ALL (n=5). Both ORs were close to the
overall OR, but not statistically significant after FDR correction for multiple testing
(pediatric: OR 0.45, 95%CI [0.23-0.89], FDR-corrected p-value = 0.134, Figure S18; ALL:
OR 0.56, 95%CI [0.27; 1.18], FDR-corrected p-value = 0.639, Figure S19). No statistically
significant association was found when changing the case control definition into ≥1
versus 0 or ≥3 vs 0-1 (excluding grade 2) (Figure S20-S21).
TYMS 2R>3R (rs34743033)
Of the twelve studies conducted for TYMS 2R>3R [22,29–31,33,35,38,42,43,45,52,53],
seven studies reported an effect size or number of mucositis/GIT events in the
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publication [22,29–31,38,45,53]. For six studies additional information was provided
after our request [22,31,33,42,45,52]. All the results showed an effect size in the
direction of a lower risk of developing mucositis/GIT for the 3R3R (+2R/3R) genotype
compared to other genotype(s) except for the study by Oosterom et al. However, for 2 of
the 12 studies this effect was statistically significant [31,45]. For five studies information
was available per genotype and for all the grades [22,33,42,45,52]. The four-model
method showed that the overdominant model best fitted the data. However, it was on
the border of dominant model. Therefore, we have tested both the overdominant and
dominant model. Both models did not show any statistically significant association and
had a low heterogeneity (Figure S22-23).
ABCC2 c.24C>T (rs717620)
Six studies reported on the ABCC2 c.24C>T SNP in relationship with mucositis/GIT
[1,12,45,52,57,58]. Two studies found a statistically significant association [12,57]. Three
studies provided the data per grade and per genotype [1,45,52]. In total four studies
were included in the analysis using the ≥3 versus 0-2 case control definition [1,45,52,57].
The dominant model (CT +TT vs CC) was fitting the data best and the meta-analysis did
not show any association. The heterogeneity was very high (I2=82%). This was completely
caused by the study of Liu et al.[57]. When this study was excluded there was still no
statistically significant association found between the ABCC2 C-24T and mucositis/GIT
(Figure S24-25).
SLCO1B1 c.1865+4846T>C (rs11045879)
Five studies analyzed the association between SLCO1B1 c.1865+4846T>C and mucositis/
GIT [12,23,45,56,59]. Two studies showed a statistically significant association with
mucositis/GIT [23,59]. Four studies could be included in the meta-analysis using the
≥3 versus 0-2 case control definition [23,45,56,59]. One of these studies both reported
the results for the discovery and replication cohort and both cohorts were separately
included in the meta-analysis [59]. The data fitted the overdominant model best.
However, it was on the border with the dominant model. Both the overdominant and
dominant model showed no statistically significant association (Figure S26-27).
miR-1206 A>G (rs2114358)
Gutiérrez-Camino et al. [9] and López-López et al. [8] studied the association with
miRNAs. They both found a statistically significant association in which patients with
GG genotype had a higher chance of developing mucositis/GIT compared to patients
with the AA or AG genotype. The studies used different case control definitions ≥3 vs
0-2 (Gutiérrez-Camino et al.) and ≥2 versus 0-1 (López-López et al.). We were provided
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with the data per grade for the first study and therefore we were able to meta-analyze
the two studies using the ≥2 versus 0-1 definition. The data fitted the overdominant
model (AG vs AA+GG) best. However, it was on the border with a recessive model (GG
vs AG+AA). We have tested both models and did not find any statistically significant
association with mucositis/GIT (Figure S28-29).
Other SNPs identified in review
Outside of the seven genetic variations studied in our meta-analysis, we identified
fourteen additional SNPs in our literature review to be statistically significantly
associated to mucositis/GIT that had been studied in only one study. Most had ORs
with a 95% CI close to 1. The exception was GGH c.452C>T (rs11545078) with a very low
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OR of 0.11 (0.02-0.56), Table 2.
Table 2. SNPs for which one study was conducted and which found a statically significant
association
Gene name and rs
number
DHFR (rs1650723)
GGH (rs11545078)
ABCC1 (rs2230671)
ABCG2 (rs2231135)
SLC22A6 (rs4149172)
miR-146a (rs2910164)
miR-1307 (rs7911488)
CNOT1 (rs11866002)
EIF2C1 (rs595961)
SND1 (rs322825)
TNRC68 (rs139919)
XPO5 (rs7755135)

Genotype
comparison
NR
CT+TT vs CC
NR
NR
NR
CG + CC vs GG
AG + GG vs AA
TT vs CC + CT
NR
CT + TT vs CC
NR
AG + AA vs GG

OR (95%CI)
NR
0.11 (0.02-0.56)
NR
NR
NR
2.54 (1.08-5.97)
2.80 (1.04-7.54)
6.68 (1.74-25.70)
NR
0.41 (0.17-0.96)
NR
2.68 (1.14-6.32)

p-value
(corrected p-value)
0.005
0.010
0.0105
0.01
0.0397
0.0309
0.0311
0.0056 (0.3956)
0.0294
0.0394
0.0327
0.0251

Study
[13]
[45]
[36]
[13]
[36]
[43]
[43]
[43]
[43]
[43]
[43]
[43]

Abbreviations: OR odds ratio, CI confidence interval, NR not reported.

In the GWAS of Treviño et al. two SNPs were found to be statistically significant [23].
Besides SLCO1B1 c.1865+4846T>C (rs11045879), which we studied in our meta-analysis,
also SLCO1B1 c.1865+248G>A was found to be statistically significantly associated with
GIT (OR 15.3, 95%CI [7.9-24.6], p = 0.03). The study of López-López also studied this
last SNP, but did not find a statistically significantly association [12].
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DISCUSSION
In this present review, we included 50 articles studying a large number of genetic
variations in genes involved in the pharmacodynamics and pharmacokinetics of MTX in
relation to mucositis/GIT, of which 25 articles could be included in one or more metaanalyses. Seven genetic variations were found to be associated to mucositis/GIT in at
least two independent studies. Of these, two SNPs - MTHFR c.677C>T, MTRR c.66A>G
- were found to be statistically significant in our meta-analysis and one was statistically
significant after reducing heterogeneity by excluding one study – SLC19A1 c.80G>A.
We showed that carriers of the MTHFR c.677C>T CC genotype and MTRR c.66A>G AG
genotype were at risk of developing mucositis/GIT. Carriers of the SLC19A1 c.80G>A A
allele had a decreased risk of developing mucositis/GIT. The only GWAS published by
Treviño et al. showed that SLCO1B1 c.1865+4846T>C T allele (OR 16.4, 95%CI[8.7-26.7])
and c.1865+248G>A G allele (OR 15.3, 95%CI [7.9-24.6]) were associated with GIT [23].
For SLCO1B1 c.1865+4846T>C we did not find a statistically significant association in
our meta-analysis, in which four candidate-gene studies and the GWAS results were
taken along [Figure S26-27]. For SLCO1B1 c.1865+248G>A, another smaller candidategene study by López-López et al. also studied this relationship and did not show a
statistically significant association [12]. For both SNPs it would be interesting to study
the association with mucositis/GIT further in larger patient cohorts. In addition, GGH
c.452C>T (OR 0.11, 95%CI[0.02-0.56]) showed a large effect size in one study and it
would be valuable to test this polymorphism in an independent validation cohort or in
a GWAS setting before assessing whether this would be a valuable candidate to study
in prediction models [60].
Methylenetetrahydrofolate Reductase (MTHFR), Methionine Synthase Reductase
(MTRR) and Solute Carrier Family 19 member 1 (SLC19A1) - also known as the
reduced folate carrier 1 (RFC1) - are important enzymes and a transporter in folate
and MTX metabolism. MTHFR plays a central role in folate metabolism by catalyzing
the conversion of 5,10-methylenetetrahydrofolate (THF) to 5-methylTHF, which is
the primary circulating form of folate and is utilized in many subsequent reactions
important for purine- and thymidine synthesis and homocysteine remethylation [61].
MTHFR c.677C>T is associated with a thermolabile MTHFR enzyme with reduced activity
[61,62]. MTRR is involved in remethylating homocysteine to methionine. Methionine is
an essential amino acid, necessary for protein synthesis and one carbon metabolism
[63]. MTRR c.66A>G causes isoleucine to be replaced by methionine and is associated
with a decreased enzyme activity [64]. In our study, the overdominant model (AG vs.
AA+GG) was significant, whereas we would have expected to observe an effect of the
GG genotype or G allele. We therefore would recommend that this variant should
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be tested in a large independent validation cohort as studies included in our metaanalysis were relatively small. SLC19A1 is one of the primary transporters involved in
transporting MTX into the cell. SLC19A1 c.80G>A results in the substitution of a histidine
for an arginine in the protein sequence and has been associated with possibly altered
uptake of MTX and higher plasma folate levels [65].
When reviewing the results of our meta-analysis, it is important to note that effect sizes
range between ORs of 0.52 and 2.63, never exceeding a more than 2.6-fold increased
or decreased risk MTX-induced mucositis/GIT. The fact that the majority of effect sizes
of risk alleles in meta-analyses are relatively small, is something often observed when
studying pharmacogenetics of complex traits such as the multifactorial process of
developing MTX-induced mucositis/GIT [66,67]. Even though much effort had been put
into pharmacogenetic research, few examples exist of successful implementation of
pharmacogenetic knowledge into pediatric cancer treatments with dose adjustments
based on specific genetic variants [68–71]. Studies were often underpowered, studied
cohorts were heterogeneous with regard to clinical- and treatment- characteristics
and all but one [23] studied genes in a candidate gene approach. It is known, that
these type of studies are inappropriate for studying multiple genetic variants and rare
genetic variants leading to extreme phenotypes [66,68,71]. In future studies, large
sample sizes with both available genetic material as well as prospectively collected
treatment- and toxicity data of good quality allowing for subgroup-analyses should
be studied to further elucidate the role of the five polymorphisms identified in this
study - MTHFR c.677C>T, MTRR c.66A>G, SLC19A1 c.80G>A, SLCO1B1 c.1865+4846T>C
and SLCO1B1 c.1865+248G>A – and to identify possible new polymorphisms. In these
studies, complex gene-gene and gene-environment interactions should be taken into
account as the strategy of studying single variant associations has not proven to be
very successful [72]. In studies up till now, oral and gastrointestinal mucositis/toxicity
were often studied together due to power issues. In future large cohorts, it might be
valuable to study these two phenotypes separately as genetics might influence oral
mucositis and gastrointestinal mucositis/toxicity differently.
In our review, we observed that the main focus in the field of pharmacogenetics of
MTX-induced mucositis/GIT was on pediatric (41/50 studies) ALL (37/50 studies) patients
using IV MTX at doses varying between 2 to 5 g/m2 (40/50 studies). When conducting
subgroup analyses in these three subgroups (IV MTX - pediatric patients - ALL
patients) the number of studies included decreased. Results lost statistical significance
based on FDR-corrected p-values, but effect sizes remained similar and showed the
same directions. These subgroup analyses further emphasized that creating large
homogeneous cohorts with similar patient and treatment characteristics are needed
to be able to extrapolate results to certain populations. For MTRR c.66A>G not enough
studies were available to conduct subgroup analyses.
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A large array of chemotherapy protocols was used. The differences between treatment
protocols could lead to differences in the risk of mucositis/GIT. Furthermore, the
definition of a mucositis/GIT case was different between the studies, which might
influence results. In our study, we tried to take this factor into account by analyzing only
studies with a clear and comparable case - control definition and by mostly focusing
on clinically relevant mucositis/GIT grade 3 or higher. A grade 3 mucositis/GIT requires
medical intervention, such as a hospitalization, extra pain management or a nasal tube
to aid nutrition [73]. This makes it less likely that cases are missed as these interventions
- especially when studied retrospectively - are often mentioned in the patient record file.
For MTHFR c.677>T and SLC19A1 c.80A>G, it was possible to analyze other case-control
definitions than the grade 3 or higher versus grade 0-2 definition. When using the grade
1 or higher versus grade 0, the effect became less pronounced for both SNPS. When
using the grade 3 or higher versus grade 0-1 (excluding grade 2) definition, the effect
became more pronounced for SLC19A1 c.80A>G. This was unfortunately not possible
for MTRR c.66A>G, where only grade 1 or higher versus the grade 0 definition could
be analyzed. It remains an important factor to take into account in following studies
that mucositis/GIT are should be preferably assessed a prospective, valid and reliable
manner.
In a large proportion of the included studies, important baseline information on the
cancer type, immunophenotype or risk classification was missing. In over one fifth of
studies, the description of the laboratory methods used was very minimal or completely
missing. In more than half of the studies information on the quality of genotyping
was missing. Sample size calculations were almost never provided and correction for
multiple testing was only carried out in a small proportion of the studies. Finally, only
two studies adjusted for ethnicity. We therefore concluded that studies were often
not of high quality and that these factors are important to take into account and to
describe in future studies.
In conclusion, we reviewed all genetic variations up till now in relation to the
development of MTX-induced mucositis/GIT in the cancer population. MTHFR c.677C>T
is a valuable candidate to study in future genetic prediction models. The role of MTRR
c.66A>G, SLC19A1 c.80G>A, SLCO1B1 c.1865+4846T>C and c.1865+248G>A remains
unclear and should be further studied in large, homogenous cohorts with clear case control definitions. In future studies, it is important to study oral- and gastrointestinal
mucositis separately as these are different phenotypes.
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SUPPLEMENTAL MATERIAL
Table S1. Search in Embase
#1
#2
#3
#4
#5

#6
#7
#8
#9

Search terms
‘methotrexate’/exp
methotrexate:ab,ti
#1 OR #2
‘genetic polymorphism’/exp OR ‘pharmacogenetics’/exp OR
‘genotype’/exp
‘snp’:ab,ti OR ‘polymorphism*’:ab,ti OR ‘genotype*’:ab,ti
OR ‘genomic*’:ab,ti OR ‘pharmacogenetic*’:ab,ti OR
‘pharmacogenomic*’:ab,ti
#4 OR #5
‘mucosa inflammation’/exp OR ‘stomatitis’/exp OR ‘adverse drug
reaction’/exp
mucositis:ab,ti OR stomatitis:ab,ti OR toxicity:ab,ti
#7 OR #8

#10 ‘neoplasm’/exp OR ‘cancer therapy’/exp
#11 oncol*:ab,ti OR chemothera*:ab,ti OR lymphoma:ab,ti OR
leukemia:ab,ti OR leukaemia:ab,ti OR osteosarcoma:ab,ti
#12 #10 OR #11
#13 #3 AND #6 AND #9 AND #12
#14 #13 NOT (rheumatic:ab,ti OR arthritis:ab,ti OR psoriasis:ab,ti)
#15 #14 NOT (‘stem cell transplantation’/exp OR ‘bone marrow
transplantation’/exp)
#16 #15 NOT (‘animal experiment’/de OR ‘animal model’/de OR
‘human cell’/de OR ‘human tissue’/de OR ‘in vitro study’/de OR
‘nonhuman’/de)
#17 #16 NOT (‘editorial’/it OR ‘note’/it OR ‘case report’/de OR ‘practice
guideline’/de OR ‘conference abstract’/it OR ‘conference paper’/it
OR ‘short survey’/it)
#18 #17 AND [1966-2017]/py
#19 #18 AND [english]/lim
#20 #19 AND (‘article’/it OR ‘article in press’/it OR ‘letter’/it)
Note 18: no records were available before the date of 1966.

Number of records
159603
56955
163980
634702
737553

1688495
527787
461227
927986
4352875
1089314
4530166
377
800
705
542

394

394
370
190

Genetic variants associated with methotrexate toxicity

67

Table S2. Search in Medline
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

18
19

Search terms
exp METHOTREXATE/
Methotrexate.ab,ti.
1 or 2
exp polymorphism, genetic/ or exp pharmacogenetics/ or exp
genotype/
(SNP or polymorphism* or genot yp* or genomic* or
pharmacogenetic* or pharmacogenomic*).ab,ti.
4 or 5
exp mucositis/ or exp stomatitis/ or exp “Drug-Related Side Effects
and Adverse Reactions”/
(mucositis or stomatitis or toxicity).ab,ti.
7 or 8
exp neoplasms/ or exp antineoplastic Protocols/
oncol*.ab,ti. or chemothera*.ab,ti. or lymphoma.ab,ti. or leukemia.
ab,ti. or leukaemia.ab,ti. or osteosarcoma.ab,ti.
10 or 11
3 and 6 and 9 and 12
13 not (rheumatic or arthritis or psoriasis).ab,ti.
14 not (exp Stem Cell Transplantation/ or exp Bone Marrow
Transplantation/)
15 not animals.mp.
16 not (case reports or clinical conference or congresses or
consensus development conference or consensus development
conference, nih or editorial or english abstract or “expression of
concern” or festschrift or guideline or historical article or interview
or lectures or legal cases or legislation or news or newspaper article
or patient education handout or periodical index or personal
narratives or portraits or practice guideline or “scientific integrity
review” or technical report or twin study or video-audio media or
webcasts).pt.
limit 17 to yr=”1966-2017”
limit 18 to english language

Note 18: no records were available before the date of 1966.

Number of records
35277
36788
49321
490728
628146
832319
115127
337599
438165
3005953
748046
3202202
188
183
169
162
146

146
144
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Table S3. Quality Assessment Form
Each item was scored with 0, 1 or 2 points.
Item

Quality aspect

1

Quality of clinical information

Grade

1 point: mention the type of MTX containing chemotherapy regimens/
protocol, the dosage and number of cycles/courses.
1 point: adequate [description of] selection of participants, for example,
inclusion criteria and baseline characteristics (at least age, sex, and the
number of patients per cancer type, per ALL risk group and per ALL
immunophenotype).
2

Quality of genotyping
1 point: consideration of the Hardy–Weinberg equilibrium.
1 point: consideration of genotyping quality, for example, by reporting
percentage of successful genotyping attempts or cross validation with a
different technique.*

3

Quality in reporting of study population origin
1 point: mention geographical point of sample collection.
1 point: stratification or exclusion based on ethnicity, or statistical correction
for population origin.

4

Quality in terms of sample size and statistical correction for multiple testing
1 point: provide a sample size calculation.
1 point: any correction for multiple testing if more than one SNP was studied.

5

Quality of study setup and analysis
1 point: the study included participants not using methotrexate.
1 point: the risk of bias was analyzed and statistical interaction term MTXcontaining chemotherapy*genotype was calculated and interpreted correctly,
[i.e., subject to the same p-value threshold as main effects]).

The scoring system resulted in an overall quality score of 0-10.
* 0.5 point was given when at least something was reported on the quality of genotyping. If
genotyping was repeated with a different method or if sequencing was used 1 point was given.

Table S4 – S6 available upon request.
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Figure S7. MTHFR C677T meta-analysis excluding the study of Tantawy et al.
Abbreviations: OR odds ratio, CI confidence interval. Quality: item 1 = quality of clinical information;
item 2 = quality of genotyping; item 3 = quality in reporting of study population origin; item
4 = quality in terms of sample size and statistical correction for multiple testing.

Figure S8. MTHFR C677T Leave-One-Out analysis
Abbreviations: OR odds ratio, CI confidence interval.
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Figure S9. MTHFR C677T subgroup analysis IV MTX
Abbreviations: OR odds ratio, CI confidence interval.

Figure S10. MTHFR C677T subgroup analysis pediatric patients
Abbreviations: OR odds ratio, CI confidence interval.

Figure S11. MTHFR C677T subgroup analysis ALL patients
Abbreviations: OR odds ratio, CI confidence interval.
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Figure S12. MTHFR C677T change in case control definition to grade ≥1 vs 0
Abbreviations: OR odds ratio, CI confidence interval.

Figure S13. MTHFR C677T change in case control definition to grade ≥3 vs 0-1
Abbreviations: OR odds ratio, CI confidence interval.

Figure S14. MTRR A66G Leave-One-Out analysis
Abbreviations: OR odds ratio, CI confidence interval.
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Figure S15. SLC19A1 G80A meta-analysis excluding the study of Salazar et al.
Abbreviations: OR odds ratio, CI confidence interval. Quality: item 1 = quality of clinical information;
item 2 = quality of genotyping; item 3 = quality in reporting of study population origin; item
4 = quality in terms of sample size and statistical correction for multiple testing.

Figure S16. SLC19A1 Leave-One-Out analysis
Abbreviations: OR odds ratio, CI confidence interval.

Figure S17. SLC19A1 subgroup analysis IV MTX
Abbreviations: OR odds ratio, CI confidence interval.
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Figure S18. SLC19A1 subgroup analysis pediatric patients
Abbreviations: OR odds ratio, CI confidence interval.

3

Figure S19. SLC19A1 subgroup analysis ALL patients
Abbreviations: OR odds ratio, CI confidence interval.

Figure S20. SLC19A1 change in case control definition to grade ≥1 vs 0
Abbreviations: OR odds ratio, CI confidence interval.
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Figure S21. SLC19A1 change in case control definition to grade ≥3 vs 0-1
Abbreviations: OR odds ratio, CI confidence interval.

Figure S22. TYMS overdominant model
Abbreviations: OR odds ratio, CI confidence interval.

Figure S23. TYMS dominant model
Abbreviations: OR odds ratio, CI confidence interval.

Genetic variants associated with methotrexate toxicity

75

Figure S24. ABCC2 C-24T dominant model
Abbreviations: OR odds ratio, CI confidence interval.

3

Figure S25. ABCC2 C-24T dominant model excluding the study of Liu et al.
Abbreviations: OR odds ratio, CI confidence interval.

Figure S26. SLCO1B1 1865 + 4846 T>C overdominant model
Abbreviations: OR odds ratio, CI confidence interval.

Figure S27. SLCO1B1 1865 + 4846 T>C dominant model
Abbreviations: OR odds ratio, CI confidence interval.
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Figure S28. miR-1206 overdominant model
Abbreviations: OR odds ratio, CI confidence interval.

Figure S29. miR-1206 recessive model
Abbreviations: OR odds ratio, CI confidence interval.
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miR-1206 microRNA variant is associated with
methotrexate- induced oral mucositis in pediatric
acute lymphoblastic leukemia
Oosterom N†, Gutierrez-Camino A†, den Hoed MAH, Lopez-Lopez E, Martin-Guerrero I,
Pluijm SMF, Pieters R, de Jonge R, Tissing WJE, Heil SG, García-Orad A, van den HeuvelEibrink MM
Pharmacogenet Genomics. 2017 Aug;27(8):303-306.
†

These authors contributed equally to this work.
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ABSTRACT
Five-year survival rates of pediatric acute lymphoblastic leukemia (ALL) have
reached 90% in the developed countries. However, toxicity due to methotrexate
occurs frequently. Variety in the occurrence of toxicity is partly determined by single
nucleotide polymorphisms (SNP) in coding regions. Recently, five SNPs in non-coding
pre-microRNAs and microRNA processing (miRNA) genes were identified in association
with Methotrexate-induced oral mucositis. This study aimed to replicate the association
of these miRNA variants in relation to Methotrexate-induced oral mucositis in a
prospective childhood ALL cohort. Three out of five SNPs with a minor allele frequency
> 0.15 (CNOT4 rs3812265, miR-1206 rs2114358, miR-2053 rs10505168) were analyzed
in 117 pediatric ALL patients treated with 5 g/m2 Methotrexate (DCOG ALL-10). Oral
mucositis was defined as grade ≥ 3 according to the National Cancer Institute criteria.
rs2114358 in miR-1206 was associated with oral mucositis (OR 3.6 [95% CI 1.1-11.5]),
while we did not confirm the association of CNOT4 rs3812265 (OR 0.69 [95% CI 0.27 –
1.80]) and miR-2053 rs10505168 (OR 2.50 [95% CI 0.76 – 8.24]). Our results replicate the
association between rs2114358 in miR-1206 and Methotrexate-induced oral mucositis
in childhood ALL. Genetic variation in miR-1206 has potential as a novel biomarker to
predict methotrexate-induced toxicity.
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INTRODUCTION
Acute lymphoblastic leukemia (ALL) is the most frequently occurring pediatric
cancer, accounting for 20-25% of all malignancies. Treatment outcome has improved
substantially with 5-year survival rates exceeding 90% [1]. However, patients often
suffer from toxicity of chemotherapeutic drugs such as Methotrexate (MTX). Identifying
predictors of the adverse effects of MTX would be valuable to select patients who can
benefit from personalized therapy strategies [2].
Previously, we showed that oral mucositis occurs in 20% of patients in a prospective
study of children with ALL treated with 5 g/m2 MTX [3]. As frequency and severity of
toxicity vary among children, the influence of genetic variation on treatment-related
toxicity in pediatric ALL has been addressed [4-6]. Most studies focused on coding
regions, which correspond only to about 1.5% of the entire genome. Recently, awareness
was raised regarding the important regulatory functions of non-coding regions such
as miRNAs [7,8].
A recent retrospective study was the first to assess 118 non-coding single nucleotide
polymorphisms (SNPs) in pre-miRNAs and miRNA processing genes in a cohort of 152
pediatric precursor B-ALL patients [9]. Five SNPs were associated with the development
of MTX-induced oral mucositis, including three SNPs in genes of the RNA-induced
silencing complex (RISC) and two in pre-miRNAs. In the current prospective study we
aimed to replicate the role of these miRNA-related SNPs in MTX-induced oral mucositis
in a prospective well-documented cohort of Dutch children with ALL.

METHODS
Patients
Children (1 – 19 years) with ALL treated according to the standard and medium risk
arms of the Dutch Childhood Oncology Group ALL-10 protocol were eligible for this
study (Figure 1). Written Informed consent was obtained from all patients and their
parents. The study was approved by the Medical Ethical Committee (MEC-2005358). A description of the MTX treatment protocol has been previously reported
[3] (Supplemental Figure 1). Data on developing MTX-induced oral mucositis were
prospectively collected according to The National Cancer Institute (NCI) [10] Common
Terminology Criteria for Adverse Events v.3.0 score system (Supplemental Table 1).
Relevant clinical oral mucositis was defined as NCI grade ≥3.
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Genetic analysis
Out of the five previously described SNPs in miRNA function, three SNPs with a minor
allele frequency (MAF) > 0.15 were considered for analysis, which made statistical
analysis feasible in our cohort: CNOT4 (rs3812265), miR-1206 (rs2114358) and miR2053 (rs10505168) [9]. Genomic DNA was extracted from peripheral blood before start
of MTX therapy in patients in remission with the MagnaPure Compact Nucleic Acid
isolation kit (Roche Molecular Biochemicals, Almere, The Netherlands). Genotyping
was performed using allele-specific PCR for rs3812265 (CNOT4) and a Taqman assay for
rs2114358 (miR-1206) and rs10505168 (miR-2053) (Supplemental Table 2).
Statistical Analysis
CNOT4 (rs3812265) was studied in a dominant model (wildtype vs. heterozygote +
variant); miR-1206 (rs2114358) and miR-2053 (rs10505168) were studied in a recessive
model (wildtype + heterozygote vs. variant) using a Chi-Square test based on power
using SPSS Statistics Version 20.0.0.1 (SPSS, Chicago, IL, USA). Univariate logistic
regression was used to calculate odds ratio’s (OR) and 95% confidence intervals (95%
CI). Multiple logistic regression analysis was used to examine the possible confounding
effect of gender and age. Results were considered statistically significant when the
p-value was < 0.05.
In silico analysis
To investigate the in silico impact of the SNPs on miRNA structure, the RNAfold web
tool (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) was used [11]. This tool calculates
the minimum free energy of secondary structures and the energy change (ΔΔG) of the
hairpin structure of the miRNAs.

RESULTS
Baseline characteristics
A total of 117 pediatric ALL patients were included in the study (Figure 1). Baseline
characteristics are summarized in Supplemental Table 3. MTX-induced oral mucositis
was observed in 18.8% of patients (n = 22).
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Figure 1. Flowchart of patient inclusion
Abbreviations: ALL, acute lymphoblastic leukemia; HD-MTX, high-dose methotrexate; DCOG,
Dutch Childhood Oncology Group; SNP, single-nucleotide polymorphism; n = number of patients;
*1 patient had neurological damage before start HD-MTX treatment, 1 patients was transferred
to another hospital, 1 patient had an adjusted protocol due to a SPINKS mutation and 1 patient
was initially treated otherwise due to another diagnosis. High risk patients were excluded as they
received a different treatment regimen with concomitant drugs. Patients with Down syndrome
were excluded as they received lower doses of MTX.

Genotyping results
All three SNPs were in Hardy Weinberg equilibrium. Univariate analysis showed that the
homozygous GG genotype of rs2114358 (miR-1206) was significantly associated with an
increased risk of MTX-induced oral mucositis (OR 3.6; 95% CI 1.1 – 11.5; p = 0.024) (Table
1). The SNPs rs3812265 in CNOT4 and rs10505168 in miR-2053 were not significantly
associated with oral mucositis (Table 1). Age and gender did not significantly affect
these associations.
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Table 1. Association between SNPs in pre-miRNAs and miRNA processing genes and mucositis
(NCI ≥ 3)
Gene

SNP

Genotype No mucositis
n (%)
CNOT4
rs3812265 CC
52
(79%)
CT/TT
43
(84%)
miR-1206 rs2114358 AA/AG
86
(84%)
GG
9
(60%)
miR-2053 rs10505168 TT/TC
85
(83%)
CC
10
(67%)

Mucositis
n (%)
14 (21%)
8 (16%)
16 (16%)
6 (40%)
17 (17%)
5 (33%)

p-value

OR 95% CI

0.448

0.69 (0.27 - 1.80)

0.024

3.58 (1.12 - 11.46)

0.123

2.50 (0.76 - 8.24)

Abbreviations: OR= Odd Ratio; CI= Confidence Interval

In silico analysis rs2114358 miR-1206
In silico analysis predicted that the substitution of the G allele for an A allele in rs2114358
of miR-1206 induced an energy change (ΔΔG) of 1.8kcal/mol (from -35.7kcal/mol to
-33.9kcal/mol). This allelic change might induce a change on the secondary structure
of mature miR-1206 (Figure 2).

Figure 2. In silico analysis
In silico analysis predicts that the substitution of the G allele (ancestral allele) for an A allele in
rs2114358 of mir-1206 induced an energy change (ΔΔG) of 1.8kcal/mol (from -35.7kcal/mol to -33.9kcal/
mol). This allelic change also induced a change on the secondary structure of mature mir-120
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DISCUSSION
In the present work we replicate the association of rs2114358 in miR-1206 with the
development of MTX-induced oral mucositis in a prospective Dutch cohort of pediatric
ALL patients. In our study the likelihood of developing MTX-induced oral mucositis was
3.6-fold increased in carriers of the GG genotype.
In the previously reported retrospective cohort the miR-1206 GG genotype (rs2114358)
was associated with a 4.6-fold increased likelihood of developing MTX-induced oral
mucositis NCI grade ≥2 [9]. Except for this previous retrospective study, no information
is available in literature on the role of this germline SNP in toxicity. One study showed
that rs2114358 in miR-1206 affects expression of mature miR-1206 [12]. However, this
result was not consistent throughout different cell types and cell lines.
Our in silico analysis showed that the allelic change from G to A induces a positive energy
change (ΔΔG=1.8kcal/mol). It has been suggested that positive energy changes turn
the miRNA hairpin from stable to unstable status and a decreased structure stability
may reduce the mature miRNA product [13]. The G allele, which is associated with the
development of MTX-induced oral mucositis in our study, is the ancestral allele. The
incidence of the A allele has been increasing over time suggesting a possible advantage
in evolution. The in silico analysis suggests that the G allele carriers have a more stable
mature miR-1206 product, which possibly affects gene expression levels of target genes
involved in MTX metabolism leading to an increased risk of developing oral mucositis.
Of the three analyzed SNPs that were associated with MTX-induced oral mucositis in a
previous study we replicated the association of rs2114358 in miR-1206. However, after
correction for multiple comparisons the result did not remain statistically significant
(p-value 0.05 / 3 = 0.017). This is most likely due to the fact that our study numbers are
relatively small. However, this SNP has potential as novel biomarker in future prediction
models as this is the second study which shows an effect of rs2114358 in miR-1206.
Some differences exist between the Spanish cohort and our cohort. Firstly, our study
focused on clinically relevant toxicity (NCI ≥ 3), whereas the previously reported study
used lower cut-off points (NCI ≥ 2). Secondly, the Dutch protocol used four doses of
5 g/m2 MTX with leucovorin rescue 42 hours after MTX infusion while in the Spanish
protocols three doses of MTX at 3 or 5 g/m2 and leucovorin rescue 36 hours after the
start of the infusion are administered.
In conclusion, we replicate the finding that rs2114358 in miR-1206 is associated with the
development of clinically relevant MTX-induced oral mucositis. Therefore, this genotype
may be relevant for clinical practice. Further functional studies and larger studies are
required to validate these results.
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SUPPLEMENTAL MATERIAL

Supplemental Figure 1. Protocol M - DCOG ALL-10 protocol.
Protocol M includes oral 6-mercaptopurine (25 mg/m2 daily) and four high-dose MTX infusions
every 2 weeks at a dose of 5 g/m2 over 24 h. Each MTX administration was combined with
intrathecal triple therapy in a standard dose adjusted by age. Folinic acid rescue was administered
every 6 h, starting at 42 hours after the start of MTX administration. Mucositis NCI grade ≥ 3 was
considered as clinical endpoint for this study.
Abbreviations: 6-MP; 6-Mercaptopurine, HD-MTX; high-dose methotrexate, ARA-C; Cytarabine,
DAF; Diadreson F aquosum, IV; intravenous, ITH; intrathecal

Supplemental Table 1. National Cancer Institute criteria version 3.0. [13]
Adverse
event
Grade

0

1

2

Patchy
Erythema of
Mucositis/
ulcerations,
the mucosa.
stomatitis
symptomatic
Normal Minimal
of the oral
but can eat
symptoms,
cavity
and swallow
normal diet.
modified diet.

3

4

Confluent
ulcerations,
bleeding with
minor trauma.
Symptomatic
and unable
to adequately
aliment or
hydrate orally.

Tissue necrosis,
significant
spontaneous
bleeding.
Death
Symptoms
associated with
life-threatening
consequences.

Mucositis NCI grade ≥ 3 was considered as clinical endpoint for this study.

5

4

88

Chapter 4
Supplemental Table 2. Genotyping methods and primers
Polymorphism Method
Assay (primers / master mix)
Annealing
Gene
temperature
rs3812265
Allele specific PCR F1: CTCCCAGACAACAGCAGTTCTA
62°
CNOT4
R1: GTTGGAGGGGGAAGAAGAAT
F2: CCTCTCCTGATCCTTGAGCA
R2: GCCATTCCTTCATATTTAAACTCTCTAC

rs2114358
miR-1206
rs10505168
miR-2053

Taqman assay
Taqman assay

PCR master mix: 0.2 mM dNTPs, 1.5 mM
MgCl2 , 1X ImmoBuffer, 10 pmol of each
primer and 0.5 U Immolase enzyme
(Bioline, London, United Kingdom).
Applied Biosystems, assay ID
C__2906337_10
Applied Biosystems, assay ID
C__30220967_20

Supplemental Table 3. Patient characteristics (n=117)
Median age at diagnosis, years (range)
Sex, n (%)
Female
Male
Risk group, n (%)
Standard
Medium
Immunophenotype, n (%)
B-lineage
T-lineage
Bifenotypic
Mucositis
Mucositis (n (%) ≥3 NCI)

5.4

(1-18)

57
60

(48.7)
(51.3)

31
86

(26.5)
(73.5)

101
15
1

(86.3)
(12.8)
(0.9)

22

(18.8)

Abbreviations: n = number of patients, % =percentage; NCI: National Cancer Institute criteria
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Supplemental Table 4. Association between SNPs and mucositis (NCI ≥ 3) per genotype
Gene

SNP

CNOT4

rs3812265 C>T

miR-1206

rs2114358 A>G

miR-2053

rs10505168 T>C

CC
CT
TT
AA
AG
GG
TT
TC
CC

n

%

MAF

66
47
4
35
67
15
61
41
15

57%
40%
3%
0.27
31%
57%
12% 0.37
52%
35%
13% 0.39

HWE*

0.21

0.06

0.06

No mucositis
n (%)
52
79%
40
85%
3
75%
31
89%
55
82%
9
60%
51
84%
34
83%
10
67%

Mucositis
n (%)
14
21%
7
15%
1
25%
4
11%
12
18%
6
40%
10
16%
7
17%
5
33%

Abbreviations: MAF; minor allele frequency, HWE; Hardy Weinberg Equilibrium
*p-value Hardy Weinberg Equilibrium
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Global methylation in relation to methotrexateinduced oral mucositis in children with acute
lymphoblastic leukemia
Oosterom N, Griffioen PH, den Hoed MAH, Pieters R, de Jonge R, Tissing WJE, van den
Heuvel-Eibrink MM, Heil SG
PLoS One. 2018 Jul 9;13(7):e0199574.
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ABSTRACT
Background Children with acute lymphoblastic leukemia (ALL) often suffer from toxicity
of chemotherapeutic drugs such as Methotrexate (MTX). Previously, we reported that
20% of patients receiving high-dose MTX developed oral mucositis. MTX inhibits folate
metabolism, which is essential for DNA methylation. We hypothesize that MTX inhibits
DNA methylation, which results into adverse effects. We studied DNA methylation
markers during high-dose methotrexate treatment in pediatric acute lymphoblastic
leukemia (ALL) in relation to developing oral mucositis.
Methods S-Adenosyl-Methionine (SAM) and S-Adenosyl-Homocysteine (SAH) levels
and LINE1 DNA methylation were measured prospectively before and after high-dose
methotrexate (HD-MTX 4 x 5g/m2) therapy in 82 children with ALL. Methotrexateinduced oral mucositis was registered prospectively. Oral mucositis (grade ≥ 3 National
Cancer Institute Criteria) was used as clinical endpoint.
Results SAM levels decreased significantly during methotrexate therapy (-16.1 nmol/L
(-144.0 – +46.0), p<0.001), while SAH levels and the SAM:SAH ratio did not change
significantly. LINE1 DNA methylation (+1.4% (-1.1 – +6.5), p<0.001) increased during
therapy. SAM and SAH levels were not correlated to LINE1 DNA methylation status.
No association was found between DNA methylation markers with developing oral
mucositis.
Conclusion This was the first study that assessed DNA methylation in relation to MTXinduced oral mucositis in children with ALL. Although global methylation markers did
change during methotrexate therapy, methylation status was not associated with
developing oral mucositis.
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INTRODUCTION
Treatment outcome of pediatric acute lymphoblastic leukemia (ALL) has improved
substantially over the past decades, with 5-year survival rates currently reaching 90% in
developed countries. (1-3) We previously showed that 20% of children with ALL receiving
high-dose MTX developed oral mucositis as an adverse effect despite folate rescue
therapy. (4) It would be of clinical value to identify predictors of MTX-induced oral mucositis
to select patients who could benefit from personalized intervention strategies. (2)
MTX is an inhibitor of methionine-adenosine transferase (MAT), resulting in higher levels
of methionine with concomitant lower S-adenosyl-methionine (SAM) and is therefore
expected to decrease DNA methylation. (5, 6) In a mouse neural tube defect model,
MTX caused DNA hypomethylation. (7) In contrast, low-dose methotrexate caused
global DNA hypermethylation in rheumatoid arthritis patients. (8, 9) DNA methylation
is the process in which methyl-groups (-CH3) bind to Cytosine-phosphate-Guanine
dinucleotides (CpG) in the DNA, by which it plays a role in ‘gene-silencing’. (10) Methylgroups are obtained from one-carbon metabolism, during which the methyl-group
from SAM is donated to DNA, RNA and proteins, after which S-adenosyl-homocysteine
(SAH) is formed (Figure 1).

Figure 1. Role of MTX in relation to one-carbon metabolism
SAM: S-adenosylmethionine; SAH: S-adenosylhomocysteine; DHF: dihydrofolate; THF:
tetrahydrofolate; TS: thymidylate synthase; DHFR: dihydrofolate reductase; MTHFD1:
methylenetetrahydrofolate dehydrogenase 1; MTHFR: methylenetetrahydrofolate reductase;
MTX: methotrexate. Folic acid donates a methyl-group to the one-carbon metabolism pathway.
Through several steps methionine is transformed into SAM, which then donates the methyl-group
for the DNA methylation process, and is transformed into SAH and homocysteine. MTX inhibits
DHFR and TS. By inhibiting DHFR, MTX inhibits the pathway leading to methylation.
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Plasma SAM and SAH metabolite levels and the SAM:SAH ratio reflect the global
intracellular methylation status of the cell. Disturbances in SAM – SAH levels in
combination with a decreased SAM:SAH ratio are associated with DNA hypomethylation.
(11) Global DNA methylation status can be quantified by several methods, amongst
which measuring DNA methylation status of Long Interspersed Nuclear 1 elements
(LINE1). LINE1 elements occur frequently (~20.000 copies) in the human genome and
DNA methylation status of these elements is therefore considered to be a proxy for
global DNA methylation. (12)
Currently, no studies on changes in DNA methylation in relation to the development
of chemotherapy-related oral mucositis exist. However, DNA methylation has been
implicated as a possible biomarker of treatment-related toxicity in other malignancies
and rheumathoid arthritis treatment. (13-16)
In the current prospective study we explored the hypothesis, that high-dose MTX
therapy inhibits global DNA methylation, which is associated with the development of
MTX-induced oral mucositis in children with ALL.

MATERIALS AND METHODS
Patients, treatment protocol and toxicity evaluation
The patient cohort and treatment protocol have been previously reported. (4) Briefly,
patients between 1 and 18 years treated according to the standard and medium risk
arms of the Dutch Childhood Oncology ALL-10 protocol (2004 – 2012) were eligible for
the current study. (17) The study was approved by the Medical Ethical Committee (MEC2005-358). Written informed consent was obtained before data- and sample collection.
An overview of protocol M (HD-MTX phase; 5 gram/m2/course) is shown in S1 Fig. A
modified version of The National Cancer Institute (NCI) Common Terminology Criteria
for Adverse Events v.3.0 score system was used to score and document toxicity (S1
Table). (18) Clinically relevant oral mucositis, defined as NCI grade ≥ 3, was used as
endpoint in the analyses. (4) The highest grade of toxicity observed in each patient
during protocol M was documented.
Sample collection
Peripheral EDTA blood samples were collected before the first HD-MTX course (T0) as
well as two weeks after discontinuation of protocol M (T1) and were stored at -80°C (S1
Fig). (17) DNA was isolated from whole blood using the MagNA Pure Compact Nucleid
Acid isolation kit (Roche Molecular Biochemicals®) according to the manufacturer’s
instructions.
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Cellular- and global DNA-methylation status
We measured plasma SAM and SAH levels as a proxy for cellular methylation status
and LINE1 DNA methylation as a proxy for global DNA methylation status at T0 and T1.
SAM and SAH plasma levels were measured using a liquid chromatography tandemmass spectrometry (LC-MS/MS) method using solid-phase extraction columns as
previously described. (19) The SAM:SAH ratio was calculated. The LINE1 global DNA
methylation assay was performed using primers as previously reported. (20) The LINE1
assay measured the methylation percentage at 12 CpG sites. Primers were designed
using EpiTYPER Designer software (http://www.epidesigner.com/). We used a primer
melting temperature of 64 °C, a primer size of 25 bp and an amplicon length of 300
bp. Primer sequences are depicted in S2 Table.
For global LINE1 DNA methylation assay, isolated DNA (500 ng) was treated with sodium
bisulphite to discriminate between methylated and unmethylated cytosines using the EZ
DNA MethylationTM Kit (Zymo Research®) according to the manufacturer’s instructions.
Bisulphite-treated DNA was stored at +4°C and processed within 1 week according to
the manufacturer's instructions. The assay was performed in triplets per patient at T0
and T1 and mean DNA methylation values were calculated from these triplets when the
variation coefficient was <10%. A PCR to amplify bisulphite-treated DNA was performed
using the C-1000 Touch Thermal CyclerTM (Bio-Rad). Two µl of sodium bisulphite-treated
DNA was added to each reaction (total volume reaction: 12 µl). The PCR master mix
consisted of 1.2 µl 10x Buffer, 1.2 µl 2mM deoxyribonucleotide triphosphates (dNTPs),
0.7 µl 25mM MgCl2, 2 µl of the forward and reverse primer (1 pmol/µl), 0.1 µl AmpliTaq
(5 U/L, Applied Biosystems, Waltham, MA, USA) and 2.8 µl H2O. A standard 'step-down'
PCR thermal cycling protocol was performed: 10 minutes at 95°C; 5 cycles of 20 seconds
(s) at 95°C, 30 s at 65°C and 1 minute at 72°C; 5 cycles of 20 s at 95°C, 30 s at 58°C
and 1 minute at 72°C; 39 cycles of 20 s at 95°C, 30 s at 53°C, 1 minute at 72°C and a
final elongation step for 3 min at 72°C followed by infinite hold at 12°C. After the PCR,
a dilution of 10 µl H2O, 3 µl PCR product and 2 µl loading dye was loaded onto a 2%
agarose gel to verify whether the PCR was successful. Unincorporated PCR primers and
deoxynucleotide triphosphates in the samples were inactivated by using shrimp alkaline
phosphatase (SAP) treatment as previously described. (21) Reverse transcription/RNase
T cleavage was performed using the following conditions: 3.21 µl of RNase-free doubledistilled H2O (ddH2O), 0.89 µl of 5x T7 polymerase buffer, 0.22 µl T Cleavage mix, 2.2 mM
DTT, 20 U T7 DNA & RNA polymerase and 0.6 µg RNase A in 2 µl of purified DNA product.
This mixture was incubated at 37°C for 3 hours. Thereafter, 6 mg of Clean Resin and
20 µl of milliQ H2O were added to each sample, rotated slowly for 20 minutes to mix
reagents and then centrifuged down for 5 minutes at 3000rpm. Thereafter, 10-15 nL of
the cleavage reaction was dispensed onto a SpectroCHIP array with a Nanodispenser
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RS1000 (Sequenom). The array was performed on a Matrix-assisted Laser Desorption/
Ionization – Time Of Flight (MALDI-TOF) MassARRAY (Sequenom) analyzer according
to the manufacturer’s instructions. LINE1 CpG4 could not be measured due to a silent
signal. LINE1 CpG10 could not be analyzed due to a low mass fragment. LINE1 CpG6
and 7, CpG8 and 9 and CpG11 and 12 were each analyzed together as the two CpG
sites were present in one fragment. A precision experiment was performed consisting
of measuring 10 DNA controls, which should give DNA methylation percentages with
a variation coefficient of < 10%.
Statistical analysis
Statistical analyses were performed using SPSS Statistics Version 20.0.0.1 (SPSS, Chicago,
IL, USA). For the LINE1 global DNA methylation assay the methylation percentage of
individual CpG sites and the mean methylation percentage of all CpG sites measured
in the assays was used for statistical analysis. Changes in SAM – SAH levels and the
global LINE1 DNA methylation status between T0 and T1 were tested using a paired
T test (mean ± standard deviation) or a Wilcoxon Rank Sum test (median, range), as
appropriate, based on the normal distribution of data. The association between SAM
– SAH levels and global LINE1 DNA methylation status at T0 and the change between T0
and T1 (delta T1 – T0) with the development of MTX-induced oral mucositis was tested
using an independent T test (mean ± standard deviation) or a Mann Whitney U test
(median, range) as appropriate. The correlation between SAM – SAH levels and LINE1
DNA methylation was tested using a Spearman’s rho coefficient. A correlation coefficient
of >0.7 was considered relevant. In view of multiple comparisons the significance level
was set at a p-value of 0.004 using a Bonferroni correction (p-value = 0.05 / 12). We
tested the possible confounding effect of clinical characteristics (age at diagnosis,
gender, ALL immunophenotype, ALL risk group) by testing whether these factors
were significantly (p <0.05) related to both the determinant (DNA methylation) and the
outcome (mucositis). If confounders were significant in both these univariate analyses,
they were included in a multivariate regression model.

RESULTS
Plasma SAM – SAH levels and LINE1 DNA methylation were measured before start
of MTX therapy (T0) and two weeks after end of MTX therapy (T1) in 82 pediatric ALL
patients (Table 1). LINE1 methylation percentages were measured at all CpG sites with a
variation coefficient of <10%. In total, 17 patients (21%) patients developed MTX-induced
oral mucositis ≥ NCI grade 3. Baseline characteristics are summarized in Table 1.
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Table 1. Baseline characteristics (n = 82)
Patient characteristics
Age at diagnosis,
median (range in years)
Sex, n (%)
Female
Male
Immunophenotype ALL, n (%)
B-lineage
T-lineage
Risk group ALL-10 protocol, n (%)
Standard risk
Medium risk
Mucositis, n (%)*
No
Yes

5.4 (1 – 18)
46 (56)
36 (44)
71 (87)
11 (13)
23 (28)
59 (72)
65 (79)
17 (21)

*Clinically relevant mucositis is defined as ≥ grade 3 according to the National Cancer Criteria
v.3.0. (75)

5

Methylation markers – changes during MTX therapy
Methylation marker levels at T0 and T1 are described in Table 2. Plasma SAM levels
were significantly (mean -16.1 nmol/L [-144.0 – +46.0]) lower after MTX therapy (p-value
< 0.001), whereas SAH levels and SAM:SAH ratio did not change significantly (Table 2).
LINE1 DNA methylation increased (mean +1.4% [-1.1 – +6.5]) during MTX therapy (p-value
<0.001, Table 2 + S3 Table). SAM – SAH levels and LINE1 DNA methylation status at T0
and T1 were not correlated (S4 Table).
Table 2. Methylation before and after stop of MTX therapy
T0 (before start
MTX)
Cellular methylation
SAM (nmol/L), median (range)
SAH (nmol/L), median (range)
SAM:SAH ratio, mean ± SD
Global DNA methylation
LINE1 – methylation (%), mean ± SD

T1 (after stop
MTX)

p-value

(n = 77) 109.0 (71.0 – 245.0) 99.0 (44.0 – 151.0) <0.001*
(n = 77) 13.5 (8.1 – 78.2)
12.9 (6.4 – 56.2)
0.234
(n = 77) 8.0 ± 2.8
7.4 ± 3.1
0.207
(n = 80) 65.1 ± 1.8

66.5 ± 1.9

<0.001*

T0: before start MTX; T1: after stop MTX. Mean percentage methylation of CpG sites in LINE1
(%) and plasma SAM – SAH levels (nmol/L) at T0 vs. T1; mean ± SD or median (range) based on
normal distribution of data

98

Chapter 5
Methylation status in relation to MTX-induced oral mucositis
SAM and SAH levels and the SAM:SAH ratio at T0 were not associated with the
occurrence of MTX-induced oral mucositis (Table 3). LINE1 DNA methylation at T0 was
not significantly associated with the development of MTX-induced oral mucositis (Table
3 + S5 Table). In addition, changes in the methylation markers between T0 and T1 were
not significantly associated with the development of MTX-induced oral mucositis (Table
3 + S6 Table). None of the tested clinical confounders (age at diagnosis, gender, ALL
immunophenotype, ALL risk group) significantly affected these analyses.

DISCUSSION
This is the first study on the role of cellular methylation status and global DNA
methylation in relation to the development of MTX-induced oral mucositis in children
with ALL. Although we showed that global DNA methylation markers changed after MTX
therapy, plasma SAM – SAH levels and LINE1 DNA methylation were not associated with
developing oral mucositis due to high-dose MTX treatment.
We observed a decrease in SAM levels after high-dose MTX treatment in pediatric
ALL patients, while the SAH levels and the SAM:SAH ratio did not show a significant
change. This very likely means that the change in SAM was not large enough to affect
the SAM:SAH ratio significantly. Inhibition of SAM levels has been shown previously
in an in vitro methotrexate model and a methotrexate-induced neural tube defect
mouse model. (7, 22) Our study in the pediatric ALL setting using a high-dose MTX
regimen confirmed these results. However, this decrease in SAM seen at the end of MTX
therapy can also be caused by other factors like environmental factors. More studies
are necessary to assess the role of MTX in relation to plasma SAM.
We observed small increases of 1 – 2% in LINE1 DNA methylation status after highdose MTX treatment, which are are in line with previous reports in other diseases.
(9, 23) For examples, in patients using selective serotonin reuptake inhibitors, global
and gene-specific methylation differences of 1-5% were found to be associated with
treatment response. (23) Furthermore, 5-methylcytosine levels, which is another global
DNA methylation measure, differed between healthy controls and rheumathoid arthritis
patients receiving MTX with 1 – 2%. (9) The observed increase in DNA methylation status
after HD-MTX therapy should be replicated in an independent case-control setting
or validated using another global DNA methylation assay than LINE1 assay to assess
whether the observed changes are due to HD-MTX and not due to other environmental
factors, such as nutrition.

0.407

0.405

0.339

13.7 (8.1 – 58.8)
11.4 (6.3 – 78.2)
7.9 ± 2.8
8.6 ± 3.1

65.0 (± 1.9)
65.5 (± 1.3)

109.5 (72.0 – 245.0) 0.788
107.0 (71.0 – 151.0)

p-value

0.501

-0.7 ± 3.6
0.0 ± 3.3

0.290

0.979

-1.0 (-33.8 – +46.0)
0.4 (-53.6 – +11.1)

-12.5 (-144.0 – +46.0) 0.338
-9.0 (-46.0 – +31.0)

LINE1 – total methylation (%), mean ± SD
No Mucositis n=63 (79)
1.5 ± 1.4
Mucositis n=17 (21)
1.1 ± 1.2

SAM (nmol/L), median (range)
No Mucositis n=62 (81)
Mucositis n=15 (19)
SAH (nmol/L), median (range)
No Mucositis n=62 (81)
Mucositis n=15 (19)
SAM:SAH ratio, mean ± SD
No Mucositis n=62 (81)
Mucositis n=15 (19)

p-value Change T0-T1

Mean percentage methylation of LINE1 and plasma SAM – SAH levels in nmol/L before start of MTX (T0) and the change (T0 – T1) during MTX therapy in
relation to MTX-induced oral mucositis; mean ± SD or median based on normal distribution of data

T0
Cellular methylation
SAM (nmol/L), median (range)
No Mucositis n=62 (78)
Mucositis n=17 (22)
SAH (nmol/L), median (range)
No Mucositis n=62 (78)
Mucositis n=17 (22)
SAM:SAH ratio, mean ± SD
No Mucositis n=62 (78)
Mucositis n=17 (22)
Global DNA methylation
LINE1 – total methylation (%), mean ± SD
No Mucositis n=65 (79)
Mucositis n=17 (21)

Table 3. SAM and SAH levels and LINE1 DNA methylation in relation to MTX-induced oral mucositis
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The LINE1 hypermethylation we found was contradictory to what we hypothesized,
as MTX is expected to inhibit DNA methylation. In line with our results, previous
studies in rheumathoid arthritis patients showed that MTX treatment induced DNA
hypermethylation. (8, 9)
A possible explanation for the observed DNA hypermethylation after MTX therapy in
our study is that concomitant therapy is administered, such as folate rescue therapy and
6-Mercaptopurine. Folates provide methyl-groups necessary for methylation reactions
and increased DNA methylation status in several mouse tissues (liver, kidney, brain)
as well as in peripheral mononuclear cells. (24, 25) In contrast, 6-Mercaptopurine
causes DNA hypomethylation. (26) It is possible that the inhibitory effect of MTX and
6-Mercaptopurine on DNA methylation status is masked by folate rescue therapy, as
folate increases DNA methylation status.
Our study showed no association between global methylation markers at start and at
the end of MTX therapy in relation to MTX-induced oral mucositis. These results do not
confirm the hypothesis that global methylation is associated with MTX-induced mucositis.
However, a recent study showed that the hypermethylation in CpG1 and CpG2 of the
promotor of the γ-Glutamyl Hydrolase (GGH) gene, which is involved in polyglutamating
MTX, can significantly reduce GGH mRNA expression in pediatric ALL. (27) Therefore,
performing genome-wide DNA methylation analyses using an Illumina methylation EPIC
array could be relevant in future studies to assess whether MTX could be used as a
possible biomarker in predicting MTX-induced toxicity, such as oral mucositis.
Finally, in our study DNA methylation status was measured in DNA isolated from
whole blood leucocytes. At this point in therapy, patients are considered to be in
complete remission, and therefore the DNA methylation profile of leukemic blasts,
which are known to be different from normal leucocytes, should not interfere with our
analysis. DNA methylation status differs per tissue. (28, 29) In future studies, it would
be interesting to look into DNA methylation changes in the oral mucosa in relation to
MTX-induced oral mucositis.
Strengths of our study are the prospective collection of toxicity data and the fact that
all patients were treated according to the same standardized treatment protocol. A
limitation is the relatively small sample size of this study.

CONCLUSION
This study is the first report to study methylation status in relation to the development of
MTX-induced oral mucositis in children with ALL. Global methylation markers changed after
high-dose MTX therapy, but we could not demonstrate that global methylation markers are
associated with the development of MTX-induced oral mucositis in pediatric ALL.
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SUPPLEMENTAL MATERIAL

Supplemental Figure 1. Overview protocol M
Protocol M consists of a 57-day period in which patients receive 6-Mercaptopurine (6-MP)
orally in a dose of 25 mg/m2/day. Patients receive 2-weekly high-dose methotrexate (HD-MTX)
intravenously in a dose of 5000 mg/m2/dose in 24 hours.Intrathecal infusions of methotrsxate,
cytarabine (ARA-C) and di-adreson F (DAF) are administered 2-weekly. Leucovorin is administerd
at 36 hours, 42 hours and 48 hours after start of the HD-MTX infusion at a dose of 15 mg/m2/
dose. Peripheral EDTA blood samples were collected at day 1 of protocol M (T0)) as well as two
weeks after discontinuation of protocol M (T1)
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A decrease in vitamin D levels is associated with
methotrexate-induced oral mucositis in children
with acute lymphoblastic leukemia
Oosterom N, Dirks NF, Heil SG, de Jonge R, Tissing WJE, Pieters R, van den Heuvel-Eibrink
MM, Heijboer AC, Pluijm SMF
Support Care Cancer. 2019 Jan;27(1):183-190.
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ABSTRACT
Background Children with acute lymphoblastic leukemia (ALL) are at increased risk of
vitamin D deficiency, which might make them more susceptible to developing adverse
events. Previous studies showed that low vitamin D levels were associated with an
increased inflammatory mucosal state and impaired mucosal tissue barriers. We
examined the prevalence of vitamin D deficiency and studied the association between
vitamin D levels and MTX-induced oral mucositis in pediatric ALL.
Methods We assessed 25(OH)D3 and 24,25(OH)2D3 levels in 99 children with ALL before
start of 4x 5g/m2 HD-MTX (T0) and in 81/99 children after discontinuation of HD-MTX
(T1). Two cut-off values for Vitamin D deficiency exist: 25(OH)D3 levels <30 nmol/L and
<50 nmol/L. Oral mucositis was defined as grade ≥ 3 according to the National Cancer
Institute Criteria.
Results Vitamin D deficiency occurred in respectively 8% (<30 nmol/L) and 33%
(<50 nmol/L) of the patients at T0, and more frequently in children >4 years of age as
compared to children between 1-4 years of age. A decrease in 25(OH)D3 levels during
HD-MTX therapy was associated with developing severe oral mucositis (OR 1.6; 95% CI
[1.1 – 2.4]). 25(OH)D3 and 24,25(OH)2D3 levels at T0 and the change in 24,25(OH)2D3 levels
during therapy were not associated with the development of severe oral mucositis.
Conclusion This study showed that vitamin D deficiency occurs frequently in pediatric
ALL patients above the age of 4 years. A decrease in 25(OH)D3 levels during MTX therapy
was observed in children with ALL that developed severe oral mucositis.
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INTRODUCTION
Five-year survival rates of children with acute lymphoblastic leukemia (ALL) have
currently reached 90% in developed countries. [1,2] As treatment outcome has
improved substantially, more research focusses on strategies to reduce toxic side
effects from drugs such as methotrexate (MTX). Identifying risk factors of HD-MTXinduced adverse events, such as oral mucositis, would be valuable to develop preventive
interventions. We previously showed that oral mucositis occurs in 20% of pediatric ALL
patients during high-dose methotrexate (HD-MTX; 5 g/m2) courses. [3]
A relation between vitamin D deficiency and chemotherapy-induced oral mucositis
has been suggested in a case report of a 59-year old patient with breast carcinoma
receiving a treatment regimen of docetaxel, carboplatin and trastuzumab. [4] Vitamin
D is a fat-soluble vitamin and important hormone involved in many physiological
processes in the human body, such as bone mineralization, insulin regulation and
immune regulation. [5-7] Previous studies showed that the vitamin D receptor is
expressed in the mucosa and that a relation exists between low vitamin D levels and
an increased inflammatory mucosal state and impaired mucosal tissue barriers. [8-10]
The main sources of vitamin D are production in the skin through sunlight exposure,
diet and vitamin D supplements. [11,7] Vitamin D (D2 and D3) is hydroxylated in the
liver to 25-hydroxyvitamin D (25(OH)D) and is converted into 1,25-dihydroxyvitamin D
(1,25(OH)2D) or into 24,25-dihydroxyvitamin D (24,25(OH)2D3).
Children with ALL may be at increased risk of vitamin D deficiency due to impaired
sun exposure and impaired vitamin intake. [12] A retrospective study in 86 pediatric
cancer patients with a median age of 7 years revealed vitamin D deficiency in 63% at
diagnosis. [13] In childhood cancer survivors, vitamin D deficiency was more prevalent
than in control subjects. [14,15] Declining vitamin D levels during anthracycline- and
docetaxel-based chemotherapy regimens was observed in 20 adult breast cancer
patients. [16] In adult cancer patients, no difference in chemotherapy-related toxicity,
including mucositis, was found between patients with and without vitamin D deficiency.
[17] However, this study cohort consisted of patients with various malignancies and
different treatment regimens and numbers were too small. Until now, no studies have
examined the possible role of vitamin D in relation to MTX-induced oral mucositis in
pediatric cancer patients.
This prospective study aimed to determine the prevalence of vitamin D deficiency after
ALL induction therapy before start of HD-MTX treatment, and to examine whether
vitamin D levels and a change in vitamin D levels during high-dose MTX treatment
were associated with the development of MTX-induced mucositis in children with ALL.
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MATERIALS AND METHODS
Patient selection and toxicity evaluation
Pediatric ALL patients (1 – 19 years) treated according to the standard and medium
risk arms of the Dutch Childhood Oncology Group ALL-10 protocol between 2004 and
2012 were eligible for this study.[2] The study was approved by the Medical Ethical
Committee (MEC-2005-358) and written informed consent was obtained from patients
and their parents. Detailed information on this protocol and cohort has been previously
described.[3] HD-MTX-induced oral mucositis was used as clinical endpoint in this study
and was scored prospectively before, during and after each high-dose MTX course
and at the end of protocol M according to The National Cancer Institute (NCI) Common
Terminology Criteria for Adverse Events v.3.0 score system by trained clinicians and
nurse specialists on a standardized clinical record forms. [18] Clinically relevant oral
mucositis was defined as NCI grade ≥3 (Confluent ulcerations, bleeding with minor
trauma. Symptomatic and unable to adequately aliment or hydrate orally). According
to the guideline of the Dutch Health Council 10 µg Vitamin D supplementation per day
is recommended in children until the age of 4 years. [19]
Peripheral blood samples for measurement of vitamin D levels were collected before
the start of protocol M (T0) and two weeks after discontinuation of protocol M (T1)
(Supplemental Figure 1). All serum samples were stored at −80 °C and analyzed
collectively. The 25(OH)D2, 25(OH)D3 and 24,25(OH)2D3 levels were analysed using
isotope dilution liquid chromatography-tandem mass spectrometry (ID-LC-MS/MS),
with detection limits for the three compounds of 0.36 nmol/L, 1.19 nmol/L and 0.12
nmol/L, respectively. Intra-assay coefficients of variation (CVs) were 3%, 3% and 5%,
while inter-assay CVs were 6%, 6% and 9% for 25(OH)D2, 25(OH)D3 and 24,25(OH)2D3,
respectively. The 25(OH)D3 / 24,25(OH)2D3 ratio was calculated as previously described.
[20] Vitamin D deficiency was defined as both 25(OH)D3 levels of <30 nmol/L and of <50
nmol/L, as controversy exists on the correct cut-off value. [19,21,22]

Vitamin D levels in relation to methotrexate toxicity

109

6

Figure 1. Flowchart of patient inclusion
Abbreviations: ALL, acute lymphoblastic leukaemia; HD-MTX, high-dose methotrexate; DCOG,
Dutch Childhood Oncology Group; SNP, single-nucleotide polymorphism; n = number of patients;
* 1 patient had neurological damage before start HD-MTX treatment, 1 patients was transferred
to another hospital, 1 patient had an adjusted protocol due to a SPINKS mutation and 1 patient
was initially treated otherwise due to another diagnosis.
Vitamin D levels: 25(OH)D2 , 25(OH)D3 and 24,25(OH)2 D3

Statistical analysis
The Chi-square test was used to compare differences in the prevalence of vitamin D
deficiency between patients with and without oral mucositis. The independent T-test
(normally distributed variables) and Mann-Whitney U test (skewed variables) were
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used to compare mean or median 25(OH)D2, 25(OH)D3 and 24,25(OH)2D3 levels and
the 25(OH)D3 / 24,25(OH)2D3 ratio at T0 and the change in these levels between T0
and T1 (delta T1 – T0) in patients with and without oral mucositis. A p-value < 0.05 was
considered significant. Logistic regression analysis was used to examine the strength of
the associations between 25(OH)D2, 25(OH)D3 and 24,25(OH)2D3 levels and the 25(OH)D3
/ 24,25(OH)2D3 ratio (T0 and delta T1-T0) and oral mucositis. We performed univariable
logistic regression analyses with the vitamin D indicators as independent variables and
oral mucositis as a dependent variable. Subsequently, associations were adjusted for
possible confounders, such as age, sex, season, ALL risk group, ALL Immunophenotype
and Body Mass Index (BMI), in a multivariable logistic regression analysis. Possible
confounders were included when they had a p-value <0.20 in univariable analysis with
both the determinant (vitamin D levels) or the outcome (oral mucositis NCI grade ≥3)
and when they changed the β in logistic regression analysis >10%. [23,24] All analyses
of the association between the change in vitamin D levels and the development of oral
mucositis were corrected for vitamin D levels at T0.

RESULTS
Patient characteristics
In total, 99 children with ALL were eligible for this study (Figure 1). We obtained samples
for analysis in all patients at baseline (T0) and in 81/99 patients after discontinuation
of HD-MTX (T1). Baseline characteristics of the patients are summarized in Table 1.
Twenty-three patients (23%) developed MTX-induced oral mucositis NCI grade ≥ 3
during treatment.
Table 1. Patient characteristics (n = 99)
Median age at diagnosis, years (range)
Sex, n (%)
Female
Male
Risk group ALL treatment, n (%)
Standard risk
Medium risk
Immunophenotype ALL, n (%)
B-lineage
T-lineage
Median BMI, kg / m2 (range) a
Mucositis, n (%)
Mucositis ≥ NCIb grade 3
a
b

BMI in 8 patients missing
NCI: National Cancer Institute

5.7

(1.4 – 18.1)

55
44

(56%)
(44%)

28
71

(28%)
(72%)

85
14
17.3

(86%)
(14%)
(13.2 – 31.5)

23

(23%)
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Possible confounders
In univariable analysis, none of the possible confounders met the criteria for inclusion
in the multivariate models (Supplemental Table 1a + 1b). In univariable analysis, 25(OH)
D3 levels were significantly higher (mean ± SE: 76.1 ± 3.2 nmol/L) in the age category
'1-4 years' versus the age category '>4 years' (mean ± SE: 52.8 ± 2.9 nmol/L) (p<0.001).
Furthermore, 25(OH)D3 levels were significantly lower in patients with a high BMI ≥ 25
(mean ± SE: 21.3 ± 6.1) versus patients with a normal BMI 18 – 25 (mean ± SE: 58.8 ±
4.4) and patients with a low BMI < 18 (mean ± SE: 68.5 ± 3.1) (p<0.001). However, age
and BMI were not associated with the development of severe oral mucositis and did not
change the β in logistic regression analysis >10% and were therefore not considered
possible confounders in this study.
Vitamin D levels and vitamin D deficiency in children with ALL before start
HD-MTX treatment (T0)
Levels of 25(OH)D2 (median 0.7 nmol/L [0.4 – 1.3]), 25(OH)D3 (mean 63.1 ± 2.4 nmol/L)
and 24,25(OH)2D3 (median 5.2 nmol/L [2.8 – 7.4]) and the 25(OH)D3 / 24,25(OH)2D3 ratio
(mean 13.6 ± 0.5) at T0 are reported in Table 2. Vitamin D deficiency was present in 8%
of the children using a cut-off value of 25(OH)D3 < 30 nmol/L (age category ‘1 – 4 years’:
2% versus ‘> 4 years’: 13%) and in 33% of children using a cut-off value of 25(OH)D3 <
50 nmol/L (age category ‘1 – 4 years’: 11% versus ‘> 4 years’: 51%).
Table 2. Vitamin D levels in pediatric ALL patients at start of high-dose MTX treatment (T0)
Levels (nmol/L)
25(OH)D2

median (IQR) 0.7 (0.4 – 1.3)

25(OH)D3

mean ± SE

24,25(OH)2D3

median (IQR) 5.2 (2.8 – 7.4)

25(OH)D3 /
mean ± SE
24,25(OH)2D3 ratio

25(OH)D3

63.1 ± 2.4

Ratio
13.6 ± 0.5

<30 nmol/L

Vitamin D deficiency,
n (%)a
8 (8%)

<50 nmol/L

33 (33%)

Levels per age category
(nmol/L)
1-4 years 0.5
(0.4 – 1.2)
>4 years
1.0
(0.5 – 1.4)
1-4 years 76.1
± 3.2
>4 years
52.8
± 2.9
1-4 years 6.4
(4.6 – 8.5)
>4 years
4.2
(2.2 – 6.4)
Ratio per age category
1-4 years 12.8
± 0.7
>4 years
14.2
± 0.7
Vitamin D deficiency per age
category, n(%) b
1-4 years
1
(2%)
>4 years
7
(13%)
1-4 years
>4 years

5
28

IQR: interquartile range; SE: standard error of the mean
percentage of total study group (n = 99)
b
percentages within age group ‘1-4 years’ (n = 44) and age group ‘>4 years’ (n = 55)
a

(11%)
(51%)
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Vitamin D levels at T0 in relation to development of HD-MTX-induced oral
mucositis
In 23/99 samples 25(OH)D2 levels were below the detection limit of 0.36 nmol/L. In
the remaining 76 samples, median levels of 25(OH)D2 at T0 were low (0.7 nmol/L [0.4
– 1.3] and were therefore not analyzed in relation to MTX-induced oral mucositis as
these levels were not clinically relevant (Table 2). We used vitamin D deficiency with
a cut-off value <50 nmol/L in further analyses as vitamin D deficiency with cut-off
value <30 nmol/L could not be analyzed, because the number of cases in the vitamin
D deficient group was too small. 25(OH)D3 levels, 24,25(OH)2D3 levels and the 25(OH)
D3 / 24,25(OH)2D3 ratio analyzed as a continuous variable at T0 were not significantly
associated with severe MTX-induced oral mucositis (Table 3).

Figure 2. 25(OH)D3 levels at T0 and T0 in relation to the development of oral mucositis
25(OH)D3 levels at T0 and T1 in individual patients with (yes, n = 62) and without (no, n = 19)
mucositis; the red lines indicate the mean 25(OH)D3 levels at T0 and T1 of all patients, the blue
lines indicate the 95% confidence interval; the dotted line indicates the cut-off value of vitamin
D deficiency at 25(OH)D3 levels <50 nmol/L.
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Table 3. Vitamin D levels at T0 in relation to HD-MTX-induced oral mucositis (NCI grade ≥3)
Mucositis – No Mucositis – Yes
p-value OR
n = 76
n = 23
25(OH)D3, nmol/L
mean ± SE
25(OH)D3
<30 nmol/L
≥30 nmol/L
<50 nmol/L
≥50 nmol/L
24,25(OH)2D3, nmol/L
median (IQR)
25(OH)D3 /
24,25(OH)2D3 ratio
mean ± SE

95% CI

62.3 ± 3.0

66.0 ± 3.7

0.528

1.006 (0.987 – 1.026)

8
68
28
48

(100%)
(75%)
(85%)
(73%)

0
23
5
18

(0%)
(25%)
(15%)
(27%)

a

a

0.178

2.100 (0.703 – 6.277)

5.3

(2.7 – 7.3)

4.8

(4.0 – 8.3)

0.494

1.047 (0.906 – 1.210)

0.401

0.957 (0.864 – 1.060)

13.8 ± 0.6

12.8 ± 0.9

a

IQR: interquartile range; SE: standard error of the mean
power too low to perform statistical analysis

a

Change in vitamin D levels between T0 and T1 in relation to the development of HD-MTX-induced oral mucositis
25(OH)D3 levels decreased significantly between T0 and T1 during high-dose MTX
therapy in patients with oral mucositis NCI grade ≥ 3 (-9.6 ± 14.3 nmol/L) as compared
to patients without oral mucositis NCI grade ≥ 3 (+2.4 ± 17.2 nmol/L) (Figure 2 + Table
4, p-value = 0.012). A decrease of 25(OH)D3 level of 10 nmol/L during HD-MTX therapy
increased the odds of developing severe MTX-induced oral mucositis 1.6-fold (OR 1.63
[1.11 – 2.38], p-value < 0.012, Table 4). Changes in levels of 24,25(OH)2D3 and the 25(OH)
D3 / 24,25(OH)2D3 ratio between T0 and T1 were not significantly associated with the
development of MTX-induced oral mucositis (Table 4).

6

2.4

± 2.2

-9.6 ± 3.3

0.447

0.930

0.818

0.012*

0.160

0.007*

0.993 (0.840 – 1.173)

per 1 nmol/L: 0.912 (0.721 – 1.155)

1.01 (0.85 – 1.19)

1.10 (0.87 – 1.39)

per 1 nmol/L: 0.953 (0.917 – 0.989) 1.05 (1.01 – 1.09)
per 10 nmol/L: 0.615 (0.421 – 0.899) 1.63 (1.11 – 2.38)

1/OR (95% CI) b

*p-value < 0.05
IQR: interquartile range; SE: standard error of the mean
a
corrected for 25(OH)D3, 24,25(OH)2D3 and 25(OH)D3 / 24,25(OH)2D3 ratio at T0 respectively in multivariable logistic regression model
b
we performed 1/OR (95% CI) as we reported the analysis as an increased risk and not as a decreased risk of developing oral mucositis

Delta 24,25(OH)2D3, nmol/L
median (IQR)
-0.1 (-1.7 – 0.9) -1.2 (-1.9 – 0.4)
Delta 25(OH)D3 /
24,25(OH)2D3 ratio
mean ± SE
0.3 ± 0.5
0.6 ± 0.8

Delta 25(OH)D3, nmol/L
mean ± SE

Mucositis – No Mucositis – Yes p-value p-value correcteda OR (95% CI)
n = 62
n = 19

Table 4. Change vitamin D levels in relation to HD-MTX-induced oral mucositis (NCI grade ≥3)
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DISCUSSION
In this study, vitamin D deficiency occurred in respectively 8% (<30 nmol/L) and 33%
(<50 nmol/L) of the patients before start of HD-MTX therapy, and more frequently
in children older than 4 years of age. Vitamin D levels before start of high-dose MTX
treatment were not associated with developing MTX-induced oral mucositis, but during
MTX therapy a decrease in 25(OH)D3 levels was observed in children with ALL that
developed severe oral mucositis.
Currently, no consensus exists on optimal vitamin D serum levels in children. In children
both 25(OH)D levels <30 nmol/L as levels <50 nmol/L have been defined as vitamin D
deficiency. [21,22] Therefore, we reported vitamin D levels with both cut-off values of
<30 nmol/L and <50 nmol/L. Using the cut-off value of <50 nmol/L in our cohort, 11%
of the children aged 1-4 years was vitamin D deficient compared to 51% of the children
aged >4 years, suggesting that parents and/or caregivers supplemented the children
in the younger age category according to the recommendations of the National Health
Council. [19] Previous literature showed that vitamin D deficiency (<50 nmol/L) occurred
in 30% of Dutch children in the general population at the age of 6 years. [25] Our data
showed that in the age category ‘5 – 7 years’ 53% (10/19) of pediatric ALL patients was
deficient. This higher rate of vitamin D deficiency compared to the general population
may be due to impaired sun exposition and less intake of vitamin D.
Our study showed a decrease in 25(OH)D3 levels during MTX therapy in children with
ALL developing oral mucositis compared to children without oral mucositis, whereas
vitamin D levels before start of MTX therapy were not associated with the development
of oral mucositis. In this study, we were not able to verify whether a decrease in vitamin
D levels preceded the occurrence of oral mucositis or vice versa. A probable explanation
could be that patients suffering from severe oral mucositis are often admitted to the
hospital where they have a more impaired intake, have less sunlight exposure and
might have impaired vitamin D uptake due to gastro-intestinal mucositis compared to
patients without oral mucositis, causing a decrease in vitamin D levels. Subsequently, a
decrease in vitamin D levels may lead to an increased inflammatory state of the mucosa.
The pathobiology of chemotherapy-related oral mucositis is not well understood, but
is known to include an inflammatory part, in which both cytokine-release of TNFα,
IL-6 and IL-1β and cellular infiltration of immune cells in the mucosa play a role. [26]
Several studies have implicated a relation between low vitamin D levels and low vitamin
D receptor expression and the development of an increased inflammatory response
in the mucosa, such as in inflammatory bowel disease, by modulating T-cell receptor
responses and cytokine release. [8,27] Furthermore, vitamin D deficiency has been
implicated to play a role in tissue barrier defects in the gastro-intestinal system. [9,28]
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Therefore, it could very well be that decreasing vitamin D levels aggravate the course of
oral mucositis. This needs further investigation as we did not have data on the length
of the mucositis period or on inflammatory cytokine levels.
We showed that 25(OH)D2 levels were often below (n = 23) and near (n = 76) the
detection limit in children with ALL. This is most likely due to the fact that over-thecounter supplements in the Netherlands contain 25(OH)D3 and the relatively small
source of plant-derived 25(OH)D2 will not lead to substantial plasma concentrations.
As levels were very low, it was not statistically possible and clinically relevant to analyze
these levels in relation to the development of MTX-induced oral mucositis.
Although 1,25(OH)2D is known as the active vitamin D metabolite, it is a poor indicator of
overall vitamin D status as serum 1,25(OH)2D is often increased in patients with vitamin
D deficiency due to secondary hyperparathyroidism.[29] Until recently, 24,25(OH)2D3
was considered an inactive metabolite or degradation product of 25(OH)D. However,
several reports suggested that 24,25(OH)2D3 possesses biological activity and that
24,25(OH)2D3 levels and the 25(OH)D/24,25(OH)2D ratio reflect the vitamin D status.
[30-32,20,33]
High BMI (≥ 25) was present in 4 patients and these patients had very low 25(OH)
D3 levels compared to patients with a normal BMI and an underweight BMI. This is
in line with previous literature, that showed that vitamin D deficiency occurs more
frequently in obese cancer patients. [34] Proposed underlying mechanisms of this
phenomenon include lack of sunlight due to less physical activity in obese patients and
less bioavailability due to deposition of vitamin D in subcutaneous fat depots. [35,36]
Another important factor to take into account in future studies is the bio-availability of
vitamin D. Vitamin D is largely bound to vitamin D binding proteins (VDBP) and albumin.
Lower levels of VDBP and albumin increase bio-availability and therefore the same level
of vitamin D could have a different biological meaning in patients with different levels
of VDBP and albumin. (30)
Strengths of this study are the prospective collection of samples and toxicity data and
the accuracy of the vitamin metabolite measurements. Limitations are the fact that
possible confounders, such as vitamin D supplementation, nutritional status, VDBP
levels and inflammatory markers were not studied. These factors could be taken into
account in future studies to get insight into a possible mechanism.
In conclusion, the prevalence of vitamin D deficiency was high in children with ALL
above the age of 4 years. Although we did not find an association between low baseline
vitamin D levels with MTX-induced oral mucositis in children with ALL, 25(OH)D3 levels
decreased significantly during MTX-therapy in patients with severe MTX-induced oral
mucositis. This should be further examined as vitamin D supplementation is a very
easy intervention.
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SUPPLEMENTAL MATERIAL

Supplemental Figure 1. Protocol M - DCOG ALL-10 protocol.
Protocol M includes oral 6-mercaptopurine (25 mg/m2 daily) and four high-dose MTX infusions
every 2 weeks at a dose of 5 g/m2 over 24 h. Each MTX administration was combined with intrathecal
triple therapy in a standard dose adjusted by age. Folinic acid rescue was administered every 6 h,
starting at 42 hours after the start of MTX administration. Mucositis NCI grade ≥ 3 was considered
as clinical endpoint for this study. Abbreviations: 6-MP; 6-Mercaptopurine, HD-MTX; high-dose
methotrexate, ARA-C; Cytarabine, DAF; Diadreson F aquosum, IV; intravenous, ITH; intrathecal

Supplemental Table 1a. Possible confounder vs. determinant 25(OH)D3 levels at T0 (n = 99)
p-value
25(OH)D3 per age category, nmol/L
1 – 4 years
(n = 44)
mean ± SE
>4 years
(n = 55)
mean ± SE
25(OH)D3 per sex, nmol/L
Male
(n = 55)
mean ± SE
Female
(n = 44)
mean ± SE
25(OH)D3 per seasona, nmol/L
Spring
(n = 24)
mean ± SE
Summer
(n = 27)
mean ± SE
Autumn
(n = 24)
mean ± SE
Winter
(n = 23)
mean ± SE
25(OH)D3 per ALL risk group, nmol/L
Standard risk
(n = 28)
mean ± SE
Medium risk
(n = 71)
mean ± SE
25(OH)D3 per immunophenotype, nmol/L
B-lineage
(n = 85)
mean ± SE
T-lineage
(n = 14)
mean ± SE
25(OH)D3 per BMI, nmol/Lb
< 18 (n = 54) mean ± SE
18 - 25 (n = 31) mean ± SE
≥ 25 (n = 4) mean ± SE

76.1
52.8

± 3.2
± 2.9

<0.001*

62.0
64.6

± 3.5
± 3.3

0.607

58.6
69.1
62.9
62.0

± 5.3
± 4.0
± 5.8
± 4.6

0.486

65.3
62.3

± 4.5
± 2.9

0.589

64.1
57.1

± 2.6
± 6.8

0.317

68.5
58.8
21.3

± 3.1
± 4.4
± 6.1

<0.001*

spring: 01/03 – 31/05, summer: 01/06 – 31/08, autumn: 01/09 – 30/11, winter: 01/12 – 28/02;
in one patient data on the season of performing the 25(OH)D3 measurement were unknown.
b
in ten patients data on BMI at T0 were unknown.
*p-value < 0.20. None of the possible confounders changed the β in logistic regression analysis >10%.
a
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Supplemental Table 1b. Possible confounder vs. outcome mucositis NCI grade ≥ 3 (n = 99)
Age category
1 – 4 years (n = 44)
>4 years (n = 55)
Sex
Male (n = 55)
Female (n = 44)
Season
Spring (n = 24)
Summer (n = 27)
Autumn (n = 24)
Winter (n = 23)
Risk group
Standard risk (n = 28)
Medium risk (n = 71)
Immunophenotype
B-lineage (n = 85)
T-lineage (n = 14)
BMI
< 18 (n = 54)
18 - 25 (n = 31)
≥ 25 (n = 4)
BMI (continuous), nmol/L
Median (IQR)

Mucositis - No, n (%) Mucositis – Yes, n (%)

p-valuea

34
42

(77%)
(76%)

10
13

(23%)
(24%)

0.915

43
33

(78%)
(75%)

12
11

(22%)
(25%)

0.710

20
22
16
17

(83%)
(82%)
(67%)
(74%)

4
5
8
6

(17%)
(18%)
(33%)
(26%)

0.498

25
51

(89%)
(72%)

3
20

(11%)
(28%)

0.071*

66
10

(78%)
(71%)

19
4

(22%)
(29%)

0.733

40
23
4

(74%)
(74%)
(100%)

14
8
0

(26%)
(26%)
(0%)

*power too low

18.2

(16.4 – 18.8)

17.1

(15.4 – 18.5)

0.361

6

IQR: interquartile range. None of the possible confounders changed the β in logistic regression
analysis >10%.
*p-value < 0.20

122

Chapter 6
Supplemental Table 2. Vitamin D deficiency at T0 vs. T1 (n = 99)
T0, n (%)
Vitamin D deficiency (<30 nmol/L)
<30 nmol/L
≥30 nmol/L
Age category ‘1 – 4 years’
Vitamin D deficiency (<30 nmol/L)
<30 nmol/L
≥30 nmol/L
Age category ‘> 4 years’
Vitamin D deficiency (<30 nmol/L)
<30 nmol/L
≥30 nmol/L
Vitamin D deficiency (<50 nmol/L)
<50 nmol/L
≥50 nmol/L
Age category ‘1 – 4 years’
Vitamin D deficiency (<50 nmol/L)
<50 nmol/L
≥50 nmol/L
Age category ‘> 4 years’
Vitamin D deficiency (<50 nmol/L)
<50 nmol/L
≥50 nmol/L

T1, n (%)

p-value

7
74

(9%)
(91%)

10
71

(12%)
(88%)

0.608

1
1

(3%)
(3%)

37
37

(97%)
(97%)

1.000

6
37

(14%)
(86%)

9
34

(21%)
(79%)

0.570

25
56

(31%)
(69%)

27
54

(33%)
(67%)

0.886

5
33

(13%)
(87%)

4
34

(11%)
(89%)

1.000

20
23

(47%)
(53%)

23
20

(53%)
(47%)

0.666
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ABSTRACT
Introduction This study aimed to determine the efficacy of different Leucovorin
regimens to reduce oral mucositis in children with acute lymphoblastic leukemia after
high-dose Methotrexate (HD-MTX).
Methods Twelve articles were included in a systematic literature review. Articles were
categorized into low / medium / high risk of bias.
Results As no randomized controlled trial assessing the effect of Leucovorin has been
performed, the efficacy of Leucovorin to reduce oral mucositis remains unknown.
Leucovorin was initiated at 24, 36 or 42 hours after HD-MTX at a dose of 15 or 30 mg/m2.
No meta-analysis could be performed as treatment regimens differed. When comparing
studies with similar HD-MTX doses, we observed lower oral mucositis rates in regimens
with higher cumulative doses of Leucovorin and early initiation of Leucovorin after MTX.
Conclusion Even though future studies are necessary, higher cumulative Leucovorin
doses and early initiation of Leucovorin after start of MTX seem to reduce oral mucositis.
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INTRODUCTION
Over the past decades, five-year survival rates of children with acute lymphoblastic
leukemia (ALL) have reached 90% in the developed countries. (1-3) However, patients
often suffer from toxicity of chemotherapeutic drugs such as Methotrexate (MTX). (4, 5)
MTX is an antifolate drug that depletes intracellular reduced folate levels by inhibiting
the enzymes Thymidylate Synthase and Dihydrofolate Reductase. This depletion of
intracellular reduced folate levels impairs DNA- and RNA-synthesis leading to cell
death in cells with a high cell turnover, such as in the bone marrow and in the gastrointestinal tract including the oral mucosa. (6-8) In addition, MTX was shown to alter
the diversity and principal components of oral and gut microbiota, thereby affecting
the inflammatory response associated with damage to the mucosal epithelium. (9, 10)
These changes in the composition of microbiota in response to MTX were associated
with developing MTX-induced mucositis in mice studies and in rheumathoid arthritis
patients. (9, 10) After HD-MTX infusions, folinic acid rescue therapy (Leucovorin – LV) is
administered to reduce toxic side effects. (11, 12) LV is a reduced folate that bypasses
the block of DHFR by MTX. (13-15) The administration of LV is therefore thought to
decrease toxic side effects by “rescuing” cells from MTX-induced cell death. (13-15) We
previously showed that severe (grade III/IV) MTX-induced oral mucositis occurs in 20%
of patients in a prospective study of children with ALL despite adequate LV rescue
therapy. (4) Severe MTX-induced oral mucositis causes an impairment of the quality of
life of children and can lead to treatment delays. (4, 16, 17)
HD-MTX and additional LV rescue therapy protocols differ between countries. The
introduction of LV rescue therapy has been established entirely empirically throughout
the past decades and, even today, the basis for the “effectivity” to reduce oral mucositis
rates and the “selectivity” of this regimen is not widely appreciated nor fully understood.
(13, 18) Furthermore, it has been suggested that plasma and intracellular folate status
before the start of HD-MTX and LV therapy may affect oral mucositis rates. (4, 19)
The present review was conducted to determine the effectivity of various Leucovorin
dosing- and timing regimens to reduce oral mucositis and to determine the role of pretreatment plasma- and intracellular folate levels in the development of MTX-induced
oral mucositis.
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METHODS
Literature search strategy
A literature search was performed on June 18th 2018 in Pubmed, Embase and Cochrane.
A systematic search was developed with the following main search terms: Leucovorin
/ Folate rescue therapy AND Methotrexate AND Acute Lymphoblastic Leukemia
(Supplemental Table 1). As ‘oral mucositis’ was often not mentioned in the title /
abstract, we first included all articles in which it seemed that data on toxicity would be
available in the full-text and only identified articles with data on ‘oral mucositis’ after
full-text screening.
Inclusion and exclusion criteria
To be eligible for inclusion, a study had to include (1) children aged ≤21 years with
acute lymphoblastic leukemia or lymphoma (including studies on children with Down
Syndrome), (2) high-dose methotrexate treatment (≥1 g/m2), (3) data on LV or folinic acid
rescue therapy including dosing and / or timing, (4) incidence/prevalence data on oral
mucositis. Furthermore, studies that contained data on (5) folate plasma- or erythrocyte
folate levels in relation to the development of oral mucositis were included. Animal or
cell-line studies, case reports, expert opinions, reviews, conference abstracts, articles
in languages other than English or Dutch and studies without a full text available were
excluded.
Data extraction and analysis
After removal of duplicates, 659 studies remained (Figure 1). After title/abstract
selection by two independent reviewers ( JNvdB, NO), the remaining 85 articles were
assessed full text. In total, 12 studies were identified to be relevant based on the defined
aims and inclusion criteria.

Leucovorin rescue therapy in methotrexate toxicity

Figure 1. Flowchart literature study
Flowchart of literature search and number of included studies.

Data search
The following data were extracted from the included studies: author and year of
publication; country; study design; number of patients including median age; protocol;
methotrexate dosing and/or timing; leucovorin dosing and / or timing; folate (plasma
/ intracellular) levels; system used for toxicity screening; prevalence and/or severity
of mucositis, focused mainly on ‘clinically relevant’ mucositis. Oral mucositis grade ≥3
according to either the National Cancer Institute Common Toxicity Criteria (NCI-CTC)
or the World Health Organization (WHO) toxicity grading scale was defined as clinically
relevant mucositis in this study. In the NCI-CTC scale oral mucositis grade 3 was defined
as “severe pain, interfering with oral intake”. (20, 21) In the WHO toxicity grading scale
oral mucositis grade 3 was defined as “painful and the inability to swallow solids”. (21)
Quality of evidence assessment
The quality of the included studies was determined by assessing the level of bias using
the Quality in Prognosis Studies (QUIPS) tool. (22) The studies were reviewed for the six
domains: study participation, study attrition, prognostic factor measurement, outcome
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measurement, study confounding and statistical analysis / reporting. The quality of
evidence was categorized into 3 levels, being ‘high risk of bias’, ‘moderate risk of bias’
and ‘low risk of bias’. According to the recommendation of Hayden et al., we chose
a priori domains out of the six domains most relevant for this review to determine
a sum score. (22) Study participation, prognostic factor measurement and outcome
measurement, were used as a priori domains.

RESULTS
Studies were published between 1983 and 2018 and included between 12 and 485 study
participants. In total, 4 studies were retrospective cohort studies, 6 were prospective
cohort studies and 2 were randomized controlled trials that compared two doses of
HD-MTX. The included studies described patients receiving HD-MTX doses ranging
between 1 g/m2/dose and 12 g/m2/dose, in which 1 g/m2/dose (2 studies), 3 g/m2/dose
(3 studies) and 5 g/m2/dose (3 studies) were the most common doses. The prevalence
of oral mucositis NCI-CTC/WHO grade ≥3, ranged between 0% and 41%. Albertioni et
al reported a percentage of 44%, with a cut-off value of WHO grade ≥1. (148) None of
these studies compared the outcome of patients with and without LV rescue therapy
in a randomized setting and we could therefore not determine the effect of LV rescue
therapy on reducing the oral mucositis rate.
The effect of leucovorin dosing on HD-MTX induced oral mucositis
Twelve studies on the effect of dosing of LV rescue therapy were included in our
study (Table 1), of which 4 had a ‘low risk of bias’ and 8 had a ‘medium risk of bias’
(Supplemental Table 2). (4, 13, 14, 23-31) The starting doses of LV rescue therapy ranged
between 10 mg/m2/dose and 30 mg/m2/dose, of which 15 mg/m2 and 30 mg/m2 were
used most commonly. The cumulative doses of LV rescue therapy ranged between 30
mg/m2 and 90 mg/m2. Out of twelve included studies, two studies described the use of
locally administered topical doses of LV to the oral mucosa during HD-MTX in addition to
the LV administered orally or intravenously. It was not possible to determine the effect
of locally administered topical doses of LV to the oral mucosa on the oral mucositis
rate as these two studies did not randomize patients into patients with and without
the topical administered doses. (23, 30)
We were able to compare data on the cumulative doses of LV administered in relation
to developing MTX-induced oral mucositis in five out of twelve included studies (Figure
2). (4, 14, 28, 29, 31) Seven studies were excluded from this analysis as they either
used individualized MTX-dosing, lacked a specified LV rescue therapy regimen or MTX
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regimen in which the cumulative dose per therapy group could not be calculated,
lacked a grading system for toxicity or had a cut-off for toxicity other than grade ≥3.
(13, 23-27, 30)
Two out of five studies administered 1 g/m2/dose MTX in either 36 hours followed by
a cumulative LV dose of 30 mg/m2 or in 1 hour followed by a cumulative LV dose of 45
mg/m2, resulting in an oral mucositis rate of 41% and 12% respectively (Figure 2). (14, 31)
In these studies, we observed a lower rate of oral mucositis when HD-MTX was infused
in a short period with higher cumulative LV doses (31), than when HD-MTX was infused
in a longer period with lower cumulative LV doses (14).
One out of five studies administered 3 g/m2/dose MTX in an unknown infusion period
followed by a cumulative LV dose of 90 mg/m2, resulting in an oral mucositis rate of
29% (Figure 2). (28)
Two out of five studies administered 5 g/m2/dose MTX in 24 hours followed by either a
cumulative LV dose of 45 mg/m2 or 90 mg/m2, resulting in an oral mucositis rate of 20%
and 5% respectively (Figure 2). (4, 29) In these two studies, we observed a decreased
rate of oral mucositis when higher LV doses were administered. (29)
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Table 1. Overview studies literature review – effect LV

C: 1.5 g/m2 iv in 24h
T: adjusted MTX
doses (1.1 – 3.6 g/m2)
iv in 24h
3 courses (1-5)
HR B-ALL: 3 g/m2 iv
in 24h
T-ALL / T-NHL: 5 g/m2
iv in 24h
Relapsed ALL: 6 g/m2
iv in 24h
3 g/m2 iv 3 times
weekly in 24h (LO416: in 12h during 2nd
and 3rd dose when no
toxicity)

3-5 g/m2 iv in 24h
3 courses / 2 weeks
2,8 g/m2 (0.9-5.3 g/
m 2)
4 courses / every
other week

5 g/m2 iv in 24h
4 courses / 2 weeks

Dose + frequency
MTX

Dose: NS; at 36h, 42h,
48h, 54h, 60h, 66h

30 mg/m2 iv at 36h, 30
mg/m2 orally at 42h, 15
mg/m2 at 48h, 5 mg/
m2 orally at 54h, 68h
and 78h
15 mg/m2 iv at 42h,
48h, 54h, 60h, 66h,
72h (3 extra doses in
relapsed ALL)

15 mg/m2 at 36h, 42h
and 48h
LR: 10 mg/m2 iv after
42h, every 6h 5 times
SR/HR: 15mg/m2 iv
after 42h, every 6h 5
times

15 mg/m2 after 42h
every 6h (minimum of
3 doses)

Dose + frequency LV

NCI-CTC
v.2.0
grade≥3

NCI-CTC.
V. 4.0

DS: 4 (100%)
NDS: 0 (0%)

Grade 1 – 2:
29/100 (29%)
Grade 3 – 4:
3/100 (3%)

•

•

•

•

Prevalence/
Risk
Severity
of
Mucositis, n (%) Bias
Total: 26/134
•
(20%)
First course: 18
(15%)
Remaining three
courses: 10 (8%)
8 (5.9%)
•

WHO
grade≥3
NCI-CTC v. Gastrointestinal:
2.0 grade≥3 LR individualized:
52 (6.9%)
LR not
individualized: 14
(8.7%)
S/HR
individualized: 50
(8.0%)
S/HR not
individualized: 44
(13.0%)
NS
123/481 courses
(26.2%)

System
toxicity
screening
NCI-CTC
v.3.0
grade≥3
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P

Xu et al,
2007

17

60

12

121

41

Median NS (1.9 –
15.0)

7.1 (1.0 – 21.0)

NS

10.3 (1.6-19.0)

6.0 (1.0 – 15.0)

8.4 (± 3.2)

POG 7420 (ALinC
11)

BFM / COALL
/ Münchener
protocols /
Modified Memphis
or CCSG protocols

NOPHO-ALL
(1992)

NPCAC97

ALL protocol
(2004)

NS

SR: 15 mg/m2 at 36h
WHO
HR: 30 mg/m2 at 36h
grade≥3
SR + HR: 15 mg/m2 4-7x
every 6h
CF (3mg/d) spread to
oral mucosa

1.0 g/m2 iv in 1h

15 mg/m2 orally at
6h, 12h and 18h

IDM: 15 mg/m2 orally at
48h and 54h

NS

15 mg/m2 iv at 36h, 42h, WHO
48h and 54h +
grade≥1
Topical doses (3mg/d)
on oral mucosa in
72.7% of the infusions
HDM: 12 g/m2 iv in 4h HDM: 15 mg/m2 orally
NS
IDM: 1 g/m2 iv in 36h at 24h, every 6h for 12
doses

5-8 g/m2 iv in 24h
36 courses; 3 / child

5 g/m2 iv in 24h
4 courses (1-4)

SR: 3 g/m2 iv
HR: 5 g/m2 iv
Randomization MTX:
7h infusion vs. 24h
infusion

System
toxicity
screening
NCI-CTC.
V. 4.0

30 mg/m2 iv at 24h
+ 4x15 mg/m2 at 12h
intervals
30 mg/m2 iv 42h after
NCI-CTC
iv MTX +
v.3.0
15 mg/m2 orally at 48h, grade≥3
54h, 60h, 66h

Dose + frequency LV

3 g/m2 iv
4 courses / 2 weeks

Dose + frequency
MTX

Stomatitis /
Ulcerations c
HDM: 9/21 (43%)
IDM: 18/22 (82%)
Deep mucosal
ulcerations:
HDM: 0/21 (0%)
IDM: 9/22 (41%)
2/17 (11.8%)

Grade 1-2: 50
(33.6%)
Grade 3-4: 8
(5.4%)
Total: 58/149
cycles (38.93%)
SR – 7h infusion:
2 (4.0%)
SR – 24h
infusion: 4 (8.2%)
HR – 7h infusion:
0 (0%)
HR – 24h
infusion: 0 (0%)
16/36 courses
(44.4%)

•

•

•

•

•

Prevalence/
Risk
Severity
of
Mucositis, n (%) Bias
6/21 (28.6%)
•

SD – Standard Deviation; LV – Leucovorin; R – Retrospective; P – Prospective; iv – intravenous; h – hours; NCI-CTC – National Cancer Institute-Common Toxicity Criteria; v – version;
DS – Down Syndrome; NDS – Non Down Syndrome; NS – Not specified; WHO – World Health Organization; C – control group; T – treatment group; WHO – World Health Organization
Criteria; LR – Low Risk Group; SR – Standard Risk Group; HR – High Risk Group; HDM – High-dose Metothrexate; IDM – Intermediate-dose methotrexate
a
RCT with n = 67 patients randomized to receive 5 fixed doses of MTX (1.5 g/m2 iv in 24h) and the other n = 67 patients randomized to adjusted MTX doses based on each individual’s
clearance, to achieve a target level of systemic exposure or area under the plasma concentration time curve (AUC) of 640 to 900 µmol/L*h. b Study in patients with ALL and an early
bone marrow relapse. c Data on toxicity were available in 22 patients in the IDM group and in 21 patients in the HDM group.
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Table 1. Continued.
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Figure 2. Prevalence of mucositis grade ≥3 for cumulative LV doses per cycle per HD-MTX dose
• = High risk of bias; • = Moderate risk of bias; • = Low risk of bias
This Figure shows the percentage of oral mucositis per HD-MTX dose and cumulative LV dose
per study.

The effect of leucovorin timing on HD-MTX induced oral mucositis
Twelve studies on the timing of LV rescue therapy after start of HD-MTX were included
in our study (Table 1), of which 4 had a ‘low risk of bias’, 7 had a ‘medium risk of bias’
and 1 had a ‘high risk of bias’ (Supplemental Table 2). (4, 13, 14, 23-31) Most studies
started their LV rescue therapy at 24h, 36h or 42h after initiation of HD-MTX. (4, 13, 14,
23-30) We were able to compare data on the timing of LV in relation to developing MTXinduced oral mucositis in six out of twelve included studies as previously mentioned
(Figure 3). (4, 14, 28-31)
Two out of six studies administered 1 g/m2/dose MTX in either 36 hours followed by
LV starting at 24h or in 1 hour followed by LV dose starting at 6h, resulting in an oral
mucositis rate of 41% and 12% respectively. (14, 31) Another two studies administered 5
g/m2/dose MTX in 24 hours followed by LV starting at 42h, resulting in an oral mucositis
rate of 20% and 5% respectively. (4, 29) One study randomized patients to receiving 5
g/m2/dose MTX in either 7 or 24 hours followed by LV starting at 36h, resulting in an
oral mucositis rate of 0%. (30) Overall, we observed an increase of the oral mucositis
rate when the timing of LV administration after initiation of MTX was delayed in the 1
g/m2/dose- and 5 g/m2/dose MTX-studies (Figure 3).
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In the two studies, in which 3 g/m2/dose MTX followed by LV starting at either 24h or
36h was administered, the opposite effect was observed showing lower mucositis rates
when LV initiation was delayed (Figure 3). (28, 30) One factor that might explain that the
opposite effect was observed in the studies of Moulik et al. and Xu et al. could be that
in addition to normal LV administration also topical LV was administered to the oral
mucosa in the study of Xu et al. to reduce oral mucositis. (28, 30)

P revalenc e muc os itis grade ≥ 3 for timing of firs t L V adminis tration
after initiation of MT X per c yc le per HD-MT X dos e
42h - Den Hoed et al (2015)

5 g/m2 MT X

42h - K apoor et al (2012)
36h - Xu et al (2007)
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36h - Xu et al (2007)
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24h - W olfrom et al (1993)
6h - F rankel et al (1983)
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Figure 3. Prevalence of mucositis grade ≥3 for timing of first administration of LV after initiation
of MTX per cycle per HD-MTX dose
• = High risk of bias; • = Moderate risk of bias; • = Low risk of bias
This Figure shows the percentage of oral mucositis per HD-MTX dose and LV timing (number of
hours after start of HD-MTX infusion) per study.

Plasma- and erythrocyte folate levels
Two out of twelve included studies provided data on the association between baseline
plasma- and intracellular folate and the development of MTX-induced oral mucositis
(Table 2), of which 1 had a ‘low risk of bias’ and 1 had a ‘medium risk of bias’ (Appendix
2). (4, 28) We previously showed that patients with oral mucositis had a significantly
higher level of baseline erythrocyte folate compared to patients without oral mucositis,
whereas plasma folate was not associated to oral mucositis. We showed that when the
erythrocyte folate concentration increased with 1 µmol/l, the odds of developing oral
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mucositis were 1.23 (95% confidence interval (CI) 1.04-1.45). (4) Moulik et al. examined
a small group of patients in whom a plasma folate deficient state was not associated
with oral mucositis. (28) Erythrocyte folate levels were not measured in this study. (28)
Other findings on the prevalence of HD-MTX induced oral mucositis
First, when comparing the oral mucositis rate between studies using different HD-MTX
doses, the overall rate of oral mucositis seemed to be lower in the studies using 5 g/m2/
dose HD-MTX compared to the studies using lower HD-MTX doses. This result was also
reported in two randomized clinical trials comparing 3 versus 5 mg/m2/dose MTX and 1
versus 12 mg/m2/dose MTX respectively. (14, 30) However, in the study of Wolfrom et al.
this difference could be explained by a longer infusion period of 36h in the 1 g/m2 MTX
versus only 4h in the 12 g/m2 MTX and a more intensive LV rescue therapy regimen in
the 12 g/m2 MTX dose, which included both higher cumulative doses of LV and a more
early timing of LV. (14) In the study of Xu et al. this difference could be explained by
more intensive pre-hydration measures and higher cumulative LV doses in the 5g/m2
MTX group versus the 3g/m2 MTX group. This finding of a lower oral mucositis rate in
patients receiving higher doses of MTX could thus be explained by either a longer MTX
infusion period or a more intensive LV regimen. (30)
Second, when comparing the oral mucositis rate in recent studies compared to older
studies, we observed less oral mucositis in the more recent studies, published since
2007 (range 0 – 29%), compared to the older studies (range 12 – 41%) (Table 1).
Third, two studies described the use of individualized MTX and LV dosing based on MTX
plasma levels and pharmacokinetic models. (13, 25) Pauley et al. compared individualized
MTX and LV dosing compared to standardized MTX and LV treatment and observed
lower oral mucositis rates (low risk therapy group: 7% - standard/high risk group: 8%)
in the individualized therapy group compared to the rates in the standardized therapy
group (low risk therapy group: 9% - high risk therapy group: 13%). (25)
Finally, two studies reported that the rate of MTX-induced oral mucositis was higher
after the first cycle of MTX. (4, 29) Den Hoed et al. showed a prevalence of NCI-CTC
(v.3.0) grade ≥3 mucositis of 15% in the first cycle compared to a prevalence of 8% in
the remaining three HD-MTX courses. (4) Kapoor et al. showed a prevalence of NCI-CTC
(v.3.0) grade ≥3 mucositis of 12% in the first cycle compared to a prevalence of 3%, 6%
and 0% in cycle 2, 3 and 4 respectively. (29)

NS

System
toxicity
screening +
cut-off
Incidence/Severity
Mucositis

3 g/m2 iv
every 14
days
30 mg/m2 iv
24h after iv
MTX + 4x15
mg/m2 at 12h
intervals

MTHFR A1298C:
AA: 3/14 (21%)
AC+CC: 3/7 (43%)

NCI-CTC v.4.0 Folate status:
Folate deficiencya was
Deficient: 4/10 (40%)
associated with more
Not deficient: 2/11 (18%) toxic effects during
HD-MTX therapy.
MTHFR C667T:
CC: 2/12 (17%)
CT+TT: 4/9 (44%)

Higher levels of baseline
erythrocyte folate were
found in patients with
mucositis (P=0.012).
For every increase in
1 μmol/L erythrocyte
folate, the odds of
developing mucositis was
1.10 (95%CI 0.97-1.25)

Conclusion

a

SD – Standard Deviation; LV – Leucovorin; NCI-CTC - NCI-CTC – National Cancer Institute-Common Toxicity Criteria; MTX – Methotrexate; NS – Not specified
No clear cut-off value or used diagnostics for ‘folate deficiency’ are specified in the article
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8.4 (± 3.2)

India

Dose +
frequency LV

5 g/m2 iv in 15 mg/m2
NCI-CTC v.3.0 26/134 (20%)
24h every 2 42h after iv
grade≥3
weeks
MTX, every 6h
(minimum of 3
doses)

Median age,
Dose +
years (range / Protocol frequency
±SD)
MTX

Moulik et
al, 2016

Number of
patients (n)

5.3 (1.4 - 18.1) DCOGALL-10

Country

Den Hoed Netherlands 134
et al, 2015

Author,
Year

Table 2. Overview included studies literature review – pretreatment folate

•

•

Risk of
Bias
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DISCUSSION
The present systematic review was conducted to determine the effect of LV rescue
therapy on developing oral mucositis during HD-MTX treatment in pediatric ALL. This is
the first systematic review to summarize knowledge on different LV regimens in relation
to the oral mucositis rate. We could not perform a meta-analysis of results as treatment
regimens differ throughout the world. However, when comparing studies with similar
HD-MTX doses, we observed lower mucositis rates in therapy regimens with higher
cumulative doses of LV and early initiation of LV after MTX.
Overall, the percentage of MTX-induced oral mucositis seemed to decrease when the LV
dose increased. This could be explained by the hypothesis that LV (folinic acid) bypasses
Dihydrofolate Reductase and restores the cellular folate pool after HD-MTX therapy and
thereby decreases toxic side effects in a dose – response relation. (13-15) By initiating
LV earlier after HD-MTX therapy, it is thought that the sooner the cellular folate pool is
restored after HD-MTX in normal cells, the less toxicity occurs. These results held even
when MTX doses were higher and when the MTX infusion period was shorter.
Several studies reported a higher prevalence of oral mucositis in the first cycle
compared to the following cycles of HD-MTX. One explanation might lie in the previously
proposed ‘folate overrescue’ concept. (12, 18, 24) This concept is based on the fact
that LV and MTX are structural analogues and might compete for the same cellular
transport mechanisms and / or act antagonistically inside the cell during subsequent
HD-MTX and LV courses. (4, 32) This would lead to a reduction in toxicity rates during
subsequent HD-MTX and LV courses. However, this raises the important question if
rescue therapy with LV may compromise the effect of MTX by ‘rescuing’ malignant
cells from the effect of HD-MTX and may induce more relapses. Studies on this ‘folate
overrescue’ concept show inconsistent and contradictory results. (12, 32-36) Another
explanation for reduced toxicity over time during consecutive MTX doses might be
that in pre-clinical studies a downregulation in the Reduced Folate Carrier 1 has been
shown in response to an initial dose of MTX. (37) It is clinically important that these
two perspectives are taken into account in future studies on how LV doses and timing
should be optimized to reduce the oral mucositis rate, as the anti-leukemic effectivity
of HD-MTX therapy should not be compromised.
In this review we included two studies on the effect of baseline plasma and intracellular
erythrocyte folate levels in relation to the development of MTX-induced oral mucositis.
(4, 28) In literature, two hypotheses exist on plasma and intracellular folate levels in
relation to developing HD-MTX toxicity. First, studies have suggested that baseline
intracellular folate levels are a reflection of the cell’s capacity to transport and retain
cellular folates / MTX. This would suggest that the higher the intracellular level of folate
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at baseline, the higher subsequent intracellular MTX levels and the higher the oral
mucositis rate. (38, 39) This is supported by our earlier study, even though the effect size
of this study was small. (4) Furthermore, several rheumatoid arthritis studies support
this hypothesis. (4, 40) In contrast, studies have suggested that a low level of intracellular
folate at baseline predisposes to increased HD-MTX toxicity rates as more MTX is able
to enter the cell due to low competition for the same transport mechanisms. (19, 28, 41)
This poses the question whether pre-treatment folate supplementation would reduce
oral mucositis rates in HD-MTX therapy. (12) More research to elucidate the exact role
of baseline folate levels in relation to developing oral mucositis is necessary. Future
studies could then focus on personalizing LV to the individual need of a patient.
Out of the twelve studies in our systematic review on the effect of LV rescue therapy
on MTX-induced oral mucositis, the majority of studies were classified as having a
‘moderate risk of bias’. No randomized controlled trial in which patients with and without
LV rescue therapy were compared has been performed. Therefore, the exact effect of
LV rescue therapy on reducing the oral mucositis rate remains unknown. As dosing
and timing of LV were never studied separately and none of the studies was designed
specifically to answer whether LV dosing or timing affected oral mucositis rates, we
cannot fully distinguish between the effect of dosing and of timing of LV on reducing
oral mucositis and results should be interpreted as such. In addition, many studies did
not specify other relevant supportive care measures that might affect toxicity rates,
such as hyperhydration or urine alkalinisation. Finally, the oral mucositis rate was often
based on a retrospective study of toxicities and different types of grading systems,
which might influence comparison of numbers between studies. We aimed to decrease
the interindividual differences in reporting by only including severe grade ≥ 3 oral
mucositis, which requires medical intervention and is thought to be less underreported.
Nevertheless, these important factors should be taken into account in future studies
into the dosing or timing of LV to reduce toxicity.
In conclusion, when comparing studies with similar treatment characteristics we
observed less oral mucositis in HD-MTX and LV regimens in which higher cumulative
doses of LV were administered and when LV was initiated early after HD-MTX, but more
studies designed specifically to determine the most optimal dosing and timing of LV
are necessary to confirm this. The effect of baseline folate levels on the development
of MTX-induced oral mucositis remains unclear.
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SUPPLEMENTAL MATERIAL
Supplemental Table 1. Search strategy
Leucovorin/Folate rescue therapy
Leucovorin/exp OR Levoleucovorin/exp OR Leucovorin:ti,ab OR Levoleucovorin:ti,ab OR
’Folic acid’:ti,ab OR ‘Vitamin B9’:ti,ab OR Pteroylglutamic:ti,ab OR Leukovorin:ti,ab OR
Leukovorum:ti,ab OR ‘Folinic Acid’:ti,ab OR ‘Citrovorum Factor’:ti,ab OR ‘Calcium Folinate’:ti,ab
OR ‘5-Formyltetrahydropteroylglutamate’:ti,ab OR ‘5 Formyltetrahydropteroylglutamate’:ti,ab
OR ‘5-Formyltetrahydrofolate’:ti,ab OR ‘5 Formyltetrahydrofolate’:ti,ab OR Wellcovorin:ti,ab OR
Folate:ti,ab
AND
Methotrexate
Methotrexate/exp OR ‘Folic Acid Antagonist’/exp OR Methotrexate:ti,ab or ‘Folic Acid
Antagonists’:ti,ab or Amethopterin:ti,ab or Mexate:ti,ab or MTX:ti,ab or Methotrexat:ti,ab or
Methotrexatae:ti,ab or Methotrexates:ti,ab or Methotrexatum:ti,ab or ‘Folic Acid Antagonist’:ti,ab
AND
Acute lymphoblastic leukemia
‘Acute lymphoblastic leukemia’/exp OR ‘Lymphatic Leukemia’/exp OR ‘Precursor Cell
Lymphoblastic Leukemia-Lymphoma’:ti,ab OR ‘Lymphoid Leukemia’:ti,ab OR ‘Lymphoid
Leukemias’:ti,ab OR ‘Lymphoid Leukaemia’:ti,ab OR ‘Lymphoid Leukaemias’:ti,ab OR ‘Lymphocytic
Leukemia’:ti,ab OR ‘Lymphocytic Leukemias’:ti,ab OR ‘Lymphocytic Leukaemia’:ti,ab OR
‘Lymphocytic Leukaemias’:ti,ab OR ‘Lymphoblastic Leukemia’:ti,ab OR ‘Lymphoblastic
Leukemias’:ti,ab OR ‘Lymphoblastic Leukaemia’:ti,ab OR ‘Lymphoblastic Leukaemias’:ti,ab OR
‘Lymphoblastic Lymphoma’:ti,ab OR ‘Lymphoblastic Lymphomas’:ti,ab
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Supplemental Table 2. Overview of risk of bias assessment (QUIPS tool)

• = High risk of bias; • = Moderate risk of bias; • = Low risk of bias
The study sample adequately respresents the population of interest; b the study data available
(i.e. participants not lost to follow-up) adequately represent the study sample; c the PF is measured
in a similar way for all participants; d the outcome of interest is measured in a similar way for all
participants; e important potential confounding factors are appropriately accounted for; f the
statistical analysis is appropriate, and all primary outcomes are reported.
*
a
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ABSTRACT
Background Methotrexate (MTX) is an important chemotherapeutic compound in
pediatric acute lymphoblastic leukemia (ALL) therapy. After high-dose MTX courses,
folinic acid (leucovorin, LV) rescue therapy is administered to reduce MTX-induced
toxicity, including oral mucositis. Despite LV rescue therapy, 20% of pediatric ALL patients
present with severe oral mucositis resulting in hospitalization and chemotherapy delays.
In vitro models to study the effect of MTX and LV on healthy oral mucosa epithelial cells
are non-existent.
Objective To establish and validate a wildtype oral mucosa organoids model to study
the effect of LV on MTX-induced toxicity.
Methods Wildtype oral mucosa organoids were established and tested for expression
of genes essential for MTX uptake and intracellular retention. Culture conditions were
modified to allow MTX sensitivity assays. The effect of MTX on cell viability was assessed
in a panel of patient-derived lines. The effect of LV treatment both prior and during MTX
exposure was tested in both organoids and leukemia cell lines.
Results Oral mucosa organoids were sensitive to MTX exposure in vitro. The extent of
MTX-induced cytotoxicity differed between organoid lines from different donors and
was decreased by LV treatment. The effect of LV was timing- and dosing- dependent. An
earlier start of LV rescue therapy and a one day LV pre-treatment prior to MTX exposure,
both reduced oral mucosa toxicity. Even though such a LV pre-treatment decreased
MTX cytotoxicity on B-cell and T-cell leukemia cell lines, this effect was less pronounced
in leukemia cells than in oral mucosa cells and requires further investigation to translate
these findings into clinical applications.
Conclusion Here, we present the first in vitro model for MTX-induced cell death in
proliferating, wildtype oral mucosa cells. Our findings underscore the relevance of the
clinically applied LV regimen and highlight the potential of this model to further optimize
modifications in dosing and timing on oral mucosa cells.
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INTRODUCTION
High-dose methotrexate (HD-MTX) is an important antifolate chemotherapeutic agent
used in pediatric acute lymphoblastic leukemia (ALL) therapy. Currently, five-year
survival rates of pediatric ALL have reached 90% in developed countries (1-4). However,
patients often suffer from toxicity of chemotherapeutic regimens such as MTX. Despite
administration of folinic acid (Leucovorin - LV) after HD-MTX infusion, 20% of patients
develop severe HD-MTX-induced oral mucositis leading to chemotherapy delays and an
impaired quality of life (5-7). The development of oral mucositis is a complex process,
of which therapy-induced epithelial cell death is one of the main features (8,9).
Af ter

HD-MT X ,

clinical

prac tice

guidelines

advise

to

administer

LV

(5-formyltetrahydrofolate) to reduce toxicity. MTX enters the cell through the
reduced folate carrier 1 (RFC1), the proton-coupled folate transporter (PCFT) and
membrane folate receptors (MFR) (10,11). MTX is subsequently polyglutamated (PG) by
folylpolyglutamate synthetase (FPGS). This polyglutamation is essential, as it increases
intracellular MTX retention and augments its pharmacological activity (12). MTX-PG can
inhibit DNA and RNA synthesis by depleting intracellular reduced folate levels through
inhibition of the enzymes dihydrofolate reductase (DHFR), thymidylate synthase
(TS) and aminoimidazole carboxamide ribonucleotide transformylase (AICARTFase)
(Figure S1) (13). Ultimately, this results in apoptosis in leukemic cells. However, healthy
cells with a high cell turnover, including bone marrow and the epithelial lining of the
gastrointestinal tract and oral mucosa, are also affected by MTX therapy.
LV is a reduced folate, that reactivates DHFR and purine/pyrimidine biosynthesis,
thereby restoring the intracellular folate pool after HD-MTX therapy (14,15). In mice, a
decrease in MTX-induced damage to the jejunal- and oral mucosa was observed after
LV administration (16-19). Importantly, when administered with a time-interval of 12 to
24 hours after MTX, LV did not compromise the anti-leukemic activity of MTX (16-19).
In line with this, a selective mechanism of action for MTX and LV in tumor cells versus
normal healthy cells has been proposed. A higher level of MTX-PG accumulation in
leukemia- and solid tumor cell lines compared to normal intestinal and bone marrow
precursor cells has been reported both in vitro and in vivo (20-26). These preclinical
studies retrospectively provided a biochemical rationale for the LV rescue that was
introduced into clinical regimes in the 1960s. While it is nowadays generally accepted
that LV decreases toxicities such as oral mucositis after antifolate therapy, the optimal
LV dosing- and timing- regimen to reduce oral mucositis rates without interfering with
the efficacy of leukemia treatment, remains unknown.
Further compromising our understanding of LV mechanism of action, is the absence
of efficacy and selectivity studies of MTX and LV in healthy human oral mucosa cells.
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The effect of MTX and LV on intestinal epithelium has been studied in 2D tumor cell
lines or intestinal mouse tissue (20,22). Although valuable, it is recognized that both
2D models and mouse models cannot always be used to reliably predict clinical utility
of therapies (27,28). As such, there is a need for models that more closely recapitulate
the in vivo situation. Ideally, MTX and LV effects on healthy mucosal epithelia should be
studied in wildtype, not immortalized, human cells.
Organoids are 3D structures grown from stem cells, that recapitulate histological and
functional characteristics of their tissue of origin (29). Since the discovery that organoids
could be established from adult stem cells of the mouse gut, organoid technology
has quickly evolved (30). Nowadays, organoids can be grown from many different
epithelia (30-42). These ‘mini-organs’ can be established from both tumor and wildtype
primary patient material with high (60-70%) efficiency. Data supporting the translational
potential of this technology is accumulating. For example, in vitro therapy response
of tumor organoids was shown to predict the responses of corresponding patients
(43,44). When derived from Cystic Fibrosis (CF) patients, organoids were also found to
predict patient response in vitro (45) and could be used to find effective therapies for
CF patients (46). The organoids recapitulated disease phenotype and were shown to
be a useful tool to predict response to therapy (45).
Recently, we described an organoid model derived from healthy oral mucosa (34).
The resulting patient-derived structures consist of a functional stratified squamous
epithelium that can be maintained in culture long term. Taken that others have shown
that organoids are a proper model for body physiology, we set out to test the potential
of different dosing- and timing- regimens of LV in search for the most optimal regimen to
‘rescue’ mucosal toxicity during treatment with HD-MTX in patient-derived oral mucosal
organoids.

METHODS
Establishment and culture of human organoid lines
Tissue for the generation of organoids from adult normal human oral keratinocytes
was obtained from tissue biopsies in the oral cavity during ear/nose/throat surgery.
Obtaining these tissues was compliant with the guidelines of the European Network of
Research Ethics Committees (EUREC) and European and national laws, and informed
consent was obtained from all donors. The Biobank Research Ethics Committee of the
UMC Utrecht approved the biobanking protocol (12-093 HUB-Cancer).
Oral mucosa organoids were generated as previously described (34). Patient material
was collected from pathology material in Advanced DMEM/F12 (Life Technologies, cat.
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no. 12634-034), supplemented with 1x GlutaMAX (adDMEM/F12; Life Technologies,
cat.no. 12634-034), Penicillin-streptomycin (Life Technologies, cat.no. 15140-122) and
10 mM HEPES (Life Technologies, cat.no. 15630-056). This medium was called +/+/+
medium. In addition, 100 µg/mL Primocin (Invivogen, cat.no. ant-pm1) was added
to the +/+/+ medium for tissue collection. The tissue was cut into small fragments.
When macroscopically visible, muscle or fat tissue was removed to enrich for the oral
epithelium before digestion. Fragments were incubated at 37 ⁰C in 0.125% Trypsin
(Sigma, cat.no. T1426) in +/+/+ medium until digested (around 30 minutes, never longer
than 60 minutes). After trypsinization and centrifugation, the resulting pellet was
resuspended in ice-cold 70% 10 mg·mL-1 cold Cultrex growth factor reduced BME type
2 (Trevigen, cat.no. 3533-010-02) in organoid medium. Organoid medium contained 1x
B27 supplement (Life Technologies, cat. no. 17504-044), 1.25 mM N-acetyl-L-cysteine
(Sigma-Aldrich, cat.no. A9165), 10 mM Nicotinamide (Sigma-Aldrich, cat.no. N0636), 50
ng/mL human EGF (PeproTech, cat.no. AF-100-15), 500 nM A83-01 (PeproTech, cat. no.
100-26), 10 ng/mL human FGF10 (PeproTech, cat.no. 100-26), 5 ng/mL human FGF2
(PeproTech, cat.no. 100-18B), 1 µM Prostaglandin E2 (Tocris Bioscience, cat.no. 2296),
3 µM CHIR 99021 (Sigma-Aldrich, cat.no. SML1046), 1 µM Forskolin (Bio-Techne R&D
Systems, cat.no. 1099), 4% RSPO and 4% Noggin (produced via r-PEX protein expression
platform at U-Protein Express BV). Droplets of approximately 10 µl were plated on
the bottom of pre-heated suspension culture plates (Greiner, cat.no. M9312). After
plating, plates were inverted and put at 37 ⁰C for 30 minutes to let the BME solidify
and to prevent the cells from attaching to the bottom of the plate. Subsequently,
prewarmed organoid medium was added to the plate. For the first passage of the
newly established organoid line, 10 µM Rho-associated kinase (ROCK) inhibitor Y-27632
(Abmole Bioscience, cat.no. M1817) was added to the medium to aid outgrowth of
organoids for the primary tissue. Organoids were split between 7 to 14 days after initial
plating. For passaging, organoids were collected from the plate by disrupting the BME
droplets with a P1000 and washed in 10 mL +/+/+. The pellet was resuspended in 1
mL of TrypLE Express (Life Technologies, cat.no. 12605-010) and incubated at 37 ⁰C.
Digestion was closely monitored and the suspension was pipetted up and down every
5 minutes to aid disruption of the organoids into single cells. Cells were subsequently
resuspended in ice-cold 70% BME in organoid medium and plated at suitable ratios (1:5
to 1:20) to allow efficient outgrowth of new organoids. After splitting, 10 µM Y-27632
(Abmole Bioscience, cat. no. M1817) was always added to aid outgrowth of organoids
from single cells.
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Modification of culture conditions for MTX drug screens
For the purpose of this study, organoids were transferred to medium containing a
more physiological concentration of folate rather than media with supra-physiological
concentrations of folic acid usually present in regular media. We used RPMI 1640 without
folic acid (Thermofisher, cat.no. 27016021) supplemented with the same supplements
as in organoid medium supplemented with 5 nM folinic acid (Sigma-Aldrich, cat.no.
47612-250MG; racemic mixture of d- and l-stereoisomer of folinic acid) as sole folate
source. This medium was referred to as low folate medium. Medium was changed every
2-3 days and organoids were split once every 1-2 weeks. Organoids were cultured for
at least two weeks in this folate-deprived state before starting experiments. All drug
screens were performed in this modified, low folate medium.
Growth curves
Organoids were disrupted into single cells using TrypLE digestion. Cells were counted
and 20.000 single cells were plated per well in 24-well plates. Per well, 30 µl BME
was plated and subsequently cultured as previously described. To assess growth
speed of the culture on different media, each organoid line was cultured in parallel in
normal and low folate medium. For each timepoint, organoid material was collected in
triplicate (three wells). Material was collected by disrupting the BME drop with a P1000
pipet in a 15 mL falcon tube and 3 mL cold +/+/+ medium was added for washing.
After centrifugation, supernatant was removed and pellets were stored at -20 ⁰C until
readout. Material was collected at day 0, 3, 5, 7, 10, 12 and 14. For readout, pellets were
thawed on ice, and 1 mL of PBS/CellTiter-Glo 3D Reagent (Promega, cat.no. G9681)
(1v:1v) was added to the pellet. After a 30 minute incubation on a shaker, 100 µl of
the lysate was transferred to a black 96 well plate and luminescence readout was
performed to assess cell viability.
RNA collection
Cells were cultured for a week after splitting before RNA was collected. Two days after
splitting, cells were cultured in the presence of 0.5 µM MTX. For collection, the QIAGEN
RNA easy kit (Qiagen, cat. no. 74104) was used according to protocol. In short, pellets
were collected in 350 µl RLT buffer. Subsequently, 350 µl 70% ethanol was added and
mixed by pipetting up and down before transfer to the RNA binding columns provided
in the kit. After washing twice with 500 µl of RPE buffer, and once with RW1, columns
were spinned for 1 minute to assure that they were dry. Elution was performed by the
addition of 30 µl RNAase free water. RNA was stored at -80 ⁰C until further use.
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cDNA synthesis
For cDNA synthesis, 10.5 µl RNA was mixed with 1 µl 50 µg/ml 110 diluted Oligo(dT)
15 Primer (Promega, cat.no. C1101) and incubated for 5 minutes at 70 ⁰C. After that,
8.5 GoScript Reverse Transcriptase mastermix (Promega, cat.no. A5003) was added,
consisting of RT buffer, MgCl2, dNTPs, RT and RNase inhibitor according to protocol.
Samples were incubated for 5 minutes at 25 ⁰C, 60 minutes at 42 ⁰C and 15 minutes at
72 ⁰C. Samples were stored at -20 ⁰C until use.
Quantitative PCR for expression of MTX metabolism genes
For quantitative PCR, IQ SYBR green (Bio-Rad, cat.no. 1708880) was used in a 384-well
format. Per well, 7.5 µl SYBR Green was used, mixed with 1 µl 10 µM FW primer and 1
µl 10 µM RV primer, 3 µl cDNA mix and 2.5 µl water. For each reaction, it was estimated
that 25 ng of cDNA was loaded. For qPCR, samples were incubated for 2 minutes at 95
⁰C and for 40 cycles at: 15 seconds at 98 ⁰C, 15 seconds at 58 ⁰C and 15 seconds at 72 ⁰C.
Results were calculated by using the ΔΔCt method. Expression was calculated relative
to expression in tongue tissue (total RNA, human normal tongue tissue, AmsBio, cat.no.
R1234267). Melt peak analysis was performed to assure that primer had no aspecific
binding. Primers used are described in Table S4.
DNA isolation
DNA was isolated using Reliaprep gDNA tissue miniprep system (Promega, cat. no.
A2052) according to protocol. DNA concentrations were measured using Nanodrop.
Whole exome sequencing
Whole exome sequencing of oral mucosa organoids was previously performed (34).
In this study, these data were reported to show the difference in number of detected
mutations in both the normal wildtype organoids used in this study compared to the
tumor tissue derived from the same patient to establish that we used normal wildtype
organoids here.
MTX drug screens (384-well format)
Two days prior to start of the drug screen, organoids were passaged and disrupted
into single cells using TrypLE. Single cells were plated in 70% BME in organoid medium.
Two days later, organoids were collected from the BME by addition of 1mg/mL dispase
II (Sigma-Aldrich, cat.no. D4693) to the medium of the organoids. Organoids were
incubated for 30 minutes at 37 °C to digest the BME. Subsequently, organoids were
washed, filtered using a 70 mm nylon cell strainer (Falcon), counted and resuspended in
5% BME/growth medium (12.500 organoids/mL) prior to plating in 40 µl volume (Multi-
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drop Combi Reagent Dispenser, Thermo Scientific, cat.no. 5840300) in 384-well plates
(Corning, cat.no. 4588). As such, 1000 organoids were plated per well. Drugs were added
1 hour after plating the organoids using the Tecan D300e Digital Dispenser (Tecan).
Methotrexate (Sigma-Aldrich, cat.no. M1000000) was dissolved in DMSO and was used
in a concentration range between 5 uM–0.05 uM. Folinic acid (Sigma-Aldrich, cat.no.
47612-250MG) was dissolved in PBS containing 0.3% Tween-20, which was required to
dispense the drug using the HP printer, and was used at set concentrations of 0.0125
uM–0.025 uM–0.05 uM–0.1 uM. We based our concentration range of MTX based on
median MTX plasma level measured in pediatric ALL patients at T48h (0.38 μM, range
0.1 – 22 μM). The ratio LV:MTX in clinics is around 1:100 (~50 mg/m2 : 5000 mg/m2), which
was the rationale to focus on a lower range of LV concentrations (for instance 5 μM MTX
versus 0.05 μM LV. All wells were normalized for solvent used. DMSO and percentage
PBS/Tween-20 never exceeded 1%. Drug exposure was performed in technical triplicate
and biological replicates of at least three for each concentration shown. For a lay-out
of the drug screen and morphology of the organoid lines during a drugscreen, see
supplementary Figure S3.
For folinic acid (Leucovorin – LV) rescue studies, LV was added at different time points
after start of MTX incubation. LV was dispensed using the Tecan Dispenser on top of
plates previously started on MTX incubation. No medium change was performed (as
organoids are in 5% BME, medium removal is impossible) and LV was dispensed into
the medium that contained different concentrations of MTX. LV rescue was performed
at 0, 12, 24, 48, 72 and 96 hours.
120 hours after adding the drugs, ATP levels were measured using the CellTiter-Glo
3D Reagent (Promega, cat.no. G9681) according to the manufacturer’s instructions
and luminescence was measured using a Spark multimode microplate reader (Tecan).
Results were normalized to vehicle (no drugs - 100% cell viability) and baseline control
(Staurosporin 1 µM - 0% cell viability). Kill curves were produced using GraphPad
software and lines were fitted using the option ‘log(inhibitor) versus normalized
response -variable slope’. IC50 values were calculated for separate experiments. As
a quality check for the performed assays, Z-values were calculated for each individual
screen. Screens with Z-values below 0.3 were excluded from analysis (Table S2).
MTX-polyglutamate analysis by UHPLC-MS/MS
Organoids were plated at a density of 100.000 per 4 mL in a 6-well non-repellent
plate (Greiner) in low folate medium. Leukemia cell lines were cultured at a density of
10*106 cells per 20 mL low folate medium supplemented with 10% fetal calf serum
(FCS). Organoids or leukemia cell lines were cultured without MTX or with MTX 0.5
µM. After a 24h incubation, cells were collected and washed twice with 15 mL medium
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(organoids) or PBS (cell lines). After centrifugation, cells were resuspended in 1 mL,
counted and then snap frozen. Before counting organoids, they were incubated at 37
⁰C in 0.125% Trypsin (Sigma, cat.no. T1426) until digested to be able to count single
cells. Frozen cell or organoid pellets of 2-3 x 106 cells were thawed and resuspended
in 50 µl ice-cold PBS (pH 7.4) (B. Braun, Melsungen, Germany) by vortexing. Next, 50
µl 13C515N-labeled custom-made stable isotopes of MTX-PG1-7 as internal standard (25
nmol/L) and 100 µl perchloric acid (10% v/v, Sigma-Aldrich cat no. 244252) were added
and vortexed immediately. (58) Mixtures were incubated on ice for 30 min, followed
by centrifugation at 20,160 x g for 15 min at 4°C. Supernatants were quantitatively
transferred to an Eppendorf tube and 34 µl 1M phosphate buffer (pH 11.5) was added
during vortexing. 100 µl of the mixture was transferred to 0.22 µm spin columns (Merck
Millipore Ltd, cat no UFC30GVNB) attached to an LC vial and centrifuged at 3,200 x g
for 10 min at 4°C. The resulting eluates were subjected to immediate UHPLC-MS/MS
analysis of methotrexate monoglutamate to pentaglutamate (MTX-PG1-5) by injecting
20 µl samples in an Acquity Ultra Performance LC system (Waters Corporation, Milford,
MA, USA) with a Kinetex 1.7 µm EVO C18 (100 Å, 100 x 2.1 mm) LC column maintained
at 40°C. A linear gradient was applied, consisting of solvent A (5% acetonitrile, pH
3.77) and solvent B (55% acetonitrile, pH 3.77). Measurements were performed over
total run times of 10 min. The LC system was connected to an AB Sciex 4000 Q Trap
tandem quadrupole mass spectrometer (Applied Biosystems, Foster City, CA, USA),
which operated in the positive ionization mode with an ion spray voltage of 5.5 kV,
collision energy of 40 V, declustering potential of 100 V and collision exit potential of
7 V for all mass transitions. Mass transitions used for the MTX-PG1-5 analytes were
as follows; MTX-PG1 (m/z=455.200>308.200), MTX-PG2 (m/z=584.2>308.2), MTX-PG3
(m/z=713.3>308.2), MTX-PG 4 (m/z=842.3>308.2) and MTX-PG5 (m/z=971.4>308.2),
respectively. For the 13C515N-labeled MTX-PG1-5 internal standard, mass transitions used
were: m/z=461.2>308.2, m/z=590.2>308.2, m/z=719.3>308.2, m/z=848.3>308.2 and m/
z=977.4>308.2, respectively. Qualification and integration of the resulting peaks were
analyzed with the Analyst software version 1.6.3 (Sciex, Framingham, MA, USA), resulting
in the peak area under the curve (AUC). Quantification of MTX-PG1-5 concentrations/cell
number was performed with the labeled internal standards as described before. (58)
FPGS activity analysis
FPGS catalytic activity analysis in leukemic cell lines and organoids was performed
essentially as described by Muller et al. (54) In short, FPGS-mediated conversion of
MTX-PG1 to MTX-PG2 was determined in cell extracts containing 250 µM MTX-PG1 and
4 mM 15N-labeled L glutamic acid (Sigma-Aldrich, cat.no. 332143-100MG) as enzyme
substrates. After 2 hour incubation at 37oC, amounts of MTX-(15N)PG2 formed were
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measured by UHPLC-MS/MS as described above. FPGS activity was expressed as pmol
MTX-(15N)PG2 formed/hr/mg protein.

RESULTS
Human wildtype oral mucosa organoids can be used to model MTX-induced
toxicity in vitro
Organoid lines used in this study were derived from tumor-adjacent wildtype epithelium
of patients with head and neck squamous cell carcinoma (Table S1). Oral mucosa
organoids grew as dense structures consisting of epithelial cells, that recapitulate the
histological organization of the oral mucosal epithelium in vivo (Figure 1A and 1B).
Keeping in mind their origin and the potential risk of cancer cell contamination, the
wildtype status of the organoids was confirmed by whole exome sequencing. Using
normal epithelial tissue as a reference, a low number of mutations was detected in
these lines (two in N1, none in N2), with no mutations found in common cancer driver
genes (Figure 1C, Table S2). As a reference, the number of mutations detected in a
corresponding tumor organoid line is shown.
As previously mentioned, MTX transport by either RFC1, PCFT and/or MFR into the
cell, and its subsequent polyglutamylation by FPGS is essential for MTX effectivity and
toxicity. MTX inhibits DHFR, TS and AICARTFase, resulting in inhibition of DNA- and
RNA-synthesis. To assess the suitability of these organoids as a model for MTX toxicity,
expression of these genes was confirmed by quantitative PCR (Figure 1D). In addition, we
assessed catalytic activity of FPGS as compared with a reference human T-cell leukemia
cell line CCRF-CEM, revealing a 5.5-fold lower FPGS activity in oral mucosa organoids than
in CCRF-CEM cells (501 versus 2715 pmol MTX-PG2/h/mg protein) (Figure 1E).
Subsequently, oral mucosa organoids were exposed to MTX in vitro for five days. MTX
polyglutamates (MTX-PG1-5) accumulated intracellularly in oral mucosa organoids in
a dose-dependent way (Figure 1F), suggestive of functional MTX metabolism. Total
intracellular levels of MTX-PG differed between donors, in line with the large variation
in MTX-PG levels detected in patients. For both lines we showed that the higher the
MTX dose, the higher total intracellular MTX-PG levels, and especially of long-chain
MTX-PG3-5.
We found that MTX-induced cell death was only observed when organoids were grown
in medium containing physiological folate levels and lack hypoxanthines and thymidines,
which are normally present in standard organoid culture medium (Figure 1G). Indeed,
also in 2D tumor cell lines, more prominent MTX toxicity was observed when cells were
cultured in media containing physiological folate levels (47,48). Organoids grew at similar
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speed in this folate-deprived medium when compared to normal medium and showed
similar morphology (Figure S2). All subsequent drug screens were therefore performed
in folate-deprived medium.
MTX-induced toxicity in oral mucosa organoids can be partly rescued by LV
and is time- and dose-dependent
Wildtype oral mucosa organoids were exposed to a clinically relevant concentration
range of MTX for five days, either in the presence or absence of LV that was added at
fixed timepoints after the start of MTX treatment (Figure 2A). All drug screens in this
project were performed in technical and biological triplicates. The drug screen assays
showed high technical quality as measured by Z-scores (median 0.72; range 0.31 – 0.98,
Table S3). Administration of LV resulted in a decrease of MTX-induced cell death in a
dose-dependent manner (Figure 2B).
In the clinic, the timing of LV administration after MTX differs per treatment protocol,
and is initiated at timepoints ranging from 24 to 42 hours after MTX infusion. LV
administration is usually not continued after 54 hours post MTX infusion as MTX plasma
levels of have dropped by then. To model LV rescue therapy in vitro, organoids were
exposed to LV at different timepoints after the start of MTX treatment. The extent of LV
rescue was dependent on the timing of LV addition; the earlier LV was administrated,
the higher the overall cell viability (Figures 2C and 2D). LV administration decreased MTX
toxicity up to 72 hours after the start of MTX treatment (Figure 2E). Indeed, MTX IC50
values were 25 – 35% higher for mucosa cells that received LV rescue at 24 hours after
the start MTX treatment, when compared to those receiving it at 48 hours (timepoints
both applied currently in the clinic) (Figure 2F). Moreover, LV administration later than
54 hours, the clinical cut-off timepoint, still affected oral mucosa cell viability. Hence,
these findings indicate that LV administration at later timepoints than those currently
applied in the clinic, could still contribute to prevent or decrease MTX-induced damage
to the oral mucosa.
A one day pre-treatment of oral mucosa cells with LV prior to MTX treatment results in potentiation of the LV rescue effect
MTX-induced oral mucositis occurs most frequently after the first cycle of administered
HD-MTX and LV courses, and is less likely to occur after subsequent cycles (49). This
observation resulted in the hypothesis that intracellular LV from previous courses
remains available intracellularly, and prevents toxicity during subsequent MTX and
LV courses. To model this in vitro, organoids were exposed to LV one day prior to the
start of MTX treatment. At the start of MTX treatment, LV was removed and toxicity
was assessed as previously described (Figure 3A). In organoid line N1, LV pre-treatment
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did not significantly alter the response to MTX, although MTX IC50 values marginally
increased (Figure 3B and 3C). However, in organoid line N2, a clear rescue effect of
the pre-incubation with LV was observed (Figures 3D and 3E). Pre-treatment with LV
increased the viability of N2 organoids with when exposed to MTX for all LV rescue
timepoints tested here (range 5 – 30% increase in cell viability based on which timepoint
assessed). When pre-treated, the rescue effect of LV rescue administered at 72 hours later than currently applied in the clinic - resulted in a cell survival similar to a LV rescue
that would have been given at 0 hours without pre-treatment. This suggests that pretreatment might increase the timeframe in which LV rescue rescues MTX toxicity in
oral mucosa cells. After a 24h MTX exposure, we did not observe large differences in
accumulation of intracellular MTX-PG levels between not pre-treated and pre-treated
N1 and N2 organoids (Figure 3F).
As the effect of LV pre-treatment was dependent on the donor of which the organoids
were derived, we decided to expose wildtype organoids derived from three additional
donors to the same treatment regimen. We observed that in all other lines tested,
pre-treatment increased oral mucosa cell survival upon exposure to MTX (Figures 3G
and 3H). Taken together, we conclude that a one day pre-treatment with LV decreases
MTX-induced toxicity in 4/5 tested donors. This implies that LV pre-treatment may
reduce the risk of oral mucositis. However, it is crucial to investigate the effect of such
a pre-treatment on leukemia cells, before any claims can be made on clinical testing
of such an intervention.
Effect of MTX and LV therapy on leukemia cell lines
To assess the effect of LV pre-treatment on leukemia cells, both T cell ALL ( Jurkat,
MOLT16, HSB2) and B cell ALL (Nalm6, REH) cell lines were exposed to MTX, either in the
presence or absence of LV pre-treatment (Figures 4A to 4E). Although LV pre-treatment
increased MTX IC50 values in the leukemia cell lines tested here, the effect was less
pronounced than in oral mucosa cells (Figure 4F). In an attempt to estimate the effect
of LV pre-treatment when administered systemically, we compared the effect of this
treatment on both oral mucosa cells and leukemia cells at a concentration of 0.1 μM
MTX (Figure 4G). This concentration of MTX was chosen as this is a level reached in all
patients (median at T48h 0.38 μM, range 0.1 – 22 μM). (49) LV pre-treatment decreases
the toxicity of MTX on oral mucosa cells, but does not influence the effect of MTX on
leukemia cells. Here, the only exception is the Jurkat T-ALL cell line, that showed IC50
values comparable to those observed for oral mucosa organoids. The finding that T-cell
lines are less sensitive to MTX than B-cell lines are in line with the results of others
(50,51). MTX-PG levels in two B-ALL leukemia cell lines (REH; Nalm6) were around 3-fold
higher (Figure 4H) when compared to MTX-PG levels in oral mucosa oranoids (3F).

An oral mucosa organoid model for methotrexate toxicity

159

MTX-PG levels in two T-ALL leukemia cell lines (Jurkat; HSB2) differed with high MTX-PG
levels in Jurkat cells (~3-fold higher than organoids) and low MTX-PG levels in HSB-2
cells (same range as organoids) .
Taken together, we conclude that pre-treatment with LV decreases the effect of MTX
on leukemia cells. However, as leukemia cells are much more sensitive to MTX than oral
mucosa cells, the pretreatment does not influence the effect of MTX at these dosages.
Regardless, the effect of LV pre-treatment should be explored with caution. Potentially,
a local LV application might be a more feasible approach. Such a local application at the
oral mucosa would not interfere with the systemic MTX effect on leukemia cells and
may therefore be a safe approach to reduce the risk of mucositis.

DISCUSSION
Using a 3D in vitro model of primary human wildtype oral mucosa organoids, we show
a dose- and time-dependent ‘rescue’ effect of LV on MTX-induced mucosal toxicity.
We aimed to mimic the clinical situation, where pediatric ALL patients receive HD-MTX
followed by LV rescue therapy. Our findings indicate that LV administration at earlier
timepoints, such as 24 hours after start of MTX, would reduce mucositis-associated
toxicity. In addition, we found that in 4/5 cases tested, LV pre-treatment increased the
potential of LV rescue therapy in mucosal cells.
To our knowledge, this is the first in vitro study that investigates the effect of MTX and LV
on wildtype human oral mucosa cells. We show that, using the right culture conditions,
oral mucosa cells show sensitivity to MTX and LV at plasma levels that are reached in
patients. Limited MTX-induced cell death was observed in the regular organoid medium
based on advanced DMEM/F12 (supplemented with 6 µM folic acid, 15 µM and with
hypoxanthine and 1.5 µM thymidine). Most likely, these high dosages result in rescue
of MTX toxicity in vitro, as previously described (52).
Here, we show that both higher doses and earlier timing of LV rescue decrease the
extent of MTX-induced damage in oral mucosa cells. These data confirm that LV rescue,
already applied in patients, is a sound approach to reduce the development and
severity of mucositis. Although it is generally accepted that LV decreases the chance
of oral mucositis after HD-MTX, it is unclear if an increased dose or altered timing of LV
administration is beneficial to the patient. Consequently, this led to the introduction of
different LV dosing- and timing- regimens in international treatment protocols that are
currently applied. LV after HD-MTX is usually initiated 36 or 42 hours after HD-MTX,
although in some protocols, LV is already applied at 24 hours post MTX infusion. LV
rescue therapy is often not administered beyond the timepoint of 54 hours after start
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of MTX. Even though it is essential to further investigate the effect of changes to the
LV rescue regimen on leukemic cells, we anticipate the following two main findings of
our work have potential clinical implications.
First, we find that LV rescue at earlier timepoints than currently used in most treatment
protocols (such as at 24 hours) decreases MTX-induced toxicity. Despite the fact that
there might be differences in MTX toxicity in vitro and in vivo, our findings indicate that
an earlier start of LV rescue decreases the risk and extent of MTX-induced mucositis.
Second, we show that pre-incubation of oral mucosa organoids with LV decreased
mucosal cell death upon subsequent exposure to MTX. We did not observe large
differences in intracellular MTX-PG levels between pre-treated and not pre-treated
organoids, suggesting that the rescue effect was not hampered by competition for
cellular transport or polyglutamylation mechanisms. Future studies to assess how
optimal timing of pre-treatment with LV contributes to an increased rescue effect would
be of value.
The extent of MTX-induced cell death was found to differ per patient. Moreover, the
extent of rescue after LV administration also was found to vary between organoid
lines. This variation is in line with the fact that only a subset of patients presents with
mucositis, suggesting some patients are more sensitive to MTX treatment than others.
Although beyond the scope of this work, oral mucosa organoids create the opportunity
to study the molecular differences between sensitive and resistant lines. Unravelling
these differences might aid the identification of patients at risk, or contribute to
alternative treatment strategies to decrease the incidence of oral mucositis.
To assess the effect of LV pre-treatment on leukemia cells, leukemia-derived cell lines
were exposed to the same pre-treatment to study the effect on MTX toxicity. Here, the
effect of pre-treatment and LV rescue was also present, but less pronounced than in oral
mucosa cells. These differences in response observed between leukemia cells and other
healthy tissues have been observed before, as several pre-clinical studies discussed
that MTX-PG levels accumulated up till high levels in leukemia cell lines, whereas only
low levels of MTX-PG accumulated in normal intestinal and bone marrow precursor
cells, supporting a selective mechanism of action for MTX and LV (14,15,20-26). In line
with these results, we showed that in general MTX-PG accumulation in oral mucosa
organoids was lower than in leukemia cell lines. This suggests a different level of activity
of the FPGS and GGH enzymes in leukemic blasts versus oral mucosal cells. In line
with these results, we are the first to present that FPGS activity in human oral mucosa
cells is indeed 5.5-fold lower than in leukemia cell lines. Previous studies showed that
FPGS activity in primary leukemia cells is higher than in a reference leukemia cell line,
which is consistent with the notion that FPGS activity is linked to the proliferation and
differentiation status of cells (53,54). Taken together, these observations support the
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fact that primary patient-derived ALL cells (especially B-ALL when compared to T-ALL)
are highly sensitive to MTX due to a high proliferation rate and high FPGS activity and
thus might be less affected by LV than oral mucosa cells (26).
Despite the fact that in vitro the LV pre-treatment rescue effect on leukemia cells was
less pronounced, in future studies, it could be investigated whether local oral application
of LV instead of systemically administered LV decreases the incidence or severity of oral
mucositis. Even though we do not prove that local administration does not impact
leukemia treatment, it is unlikely that the low LV plasma concentration reached after
of local application will affect MTX toxicity in leukemia cells.
Oral mucositis is a complex process in which cell death is only one of the hallmarks
(8,55). In 2004, Sonis et al. proposed a more complicated model of oral mucositis,
in which the generation of Reactive Oxygen Species (ROS) and or pro-inflammatory
cytokines were also hallmarks of the clinical phenotype in addition to therapy-induced
cell death (8). Furthermore, it has been suggested that the bacterial microbiome might
play a role in developing oral mucositis. It would be of interest to study the effect of
these factors in future models (8). Co-cultures of organoids and immune cells and
co-cultures of bacteria and organoids are feasible and have been described (56,57).
Therefore, this model holds the potential to be extended to recapitulate the clinical
phenotype of ‘oral mucositis’ in more detail.
Conclusion
Although applied in clinic for many years, the effect of LV rescue therapy to reduce
oral mucositis after MTX treatment has not been shown in representative models
before. Here, we report the use of wildtype oral mucosa organoids that recapitulate
functional and histological characteristics of this epithelium to study the potential of LV
to reduce MTX-induced toxicity. As such, we present the first in vitro model to test MTX
toxicity in proliferating wildtype oral mucosa epithelial cells. Oral mucosa organoids
showed sensitivity to clinically relevant doses of MTX, and MTX-induced toxicity could be
reduced by the addition of LV after the start of MTX treatment. The extent of this rescue
is dose- and time- dependent. Using this system, we find that locally administered LV
at earlier timepoints might benefit patients and that a pre-exposure with LV of the
oral mucosa before the start of MTX treatment significantly potentiates the effect of
LV rescue. These findings support the LV rescue protocol that is currently applied in
the clinic and, moreover, highlight the potential of this model to study the effect of
modifications in dosing and timing on oral mucosa cells.
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Figure 1. Human wildtype oral mucosa organoids can be used to model MTX-induced toxicity in vitro.
A. Oral mucosa organoids as seen through a brightfield microscope. The cells form round structures with
keratinized centers. Scalebar, 500 μm. B. Immunohistochemical stainings performed on paraffin-embedded
oral mucosa organoids show that organoids resemble the histological characteristics of in vivo epithelium.
Top panel: human oral mucosa epithelium, lower panel: oral mucosa organoids. Hematoxylin and eosin, TP63
staining, KI67 staining and KRT13 staining are shown from left to right. P63 positive basal cells are located on the
outside of the structure, where they are in contact with the BME - an in vitro basal lamina mimic. Proliferation,
marked by KI67 staining, occurs in the basal cells. More differentiated keratin 13 positive keratinocytes are
located in the center of the organoids. Scalebar, 100 μm. C. Oral mucosa organoids are derived of wildtype
normal cells, and not cancer cells. Number of mutations detected by whole exome sequencing in the healthy
oral mucosa organoids used in this study, and their corresponding tumor organoids. Mutational load is low
(2 for N1, 0 for T1), especially when compared to the tumor organoids. D. Expression of genes important for
MTX transport, metabolism and toxicity was tested in low folate medium using quantitative qPCR. All the genes
checked were found expressed at detectable levels in our system. E. FPGS activity (in pmol MTX-PG2/h/mg) in
organoid line versus CCRF-CEM reference leukemia cell line. F. Short chain MTX-PG1-2 and long-chain MTX-PG3-5
accumulation in two oral mucosa organoid lines in increasing doses of MTX. G. MTX exposure induces toxicity
(cell death) in oral mucosa organoids grown in low folate medium, but not in normal oral mucosa medium.
Organoids were exposed for five days to MTX and viability was quantified relative to untreated organoids.
Reproducible killing at physiological doses of MTX can be obtained only in low folate medium (dashed lines,
circle data points), not in normal organoid medium (straight lines, square data points).
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Figure 2. MTX-induced toxicity in oral mucosa organoids can be rescued by LV, and is both timing- and dosingdependent. A. Schematic outline showing the experimental set-up used in this study to perform MTX drug
screens with LV rescue of different dosages (shades of green) and timing (length of LV bars). Organoids were
split on day 0, left to recover for two days and filtered, counted and plated in 384 well format to be exposed
to MTX for five days (with or without LV). On day 7, viability readout was performed. B. MTX-induced toxicity
can be decreased by LV rescue. Here we focus on LV rescue that was initiated 24 hours after the start of
MTX treatment. IC50 values of MTX are depicted for all tested dosages of LV (0.1 μM, 0.05 μM, 0.025 μM and
0.0125 μM) and was compared to IC50 values obtained when no LV rescue was performed. All experiments
are performed at least three times, and each dot indicates the result of one experiment which was performed
in technical triplicate. C. Timing of LV rescue influences its effect of MTX-induced toxicity in organoid line N1.
As an example, kill curves are shown for MTX treatment alone, or combined with LV rescue of 0.1 μM (started
at 0, 24 and 48 hours after initiation of MTX treatment). D. Timing of LV rescue influences its effect of MTXinduced toxicity in organoid line N2. E. Quantification of drugscreens as shown Figure 3C and 3D. Each kill curve
is summarized in an IC50 value, and timepoints of LV rescue are extended to 0, 12, 24, 48, 72 and 96 hours
after the start of MTX treatment. All experiments are performed at least three time, and each dot indicates
the result of one experiment which was performed in technical triplicate. An increase in viability (higher iC50
values) is observed when LV is given at an earlier timepoint). F. Delta IC50 values of N1 and N2 organoids lines
when LV was added at T24h and T48h compared to the condition where only MTX was administered without
LV rescue. G. The effect of LV rescue was also studied after removal of MTX, to model the effect of LV rescue
once MTX-induced damage has already been induced. Compared to continued exposure over five days, MTXinduced toxicity is less when cells are only exposed for two days (circles compared to squared). However, in
both cases, the effect of LV was retained in both situations (yellow dashed lines compared to continues blue
lines), suggesting that LV also exerts and effect on MTX-induced damage when MTX is removed.
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Figure 3. A one day pre-treatment of oral mucosa cells with LV before MTX treatment results in potentiation of
the LV rescue effect. A. Schematic outline showing the experimental set-up used to perform MTX drug screens
with or without LV rescue started 24 hours after the start of MTX treatment, with or without a one day LV pretreatment. B and D. Effect of LV pre-treatment (PT) on viability of N1 and N2 organoids, respectively. Dark squares
indicate PT conditions, colored circles indicate cells that did not receive PT. Dashed lines indicate viability when
a LV rescue is performed 24 hours after start of MTX treatment. C and E. Effect of PT quantified for different LV
rescue timepoints. IC50 values are shown on the y-axis. All experiments were performed in technical and biological
triplicate. F. Effect of PT on MTX-PG levels in oral mucosa organoid lines derived from two different donors. G.
Effect of LV pre-treatment (PT) on viability of N3, N4 and N5 organoids, respectively. Dark squares indicate PT
conditions, colored circles indicate cells that did not receive PT. Dashed lines indicate viability when a LV rescue
is performed 24 hours after start of MTX treatment. H. MTX IC50 values of oral mucosa organoids tested here,
either pre-treated (PT) or not (no PT). In 4/5 cases, an increase in MTX IC50 value can be observed in response
to pre-treatment. Here, IC50 values are shown when no LV rescue is performed.
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Figure 4. LV pre-treatment influences MTX toxicity in leukemia cell lines. A to E Effect of LV pre-treatment
(PT) on viability of leukemia cell lines. Both T-ALL and B-ALL cell lines are tested here. Dark squares indicate
PT conditions, colored circles indicate cells that did not receive PT. Dashed lines indicate viability when a LV
rescue is performed 24 hours after start of MTX treatment. F. G. MTX IC50 values of all leukemia cell lines
tested here, either pre-treated (PT) or not (no PT). In all cases, an increase in MTX IC50 value can be observed
in response to pre-treatment. Here, IC50 values are shown when no LV rescue is performed. H. Effect of PT
on MTX-PG levels in two B-ALL and two T-ALL cell lines.
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SUPPLEMENTAL MATERIAL

Supplementary Figure S1. Mechanism of action of MTX treatment. Leucovorin (5-formylTHF)
is represented in bold / italic. MTX enters the cell mainly through the Reduced Folate Carrier 1
(RFC1), Proton Coupled Folate Transporter (PCFT), Membrane Folate Transporters (MFR) or by
passive diffusion through the cell membrane. While circulating, MTX contains one polyglutamate
group (MTX-PG1). Once inside the cell, MTX is polyglutamated by Folylpolyglutamate Synthetase
(FPGS) with up to seven polyglutamate groups. Long-chain MTX-PG’s (MTX-PG 4-7 ) can not be
transported out of the cell before de-polyglutamation by Gamma-Glutamyl Hydrolase (GGH).
Short-chain MTX-PG’s (MTX-PG1-3) will be actively transported out of the cell by ABCC1-4, ABCB1
and ABCG2 transporters. MTX is cytotoxic as it impairs purine- and pyrimidine synthesis by
inhibiting the enzymes Dihydrofolate Reductase (DHFR) and Thymidylate Synthase (TYMS).
Abbreviations: ABCB1 - ATP Binding Cassette Subfamily B Member 1; ABCC1-4 - ATP Binding
Cassette Subfamily C Member 1 – 4; ABCG2 - ATP Binding Cassette Subfamily G Member 2;
DHFR – Dihydrofolate Reductase; FPGS – Folylpolyglutamate Synthetase; GGH – Gamma-Glutamyl
Hydrolase; MFR – Membrane Folate Transporter; MTHFR - Methylene tetrahydrofolate reductase;
MTHFD1 - Methylenetetrahydrofolate Dehydrogenase, Cyclohydrolase And Formyltetrahydrofolate
Synthetase 1; PCFT – Proton-Coupled Folate Transporter; RFC1 – Reduced Folate Carrier; SHMT
- Serine hydroxymethyltransferase; TS – Thymidylate Synthase. Created with Biorender.com©.
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Supplementary Figure S2. Organoid cultures retain their morphology and growth speed when
grown in folate deprived medium. A. Brightfield microscopy images of organoid line N1 and N2,
when grown in either complete medium, or folate deprived medium. Scalebar, 500 μm. B. Growth
speed of organoid cultures in both media tested. Growth was assessed by collection of cell pellets
at day 0, 3, 5, 7, 10 and 14. Cell number was assessed by cell titer glow and values were made
relative to day 0. C. Quantitative PCR assessing expression of genes relevant for methotrexate
metabolism. Experiment was performed in triplicate, results of all three experiments are shown
here.
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Supplementary Figure S3. Technical details of drugscreen performed in this study.
A. Schematic layout of a drug screen plate as used in this study. The gradient of MTX is depicted
using a color gradient (red indicates high concentration, green indicates low concentration).
Here, the MTX concentrations used for organoids are depicted. Each concentration is tested in
technical triplicate. Different blocks receive LV rescue at different timepoints after the start of
MTX treatment, as indicated. Staurosporine treated wells are used as positive controls and are
set to 0% viability, wells only receiving drug solvent are used is negative controls, and are set to
100% viability. B. Brighfield microscopy images showing the morphology of N1 organoids in drug
screening plates on the day of readout. C. Brighfield microscopy images showing the morphology
of N2 organoids in drug screening plates on the day of readout.
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Table S1. Clinical information of patients.

Relevant clinical information is given on the patient that participated in this study, and form whose
tissue organoids were derived.

Table S2. Comparison of mutations detected by WES in matching wildtype and tumor organoid lines.
All mutation detected in organoid line N1, T1, N2 and T2 are shown. Here, normal tissue was used as
a reference. Available at: https://drive.google.com/open?id=1AyKkR67XTp7iR2kQsGQuGJyCoCNdAr3e
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Table S3. Z-scores of drugscreens performed in this study.
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Table S4. Sequences of primers used for quantitative PCR.

5’ to 3’ sequences of primers used to assess gene expression by quantitative PCR in this study.
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ABSTRACT
Background Methotrexate (MTX) is an important anti-folate agent in pediatric acute
lymphoblastic leukemia (ALL) treatment. Folinic acid rescue therapy (Leucovorin)
is administered after MTX to reduce toxicity. Previous studies hypothesized that
Leucovorin could ‘rescue’ both normal healthy cells and leukemic blasts from cell death.
We assessed whether Leucovorin is able to restore red blood cell folate levels after MTX.
Methods We prospectively determined erythrocyte folate levels (5-methyltetrahydrofolate
(THF) and non-methyl THF) and serum folate levels in 67 children with ALL before start
(T0) and after stop (T1) of HD-MTX and Leucovorin courses.
Results Erythrocyte folate levels increased between T0 and T1 (mean ± SD: 416.7
± 145.5 nmol/L and 641.2 ± 196.3 nmol/L respectively, p<0.001). This was due to
an increase in 5-methyl THF levels (mean increase: 217.7 ± 209.5 nmol/L, p<0.001),
whereas non-methyl THF levels did not change (median increase: 0.6 nmol/L [-9.9 –
11.1], p=0.676). Serum folate levels increased between T0 and T1 (median increase:
29.2 nmol/L [32.9 – 74.0], p<0.001). Results were not significantly affected by age, sex,
ALL immunophenotype and MTHFR c.677C>T genotype.
Conclusion Intracellular folate levels accumulate after HD-MTX and Leucovorin therapy
in children with ALL, suggesting that Leucovorin restores the intracellular folate pool.
Future studies are necessary to assess concomitant lower uptake of MTX.
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INTRODUCTION
High-dose methotrexate (HD-MTX) is an important component of pediatric acute
lymphoblastic leukemia (ALL) treatment. (1-3) Methotrexate is a cytotoxic agent that
depletes intracellular reduced folate levels by inhibiting the enzymes Dihydrofolate
Reductase (DHFR) and Thymidylate Synthase (TYMS) (Figure 1). (4-6) MTX thereby
inhibits DNA- and RNA synthesis. (4-6) After HD-MTX infusions, folinic acid rescue
therapy (Leucovorin) is administered to reduce toxic side effects of therapy. (7)
Previous studies showed that red blood cell folate levels have been low in patients
treated with only MTX without Leucovorin. (8-10) Leucovorin and MTX are structural
analogues and could therefore compete for cellular transport-, polyglutamylation-, and
enzyme-binding (DHFR/TS) mechanisms. (11, 12) As a reduced folate, Leucovorin could
also bypass the enzyme DHFR during consecutive HD-MTX and LV courses, thereby
restoring purine- and pyrimidine- synthesis. It has been hypothesized that Leucovorin
restores cellular folate levels after MTX (Figure 1). This phenomenon has been referred
to as the folate ‘overrescue’ principle, where not only healthy cells, but also tumor cells
are ‘rescued’ from cell death due to Leucovorin after HD-MTX.

9

Figure 1. Folate pathway
Overview of the folate pathway with separate folate isoforms and converting enzymes. Leucovorin
(5-formyl THF) rescue therapy bypasses the action of DHFR. SAM: S-adenosylmethionine; SAH:
S-adenosylhomocysteine; DHF: dihydrofolate; THF: tetrahydrofolate; TS: thymidylate synthase;
DHFR: dihydrofolate reductase; MTHFD1: methylenetetrahydrofolate dehydrogenase 1; MTHFR:
methylenetetrahydrofolate reductase; MTX: methotrexate; LV: Leucovorin
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Both in pediatric ALL studies (13-16) as in rheumathoid arthritis studies (17, 18) results
suggested that Leucovorin rescue therapy decreases toxicity rates, but showed an
increased risk of relapse in ALL and decreased treatment efficacy in RA. In contrast,
others have successfully introduced early LV rescue in individualized doses after
MTX in treatment protocols with high event-free survival rates. (19-21) In addition,
previous studies failed to detect correlations between red blood cell (RBC) MTX and
folate levels measured at end of intensification therapy and throughout maintenance
therapy in relation to complete continuous remission and event-free survival rates. (8,
21) These contradictory study results emphasize the difficulties still encountered in
understanding the impact in Leucovorin and MTX on pediatric ALL treatment outcome.
This is undesirable as both treatment efficacy and toxicity are affected by the possible
competition between MTX and Leucovorin. Until now, no studies have assessed the
effect of 4x consecutive HD-MTX (5000 mg/m2/dose) and Leucovorin on RBC folate levels.
Different folate vitamers are involved in intracellular folate metabolism. Intracellular
folate levels can be divided into two pools: the 1) 5-methyl tetrahydrofolate (THF)
pool serving the methylation cycle and the 2) non-methyl THF pool serving the DNA/
RNA biosynthesis cycle (Figure 1). In plasma, the main folate isoform that accumulates
after Leucovorin (folinic acid; 5-formyl THF) infusion is 5-methyl tetrahydrofolate (5methyl THF) (Figure 1). (24-26) In mature erythrocytes, which are regarded as the best
intracellular reflection of the whole-body folate status over the past three months,
5-methyl THF is the largest pool. (27) Previous studies showed that after intravenous
and oral administration of Leucovorin, 5-formylTHF, THF and 5,10-methylTHF had a
short T1/2 of 30 minutes after administration, after which 5-methylTHF accumulated.
(26, 28-30) In addition, homocysteine and vitamin B12 are important biomarkers of
intracellular one-carbon metabolism (Figure 1). Homocysteine reflects changes in
the one-carbon metabolism due to disturbances of folate- and vitamin B12 levels
and increases in response to MTX therapy. (32, 33) Vitamin B12 is involved in onecarbon metabolism as co-enzyme facilitating the re-methylation of homocysteine into
methionine (Figure 1). (34)
This study aims to determine whether serum and intracellular folate levels accumulate
during four consecutive HD-MTX and Leucovorin courses in children with ALL. In
addition, we studied homocysteine and vitamin B12 levels during HD-MTX and
Leucovorin courses.
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METHODS
Patient selection
Pediatric ALL patients (1 – 19 years) treated with HD-MTX courses according to the
standard and medium risk arms of the Dutch Childhood Oncology Group ALL-10 protocol
were eligible for this study. (42) We obtained written informed consent from patients
and their parents before sample collection. The study was approved by the Medical
Ethical Committee Erasmus Medical Center (Erasmus MC, Rotterdam, The Netherlands,
MEC-2005-358). Children were diagnosed with ALL in the period between 2004 and 2012
in two Dutch pediatric oncology centers (the Erasmus MC – Sophia Children’s Hospital
in Rotterdam and the University Medical Center Groningen (UMCG) – Beatrix Children’s
Hospital in Groningen). We studied patients prospectively during protocol M (4x 5g/m2
high-dose MTX courses). Detailed information on this protocol and cohort has been
previously described. (40) In short, four HD-MTX infusions were administered every two
weeks at a dose of 5000 mg/m2 in 24 hours. Each MTX administration was combined
with intrathecal triple chemotherapy in a standard dose adjusted for age (8 – 12 mg
MTX; 20 – 30 Cytosine Arabinoside; 8 – 12 mg Diadreson F aquosum). Folinic acid rescue
therapy (15 mg/m2/dose) was administered at 42, 48 and 54 hours after the start of MTX
administration. Standard supportive care guidelines included hyperhydration (2.5 – 3.0
L/m2/day) and urine alkalinization using sodium bicarbonate (pH between 7.0 – 8.0).
In addition, protocol M included oral 6-mercaptopurine (25 mg/m2 daily for 56 days).
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Figure 2. Flowchart patient inclusion
Abbreviations: ALL, acute lymphoblastic leukemia; HD-MTX, high-dose methotrexate; DCOG,
Dutch Childhood Oncology Group; SNP, single-nucleotide polymorphism; n = number of patients;
* 1 patient had neurological damage before start HD-MTX treatment, 1 patients was transferred
to another hospital, 1 patient had an adjusted protocol due to a SPINKS mutation and 1 patient
was initially treated otherwise due to another diagnosis.

Erythrocyte folate, serum folate, plasma homocysteine and serum vitamin
B12 measurements
Red blood cell pellets, serum and EDTA plasma samples were collected from the
patients before the start of protocol M (T0) and two weeks after discontinuation of
protocol M (T1) for measurement of erythrocyte folate levels (Supplemental Figure 1). All
samples were stored at − 80 °C and analyzed collectively. Erythrocyte folate levels (nonmethyl tetrahydrofolate (non-methyl THF) pool; 5-methyl tetrahydrofolate (5-methyl
THF) pool; folic acid pool) were measured using liquid chromatography-tandem mass
spectrometry as previously described. (31) The non-methyl THF pool consists of the
sum of THF, 5,10-methylene THF, 5,10-methenyl THF and 5- and 10-formyl THF (Figure
1). As folic acid concentrations were negligible (median 1.2; range 0.5 – 7.3 nmol/L),
the sum of the total erythrocyte folate level was calculated by adding the non-methyl
THF and 5-methyl THF pools. Serum folate levels and serum vitamin B12 levels were
measured using an electrochemiluminescence immunoassay (Modular E170, Roche,
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Almere, The Netherlands). Plasma homocysteine levels were measured using liquid
chromatography-tandem mass spectrometry as previously described. (43) Samples
of erythrocyte MTX-polyglutamates (MTX-PG1-5) were only collected at T1 and were
measured as previously described. (44)
Statistical analysis
A Paired-Samples T-test (normally distributed variables; mean ± SD) and a Wilcoxon
Signed Rank test (skewed variables; median [interquartile range]) were used to compare
mean or median erythrocyte 5-methyl THF, erythrocyte non-methyl THF, erythrocyte
sum folate, serum folate, plasma homocysteine and serum vitamin B12 levels at T0
and T1 in univariate analysis. A linear regression model was estimated to assess the
effect of age at diagnosis, sex, ALL immunophenotype and MTHFR c.677C>T genotype
on the absolute changes in these folate metabolism markers between T0 and T1 (Delta
T1 – T0), while correcting for the levels at T0. Possible confounders were included in the
linear regression model when they had a p-value <0.20 in univariable analysis. Possible
confounders that were entered into the linear regression model were considered
significant when they changed the β > 10%. A Pearson correlation coefficient was
calculated to assess the association between erythrocyte non-methyl THF / erythrocyte
5 methyl THF / erythrocyte sum folate levels at T0 and T1 and erythrocyte MTX-PG1-5
(and subdivided in MTX-PG1-3 and MTX-PG4-5) at T1.

RESULTS
Patient characteristics
In total, 67 children with ALL treated according to the Dutch Childhood Oncology Group
ALL-10 protocol (Supplemental Figure 1) were included in this study (Figure 2). The
median age at diagnosis was 5.4 years (range 1.4 – 17.5). Thirty patients were female
(45%), 48 patients were treated in the medium risk group (72%) and 58 patients had
a B-lineage ALL (87%). Thirty-two (48%) patients were carriers of the MTHFR 677 CC
genotype, 24 (36%) patients of the MTHFR 677 CT genotype, 10 (15%) patients of the
MTHFR 677 TT genotype and in 1 (1%) patient the genotype was missing.
Laboratory measurements before start (T0) and after stop (T1) of HD-MTX
treatment
Erythrocyte folate increased significantly between T0 and T1 (mean 224.4 ± 220.7
nmol/L) (Table 1 + Figure 3). This increase was due to an increase in erythrocyte
5-methyl THF levels (mean 217.7 ± 209.5 nmol/L), whereas erythrocyte non-methyl
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THF levels remained stable (median 0.6 nmol/L [-9.9 – 11.1]) throughout treatment.
Serum folate levels increased significantly between T0 and T1 (median 29.2 nmol/L [19.3
– 57.4]), plasma homocysteine levels decreased significantly (-2.5 ± 2.5 µmol/L), while
serum vitamin B12 levels did not change (median -4.9 pmol/L [-131.0 – 40.9], p =0.134)
(Table 1 + Figure 3). Due to the presence of extreme outliers for the Delta T1 – T0, a
sensitivity analysis with and without outliers was performed. Results did not change
after the sensitivity analysis (data not shown). No correlation between erythrocyte
folate levels at T0/T1 and erythrocyte MTX-PG1-5 at T1 existed (Supplemental Table 1).
Table 1. One-carbon metabolism metabolite levels at T0 and T1 (n = 67)
T0 (before start MTX) T1 (after stop MTX) Delta T1 – T0

p-valuea

Ery 5-methyl THF
(nmol/L), mean ± SD

370.2 ± 149.3

587.8 ± 194.6

217.7 ± 209.5

<0.0001*

Ery Non-methyl THF
(nmol/L), median (IQR)

27.0 (17.1 – 48.4)

30.4 (18.6 – 56.3)

0.6 (-9.9 – 11.1)

0.676

Ery Sum Folate Levela
(nmol/L), mean ± SD

416.7 ± 145.5

641.2 ± 196.3

224.4 ± 220.7

<0.0001*

Plasma Homocysteine
(µmol/L), mean ± SDb

7.8 ± 2.9

5.3 ± 1.2

-2.5 ± 2.5

<0.0001*

Serum Vitamin B12
(pmol/L), median (IQR)

345.6 (255.9 – 531.4)

363.2 (233.8 – 465.3) -4.9 (-131.0 – 40.9) 0.134

Serum Folate (nmol/L),
median (IQR)

16.4 (11.5 – 24.3)

42.8 (32.9 – 74.0)

29.2 (19.3 – 57.4)

<0.0001*

a
sum 5-methylTHF + non-methylTHF ; b In n = 2 patients homocysteine levels were missing.
Univariate analysis of changes of folate metabolism markers between T0 and T1 using a paired T test (normally
distributed data; mean ± Standard Deviation (SD)) or a Wilcoxon Singed Rank Test (skewed distributed data;
median, Interquartile Range (IQR)).

Reference values in healthy population:
Ery 5-methylTHF (nmol/L)
median (range)
427.3
(92.5 – 1085.8) c
Ery non-methylTHF (nmol/L)
median (range)
4.1
(0 – 786.2) c
Ery sum folate level (nmol/)
median (range)
440.9
(170.3 – 1164.4) c
Plasma Homocysteine (µmol/L)
reference
5.0 – 15.0 d
Serum Vitamin B12 (pmol/L)
reference
142 – 725d
Serum folate (nmol/L)
reference
3.0 – 25.0 (3 – 12 years of age) d
c
https://www.sciencedirect.com/science/article/pii/S0955286307000149?via%3Dihub
d
according to reference values of our laboratory
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Figure 3. One carbon metabolism metabolite levels before (T0) and after (1) high-dose MTX therapy
One carbon metabolism metabolite levels before (T0) and after (T1) of high-dose MTX therapy: erythrocyte
5-methyl THF (a, p<0.0001), erythrocyte non-methyl THF (b, p=0.676) sum erythrocyte folate isoforms (c,
p<0.0001), serum folate (d, p <0.0001), plasma homocysteine (d, p<0.0001), serum vitamin B12 (e, p=0.134).
The red lines depict the median levels and the blue lines depict the 95% confidence interval
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Covariates
In univariable analysis, ALL immunophenotype was significantly associated with the
Delta T1 – T0 erythrocyte 5-methyl THF levels and the Delta T1 – T0 erythrocyte
sum folate levels and age was significantly associated with the Delta T1 – T0 plasma
homocysteine levels (Supplemental Table 2a-b). However, none of these confounders
significantly affected the Delta T1 – T0 in a linear regression model (Table 2).
Table 2. Estimated linear regression coefficients with 95% confidence intervals

Model 1
Model 2

Model 1
Model 2

Model 1
Model 2

Ery 5-methyl THF (nmol/L)
Delta Ery 5-methyl THF (nmol/L) T1 – T0
+ Ery 5-methyl THF (nmol/L) T0
Delta Ery 5-methyl THF (nmol/L) T1 – T0
+ Ery 5-methyl THF (nmol/L) T0
ALL immunophenotype
Ery Sum Folate Vitamers (nmol/L)
Delta Ery Sum Folate Vitamers (nmol/L) T1 – T0
+ Ery Sum Folate Vitamers (nmol/L) T0
Delta Ery Sum Folate Vitamers (nmol/L) T1 – T0
+ Ery Sum Folate Vitamers (nmol/L) T0
ALL immunophenotype
Plasma Homocysteine (µmol/L)
Delta Plasma Homocysteine (µmol/L) T1 – T0
+ Plasma Homocysteine (µmol/L) T0
Delta Plasma Homocysteine (µmol/L) T1 – T0
+ Plasma Homocysteine (µmol/L) T0
Age

β

95% CI

-0.63

(-0.95 – -0.32)

-0.59 #

(-0.92 – -0.26)

-0.75

(-1.07 – -0.41)

-0.70 #

(-1.04 – -0.36)

-0.77

(-0.85 – -0.69)

-0.83 #

(-0.91 – -0.74)

Possible confounders that were both significantly associated with T0 and delta T1-T0 were entered
in model 2 to see whether the β changed >10%; ALL immunophenotype was added to model 2 for
Ery 5-methyl THF and Ery Sum Folate vitamers and age for Plasma Homocysteine. β = regression
coefficient, SE = Standard Error of β, 95% CI = 95% Confidence Interval of β; #Change in β was <10%.

DISCUSSION
In this study we assessed intracellular folate levels throughout HD-MTX and Leucovorin
therapy in children with ALL. We showed that intracellular 5-methyl THF levels increased
during high-dose MTX and Leucovorin therapy, suggesting that Leucovorin is able to
restore the intracellular folate pool.
In this study, we observed an increase in 5-methyl THF pool, whereas the non-methyl
THF pool did not change. It is likely that throughout the course of four HD-MTX and
Leucovorin courses in 57 days the non-methyl THF pool is largely reduced through
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MTHFR into 5-methyl THF. The increase of folate levels observed in patients receiving
MTX and Leucovorin is likely due to Leucovorin, as previous studies showed low red
blood cell folate levels in patients treated with MTX monotherapy. (8-10) Our findings
are in line with findings of Holmboe et al (2012), who showed a similar increase in
erythrocyte folate levels in osteosarcoma patients receiving HD-MTX and LV. (35)
However, as we could not compare our data to patients that received a similar treatment
protocol without Leucovorin, we could not exclude effects of other co-medication such
as 6-Mercaptopurine or nutritional factors.
Homocysteine is a sensitive biomarker of one-carbon / folate metabolism (Figure 1),
that was shown to be increased in plasma in response to MTX administration. (16, 36)
This initial increase in homocysteine levels was reversed after start of Leucovorin. (16)
In line with these previous results, plasma homocysteine levels in our study decreased
after high-dose MTX and Leucovorin therapy confirming that the intracellular folate
pool was restored.
In recent years concerns have been raised about the possible adverse effects of
excessive folate intake in the field of folic acid food fortification due to the ‘methylfolate
trap’. (37) This ‘methylfolate trap’ is based on the fact that the conversion of
5,10-methylene THF to 5-methyl THF is irreversible (Figure 1). To maintain an intact
folate cycle, 5-methyl THF can only be converted to THF by the vitamin B12-dependent
re-methylation of homocysteine to methionine. If either folate levels are excessively
high or if vitamin B12 levels are low, this could then lead to ‘trapping’ of 5-methyl THF
with concomitant high levels of homocysteine and subsequently the impairment of
essential intracellular methylation and DNA / RNA synthesis processes. (38, 39) In the
setting of our study, patients received Leucovorin, which led to iatrogenic increased
intracellular folate levels. However, as homocysteine levels decreased during therapy
and vitamin B12 levels were within the normal range (>148 pmol/L), we did not find
evidence of the ‘methylfolate trap’.
We have demonstrated that intracellular folate levels increase upon HD-MTX and
Leucovorin treatment in pediatric ALL-patients. It is of interest to assess the magnitude
of this increase in relation to intracellular folate levels found in healthy individuals.
Compared with healthy adults the median sum of the intracellular folate vitamers at
T1 are increased, but the majority of values are within the large normal range found
in the healthy adult population (median 440.0 nmol/L, range 170.3 – 1164.4]). (27) The
large interindividual variability in intracellular erythrocyte folate levels in our pediatric
ALL patients are in line with the variability reported in the healthy population and might
be partly explained by pre-analytical conditions, genetic variation in genes of folate
transporters and metabolizing enzymes, such as the MTHFR c.677 C>T genotype, as
well as differences in dietary folate intake. (27)
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We showed that intracellular folate levels before start of the first HD-MTX (T0) course
and after stop of four HD-MTX (T1) courses were not correlated to intracellular MTXPG1-5 after stop of four HD-MTX (T1) courses in this study. This needs to be assessed
in more detail in future studies. Previous studies showed that side effects, such as
oral mucositis, predominantly occur during the first out of four HD-MTX courses. (40)
It would be of value to assess intracellular folate- and MTX levels more frequently
throughout the treatment protocol as it could be that competition for cellular transport
mechanisms exists more early in the treatment protocol.
In this study, we measured intracellular folate levels in erythrocytes. Erythrocytes are
expected to be a reflection of intracellular folate status of other cells such as leucocytes,
as erythroblasts take up folate and most of this pool is retained throughout its lifespan.
However, it would be of scientific value to determine folate levels in nuclear cells such
as leucocytes, as erythrocytes do not have a nucleus nor mitochondria and therefore
no active formation of DNA- or RNA structures. (41)
Strengths of this study are the prospective collection of samples and the erythrocyte
folate vitamer level measurements. A limitation is that we only measured folate levels
before start of HD-MTX therapy and after stop of HD-MTX therapy, whereas in future
studies it would be valuable to measure these levels more frequently throughout the
treatment protocol.
In conclusion, intracellular folate levels accumulate during HD-MTX and Leucovorin
therapy in children with ALL with a concomitant decrease in plasma homocysteine levels.
These results support the hypothesis that Leucovorin restores the intracellular folate
pool during treatment with MTX. Future studies that determine whether intracellular
folate levels are associated with a decrease in intracellular MTX levels throughout the
HD-MTX treatment protocol are of interest to assess whether competition between
MTX and Leucovorin exists for cellular transport mechanisms.
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SUPPLEMENTAL MATERIAL

Supplemental Figure 1. Treatment protocol M - DCOG ALL-10 protocol.
Protocol M includes oral 6-mercaptopurine (25 mg/m2 daily) and four high-dose MTX infusions
every 2 weeks at a dose of 5 g/m2 over 24 h. Each MTX administration was combined with
intrathecal triple therapy in a standard dose adjusted by age. Folinic acid rescue therapy
(Leucovorin) was administered every 6 h, starting at 42 hours after the start of MTX administration.
Oral mucositis NCI grade ≥ 3 was considered as clinical endpoint for this study.
Abbreviations: 6-MP; 6-Mercaptopurine, HD-MTX; high-dose methotrexate, ARA-C; Cytarabine,
DAF; Diadreson F aquosum
IV; intravenous, ITH; intrathecal
T0 = timepoint at day 1 – at start protocol M
T1 = timepoint at day 57 – after stop protocol M
Supplemental Table 1. Erythrocyte folate levels at T0/T1 in relation to erythrocyte MTX-PG at T1
Ery 5-methyl THF T0
Pearson Correlation
Sig. (2-tailed)
Ery non-methyl THF T0
Pearson Correlation
Sig. (2-tailed)
Ery sum folate level T0
Pearson Correlation
Sig. (2-tailed)
Ery 5-methyl THF T1
Pearson Correlation
Sig. (2-tailed)
Ery non-methyl THF T1
Pearson Correlation
Sig. (2-tailed)
Ery sum folate level T1
Pearson Correlation
Sig. (2-tailed)

Ery MTX-PG1-5 T1

Ery MTX-PG1-3 T1

Ery MTX-PG4-5 T1

-0.051
0.681

-0.031
0.800

-0.069
0.578

-0.024
0.847

-0.092
0.459

0.164
0.185

-0.061
0.624

-0.065
0.603

-0.013
0.915

0.099
0.424

0.144
0.246

-0.075
0.545

0.018
0.884

-0.019
0.879

0.101
0.415

0.105
0.398

0.136
0.274

-0.038
0.758

The Pearson correlation coefficients between erythrocyte folate levels at T0/T1 and the
erythrocyte MTX-PG levels at T1 are shown.
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Supplemental Table 2a. Delta T1 – T0 one-carbon metabolite levels in relation to sex, ALL
immunophenotype and MTHFR c.677C>T genotype (n = 67)
Delta T1 – T0
Mean ± SD
Ery 5-methyl THF (nmol/L)
Sex
Male
n = 37
Female
n = 30
ALL immunophenotype
B-ALL
n = 58
T-ALL
n=9
MTHFR c.677C>T
CC + CT
n = 56
TT
n = 10
Ery Sum Folate (nmol/L)
Sex
Male
n = 37
Female
n = 30
ALL immunophenotype
B-ALL
n = 58
T-ALL
n=9
MTHFR c.677C>T
CC + CT
n = 56
TT
n = 10
Plasma Homocysteine (µmol/L)
Sex
Male
n = 36
Female
n = 29
ALL immunophenotype
B-ALL
n = 58
T-ALL
n=7
MTHFR c.677C>T
CC + CT
n = 55
TT
n=9
Serum Folate (nmol/L)
Sex
Male
n = 37
Female
n = 30
ALL immunophenotype
B-ALL
n = 58
T-ALL
n=9
MTHFR c.677C>T
CC + CT
n = 56
TT
n = 10

p - value

209.9 ± 239.2
227.3 ± 169.4

0.737

198.4 ± 203.2
341.9 ± 218.6

0.055 #

220.9 ± 217.0
188.5 ± 177.6
mean ± SD

0.658

216.1 ± 237.5
234.7 ± 201.7

0.734

205.0 ± 215.9
349.5 ± 222.2

0.067#

223.5 ± 216.7
216.9 ± 261.6
mean ± SD

0.932

-2.4 ± 2.4
-2.5 ± 2.6

0.836

-2.4 ± 2.4
-3.3 ± 3.2

0.361

-2.4 ± 2.5
-3.0 ± 2.2
median (IQR)

0.505

28.4 (20.7 – 46.7)
38.2 (19.0 – 62.8)

0.391

28.5 (19.0 – 52.6)
30.3 (25.4 – 64.2)

0.211

28.5 (19.4 – 55.3)
30.4 (18.9 – 62.3)

0.858

p - value

p - value

p - value

p-value < 0.20; factors with p-value < 0.20 were included in the linear regression model to assess
whether they significantly affected Delta T1 – T0 levels of the one carbon metabolites.

#
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Supplemental Table 2a. Delta T1 – T0 one-carbon metabolite levels in relation to age at
diagnosis (n = 67)
Correlation with Age at diagnosis,
years (continuous)
Folate metabolism markers
Delta T1 – T0
Ery 5-methyl THF T0
Pearson Correlation
0.092
Sig. (2-tailed)
0.457
Ery sum folate vitamer T0
Pearson Correlation
0.080
Sig. (2-tailed)
0.519
Plasma Homocysteine T0
Pearson Correlation
-0.265
Sig. (2-tailed)
0.033 #
Serum Folate T0
Spearman Correlation
-0.136
Sig. (2-tailed)
0.271
p-value < 0.20; factors with p-value < 0.20 were included in the linear regression model to assess
whether they significantly affected Delta T1 – T0 levels of the one carbon metabolites.

#
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Red blood cell folate levels are restored during highdose methotrexate and leucovorin rescue therapy
in pediatric acute lymphoblastic leukemia
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ABSTRACT
Background High-dose Methotrexate (HD-MTX) is an important component of
pediatric acute lymphoblastic leukemia (ALL) therapy. After HD-MTX infusions, folinic
acid rescue therapy (Leucovorin – LV) is administered to reduce side effects. Leucovorin
and MTX are structural analogues, possibly competing for cellular transport and
intracellular metabolism. MTX toxicity occurs most frequently after the first out of four
HD-MTX courses, when cells have not yet been exposed to LV. We hypothesize that LV
restores the folate pool and increases during consecutive courses, which might result
in a lower uptake of MTX. Therefore, we assessed red blood cell (RBC) folate and MTX
levels during HD-MTX and LV courses in pediatric ALL patients.
Methods We prospectively collected cell pellets from 43 pediatric ALL patients
treated according the DCOG ALL-11 protocol during protocol M two weeks after each
2-weekly HD-MTX (5 g/m2/dose) and LV (15 mg/m2/dose x3 starting at 42 hours) course
and measured RBC folate and MTX-polyglutamate (MTX-PG) levels by LC-MS/MS. We
estimated a linear mixed model to assess the relationship between these variables
over time in individual patients.
Results Both RBC MTX-PG and folate levels increased significantly during protocol M.
MTX-PG2-5 levels increased most substantially after the first two HD-MTX courses (until
median 113.0 nmol/L, IQR 76.8 – 165.2) after which levels plateaued during the 3d and 4th
course (until median 141.3 nmol/L, IQR 100.2 – 190.2). In parallel, folate levels increased
most substantially after the first two HD-MTX courses (until median 401.6 nmol/L, IQR
163.3 – 594.2) after which levels plateaued during the 3d and 4th course (until median
411.5 nmol/L, IQR 240.3 – 665.6). The ratio folate/MTX-PG decreased significantly over
time, which was mostly due to the relatively higher increase (delta) of MTX-PG levels.
Conclusion RBC folate and MTX levels increase throughout HD-MTX and LV courses
and plateaued after the first two courses. This suggests that RBC folate levels are
restored, which does not have a large effect on RBC MTX levels. Future studies, assessing
competition of LV and MTX on other cellular mechanisms which might negatively affect
treatment efficacy, are necessary.
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INTRODUCTION
High-dose Methotrexate (HD-MTX) is an important component of pediatric acute
lymphoblastic leukemia (ALL) treatment. (1-3) MTX is an antifolate that impairs purineand thymidine synthesis by inhibiting the enzymes Dihydrofolate Reductase (DHFR)
and Thymidylate Synthase (TS). (4) Following HD-MTX infusions, folinic acid rescue
therapy (Leucovorin – LV) is administered to reduce toxic side effects of therapy. LV is
a reduced folate that bypasses the block of DHFR by MTX (Figure 1). (5) Leucovorin and
MTX are structural analogues, possibly competing for cellular transport and intracellular
pathways. Previous studies showed that most toxicity seems to occur after the first out of
four HD-MTX courses, when cells have not yet been exposed to LV. (6, 7) LV restores the
intracellular folate pool and might compete with MTX for cellular transport mechanisms
leading to a lower uptake of MTX during consecutive HD-MTX and LV courses. (8-11)
After antifolates were first introduced to pediatric ALL treatment in the 1940s, several
preclinical in vitro and mice studies showed that LV was able to reduce cell death and
toxicity when it was administered during or after MTX treatment. (12, 13) In those days,
the first concerns were raised that LV might also “rescue” tumor cells from cell death.
However, in mice, LV seemed to selectively rescue healthy tissue without diminishing
anti-tumor activity when administered with a time-interval of 12 to 24 hours after MTX.
(14) An in vitro study in a leukemia (CEM) cell line showed that the membrane transport
of ‘low-dose’ MTX was transporter-mediated in a saturable way and could be inhibited
by LV and folic acid, whereas the uptake of ‘high-dose’ MTX was also via passive diffusion
mechanisms and could not be inhibited by LV or folic acid. (13) As patients suffered from
life-threatening toxicities in those first treatment regimens, LV rescue after HD-MTX
was implemented in clinics. (15-17) Until now, no studies have been performed to
determine which dosing- or timing- regimen of LV rescue therapy reduces toxicity most
effectively while maintaining leukemia treatment efficacy. Throughout time, LV rescue
regimens have been established empirically based on clinical experience. In most
current treatment protocols, LV rescue is started after 36 to 42 hours after start of a
HD-MTX infusion for 3-6 times at a dose of 15 mg/m2 or 30 mg/m2.
Both pediatric ALL studies (8, 10, 11, 18) and rheumathoid arthritis (RA) studies (19, 20)
have suggested that the administration of folate rescue therapy decreases toxicity, but
might also decrease treatment efficacy – reflected by a higher risk of relapse in ALL and
a higher disease activity in RA. In contrast, several studies advocate the use of higher LV
doses to reduce toxicity as they were not able to show decreased treatment efficacy by
LV rescue after HD-MTX. (21-23) As both treatment efficacy and toxicity are affected by
the possible competition between MTX and LV, it would be of value to determine whether
LV negatively affects MTX accumulation during consecutive HD-MTX and LV courses.
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Figure 1. Mechanism of action MTX and LV
Overview of the folate pathway with separate folate isoforms and converting enzymes in relation
to the mechanism of action of MTX. MTX enters the cell through RFC1, PCFT and MFR. MTX is
then polyglutamated (-PG) by FPGS and depolyglutamated by GGH, after which MTX is exported
out of the cell by ABC transporters. MTX(-PG) inhibits TS and DHFR. Leucovorin (5-formylTHF) is
represented in bold / italic and bypasses the action of DHFR. Abbreviations: ABCB1 - ATP Binding
Cassette Subfamily B Member 1; ABCC1-4 - ATP Binding Cassette Subfamily C Member 1 – 4;
ABCG2 - ATP Binding Cassette Subfamily G Member 2; DHF – Dihydrofolate; DHFR – Dihydrofolate
Reductase; FPGS – Folylpolyglutamate Synthetase; GGH – Gamma-Glutamyl Hydrolase; MFR
– Membrane Folate Transporter; MTHFR - Methylene tetrahydrofolate reductase; MTHFD1
- Methylenetetrahydrofolate Dehydrogenase, Cyclohydrolase And Formyltetrahydrofolate
Synthetase 1; PCFT – Proton-Coupled Folate Transporter; RFC1 – Reduced Folate Carrier; SHMT
- Serine hydroxymethyltransferase; THF – tetrahydrofolate; TS – Thymidylate Synthase.

In this study, we prospectively determined red blood cell (RBC) folate and MTX levels
after each of the four consecutive 2-weekly 4x5 g/m2 HD-MTX courses with LV rescue
in pediatric ALL patients to assess whether LV restores the intracellular folate pool and
increases during consecutive courses, which might result in a lower uptake of MTX.
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METHODS
Patient Selection
Pediatric ALL patients (1 – 19 years) treated with HD-MTX courses according to the
standard and medium risk arms of the Dutch Childhood Oncology (DCOG) ALL-11
protocol were eligible for this study. Children were newly diagnosed with ALL in the
period between November 2014 and September 2018. All patients participated in the
DCOG ALL-11 protocol and consented to the use of their patient data for the purpose of
ALL studies (CCMO register: NL50250.078.14 / MEC-2012-287). This study was approved
by the local ethics committee and informed consent was signed by children >12 years
old and/or the parents or guardians.
Protocol M
We studied patients prospectively during protocol M (HD-MTX phase). An overview of
the treatment protocol is shown in Figure S1. During protocol M, four HD-MTX infusions
were administered every two weeks at a dose of 5000 mg/m2 in 24 hours. Each MTX
administration was combined with intrathecal triple chemotherapy in a standard dose
adjusted for age (respectively, 8 – 12 mg MTX; 20 – 30 Cytosine Arabinoside; 8 – 12
mg Diadreson F aquosum). Folinic acid rescue (15 mg/m2/dose) was administered at
42, 48 and 54 hours after the start of intravenous HD-MTX administration. Standard
supportive care guidelines included hyperhydration (2.5 – 3.0 L/m2 /day) and urine
alkalinization using sodium bicarbonate (pH between 7.0 – 8.0). In addition, protocol
M included oral 6-mercaptopurine (25 mg/m2 daily for 56 days). Patients had a standard
48 hour hospital admission during HD-MTX courses. Plasma MTX levels were measured
at 48 hours (T48) after start of the HD-MTX infusion. When plasma MTX T48 levels were
<0.4 µmol/L and the patient was in a good clinical condition, the patient was discharged
and the last folinic acid rescue dose was administered at home. When plasma MTX
T48 levels were >0.4 µmol/L, folinic acid was continued until plasma MTX levels were
<0.25 µmol/L. HD-MTX courses were postponed for at least one week when patients
suffered from a severe infection, mucositis or hepatotoxicity (AST / ALT >10x upper limit
of normal), when the white blood count was <1.5x109/L or platelets were <50x109/L.
Toxicity
Toxicity was prospectively registered and graded according to the Common Terminology
Criteria for Adverse Events (CTCAE) version 4.03. Registered toxicity included central
neurotoxicity (ataxia, somnolence, a depressed level of consciousness, agitation, seizures
and posterior reversible encephalopathy syndrome), infections and mucositis. In addition,
a complete blood count, liver enzymes (alanine transaminase (ALT) and aspartate
transaminase (AST)), and creatinine concentrations were measured just prior to the next

10

202

Chapter 10
high dose MTX courses. In addition, the total treatment delay in days due to extra hospital
admissions and prolongation of hospital admissions due to toxicity were registered.
Erythrocyte Folate and Erythrocyte MTX-PG measurements
Samples were collected prospectively every two to three (when the course was delayed
for one week) weeks after every HD-MTX course. Previously, it was shown that RBC
MTX-PG levels did not differ significantly between samples drawn two or three weeks
after HD-MTX. (24) In eight patients samples were also collected at start of protocol M.
Cell pellets were harvested from centrifuged EDTA blood samples and stored at -80
°C. Erythrocyte folate levels (non-methyl tetrahydrofolate (THF); 5-methyl THF; folic
acid) were measured using liquid chromatography-tandem mass spectrometry (LC-MS/
MS) as previously described. (25) The non-methyl THF pool consists of the sum of THF,
5,10-methylene THF, 5,10-methenyl THF and 5- and 10-formyl THF (Figure 1). The sum of
the total folate level was calculated by adding up the non-methyl THF and 5-methyl THF
levels. MTX-polyglutamates (MTX-PG1-5) were measured as previously described using
an LC-MS/MS method. (26) MTX-PG1 is freely transportable in- and out of cells, thus very
variable. Therefore, only MTX-PG2-5 were used for analysis. Only patients having ≥3 samples
available out of 4 measurements were included in our analyses. We used the total sum of
RBC folate vitamer levels (non-methylTHF + 5-methylTHF + folic acid) and RBC MTX-PGs
(MTX-PG2 + MTX-PG3 + MTX-PG4 + MTX-PG5) at each timepoint in our analyses. The delta
of median RBC folate and MTX-PG2-5 levels measured between courses was calculated.
Statistical Analysis
To investigate the relationship between RBC MTX-PG and folate levels a linear mixed
model (LMM) was estimated. LMM accounts for the repeated measurement design of
this study and takes into account that measurements belonging to the same patient are
correlated. Two separate LMMs were estimated to study possible changes of RBC MTX-PG
and folate levels as well as the ratio RBC folate / MTX-PG over time. Due to the sample
size covariates, such as erythrocyte transfusions, ALL immunophenotype or prolonged
hospitalizations due to high MTX plasma levels (and increased number of LV doses), were
not included in the statistical model. Possible effects of these covariates were assessed
by descriptive figures. A p-value <0.05 was considered statistically significant.

RESULTS
Patient characteristics and Toxicity
We included 43 pediatric ALL patients. They all received four HD-MTX courses including
LV rescue therapy during protocol M (n = 172 courses). Baseline characteristics are
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summarized in Table 1. The median duration of protocol M was 65 days (range 56 – 83
days). The most frequent grade III and IV toxicities during protocol M were neutropenia
(60%), leucopenia (35%) and mucositis (35%).
Table 1. Patient characteristics (n = 43)
Patient characteristics
Age at diagnosis in years, median (range)
Sex, n (%)
Female
Male
Immunophenotype ALL, n (%)
B-lineage
T-lineage
Risk group ALL-10 protocol, n (%)
Standard risk
Medium risk
Protocol M characteristics
Duration Protocol M in days, median (range)
Extra hospital admissions during protocol M, n (percentage of 172 courses)
Duration HD-MTX hospital admission in days, median (range)
After Course 1
After Course 2
After Course 3
After Course 4
Toxicity during Protocol M
Number of infections, n (%)
Number of Erythrocyte transfusions per patient, median (range)
Number of Thrombocyte transfusions per patient, median (range)
Leukopenia, n (%)
NCI CTC grade 1-2
NCI CTC grade 3-4
Neutropenia, n (%)
NCI CTC grade 1-2
NCI CTC grade 3-4
Increased creatinine T48
NCI CTC grade 1-2
NCI CTC grade 3-4
Neurotoxicity
NCI CTC grade 1-2
NCI CTC grade 3-4
Oral Mucositis
NCI CTC grade 1-2
NCI CTC grade 3-4

4.2 (1.6 – 17.7)
18 (42%)
25 (58%)
38 (88%)
5 (12%)
19 (44%)
24 (56%)
65 (56 – 83)
12 (7%)
2
2
2
2

(2 – 13)
(2 – 5)
(2 – 8)
(2 – 6)

10 (23%)
0 (0 – 3)
0 (0 – 1)
28 (65%)
15 (35%)
17 (40%)
26 (60%)
43 (100%)
0 (0%)
42 (98%)
1 (2%)
28 (65%)
15 (35%)

Patient characteristics of n = 43 pediatric acute lympoblastic leukemia patients included in this
study. NCI CTC = national cancer institute CTCAE criteria
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RBC MTX-PG and folate levels
We measured RBC folate and MTX-PG levels at start of protocol M, a week before start
of HD-MTX, in 8 patients (Table 2) and observed that low levels of MTX-PG2-5 were
present (median 7.5 nmol/L, interquartile range (IQR) 4.2 – 9.2). RBC folate levels at start
of protocol M, a week before start of HD-MTX, in these 8 patients were median 255.2
nmol/L (IQR 151.7 – 290.9 nmol/L). In 43 patients, RBC MTX-PG2-5 levels increased most
substantially after the first two HD-MTX courses (until median levels of 113.0 nmol/L,
IQR 76.8 – 165.2) as compared to after the 3rd (median 131.6 nmol/L, IQR 88.9 – 170.7)
and 4th course (median 141.3 nmol/L, IQR 100.2 – 190.2), where levels plateaued (Table
2; Figure 2). In parallel, RBC folate levels increased most substantially after the first two
HD-MTX courses (until median levels of 401.6 nmol/L, IQR 163.3 – 594.2) as compared to
after the 3rd (median 411.5 nmol/L, IQR 240.3 – 665.6) and 4th (median 361.5 nmol/L, IQR
217.5 – 511.0) course, where levels plateaued and even seemed to decrease again (Table
2; Figure 2). Both 5-methylTHF and non-methylTHF levels increased over time (Table 2).
5-methylTHF levels increased most after the first two HD-MTX courses (until median
levels of 218.3 nmol/L, IQR 91.1 – 386.4) as compared to after the 3rd (median 227.8
nmol/L, IQR 151.2 – 384.3) and 4th course (median 228.9 nmol/L, IQR 134.9 – 356.0),
where levels plateaued (Table 2). Non-methylTHF levels increased most substantially
until after the first three HD-MTX courses (until median levels of 106.3 nmol/L, IQR 63.2
– 208.8) as compared to after the 4th course (median 94.8 nmol/L, IQR 59.0 – 163.9),
where levels seemed to decrease again (Table 2).
Table 2. Intracellular MTX-PG and eryfolate levels (n = 43)
RBC MTX-PG,
in nmol/L

median IQR

Delta RBC MTX-PG,
median IQR
in nmol/L

MTX-PG2 , median (IQR)
Start protocol Ma
After Course 1
After Course 2
After Course 3
After Course 4

1.4
8.0
12.6
11.0
10.8

(1.2 – 2.4)
(4.9 – 15.5)
(6.7 – 23.8)
(6.1 – 20.6)
(6.2 – 25.3)

Course 2 – Course 1
Course 3 – Course 2
Course 4 – Course 3

+1.9
-1.7
+0.2

(-0.8 – 7.9)
(-8.7 – 1.5)
(-5.4 – 8.3)

MTX-PG3, median (IQR)
Start protocol Ma
After Course 1
After Course 2
After Course 3
After Course 4

2.5
14.3
26.2
31.1
33.0

(1.3 – 3.9)
(9.4 – 19.6)
(20.5 – 34.7)
(20.6 – 39.9)
(27.1 – 43.5)

Course 2 – Course 1
Course 3 – Course 2
Course 4 – Course 3

+11.3
+4.2
+3.1

(8.4 – 17.4)
(0.1 – 7.6)
(-5.5 – 10.9)

MTX-PG 4, median (IQR)
Start protocol Ma
After Course 1
After Course 2
After Course 3
After Course 4

2.2
20.2
35.8
46.5
48.7

(1.3 – 2.5)
(11.2 – 28.3)
(24.5 – 56.3)
31.2 – 59.1)
(34.0 – 71.4)

Course 2 – Course 1
Course 3 – Course 2
Course 4 – Course 3

+16.6
+7.6
+10.0

(9.0 – 27.5)
(3.8 – 13.2)
(-4.4 – 16.2)
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Table 2. Continued
RBC MTX-PG,
in nmol/L

median IQR

Delta RBC MTX-PG,
median IQR
in nmol/L

MTX-PG 5, median (IQR)
Start protocol Ma
After Course 1
After Course 2
After Course 3
After Course 4

1.6
18.2
29.9
36.5
42.9

(1.1 – 2.0)
(8.3 – 22.8)
(22.0 – 45.2)
(20.6 – 49.3)
(23.6 – 56.5)

Course 2 – Course 1
Course 3 – Course 2
Course 4 – Course 3

+12.8
+6.6
+6.2

(7.5 – 23.1)
(1.7 – 11.0)
(-8.6 – 13.0)

Sum MTX-PG2-5, median (IQR)
Start protocol Ma
After Course 1
After Course 2
After Course 3
After Course 4

7.5
60.7
113.0
131.6
141.3

(4.2 – 9.2)
(41.0 – 92.0)
(76.8 – 165.2) Course 2 – Course 1
(88.9 – 170.7) Course 3 – Course 2
(100.2 – 190.2) Course 4 – Course 3

+43.0
+19.4
+15.2

(27.9 – 80.1)
(-0.9 – 33.0)
(-18.7 – 44.7)

Delta RBC Folate,
in nmol/L

RBC Folate, in nmol/L
5-methylTHF, median (IQR)
Start protocol Ma
After Course 1
After Course 2
After Course 3
After Course 4

185.7
150.3
218.3
227.8
228.9

(97.8 – 215.7)
(56.6 – 300.6)
(91.1 – 386.4) Course 2 – Course 1
(151.2 – 384.3) Course 3 – Course 2
(134.9 – 356.0) Course 4 – Course 3

+82.2
+23.2
+33.6

(-0.6 – 146.3)
(-48.8 – 67.8)
(-71.5 – 107.0)

Non-methylTHF, median (IQR)
Start protocol Ma
After Course 1
After Course 2
After Course 3
After Course 4

42.6
61.9
88.1
106.3
94.8

(27.9 – 67.7)
(39.8 – 132.7)
(49.3 – 169.7)
(63.2 – 208.8)
(59.0 – 163.9)

Course 2 – Course 1
Course 3 – Course 2
Course 4 – Course 3

+1.8
+14.2
-6.9

(-24.4 – 82.7)
(-90.9 – 56.7)
(-80.2 – 54.4)

Folic acid, median (IQR)
Start protocol Ma
After Course 1
After Course 2
After Course 3
After Course 4

11.8
11.5
17.3
13.3
13.0

(8.0 – 13.7)
(7.9 – 21.1)
(10.1 – 22.3)
(7.7 – 20.8)
(9.0 – 24.8)

Course 2 – Course 1
Course 3 – Course 2
Course 4 – Course 3

-0.9
-4.3
+2.0

(-5.3 – 4.7)
(-11.5 – 1.4)
(-8.1 – 8.5)

Sum folate, median (IQR)
Start protocol Ma
After Course 1
After Course 2
After Course 3
After Course 4

255.2
290.1
401.6
411.5
361.5

(151.7 – 290.9)
(152.7 – 453.8)
(163.3 – 594.2) Course 2 – Course 1
(240.3 – 665.6) Course 3 – Course 2
(217.5 – 511.0) Course 4 – Course 3

+75.9
+39.4
+20.6

(-51.0 – 194.9)
(-169.1 – 128.1)
(-162.4 – 199.6)

4.7
3.3
3.4
2.7

(2.7 – 6.9)
(2.2 – 5.2)
(1.8 – 5.5)
(1.7 – 4.5)

Ratio RBC Folate / MTX-PG2-5
After Course 1
After Course 2
After Course 3
After Course 4

Delta Ratio RBC Folate / MTX-PG2-5
Course 2 – Course 1
Course 3 – Course 2
Course 4 – Course 3

-2.6
-0.7
-0.6

(-9.7 – 0.1)
(-2.4 – 0.9)
(-2.1 – 1.3)

Levels are measured in n = 43 patients every 2 weeks after a HD-MTX and LV course at time of qualification
for the next course. Course 1: MTX-PG in n = 2 missing + Folate in n = 4 missing; Course 2: MTX-PG in n = 5
missing + Folate in n = 8 missing; Course 3: MTX-PG in n = 4 missing + Folate in n = 5 missing; Course 4: MTX-PG
in n = 6 missing + Folate in n = 8 missing. aMTX-PG and folate levels were available in n=8 patients at start of
protocol M before administration of HD-MTX and LV – as these levels were only measured only in n=8 patients
we did not analyse these levels in the linear mixed model. IQR = interquartile range.
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The ratio folate/MTX-PG decreased over time (Figure 2; Figure 3; Table 2). The decrease
of the ratio was mostly due to the relatively high increase (delta) of MTX-PG levels over
time, which was higher than the increase of sum folate levels (Table 2). The decrease
was most prominent after the first two HD-MTX courses, after which the ratio plateaued
(Table 2; Figure 2).
A linear mixed model (LMM) to study the relation between RBC MTX-PG levels and
folate levels as a function of time was estimated. The interaction term in the model
was significant (p<0.001), which indicates that both RBC MTX-PG as well as folate levels
changed significantly over time (Figure 2; Figure 3; Table 2). The ratio folate/MTX-PG was
shown to change significantly over time (P<0.001) in a separate LMM model. Possible
covariates such as erythrocyte transfusions, ALL immunophenotype or prolonged
hospitalizations due to high MTX plasma levels (and increased number of LV doses)
did not show large effects based on visual inspection. Results are shown in Figure 3.

Figure 2. Median intracellular MTX-PG and folate levels during four consecutive courses
Measurements were performed in n = 8 patients at start of protocol M and in n = 43 patients every 2 weeks
after a HD-MTX and LV course at time of qualification for the next course. Both intracellular MTX-PG (2a) and
folate (2b) levels increased significantly during protocol M over time (p<0.001). The ratio folate/MTX-PG (2c)
decreased significantly over time (p<0.001). The bold line represents the median levels of patients over time.
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Figure 3. Individual intracellular MTX-PG and folate levels over time
Measurements were performed in n = 43 patients every 2 weeks after a HD-MTX and LV course
at time of qualification for the next course. Folate levels (blue line) and MTX-PG (red line) levels
in 43 individual patients are depicted over time after four HD-MTX and LV courses (3a). The ratio
folate / MTX-PG (green line) is depicted over time (3b) after four HD-MTX and LV courses.
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DISCUSSION
In this study, we hypothesized that LV restores the folate pool and increases during
consecutive courses, which might result in a lower uptake of MTX due to competition
for cellular transport mechanisms. We showed that both RBC folate and MTX levels
increase throughout four consecutive HD-MTX and LV courses and plateaued after
the first two courses. This suggests that RBC folate levels are restored, which does not
seem to have a large effect on RBC MTX levels.
Alongside with the increase of RBC folate and MTX-PG levels over time, the ratio folate/
MTX-PG decreased over time, which is most likely due to the relatively higher increase
of MTX-PG levels over time than to the increase of folate levels. This change of the ratio
folate/MTX-PG over time is to be expected based on the higher dose of MTX (5000 mg/
m2) compared to the cumulative dose of LV (45 mg/m2) administered to the patient.
No decrease or less steep increase of RBC MTX was observed, which was expected if
a large competition for cellular transport mechanisms would have been the case. True
competition for cellular transport mechanisms could not be excluded as data could not
be compared to patients receiving other doses of LV or no LV. An explanation for the
fact that MTX-PG and LV did not seem to compete to a large extent for the use of cellular
transport mechanisms could be due to passive diffusion of MTX across the membrane
due to the use of high doses. (13) The restoration of the RBC folate pool could, however,
still lead to a competition for binding sites of DHFR/TS or a restoration of normal DNAand RNA- synthesis through bypassing the DHFR/TS block within cells. This could be
the case in both healthy cells, leading to less toxicity during consecutive HD-MTX and
LV courses, but also in leukemic blasts, leading to a decreased treatment efficacy.
We showed a restoration of RBC folate levels upon consecutive HD-MTX and LV rescue
courses in pediatric ALL patients. The majority of values are within the range measured
in the normal healthy population (RBC folate median 440.0 nmol/L, range 170.3 –
1164.4]). (27) The large interindividual variability in RBC folate levels in our pediatric
ALL patients are in line with the variability reported in the healthy population and may
be partly explained by small differences in pre-analytical conditions, genetic variation
in genes of folate transporters and metabolizing enzymes, such as the MTHFR c.677
C>T genotype, as well as differences in dietary folate intake and supplementation. (27)
Median RBC MTX-PG2-5 levels were low at start of protocol M and accumulated until
median levels of 141 nmol/L after four HD-MTX courses in two months. In addition, we
observed very low levels of iRBC MTX-PG2-5 levels (median level 7.5 nmol/L) in patients
before start of HD-MTX treatment, presumably due to intrathecal administration of
MTX in preceding chemotherapy courses. These levels are higher compared to levels
previously measured in rheumathoid arthritis (RA) patients of around 20-70 nmol/L
after two months receiving a weekly low oral dose MTX (2.5 – 37.5 mg). (28, 29) We
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showed that especially long chain MTX-PGs (MTX-PG4-5), that are associated with longer
RBC retention and higher pharmacological activity, were high in our HD-MTX setting
with median levels between 40-50 nmol/L compared to previously reported median
levels between 1-20 nmol/L in a low dose MTX RA setting. (29-31) Previously, the same
phenomenon of accumulation of especially long-chain MTX-PG’s after HD-MTX when
compared to low dose MTX has been shown in leukemic blasts. (32)
Previous cell line and mouse studies suggested a “selectivity” in the mechanisms
of action of MTX and LV in tumor- versus in normal healthy cells. (33-38) High levels
of MTX-PG accumulated in leukemia- and solid tumor cell lines, whereas only low
MTX-PG levels accumulated in normal intestinal and bone marrow precursor cells.
(33-40) Whether these differences in MTX-PG levels between normal and tumor cells
were correlated to different levels of FPGS activity or a different cytotoxic response to
MTX and/or LV has never been investigated. (33-38) This means, that MTX-PG levels
measured in our study in cell pellets from patients in clinical remission are likely lower
than in their leukemic blasts. We performed measurements in red blood cells, which are
expected to reflect RBC folate and MTX-PG levels in other cells. However, red blood cells
do not have a nucleus nor mitochondria and therefore no active formation of DNA- or
RNA structures. (41) In future studies, it would be of scientific value to determine folateand MTX-PG levels in leukemic blasts or other nuclear blood cells such as leucocytes.
In the current study, we did not add covariates, such as ALL immunophenotype, the
administration of erythrocyte transfusions and treatment delays to our statistical model
due to the lack of power. These are factors that could potentially affect RBC folate
and MTX-PG levels. It has been shown that B-ALL patients have higher RBC MTX-PG
levels compared to T-ALL patients. (39) Administration of erythrocyte transfusions
could potentially lead to lower RBC folate and MTX-PG levels through the introduction
of exogenous erythrocytes which are naïve to MTX and LV treatment. In addition,
treatment delays have been shown to not affect MTX-PG levels (24), but may lead to
lower RBC folate levels. Finally, as not all extra LV infusions were registered in the medical
record, we assumed that a prolonged hospitalization due to high MTX plasma levels was
accompanied with more LV infusions according to protocol. Although statistical analysis
was not feasible, we did not observe large effects of these covariates in our cohort
through visual inspection of individual trends of MTX-PG and folate levels over time.
In conclusion, this is the first study that shows that RBC MTX and folate levels increased
most steeply after the first two out of four consecutive HD-MTX and LV courses in red
blood cells. The increase of folate during HD-MTX and LV treatment does show that LV
is able to restore the RBC folate pool, which might potentially affect treatment efficacy.
In future studies, it would be valuable to study possible selective mechanisms of action
of MTX and LV in leukemic blasts and healthy tissue by assessing differences in MTX
polyglutamylation and FPGS activity.
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High-dose Methotrexate (HD-MTX) is an important component of pediatric ALL
treatment. Children with ALL receiving HD-MTX and folinic acid rescue (Leucovorin
– LV) therapy show a large interpatient variety in pharmacokinetics of MTX and the
occurrence of side effects. Better understanding of this heterogeneous response would
aid in developing more personalized therapy regimens. Despite administration of LV
rescue therapy, 20% of patients develop severe MTX-induced oral mucositis leading to
treatment delays and an impaired quality of life. (1) In this thesis, we aimed to determine
both the role of several (epi)genetic and biochemical determinants of HD-MTX induced
oral mucositis as well as to elucidate the role of folinic acid rescue therapy after HD-MTX
in relation to HD-MTX induced oral mucositis in children with ALL.
The ultimate goal of studying determinants is to develop prediction models to identify
patients ‘at risk’ for developing oral mucositis after MTX therapy and subsequently to
develop interventions to reduce oral mucositis in these patients ‘at risk’.
(Epi)genetic and biochemical determinants of MTX-induced oral mucositis
The results of this thesis suggest no large contribution of individual genetic variants in
the development of HD-MTX induced oral mucositis in the pediatric ALL population.
Effect sizes often did not exceed a more than 2-fold increased or decreased risk of
MTX-induced mucositis with large confidence intervals and negative results in the subanalyses for the pediatric ALL population in our meta-analysis after False Discovery
Rate (FDR) correction. Even though small (OR ~ 1.5) and medium (OR ~ 2.0) effect sizes
might have value in establishing new etiological and biological hypotheses, they have
been proven less likely to have clinical value in prediction models. (2-6) Only MTHFR
c.677C>T, despite not being statistically significant after FDR-correction, had an effect size
exceeding a 2-fold increased risk in our meta-analysis and might be worth exploring in a
clinical prediction model. In addition, one Genome Wide Association Study (GWAS) in the
pediatric ALL population has been published reporting large effect sizes for the SLCO1B1
rs11045897 T allele and rs4149081 G allele in association with mucositis/gastrointestinal
toxicity. (7) However, the number of events in this GWAS study was very small. Even
though the results were replicated in an independent validation cohort, others did not
replicate these results and the exact role of these polymorphisms remains unknown.
(8, 9) It could be that, when administering high doses of MTX (5 g/m2) the influence of
genetic susceptibility is overruled. (10) This in contrast to low dose MTX settings such as in
rheumathoid arthritis patients, where previous studies showed that genetic susceptibility
might play a role and could be implemented in a model to predict clinical response. (11)
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Up till now, most studies focused on pharmacogenetics in coding regions, which
correspond only to 1.5% of the entire genome. We therefore considered it relevant
to further study genetic variation in non-coding miRNAs and in miRNA processing
genes, interfering with miRNA levels or function, which may lead to differences in drug
response and development of side effects. (12-14) We showed that miR-1206 (rs2114358)
was associated with NCI-CTC grade≥3 MTX induced oral mucositis. By using online
software a number of target genes have been previously predicted for miR-1206,
amongst which ABCG2, FPGS, NT5C1A, SLC28A1, TYMS, UCK2 and XRCC3. (15) Some of
these genes, such as ABCG2, FPGS and TYMS are important for the mechanism of action
of MTX. More studies into the functional role of miRNAs in relation to drug response
would be of value as this is an emerging field of science. (16)
Even though much effort has been put into pharmacogenetic research in pediatric
ALL, only few examples exist of the successful implementation of pharmacogenetic
knowledge into the clinics. (17-20) To date, only genetic variation in the Thiopurine
Methyltransferase (TPMT) gene has been implemented as pharmacogenetic marker
during 6-Mercaptopurine therapy in the clinical care of pediatric ALL patients. (21-23)
Many obstacles exist when trying to translate pharmacogenomic research into clinical
practice. Many studies have been underpowered, studied cohorts were heterogeneous
with regard to clinical- and treatment- characteristics and results were often not
validated in independent cohorts. (17, 19, 24) Another complicating factor in studying
pharmacogenetics of especially complex traits, such as the multifactorial process of
developing MTX-induced oral mucositis, is that the majority of effect sizes of risk alleles
are small, typically with OR <1.5. (5, 24) The combination of a weak effect of one single
variant in a complex trait and the relatively small sample sizes of studies, present a major
challenge in identifying truly clinically relevant associations. Therefore, large nationaland international collaborations are required. These collaborations should not only
evaluate genetic variants of MTX-induced toxicity as these have been disappointing and
largely negative, but also of variants related to toxicity due to other regimens. In these
studies, it is important to have clear case-control definitions of the toxicity outcome
measures. Currently, different phenotypes such as gastrointestinal and oral mucositis
are often studied together to increase power, but it might very well be that the underlying
mechanisms are different and that combining phenotypes masks possibly relevant
associations. Before performing such large-scale studies, procedures to systematically
collect genetic material in large genomic biobanks linked to systematically collected
toxicity data from electronic patient records should be set in place. This requires a
broad informed consent from patients and parents making the material and clinical
data suitable for multiple studies in the future. In these studies, complex gene-gene and
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gene-environment interactions should be taken into account as the strategy of studying
single variant associations has not proven to be very successful. (5) When a relevant
genetic variant has been identified, clinical trials are required to determine whether
pharmacogenetics-guided dosing is effective. (17, 19) If successful, structured guidelines
including evidence and instructions to adjust dosing of therapy or to use alternative
effective therapy in patients with ‘high-risk’ genotypes need to be developed. (17, 19)
MTX affects epigenetic features such as methylation through inhibiting one-carbon
metabolism. We showed that, although global methylation markers did change during
HD-MTX therapy, they were not associated with the development of MTX-induced
oral mucositis. Changes of LINE1 DNA methylation status and SAM levels during
HD-MTX therapy were small. These global methylation changes should be validated
using other methods, such as an LC-MS/MS method to measure 5-methylcytosine
and 5-hydroxymethylcytosine. In future studies, it would be of value to investigate
gene-specific DNA methylation changes using an Illumina methylation EPIC array in
combination with gene expression arrays to assess whether we could identify valuable
biomarkers in relation to MTX-induced toxicity. Here, it should be taken into account
that concomitant therapy such as 6-Mercaptopurine and folinic acid rescue therapy
and other environmental factors, such as diet, could potentially affect DNA methylation
status. (25-27) Furthermore, it is important to study methylation markers in the tissue
of interest, such as the oral mucosa, as DNA methylation status and gene expression
levels differ per cell type and tissue. (28, 29)
Children with acute lymphoblastic leukemia (ALL), especially above the age of 4
years, are at increased risk of vitamin D deficiency. Previous studies showed that low
vitamin D levels were associated with an increased inflammatory mucosal state and
impaired mucosal tissue barriers. (30-32) We showed that vitamin D levels before
start of MTX therapy were not associated with the development of oral mucositis.
However, we observed a decrease in 25(OH)D3 levels during MTX therapy in children
with ALL with oral mucositis compared to children without oral mucositis. We were
not able to verify whether a decrease in vitamin D levels preceded the occurrence
of oral mucositis or vice versa. An explanation for the decrease in vitamin D levels is
that patients suffering from severe oral mucositis are often admitted to the hospital
where they have a more impaired intake, have less sunlight exposure and might have
impaired vitamin D uptake due to gastro-intestinal mucositis compared to patients
without oral mucositis. Subsequently, a decrease in vitamin D levels may lead to an
increased inflammatory state of the mucosa. This would fit with the hypothesis that
the pathobiology of chemotherapy-related mucositis includes an inflammatory part, in
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which both cytokine-release of TNFα, IL-6 and IL-1β and cellular infiltration of immune
cells in the mucosa play a role. (30, 33, 34) Future studies could examine the effect of
vitamin D supplementation to decrease oral mucositis. In these studies, the effect of
vitamin D supplementation on survival of leukemic cells should be investigated as well
and the safety of this intervention needs to be established first.
Other possible determinants of MTX-induced oral mucositis
The development of oral mucositis during HD-MTX is a multifactorial process. In this
thesis, we discussed genetic, epigenetic and biochemical determinants of oral mucositis.
However, other determinants might contribute.
Many interventions in the different phases of the 5-phase model of developing oral
mucositis, as proposed by Sonis et al., such as agents promoting mucosal growth
(Palifermin, oral Insulin) or agents blocking pro-inflammatory cytokines (anti-TNF-α),
have been tested in pre-clinical and clinical trials, but none of them have shown
consistent improvement of oral mucositis. (35-37) Intervening in only one step of
the 5-phase model may not be sufficient. However, it could also be that the 5-phase
model is more complex than previously believed. In depth assessment of the exact
pathophysiology of mucositis and the role of tight junctions and microbiota in relation
to developing oral mucositis may provide further insight. (38-41)
Studies on clinical risk factors such as age, sex, body mass index, body surface area,
renal function and neutrophil count in adult settings showed conflicting results. (4244) In children, risk factors for developing MTX-induced oral mucositis have not been
studied in detail, which may be the subject of future large cohort studies. (37) In these
cohorts, studying differences in supportive care measures such as pre-hydration, urine
alkalinization and the use of carboxypeptidase in relation to developing MTX toxicities
would be worthwhile.
The St. Jude group individualizes HD-MTX and LV therapy based on MTX plasma levels.
(45) It remains debatable whether the risk of developing toxicity is directly related to high
MTX plasma levels which rise and fall quickly or, for instance, more to high intracellular
MTX-PG levels which build up slowly and are retained intracellularly for a longer period
of time. (46) The St. Jude group does show only a 3% rate of grade ≥3 gastrointestinal
toxicities compared to the higher rates of around 15-30% usually reported in literature.
The authors attributed this difference to the use of the individualized regimen, but also
to the use of 5 Leucovorin doses compared to 3 Leucovorin doses used in most current
treatment protocols. (45) Especially since both plasma and intracellular MTX-PG levels
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after intravenous HD-MTX have shown large interindividual variability, studying the
effect of both these measures on developing toxicity and the use of more Leucovorin
doses to prevent toxicity in more detail could be worthwhile.
In addition, several studies suggested that a possible circadian rhythm in drug response
might contribute to interindividual differences in MTX response. (47-49) These studies
are based on the hypothesis that in normal healthy tissues an endogenous physiological
circadian clock affects cell cycle, DNA repair and drug- metabolism and detoxification
mechanisms and that timing of a chemotherapeutic during the day affects response.
(47) In mice studies it was shown that administering MTX around midnight was
associated with less toxicity compared to administering MTX early in the morning and
during the day. (48, 49) It would be of interest to investigate whether improved efficacy
and less toxicity is observed when MTX and/or Leucovorin is administered near the time
of best tolerability, due to (a) inherently poor circadian rhythm of leukemic cells and (b)
persistent circadian rhythm of healthy tissues, such as the mucosal epithelium. (47)
Another interesting emerging field of science concerns the premise that a dietary
restriction or fasting is associated with ‘triggering’ cellular protection mechanisms
and with less chemotherapy-induced toxicity. (50-52) Until now, the dietary
recommendations during cancer therapy mainly focused on an increase in calorieand protein intake. However, fasting has been demonstrated to selectively protect
healthy cells, but not cancerous cells against the effect of chemotherapeutic agents.
(50) Because proto-oncogenes function as key negative regulators of the protective
changes induced by fasting, cells expressing oncogenes, and therefore the great
majority of cancer cells, should not respond to the protective signals generated by
fasting, promoting the differential protection of normal and cancer cells. (50) Additional
pre-clinical and clinical studies are necessary to study whether fasting has the potential
to be translated into effective clinical interventions to reduce chemotherapy-induced
toxicity.
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Figure 1. Possible determinants of MTX-induced oral mucositis
A summary of possible determinants of MTX-induced oral mucositis.

Folinic acid (Leucovorin) rescue therapy
Since the introduction of HD-MTX courses in pediatric ALL, the courses have been
accompanied with the administration of LV rescue therapy to reduce toxicities such as
oral mucositis. LV is a reduced folate and that could bypass the block of Dihydrofolate
Reductase (DHFR) by MTX, thereby restoring purine- and thymidine- synthesis during
consecutive HD-MTX and LV courses. Leucovorin and MTX are structural analogues and
could compete for cellular transport-, polyglutamylation-, and enzyme-binding (DHFR/
TS) mechanisms. (53, 54) While it is generally accepted that LV decreases toxicities such
as oral mucositis after antifolate therapy, the basis for the most effective dosing- or
timing regimen of LV to reduce oral mucositis rates without interfering with the efficacy
of leukemia treatment remains unknown.
We reviewed literature and showed that in current pediatric ALL treatment protocols
early initiation of LV after start of MTX as well as higher cumulative LV doses seems to
reduce the oral mucositis rate. However, studies were of moderate quality and none of
the studies was actually designed to study the optimal dosing or timing of LV therapy.
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We identified the need for studies into the effect of HD-MTX and LV to determine the
most optimal dosing- and timing- regimen to prevent oral mucositis.
Up till now, studies on the effect of MTX and LV in healthy human oral mucosa cells
were absent. Previous mouse studies showed a decrease in histological damage to
the jejunal- and oral mucosa after LV administration. (55-58) Others used tumour
cell lines or gastro-intestinal mouse tissue to investigate the effect of MTX and LV
on gastrointestinal epithelium. (59, 60) Both cell culture models and mouse models
do not always reliably predict clinical utility of therapies. (61, 62) Hence, there is a
need for better models. We therefore used a 3D organoid model of wildtype human
oral epithelium in which we showed that MTX-induced cell death of oral mucosa cells
could be rescued by LV in a time- and dose-dependent way. We showed that an earlier
start of LV after MTX, and the implementation of a LV pre-treatment before high-dose
methotrexate infusions reduced oral mucosa cell death.
As previously mentioned, oral mucositis is a complex process in which cell death is
only one of the hallmarks (33, 42). The generation of Reactive Oxygen Species (ROS)
and or pro-inflammatory cytokines have been previously described as other hallmarks
of the clinical phenotype in addition to therapy-induced cell death (33). Furthermore,
it has been suggested that the bacterial microbiome might play a role in developing
oral mucositis. It would be of interest to study the effect of these factors in future
models (33). Co-cultures of organoids and immune cells and co-cultures of bacteria
and organoids are feasible and have been described (63, 64). Therefore, the established
model holds the potential to be extended to recapitulate the clinical phenotype of ‘oral
mucositis’ in more detail.
Since the introduction of LV rescue therapy in clinics, concerns have been raised that
LV could also rescue tumor cells from cell death – the folate overrescue concept. LV and
MTX are structural analogues and (1) might compete for the same cellular transport
mechanisms, (2) might compete for binding sites of FPGS/GGH/DHFR/TS or (3) LV might
be able to restore normal DNA- and RNA- synthesis by bypassing the DHFR/TS block.
Both pediatric ALL studies (65-68) and rheumathoid arthritis (RA) studies (69, 70) have
suggested that Leucovorin rescue therapy decreases toxicity rates, but may increase
the risk of relapse in ALL and decrease the treatment efficacy in RA. In contrast, several
studies advocate the use of higher doses of Leucovorin to reduce toxicity as they were
not able to show decreased treatment efficacy of high-dose MTX in combination with
Leucovorin. (71-73)
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To assess the effect of an earlier start of LV and pretreatment with LV on leukemic
blasts, we studied the in vitro effect of LV rescue and a LV pre-treatment on MTX toxicity
in both B- and T-cell leukemia cell lines. Here, the effect of pre-treatment and LV rescue
was present, but less pronounced than in oral mucosa cells. We showed that leukemia
cell lines were in general more sensitive to MTX than oral mucosa cells. In line with
this, previous in vitro and in vivo studies suggested a possible “selective” mechanism
of MTX in leukemia versus healthy intestinal and bone marrow cells. They showed an
accumulation of high levels of MTX-PG in leukemia- and solid tumor cell lines, whereas
only low levels of MTX-PG accumulated in intestinal and bone marrow precursor cells.
(59, 60, 74-78) It was proposed that the high levels of MTX-PG in leukemia cells were
not likely to be affected by LV rescue therapy, whereas LV rescue therapy might benefit
healthy cells where lower levels of MTX-PG accumulated. (54) However, whether these
differences in MTX-PG levels between tumor and healthy cells were correlated to
different cytotoxic response to MTX and/or LV was not clearly shown. (59, 60, 74-77) In
line with these results, we showed that in general MTX-PG accumulation in oral mucosa
organoids was lower than in leukemia cell lines. This suggests a different level of activity
of the FPGS and GGH enzymes in leukemic blasts versus oral mucosal cells. We are
the first to present that FPGS activity in human oral mucosa cells is indeed 5.5-fold
lower than in leukemia cell lines. Previous studies showed that FPGS activity in primary
leukemia cells is even higher than in a reference leukemia cell line, which is consistent
with the notion that FPGS activity is linked to the proliferation and differentiation status
of cells. (79, 80) Taken together, these observations support the fact that primary
patient-derived ALL cells (especially B-ALL when compared to T-ALL) are highly sensitive
to MTX due to a high proliferation rate and high FPGS activity and thus might be less
affected by LV than oral mucosa cells. (78)
It would be of value to test the effect of LV and MTX on intracellular metabolism and
cytotoxicity not only in vitro in leukemic cell lines, but also in primary leukemia cells
of patients. In these cells, it is important to take into account that MTX in previous
studies was not cytotoxic to patient-derived ALL cells in total-cell-kill assays, such as
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, putatively
due to the rescue effects of hypoxanthine and thymidine released from dying cells.
(81) Alternatively, a thymidylate synthase inhibition assay (TSIA), based on inhibition
of the TS-catalyzed conversion of 3H-dUMP to dTMP and 3H2O which correlated with
MTT cell viability results, has been previously reported to circumvent this problem. (81)
In this thesis we assessed a possible folate ‘overrescue’ phenomenon in more detail.
We are the first to show that red blood cell folate levels increased during high-dose
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MTX and LV therapy in pediatric ALL, suggesting that Leucovorin is able to restore the
intracellular folate pool which may potentially affect treatment efficacy. This is in line
with a previous study in osteosarcoma patients receiving an even higher dose of MTX
(8 - 16 g/m2/dose) and LV rescue therapy. (82) We showed that MTX-PG levels increased
in parallel with folate levels. Both folate and MTX-PG levels increased most steeply after
the first two HD-MTX and LV courses and levels plateaued after the two last courses.
The ratio folate/MTX-PG decreased over time, which was mostly due to the high relative
increase of MTX-PG levels over time. No decrease or less steep increase of intracellular
MTX was observed, which was expected if a large competition for cellular transport
mechanisms would have been the case. An explanation for the fact that MTX-PG and LV
did not seem to have a large competition for the use of cellular transport mechanisms
could be due to passive diffusion of MTX across the membrane due to the use of high
doses. (83) Even though we did not show a large competitive effect on cellular transport
level, it remains important that the restoration of the intracellular folate pool could
lead to a competition for binding sites of DHFR/TS or a restoration of normal DNAand RNA- synthesis through bypassing the DHFR/TS block within cells. This could be
the case in both healthy cells, leading to less toxicity during consecutive HD-MTX and
LV courses, but also in leukemic blasts, leading to a decreased treatment efficacy. In
future studies, it would be of value to assess whether DNA- and RNA-synthesis are
restored after LV therapy using 5-ethynyl-2’-deoxyuridine (EdU) and 5-ethynyluridine
(EU) incorporation assays and to assess whether less tumor cells go into apoptosis as
the increase of intracellular folate levels is only circumstantial evidence. A complicating
factor is that, at the time of start of protocol M, patients are in clinical remission and no
measurable amount of leukemic blasts is present in the peripheral blood. This makes
it impossible to study folate and MTX-PG levels in relation to the effect on leukemic
blasts in vivo during protocol M. In our study we performed measurements in red blood
cells, which are expected to reflect intracellular folate and MTX-PG levels of other cells
such as leucocytes. In future studies, it would be of value to determine folate- and
MTX-PG levels in nuclear cells such as leucocytes, as erythrocytes do not have a nucleus
nor mitochondria and therefore no active formation of DNA- or RNA structures. (84)
Techniques to perform such measurements are currently being developed and should
provide us with further knowledge on the interaction between intracellular folate and
MTX-PG levels.
Taken these results together, we would plead for a reserved use of extra, increased or
prolonged doses of systemically administered LV outside of current standard protocols
as treatment efficacy may potentially be affected, until more data are available on the
possible selective mechanism of MTX and LV in leukemic cells versus normal healthy
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cells. In the soon to be launched ALL-TOGETHER treatment protocol, HD-MTX and LV
courses will not be administered in a 2-weekly regimen, but in a 3-weekly regimen.
In addition, 2x 2 blocks of HD-MTX and LV are administered instead of 4 subsequent
courses with a longer time interval in between. The hypothesis is that possible
intracellularly accumulated LV will decrease more within the 3-weekly regimen and
before the second bock of 2x HD-MTX courses and will allow for full effectivity of MTX
treatment. It would be interesting to assess whether in this treatment regimen more
side effects will occur.
In future studies, it could be investigated whether local oral application of LV instead
of systemic administration of LV decreases the incidence or severity of oral mucositis.
This is especially of interest as previous studies in healthy subjects have suggested a
more favourable ratio of active to inactive plasma folates after oral administration of
LV as compared to intravenous LV administration. (85, 86) LV formula prepared in a
concentration of 0.1 mg/mL to apply locally to the oral mucosa is available in clinics.
Before introducing such an application to clinics, we would need to assess whether
locally applied LV to the oral mucosa could lead to systemic LV levels interfering with
leukemia treatment. Hypothetically, when we would locally administer 5 mL of a formula
with 0.1 mg/mL to the oral mucosa of a patient of 10 kg with a distribution volume of
3.2 L/kg, in a scenario where 100% of the formula would enter the systemic circulation,
this would lead to a concentration of 0.5 mg*3.2*10 kg = 16 ng/mL. Previous studies
showed that intravenous administration of 50 mg LV leads to much higher peak plasma
levels around 1 µg/mL with a short plasma half life of around 30 minutes. (85) Even
though we do not prove that local administration does not affect leukemia treatment,
it is unlikely that the extreme low LV plasma concentration reached after this type of
local application will affect MTX toxicity in leukemia cells.
Finally, it would be of value to study the effect of different dosing- and timing- regimens
of LV after HD-MTX in a clinical trial setting as the current regimens used are largely
based upon empirical data and clinical experience. A preclinical in vivo study to establish
safety of such interventions with regards to leukemia treatment would be essential.
Toxicity Registration
Within the field of therapy-induced toxicity an important issue to address is toxicity
registration. When performing toxicity research, one quickly realizes that current toxicity
registration in the setting of clinical trials during pediatric oncology treatment is flawed.
Registries are largely based on retrospectively obtained data from electronic patient
files. On one end, this current practice is accompanied with missing- and low quality
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data, on the other end, with an inefficient and time-consuming effort of data-managers
to obtain this large amount of data in retrospect and to enter the data manually in
separate databases. (87, 88) It has become increasingly important to improve the
efficiency and quality of data collection and to identify and eliminate unnecessary
complexity in order to manage the evermore increasing amount of data. (87)
Currently, side effects during childhood cancer therapy are mainly registered within the
context of clinical trials, with a focus on Adverse Events (AE), Serious Adverse Events
(SAE) and Dose-Limiting Toxicities (DLT). Within the clinical trial setting, AE reporting
is based on the Common Terminology Criteria for Adverse Events (CTCAE). (89) The
CTCAE describes many adverse events in general terms and was not designed for the
pediatric situation, but is still the most widely used method of toxicity registration in
clinical settings. New consensus definitions of rare toxicities, for which the CTCAE are
not useful, such as a set of 14 toxicities in pediatric ALL defined by the Ponte di Legno
Toxicity Workgroup have appeared over the last years. (90) Clinical trial registries showed
significant variation of AE rates across different centers and especially symptomatic AEs
(eg. pain/nausea) were underreported. (88, 91) In routine pediatric cancer care outside
of the clinical trial setting, documentation and reporting of adverse effects of therapy
is variable between health care providers and often omitted. (92) In addition, several
studies have reported that, compared to child self-report of symptoms, clinicians
often under-report the prevalence and severity of treatment-related symptoms by
children. (93, 94) This is a pity as evidence suggests that systematic registration of
toxicities enhances symptom management and control, leads to better communication
between the patient and doctor, and improves the child’s satisfaction and comfort (95).
Furthermore, significantly less emergency room (ER) admissions, less hospitalizations,
improved overall survival and better health-related quality of life (HRQL) were observed
in patient groups that self-reported their symptoms (96, 97). It therefore seems that
we would benefit from patient- or proxy-reported presence and severity of toxicities
in pediatric oncology.
Another ongoing discussion in the field of clinical trial toxicity registration is the
importance of finding a balance between the need of valid and accurate registering
of toxicities and the administrative pressure of ‘over-registering’ toxicities. Previous
studies have shown that only 3% of registered toxicities in clinical trials are CTCAE grade
3 or higher. (87, 98) It has been advocated that by reducing the burden by omitting
registration of CTCAE grade 1 – 2 toxicities, the quality of a toxicity registry might
improve by registering a smaller set of data. (87, 99) In contrast, it has been argued that
lower grade CTCAE toxicities that occur during a longer period of time might impact
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the quality of life of patients more than short-lasting grade 3 CTCAE toxicities. (100)
In future studies, the patient- and parent perspective needs to be taken into account
into this discussion and one might come to a smaller set of the most burdensome
clinically relevant toxicities to be registered. Both the implementation of automatic data
extraction of relevant clinical toxicity data from the electronic patient file using more
advanced ICT as well as the implementation of patient- and parent-reporting tools for
reporting symptomatic toxicities are expected to decrease the registration-load of
already over-solicited clinicians and data-managers.
Conclusions and Future Directions
This thesis contributed to current existing knowledge on the effect of LV on MTXinduced cell death in the human oral mucosa and determinants of MTX-induced
oral mucositis in pediatric ALL. When it comes to determinants of MTX-induced oral
mucositis, genetic polymorphisms do not seem to play a large and clinically relevant role
in the development of MTX-induced oral mucositis. Future research could be directed
into other mechanisms of developing oral mucositis, such as the role of inflammatory
pathways, the circadian rhythm of cells in relation to drug response and dietary
restrictions to reduce toxicity. Future research into the predictive role of MTX plasma
levels or intracellular MTX-PG levels of toxicity and possible individualized treatment
MTX and LV regimens would be of value. We showed in an in vitro model the first
preclinical data that patients might benefit from earlier start of LV or a pre-treatment
before start of HD-MTX with local LV to reduce oral mucositis. Based on our observation
that LV is able to restore the intracellular folate pool after HD-MTX treatment, we would
plead for a reserved use of extra, increased or prolonged doses of systemic LV outside
of current standard protocols as treatment efficacy may potentially be affected. Future
studies should be directed into elucidating possible selective mechanisms of action
of MTX and LV in leukemia versus normal healthy cells. In all this, the field of toxicity
research would benefit from more integrated within-hospital and global infrastructures
to register toxicities in a consistent, valid, reliable and efficient way.
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ENGLISH SUMMARY
High-dose Methotrexate (HD-MTX) is an important component of pediatric ALL
treatment. Children with ALL receiving HD-MTX and folinic acid rescue (Leucovorin
– LV) therapy show a large interpatient variety in pharmacokinetics of MTX and the
occurrence of side effects. Better understanding of this heterogeneous response would
aid in developing more personalized therapy regimens. Despite administration of LV
rescue therapy, 20% of patients develop severe MTX-induced oral mucositis leading to
treatment delays and an impaired quality of life. In this thesis, we aimed to determine
both the role of several (epi)genetic and biochemical determinants of HD-MTX induced
oral mucositis as well as to elucidate the role of folinic acid rescue therapy after HD-MTX
in relation to oral mucositis in children with ALL.
We performed several candidate-gene studies and a review and meta-analysis of
all previously studied genetic variations in relation to MTX-induced oral mucositis/
gastrointestinal toxicity. When analyzing the adult and pediatric population together,
MTHFR c.677C>T is a valuable candidate to study in future genetic prediction models. The
role of MTRR c.66A>G, SLC19A1 c.80G>A, SLCO1B1 c.1865+4846T>C and c.1865+248G>A
remains unclear and should be further studied in large, homogenous cohorts with
clear case-control definitions. Genetic variation in miR-1206 has potential as a novel
biomarker to predict methotrexate-induced toxicity, but functional studies to determine
the effect of this miRNA on therapy-induced toxicity are necessary. In a subgroup
analysis of the pediatric subpopulation, none of the associations remained significant.
We therefore conclude that, even though pharmacogenetic markers might play a small
role in the development of MTX-induced oral mucositis in pediatric ALL, they are not
likely to become important in clinically relevant prediction models.
As MTX inhibits folate metabolism, which is essential for DNA methylation, we studied
global methylation markers in relation to the development of MTX toxicity. We showed
that although global methylation markers did change during methotrexate therapy,
methylation status was not associated with developing oral mucositis in pediatric ALL
patients. In future studies, it would be of value to perform DNA methylation analyses using
an Illumina methylation EPIC array in combination with gene expression arrays to assess
whether the possible gene-specific methylation changes and concomitant alterations in
gene-expression profiles would be valuable biomarkers for MTX-induced toxicity.
Previous studies showed that low vitamin D levels were associated with an increased
inflammatory mucosal state and impaired mucosal tissue barriers. We showed that
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vitamin D deficiency occurs frequently in pediatric ALL patients, especially above the
age of 4 years. A decrease in 25(OH)D3 levels during MTX therapy was observed in
children with ALL that developed severe oral mucositis. Future studies could focus on
further elucidating the effect of low vitamin D levels or a decrease in vitamin D levels
on the inflammatory state of the oral mucosa and developing oral mucositis. If the
relation between low vitamin D levels and the development of oral mucositis is causal,
it is worthwhile to examine the effect of vitamin D supplementation to decrease oral
mucositis.
Since the introduction of HD-MTX courses in pediatric ALL, the courses have been
accompanied with the administration of LV rescue therapy to reduce toxicities such
as oral mucositis. LV is a reduced folate and that bypasses the block of Dihydrofolate
Reductase (DHFR) by MTX. The basis for the most effective dosing- or timing regimen
of LV to reduce oral mucositis rates without interfering with the efficacy of leukemia
treatment remains unknown. Our review of the literature showed that higher cumulative
LV doses and early initiation of LV after start of MTX seemed to reduce oral mucositis.
However, studies were of moderate quality and none of the studies was actually
designed to study the optimal dosing or timing of LV therapy. We identified the need
for studies on the most optimal dosing- and timing- regimen to reduce oral mucositis.
Up till now, studies on the effect of MTX and LV in healthy human oral mucosa cells
were absent. Although valuable, we now know that both cell culture models and mouse
models do not always reliably predict clinical utility of therapies. Hence, there is a need
for better models that more closely recapitulate the in vivo situation. We therefore
used a 3D organoid model of wildtype human oral epithelium in which we showed
that MTX-induced cell death of oral mucosa cells can be rescued by LV in a time- and
dose-dependent way. We showed that an earlier start of LV at 12-24 hours after MTX,
and the implementation of a LV pre-treatment before high-dose methotrexate infusions
reduced oral mucosa cell death. These results indicate that patients might benefit from
earlier start of LV or a pre-treatment with LV of the oral mucosa before start of HD-MTX.
In our in vitro leukemia cell line studies, the effect of pre-treatment with LV and LV rescue
was present, but less pronounced than in oral mucosa cells. We showed that leukemia
cell lines were in general more sensitive to MTX and accumulated higher intracellular
MTX-PG levels than oral mucosa cells. However, it is crucial to further investigate the
effect of early LV rescue and a LV pre-treatment on leukemia cells, before any claims
can be made on clinical testing of such an intervention.
Since the introduction of LV rescue therapy in clinics, concerns have been raised that
LV could also rescue tumor cells from cell death – the folate overrescue concept. To
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investigate this, we performed two clinical studies that showed intracellular folate levels
accumulate after consecutive HD-MTX and Leucovorin therapy in children with ALL,
suggesting that Leucovorin restores the intracellular folate pool. This accumulation
of intracellular folate levels was not accompanied with a decrease or with a slower
increase of intracellular MTX-PG levels, suggesting no large competition effect of these
two agents for the same cellular transport mechanisms. However, the increase of folate
during HD-MTX and LV treatment might still affect treatment efficacy through other
cellular mechanisms such as competition for binding sites of FPGS/GGH/DHFR/TS or
the fact that LV might be able to restore normal DNA- and RNA- synthesis by bypassing
the DHFR/TS block, which should be further elucidated. In this, possible mechanisms
of “selectivity” between tumor and healthy cells in response to MTX and/or LV should
be investigated.
This thesis contributed to current existing knowledge on the effect of LV on MTXinduced cell death in the human oral mucosa and determinants of MTX-induced oral
mucositis in pediatric ALL. Future research could be directed into other mechanisms
of developing oral mucositis, such as the role of inflammatory pathways, the circadian
rhythm of cells in relation to drug response and dietary restrictions to reduce toxicity.
Future research into the predictive role of MTX plasma levels or intracellular MTX-PG
levels of toxicity and possible individualized treatment MTX and LV regimens would be
valuable. We showed in an in vitro model the first preclinical data that patients might
benefit from earlier start of LV or a pre-treatment before start of HD-MTX with locally
applied LV to reduce oral mucositis. Based on our observation that LV is able to restore
the intracellular folate pool after HD-MTX treatment, we would plead for a reserved
use of extra, increased or prolonged doses of systemic LV outside of current standard
protocols as treatment efficacy may potentially be affected. Future studies should be
directed into elucidating possible selective mechanisms of action of MTX and LV in
leukemia versus normal healthy cells. In all this, the field of toxicity research would
benefit from more integrated within-hospital and global infrastructures to register
toxicities in a consistent, valid, reliable and efficient way.
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NEDERLANDSE SAMENVATTING
Hoge-Dosis Methotrexaat (HD-MTX) is een belangrijk onderdeel van de behandeling
van acute lymfatische leukemie (ALL) bij kinderen. Kinderen met ALL, die HD-MTX en
folinezuur ‘rescue’ (Leucovorin - LV) behandeling krijgen, laten een grote interindividuele
variabiliteit zien in de farmacokinetiek, farmacodynamiek en het optreden van
bijwerkingen in respons op behandeling. Een beter inzicht in welke patiënten een hoog
risico hebben op het ontwikkelen van bijwerkingen zou helpen bij het ontwikkelen
van meer gepersonaliseerde therapieën. Ondanks toediening van LV ‘rescue’ therapie,
ontwikkelt 20% van de patiënten ernstige orale mucositis als bijwerking na HD-MTX. Dit
leidt tot uitstel van behandeling, extra ziekenhuisopnames en een verminderde kwaliteit
van leven. In dit proefschrift zijn we op zoek gegaan naar de rol van verschillende (epi)
genetische en biochemische determinanten en naar de rol van LV ‘rescue’ therapie bij
door HD-MTX geïnduceerde orale mucositis.
We hebben verschillende kandidaat-gen studies en een review/meta-analyse van
alle eerder bestudeerde genetische variaties in relatie tot MTX-geïnduceerde orale
mucositis / gastro-intestinale toxiciteit uitgevoerd. Bij de volwassen en pediatrische
populatie is MTHFR c.677C> T een waardevolle kandidaat SNP om te bestuderen in
toekomstige predictiemodellen. De rol van MTRR c.66A> G, SLC19A1 c.80G> A, SLCO1B1
c.1865 + 4846T> C en c.1865+248G>A blijft onduidelijk en moet verder worden
bestudeerd in grote, homogene cohorten met duidelijke case-controle definities.
Genetische variatie in miR-1206 heeft potentieel als een nieuwe biomarker om MTX
toxiciteit te voorspellen. Echter, functionele studies om het effect van dit miRNA
op therapie geïnduceerde toxiciteit te bepalen zijn noodzakelijk. In een subgroepanalyse van alleen de pediatrische populatie bleef geen van de genetische associaties
significant. We concluderen daarom dat, hoewel farmacogenetische markers een kleine
rol zouden kunnen spelen in de ontwikkeling van MTX-geïnduceerde orale mucositis bij
kinderen met ALL, ze waarschijnlijk niet belangrijk zullen worden in klinisch relevante
predictiemodellen.
Omdat MTX het folaat-metabolisme remt, dat essentieel is voor het tot stand komen
van DNA-methylering, hebben we globale methyleringsmarkers bestudeerd in
relatie tot de ontwikkeling van MTX-toxiciteit. We toonden aan dat hoewel globale
methyleringsmarkers wel veranderden tijdens MTX therapie, de methyleringsstatus
niet geassocieerd was met de ontwikkeling van orale mucositis bij kinderen met ALL. In
toekomstige studies zou het waardevol zijn om DNA-methyleringsanalyses uit te voeren
middels een Illumina methylering EPIC-array in combinatie met genexpressie-arrays
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om te beoordelen of de mogelijke genspecifieke veranderingen in DNA methylering
in combinatie met genexpressieprofielen waardevolle biomarkers voor MTX toxiciteit
zouden zijn.
Eerdere studies toonden aan dat lage vitamine D spiegels geassocieerd waren met
een verhoogde inflammatoire toestand en een aangetaste weefselintegriteit van de
mucosa. Wij toonden aan dat vitamine D-deficiëntie vaak voorkomt bij kinderen met
ALL-patiënten, vooral boven de leeftijd van 4 jaar. Een afname van 25(OH)D3-spiegels
tijdens MTX-therapie werd waargenomen bij kinderen met ALL die ernstige orale
mucositis ontwikkelden. Toekomstige studies zouden zich kunnen richten op het verder
ophelderen van het effect van lage vitamine D-spiegels op de inflammatoire toestand
van het mondslijmvlies en de ontwikkeling van orale mucositis. Als de relatie tussen
lage vitamine D spiegels en de ontwikkeling van orale mucositis causaal is, is het de
moeite waard om het effect van vitamine D suppletie op het verminderen van orale
mucositis te onderzoeken.
Sinds de introductie van HD-MTX kuren bij kinderen met ALL werd LV ‘rescue’
therapie toegediend om bijwerkingen zoals orale mucositis te verminderen. LV is een
gereduceerd folaat, dat het blok van Dihydrofolate Reductase (DHFR) door MTX omzeilt.
Het is onbekend wat het meest effectieve dosering- of timing- schema van LV is om
orale mucositis te verminderen zonder de werkzaamheid van leukemiebehandeling te
verstoren. Ons literatuuronderzoek toonde aan dat hogere cumulatieve LV doseringen
en vroege start van LV na MTX het voorkomen van orale mucositis leek te verminderen.
Studies waren echter van matige kwaliteit en geen van de onderzoeken was ontworpen
om de optimale dosering of timing van LV ‘rescue’ therapie te bestuderen. We
identificeerden de behoefte voor verdere studies naar het meest optimale doseringen timing-schema.
Tot nu toe waren er geen studies over het effect van MTX en LV in gezonde humane
orale mucosacellen. We weten dat zowel cel-modellen als muis-modellen niet altijd
betrouwbaar het klinische effect van therapieën voorspellen. Er is een behoefte
aan modellen die de in vivo situatie beter weergeven. We gebruikten daarom een
3D-organoïde model van humaan mondepitheel, waarin we aantoonden dat door MTX
geïnduceerde celdood van orale mucosacellen verminderd kon worden door LV op een
tijd- en dosisafhankelijke manier. We toonden aan dat vroege start van LV 12-24 uur na
MTX en de implementatie van een LV-voorbehandeling vóór MTX de mucosa-celdood
verminderden. Deze resultaten impliceren dat patiënten zouden kunnen profiteren van
een eerdere start van LV of een voorbehandeling met LV van de orale mucosa voor het
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begin van HD-MTX. In onze in vitro leukemie cellijn experimenten was het effect van LV
‘rescue’ en van voorbehandeling met LV eveneens aanwezig, maar minder uitgesproken
dan in orale mucosacellen. Leukemie cellijnen waren in het algemeen gevoeliger voor
MTX en accumuleerden hogere intracellulaire MTX-PG levels dan orale mucosacellen.
Het is cruciaal om het effect van eerdere start van LV en een voorbehandeling met
LV op leukemiecellen verder te onderzoeken, voordat een dergelijke interventie in de
kliniek kan worden bestudeerd.
Sinds de introductie van LV ‘rescue’ therapie is men erop bedacht dat LV leukemiecellen
zou kunnen redden van celdood – het zogenaamde folaat ‘overrescue’ concept. Om
dit te onderzoeken hebben we twee klinische studies uitgevoerd die aantoonden
dat intracellulaire folaat levels accumuleerden na behandeling met opeenvolgende
HD-MTX en Leucovorin kuren bij kinderen met ALL. Dit suggereert dat Leucovorin
de intracellulaire folaat pool herstelt. Deze stijging van intracellulaire folaat spiegels
ging niet gepaard met een afname of met een langzamere toename van intracellulaire
MTX-PG spiegels, wat suggereert dat er geen groot competitie-effect is van deze twee
middelen voor dezelfde cellulaire transportmechanismen. De toename van folaat
spiegels tijdens behandeling met HD-MTX en LV kan echter nog steeds de werkzaamheid
van de behandeling beïnvloeden via andere cellulaire mechanismen zoals middels
competitie voor bindingsplaatsen van de FPGS / GGH / DHFR / TS enzymen of middels
het feit dat LV mogelijk in staat is om normale DNA- en RNA-synthese te herstellen door
het DHFR/TS-blok te omzeilen. Dit moet in toekomstige studies worden onderzocht. In
deze studies moeten mogelijke mechanismen van “selectiviteit” tussen tumorcellen en
gezonde cellen in reactie op MTX en/of LV worden onderzocht.
Dit proefschrift heeft bijgedragen aan de huidige kennis over het effect van LV op
MTX-geïnduceerde celdood in de humane orale mucosa en determinanten van
MTX-geïnduceerde orale mucositis bij ALL bij kinderen. Toekomstig onderzoek kan
zich richten op andere mechanismen voor de ontwikkeling van orale mucositis,
zoals de rol van inflammatoire cascades, het circadiane ritme van cellen in relatie tot
medicatierespons en dieetbeperkingen om de toxiciteit te verminderen. Toekomstig
onderzoek naar de voorspellende rol van MTX-plasmaspiegels of intracellulaire MTXPG-spiegels in relatie tot het ontwikkelen van bijwerkingen en studies naar mogelijk
geïndividualiseerde MTX- en LV- behandeling zouden eveneens waardevol kunnen
zijn. We toonden in een in vitro model de eerste preklinische data dat patiënten
mogelijk baat hebben bij een eerdere start van LV of een voorbehandeling voor het
begin van HD-MTX met lokaal toegebrachte LV om orale mucositis te verminderen.
Op basis van onze waarneming dat LV in staat is om de intracellulaire folaat pool na
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Chapter 12
behandeling met HD-MTX te herstellen, zouden we pleiten voor een terughoudend
gebruik van extra, verhoogde of langdurige doses van systemische LV buiten de huidige
standaardprotocollen, omdat de werkzaamheid van de leukemiebehandeling mogelijk
kan worden beïnvloed. Toekomstige studies moeten gericht zijn op het ophelderen
van mogelijke selectieve werkingsmechanismen van MTX en LV in leukemie- versus
normale gezonde cellen. In dit alles zou het toxiciteitsonderzoek baat hebben bij meer
geïntegreerde interne en globale infrastructuren om bijwerkingen op een consistente,
valide, betrouwbare en efficiënte manier te registreren.

Samenvatting

243

12

List of Abbreviations
Curriculum Vitae
PhD Portfolio
List of Publications
Dankwoord

246

List of Abbreviations

LIST OF ABBREVIATIONS
AGO1

-

Argonaute 1

ALL

-

Acute Lymphoblastic Leukemia

BMI

-

Body Mass Index

CNOT4

-

CCR4-NOT transcription complex, subunit 4

CTCAE

-

Common Terminology Criteria for Adverse Events

CpG

-

Cytosine-phosphate-Guanine dinucleotide

DHFR

-

Dihydrofolate Reductase

DMSO

-

Dimethylsulfoxide

DNA

-

Deoxyribonucleic Acid

EDTA

-

Ethylenediamine Tetraacetic Acid

HD-MTX

-

High-Dose Methotrexate

HWE

-

Hardy Weinberg Equilibrium

LINE1

-

Long Interspersed Nuclear Elements 1

LV

-

Leucovorin

MEC

-

Medical Ethical Committee

MAF

-

Minor Allele Frequency

MAT

-

Methionine Adenosine Transferase

miR

-

micro-RNA

MTHFR

-

Methylenetetrahydrofolate Reductase

MTX

-

Methotrexate

NCI

-

National Cancer Institute

PVT1

-

Plasmacytoma variant translocation 1

RNA

-

Ribonucleic Acid

SAH

-

S-adenosylhomocysteine

SAM

-

S-adenosylmethionine

SAP

-

Shrimp Alkaline Phosphatase

SNP

-

Single Nucleotide Polymorphism

THF

-

Tetrahydrofolate

TNRC6B

-

Trinucleotide Repeat-Containing 6B

VDBP

-

Vitamin D Binding Proteins
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Now that you don’t have to be perfect, you can be good –
John Steinbeck (East of Eden)
Het is af! Na vier leerzame jaren verdedig ik vandaag mijn proefschrift. Ik ben veel
mensen dankbaar. De leercurve was stijl, de dalen soms diep, maar het uitzicht vanaf
de toppen die ik samen met jullie heb beklommen is prachtig.
Ten eerste wil ik alle patiënten en ouders die meegedaan hebben in mijn studies
bedanken. Jullie stelden je eigen lichaamsmaterialen en gegevens ter beschikking van
de wetenschap om niet zozeer jezelf, maar vaak anderen in de toekomst te helpen.
Zonder jullie inzet was dit proefschrift niet mogelijk geweest.
Alle kinderoncologen, verpleegkundigen, verpleegkundig specialisten en onderzoekers van
het Prinses Máxima Centrum voor Kinderoncologie. De afgelopen jaren waren hectisch.
Ik heb veel respect voor de manier waarop jullie je eigen protocollen en laboratoria, je
eigen vertrouwde manier van werken en vooral heel veel zekerheid achterlieten om te
vertrekken naar het Utrechtse onbekende. Dat moet niet makkelijk zijn geweest. Terwijl
velen dachten dat het jullie niet ging lukken, was de moraal en inzet voor de missie op
die eerste afdelingen van het centrum hoog. Ik hoop en heb er vertrouwen in dat jullie
de komende jaren de rust en de tijd zullen terugvinden om samen verder te bouwen
aan de allerbeste kinderoncologische zorg. Ik heb veel van jullie geleerd en daar ben
ik jullie dankbaar voor.
Prof. Dr. M.M. van den Heuvel-Eibrink, beste Marry, jouw inzet en enthousiasme voor
het Prinses Máxima Centrum waren groot, al ver voordat er zekerheid was. Dat leerde
me: je moet trots zijn op de organisatie waar je werkt en dat uitstralen. Bij deze excuses
dat ik toch vaak bij de inpakstress voor een congres mijn Prinses Máxima-speldje weer
vergat! Ik heb veel respect voor hoe jij ondanks je drukke agenda tijd wist te maken
als het nodig was. Dank voor de kansen en het vertrouwen. Dank voor je kritische blik.
En bovenal dank voor de groep getalenteerde, leuke collega’s die je iedere keer weer
samenstelde en die je ondersteunde op weg naar onze eigen verschillende carrières.
Prof. Dr. R. Pieters, beste Rob, dank voor het laten zien dat risico nemen op de lange
termijn kan leiden tot het ontstaan van een prachtig nieuw centrum. Toch wil ik je ook
vooral bedanken voor de eerste zes weken als ASAS eind 2014 op die kleine afdeling in
het WKZ. In die chaos extra hard lopen voor patiënten toen het centrum alleen nog in
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een droom bestond is waar ik écht lol in had. Dank voor je scherpe blik en commentaren
op mijn manuscripten. En dank dat je de meest serieuze vergaderingen of gesprekken
toch vaak wist af te sluiten met een relativerend grapje.
Dr. S.G. Heil, beste Sandra, na mijn eerste jaar op het klinisch chemisch lab in het
Erasmus MC vertrok ik al naar Utrecht. Jij liet me daarin volledig los, maar je deur stond
altijd open voor een goede discussie en een luisterend oor. Je bent rustig, kritisch en
vaak iets te bescheiden. Dat werkte goed samen! Ik waardeer het hoe we, naast het
reflecteren op ons onderzoek, ook konden reflecteren op onszelf en op ons eigen
handelen. Dank voor het ondersteunen van mijn eerste zelfstandige stappen als
klinische onderzoeker in het lab. Heel veel dank voor de goede begeleiding en het
vertrouwen.
Graag wil ik prof.dr. E.E.S. Nieuwenhuis, prof.dr. H. Clevers, prof.dr. J.H.E. Kuball, prof.dr. R.
van Schaik en dr. G. Jansen hartelijk bedanken voor het beoordelen van mijn proefschrift
en het plaatsnemen in de promotiecommissie. Dear prof.dr. Kjeld Schmiegelow, many
thanks for being a part of my thesis committee today and for letting me be part of the
inspiring Ponte di Legno Toxicity workgroup meetings over the last years.
Beste co-auteurs, hartelijk dank voor de prettige samenwerkingsverbanden. Jullie
scherpe pen en feedback hebben me een betere onderzoeker gemaakt. Een speciaal
woord van dank aan prof.dr. R. de Jonge, dr. S.M.F. Pluijm, dr. M. Fiocco en prof.dr.
W.J.E. Tissing. Beste Robert, dank voor mijn eerste goede dagen op de afdeling klinische
chemie in het EMC onder jouw leiding en dank voor de vele lessen over het folaaten MTX-metabolisme. Beste Saskia en Marta, veel dank voor jullie ondersteuning bij
statistische analyses en voor het vergroten van mijn epidemiologische kennis. Beste
Wim, dank voor je prettig kritische houding bij het lezen van mijn manuscripten en
voor je kennis over mucositis en supportive care. Beste Hedy, het was leuk om samen
in de avond- en weekenduren aan de review en meta-analyse te sleutelen! Beste Else,
heel veel dank voor al je kunde op het lab tijdens het organoid project, eindeloos veel
van geleerd! 
Beste prof.dr. Martha Grootenhuis, prof.dr. Michel Zwaan, prof.dr. Leontien Kremer,
prof.dr. Wim Tissing, dr. Saskia Pluijm, Jan Lieverst en Hester de Groot-Kruseman.
De discussies met jullie hebben me de vele kanten van het vraagstuk ‘hoe
toxiciteitsregistratie in te richten’ laten zien. Dank voor jullie kennis. Beste Ellen Kilsdonk
en Martin Laverman, dank voor het me duidelijk maken hoe eindeloos veel beter we
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de ICT-mogelijkheden in onze ziekenhuizen zouden kunnen benutten om patiënten
optimaal te helpen.
Beste Radha, Monique en Jacqueline, dank voor jullie hulp bij het maken van afspraken in
onmogelijke agenda’s, voor het zorgen dat mijn stukken weer hoger op de prioriteitenlijst
kwamen en voor de hart-onder-de-riem-speeches in de wandelgangen. Jullie straalden
altijd rust, overzicht en vriendelijkheid uit in de soms totale chaos.
Beste Bertrand en Pieter, heel veel dank bij het begeleiden van mijn eerste stappen
op het lab. Jullie rol in mijn proefschrift is onschatbaar! Naast de hulp met meten van
samples en het opzetten van nieuwe technieken, zaten jullie voor mijn gevoel beiden
al 100 jaar in het vak en heb ik veel van jullie geleerd. Daar kan je je als promovendus
die even voorbij komt waaien alleen maar bescheiden bij opstellen.
Beste studenten, Marijn, Veerle en Justine, wat hebben jullie hard gewerkt! Dank voor het
stellen van vragen waar ik het antwoord niet op wist. Heel veel dank voor jullie bijdrage
aan dit boekje en aan mijn vorming tot wetenschapper.
Lieve collega – onderzoekers op het klinisch chemisch lab in het EMC, een dagje werken
in Rotterdam voelde altijd alsof ik weer even in een oase van rust terecht kwam. Maja
and Pooja, the first year of my PhD with you was absolutely awesome! You are two of the
most generous, sweet and hard-working people that I know and I wish you all the best
for your future careers (smiley with the hands). Lieve Helen, Rutchanna en Chérina, heel
veel dank voor alle gezellige koffie’s, etentjes en de hulp als ik een bepaalde labtechniek
of statistische analyse niet begreep.
Lieve collega – onderzoekers van de kinderoncologie in het Erasmus MC en het Prinses
Máxima Centrum, lieve Lidewij, Saskia G, Ivana, Marissa, Mark, Anne-Lotte, Eva, Janna,
Vincent, Winnie, Michelle, Jenneke, Joeri, Sebastian, Justine, Annelienke, Eline, Ariadne, Pauline,
Madeleine, Marijn, Emma, en Annelot, eindeloos veel dank voor de vele relativerende
koffie’s, speciaalbiertjes en pink fluffy unicorns! De discussies met jullie hebben dit
proefschrift beter gemaakt. Jullie zijn een prachtgroep, die zich staande hield in een
tijd waarin veel dingen nog niet werkten. Het is onmogelijk om jullie in dit dankwoord
allemaal persoonlijk te bedanken, maar dat doe ik op één van de volgende VrijMiBo’s! Ik
ben er trots op dat ik met jullie mocht werken en de wetenschappelijke wereld mag in zijn
handjes knijpen met jullie als aanstormend talent. Vergeet vooral niet te blijven lachen:
whenever you’re sad, just stop being sad and become awesome instead – true story 
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Lieve familie en vrienden, bij jullie ben ik thuis. Ik hoop nog lang het leven met jullie te
vieren! Een aantal mensen moet ik in het bijzonder noemen:
Lieve Brabo’s, lieve Patrick, Karin, Else, Evie en Renée, dank dat jullie destijds dat meisje
met het rare Haagse accent hebben opgenomen in de 3e klas van de middelbare
school. Samen bier drinken, stampen op slechte carnavalsmuziek en Brabant van
Guus Meeuwis zingen met z’n allen schept een band. We wonen inmiddels door heel
Nederland verspreid, maar ik hoop jullie eens in de zoveel tijd nog te zien, want nog
steeds ‘ben ik op Brabant zo trots als een fiets’ ;)
Lieve BECO’s, lieve Maaike, AM en Nyn, het begon allemaal met port, bitterkoekjes en
een reis voor 50 studenten organiseren naar Krakau en Budapest. Ik hou veel van onze
eet-avonden, die na al die jaren nog steeds doorgaan en waar alle tijd en eerlijkheid is
om de leuke en de minder leuke dingen te delen!
Lieve dames van Agnodice, mijn studententijd werd nog leuker door jullie! In het bijzonder
moet ik de Agnodice – omaatjes noemen, lieve Lien, Viv, Maaike en Ana, avonden van thee
en bier drinken, datediners en vader- en moeder-dochterdagactiviteiten sleepten ons
door onze coschappen en eerste banen heen. Ik heb veel aan onze vriendschappen
en hoop nog vaak met jullie te eten!
Lieve Aurora’s, Maarten en aanhang, het getal 26 is in een nieuw daglicht komen te staan
door jullie. Jullie zijn het leukste bestuur dat ik ooit heb gekend. En nee, dat komt niet
alleen door Wilmar :P Ik hoop nog veel avonden met jullie mee te maken met verkleedoud-en-nieuw-feestjes, met Proost festivals en met discussies over hoe de wereld van
zorg en wetenschap toch écht flink beter ingericht zou kunnen worden.
Lieve oud-huisgenootjes, lieve Perijne, Bente en Aleid, dank dat ik als laatste toevoeging
deel mocht uitmaken van ons prachtige (soms een klein beetje uit elkaar vallende) huis
op de Gansstraat. Gedurende het grootste deel van onze studie deelden we daar lief,
leed en heel veel avonden met thee. Ik hoop dat we eens in de zoveel tijd nog eens bij
elkaar komen in één van onze eigen nieuwe paleisjes 
Lieve Sexy Club 7, lieve Iris, Bri, Willy, Naomi, Anne en Sanne + appendici of course, zo leuk
dat ik in het laatste jaar van onze studie nog bij jullie mocht aansluiten! De afgelopen
jaren werden de eerste stappen in ons werkende leven, de eerste huwelijken en de
eerste baby’s overdacht op vele borrels met kaasplankjes. Jullie zijn toppers!
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Lieve paranimfen, Lot en Loes, ik ben er trots op dat jullie aan mijn zijde staan vandaag.
Lieve Lot, jij bent mijn onmisbare andere helft van de NatAnnelot-samenwerking. Je
bent een schat van een mens en menig onderzoeksdipje werd overwonnen door een
flinke knuffel van jou! Je hebt de afgelopen jaren flink wat tegenslagen gehad. Ik ben
ongelofelijk trots op hoe je je overal doorheen slaat en op de megagroei die jij hebt
laten zien. Ik heb eindeloos veel van je geleerd. Onderzoeken met jou maakte alles
beter – lobi! Lieve Loes, my sister from another mother! Samen colleges volgen, samen
achter de bar staan, samen coschap lopen in Tanzania en vooral samen eindeloos op
de bank hangen en TLC kijken, terwijl we onze levenskeuzes - groot of klein - uitgebreid
overdachten. Je bent een prachtvrouw, stoer, eerlijk en sociaal. Diep respect voor hoe
jij nu botbreuken in Tanzania opereert en de Afrikaanse horizon tegemoet cruiset in je
eigen Landcruiser. Welk vakgebied je ook kiest, patiënten zullen blij zijn met jou als arts.
Ik hoop dat we tot het einde van onze dagen kunnen huilen van het lachen – en als het
écht niet anders kan heel misschien een zeer enkele keer van het huilen - om onszelf!
Lieve schoonfamilie, lieve Karin, Danny, Dion, Febri en Anne-Tess, dank voor het opnemen
van mij in jullie familie! Vanaf die eerste oudjaarsavond met jullie in een huisje voelde
ik me thuis bij jullie.
Lieve pa en ma, de lessen die ik van jullie heb geleerd zijn ontelbaar! Dank voor jullie
liefdevolle opvoeding, dank dat jullie me niet overal voor beschermden en dank dat
jullie me leerden dat je niet bang moet zijn nieuwe uitdagingen aan te gaan – liever
weloverwogen aan een nieuw avontuur starten dan vastroesten in sleur of cynisme
(#preekmaarweleenzinvolle). Bij jullie kan ik altijd terecht  Lieve broers, lieve Wil en
Wout, wat ben ik trots op jullie! De afgelopen ‘decade’ zijn jullie me niet alleen voorbij
gegroeid in lengte, maar zijn jullie van mijn kleine broertjes opgegroeid tot zelfstandige,
sterke en slimme mannen met baarden. Ik hoop dat we nog veel spelletjesavonden
zullen houden in de toekomst. Ik hou van jullie!
Allerliefste Wilmar, er is geen enkel woord dat op deze plek recht doet. De rest van de
bergen die voor ons ligt beklim ik vol vertrouwen met jou - op het avontuur!
Natanja

