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The ‘one-carbon metabolism’ research group of the
department of clinical chemistry focuses on one-car-
bon, folate and vitamin B12 metabolism. One-carbon
metabolism is crucial for human life because it gener-
ates a) purines and pyrimidines, the building blocks
of RNA and DNA, and b) methyl-groups necessary
for methylation reactions, which are essential in cel-
lular regulation. We have linked derangements in
one-carbon and folate metabolism to many diseases
such as cardiovascular disease (1), neurodegenerative
diseases, midline defects/congenital heart defects (2-
12), osteoporosis (13-15), infectious diseases (16), adult
and pediatric arthritis (17-19), and cancer (20-23). In
oncology, anti-folate Tomudex chemoteherapeutic
drugs such as methotrexate (MTX) and pemetrexed
(41) block crucial steps in one-carbon-metabolism and
thereby inhibit DNA replication and growth of rapidly
growing tissues. Anti-folates are also used in the treat-
ment of malaria, arthritis and dermatological diseases
like psoriasis. The aim of the one-carbon metabolism
research group is to perform genetic and metabolic
profiling of one-carbon-metabolism in order to inves-
tigate a) the regulation of its metabolism in health and
disease, b) how derangements in its metabolism affect
human diseases such as cancer, and c) how the folate
status affects anti-folate therapy (personalized medi-
cine) in patients in order to be able to individualize
anti-folate therapy to obtain maximal efficacy with
minimal toxicity (medicijn op maat). In this paper, we
will focus on the MTX study.
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High-dose MTX (HD-MTX) originally was devel-
oped in the 1940s as a chemotherapeutic drug in the
treatment of neoplastic diseases such as (pediatric)
Acute Lymphoblastic Leukemia (ALL) and other pro-
liferative diseases (24, 42). In the 1970s and 1980s, it
appeared that low-dose MTX (LD-MTX) also was ef-
fective for the treatment of Rheumatoid arthritis (RA)
and Juvenile Idiopathic Arthritis (JIA) and in today’s
practise it is the cornerstone disease-modifying anti-
rheumatic drug. Although MTX is an effective drug,
there is large inter-individual variation in the efficacy
and toxicity of MTX limiting its use (25, 26, 43). InRA
and JIA, efficacy varies between 30-70% depending
on the treatment regime and outcome measure. We
showed that 33% of JIA patients are non-responders
according to ACR30 criteria (17) and that adverse
events such as grade-3 or grade-4 mucositis occurred
in 25% of children treated with MTX for ALL (22). In
children with JIA, hepatotoxicity and gastrointestinal
toxicity are major problems and are the main reasons
for MTX withdrawl (27). In RA, 10-30% of patients
discontinue MTX because of toxicity (28). In current
practice, MTX is administered based on historical
precedent rather than on scientific knowledge and it is
seldom individually tailored, implicating a wide range
in MTX levels and variability in side effects (26).

Hypothesis MTX study

We hypothesize that derangements in the patient’s
cellular one-carbon and folate status modifies the re-
sponse to MTX treatment. Identifying predictors of
MTX efficacy and toxicity may lead to the develop-
ment of individualized treatment strategies with im-
proved efficacy and lower toxicity. To this end, we ini-
tiated three multicentre retrospective and prospective
MTX trials in the areas of RA (partly embedded in
the ‘treatment in Rotterdam Early Arthritis CoHort’
[tREACH] study in the South-West of the Nether-
lands), JTA (UMCU-WKZ and Erasmus MC-Sophia),
and ALL (UMCG-Beatrix, VuMC, and Erasmus MC-
Sophia).

Metabolism and mechanism of action of MTX

In HD-MTX treatment such as in ALL, > 500 mg/m?
MTX is infused followed by folinic acid (leucovorin)
rescue. In RA and JIA, LD-MTX (15-25 mg/week in
RA and 10-15 mg/m? in JIA) is given orally in a fixed
dose that may be increased when response is insuffi-
cient; folic acid is used to prevent adverse events. Sub-
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cutaneous (or intramuscular) injections are given when
response is insufficient, when patients do not tolerate
oral tablets or when compliance is low. Oral MTX
is actively absorbed in a capacity-limited process by
the proximal jejunum. Because of the relatively short
half-live (6-15 hours), intermittent LD-MTX admin-
istration once a week does not lead to accumulation
of MTX in plasma and hence, therapeutic drug moni-
toring is not possible in LD-MTX treatment. Plasma
MTX is mainly eliminated by the kidneys; 65-80% is
eliminated within 12 hours after administration. Cir-
culating MTX is taken up into cells via the solute car-
rier 19A1/reduced folate carrier (SLC19A1/RFC) and
is additionally transported into the cell via the solute
carrier 46A1/proton coupled folate transporter (SL-
C46A1/PCFT) and folate receptors (FOLR) 1 and 2
(figure 1) (29). Members of the adenosine triphosphate
(ATP) binding cassette (ABC) transporters including
ABCBI1/P-glycoprotein (P-gp), multidrug resistance
proteins (MRP/ABCC) as well as breast cancer re-
sistance protein (BCRP/ABCG2) function as ATP-
dependent MTX efflux transporters (29) albeit with
different affinity. Intracellularly, MTX is polyglu-
tamylated (MTX-PG) by folyl-polyglutamate synthe-
tase (FPGS) to a variability of chain-lengths (PG2-6)
competing with y-glutamyl hydrolase (GGH) that de-
conjugates glutamate residues (figure 1) (30). Polyglu-
tamylation retains MTX intracellularly because it is
no substrate for the MTX efflux proteins and a higher
degree of MTX polyglutamylation leads to stronger in-
hibition of the target enzymes in one-carbon metabo-
lism and purine the novo synthesis. In LD-MTX treat-
ment, the pentaglutamate (PGS5) is the highest order
of glutamylation detected while the triglutamate form
(PG3) of MTX predominates (31, 32).

Key enzymes in folate metabolism
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Figure 1. Cellular MTX transport routes for MTX influx and
efflux in relation to polyglutamylation and mechanisms for ar-
thritis suppression. MTX = methotrexate, MTX-PG = meth-
otrexate polyglutamates, ABCBI/ABCCI/ABCC2/ABCC3/
ABCC4/ABCC5/ABCG2 = adenosine triphosphate-binding
cassette transporter subfamily B/C/G member 1/2/3/4/5, FPGS
= folylpolyglutamate synthetase, FOLRI/2 = folate receptor
1/2, GGH = gamma-glutamyl hydrolase, SLC46A1/19A1 = sol-
ute carrier 46A1/19A1.
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Determinants of MTX efficacy and adverse events
We associated the RFC1 80G>A variant to an in-
creased susceptibility to ALL (21) indicating that this
polymorphism may be related to reduced folate uptake.
Furthermore, ALL patients carrying the MTHFR 1298
A>C and MTRR 66A>G variants showed decreased
in-vitro MTX sensitivity (20). Thus, patients carrying
these polymorphisms in folate-related genes might
need more MTX. In 81 pediatric ALL patients, we fur-
ther explored the relation between folate-related genes
and MTX toxicity (22). In line with literature data,
we observed side-effects such as mucositis in 25% of
children. MTHFR 1298 C-allele carriers needed less
blood transfusions (p=0.042) and showed a trend to
more rapid recovery of leukocyte count in high-risk
ALL patients (p=0.053). MTRR 66 G-allele carriers
showed a higher incidence of oral mucositis (p=0.018)
and the MTRR 66AG genotype was associated with a
slower recovery of platelet count in high-risk patients.
(p=0.004). Elevation of transaminase levels occurred
less frequently in patients with SHMT1 1420CT geno-
type (p=0.041). The MTHFR 677C>T SNP and the
MTRR 66A>G SNPs were identified as determinants
of impaired Bone Mineral Density (BMD) in 83 child-
hood ALL patients.

In LD-MTX treatment such as in RA and JIA, we
investigated how a deranged folate metabolism in-
fluences MTX response. In 205 RA patients from
the BeSt trial (18), purine pathway polymorphism
(AMPDI 34C>T, ATIC 347C>G, ITPA 94A>C) were
associated with good clinical response. The explained
variance (R?) for being a responder of each single
genotype was approximately 20%, which compared
favourably to classical risk factors such as the disease
activity score (DAS) at baseline (R?>=12%). For the
association with toxicity, only ATIC G-allelic carri-
ers experienced more adverse drug events (OR=2.0,
95%CI 1.1-3.7) (18). A cohort of 287 JIA patients treat-
ed with MTX was studied longitudinally over the first
year of treatment. The adenosine triphosphate-binding
cassette transporter Bl (ABCBI) gene polymorphism
rs1045642, OR: 3.66 (95%CI: 1.62-8.33; p=0.002) and
the ABCC3 rs4793665, OR: 2.70 (95%CI: 1.30-5.59;
p=0.008) showed higher odds to achieve MTX re-
sponse (submitted).

Prediction models of MTX efficacy and adverse
events

The first prediction model for MTX efficacy was suc-
cessfully constructed in 205 RA patients (19). The
model for MTX efficacy consisted of sex, rheumatoid
factor and smoking status, the DAS, and 4 polymor-
phisms in the AMPDI1, ATIC, ITPA, and MTHFDI1
genes. This prediction model was transformed into a
scoring system ranging from O to 11.5. Scores of <3.5
had a true positive response rate of 95%. Scores of 26
had a true negative response rate of 86%.

Similar to RA, MTX is the anchor drug in JIA. If JTA
patients are unresponsive to MTX, early and effec-
tive combination treatment with biologicals (TNFo
inhibitors, IL-1 receptor blockers or IL-6 blockers) is
required to prevent joint damage. To ensure that only
patients unresponsive to MTX receive early addition-
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al treatment with biologicals and those responsive to
MTX are spared costly drugs with potentially serious
adverse effects, it is crucial to predict those patients
who will be unresponsive to MTX monotherapy. In a
discovery cohort of 183 patients, we developed a pre-
diction model to identify JIA patients not responding
to MTX. The prediction model included: erythrocyte
sedimentation rate and SNPs in genes coding for me-
thionine synthase reductase (MTRR), multidrug resis-
tance 1 (MDR-1/ABCBI), multidrug resistance protein
1 (MRP-1/ABCC1), and proton-coupled folate trans-
porter (PCFT). The area under the receiver operating
characteristics curve (AUROC) was 0.72 (95% CI:
0.63-0.81). The prediction model was transformed into
a total risk score (range O to 11). At a cut-off score of
>3, sensitivity was 78%, specificity 49%, positive pre-
dictive value was 83% and negative predictive value
41%. In the validation cohort (n=104), the AUROC
was 0.65 (95%CI: 0.54-0.77) (submitted). A prediction
model for MTX-related gastrointestinal adverse events
(MTX intolerance) is being developed. These predic-
tion models should be improved by adding metabolic
parameters such as indicators of a disturbed one-car-
bon metabolism and their diagnostic accuracy should
be tested in randomized control trials.

Intracellular MTX-PG measurement and treat-
ment response

Plasma MTX levels can be easily measured but LD-
MTX is rapidly cleared from plasma and hence, plas-
ma MTX levels do not correlate with MTX response
and are therefore not routinely measured. In RA, mea-
surement of MTX in erythrocytes (RBC-MTX-PG) or
white blood cells (WBC) may be a strong predictor
of respons (33-38); in childhood ALL, high accumu-
lation of MTX-PGs was related to efficacy to MTX
(42). However, intracellular MTX-PGs are generally
not measured by clinical laboratories. This is mainly
because there is no rapid and specific method to mea-
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Figure 2. Chromatographs showing the MTX concentrations
of RBC pellets in two different patients at 3 months of LD-
MTX monotherapy. Both patients received the same amount of
MTX. Concentrations are given in nmol/L RBC pellet.
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sure RBC-MTX-PG in routine laboratories. Therefore,
we developed fast and high-throughput MALDI-MS/
MS methods to measure MTX in erythrocytes and
plasma (39, 40). Although this method is very fast,
the machinery is not standard for routine laboratories.
Using stable isotope dilution LC-ESI-MS/MS, we are
now able to measure RBC-MTX-PGs (also plasma)
in a fast and precise way (paper in preparation; fig-
ure 2). Sample pre-treatment is simple and consists of
a lysing and a deproteinization step. The first results
indicate that there is a large inter-individual variation
in RBC-MTX-PGs accumulation in patients treated
with the same dose of MTX at 3 months of treatment
(figure 2). Whether RBC-MTX-PG accumulation can
predict MTX response and adverse events (and also
non-compliance) in an early phase of treatment and
can be used for more early and aggressive dose escala-
tion in patients is now subject of study.

Conclusion

Determinants of MTX efficacy and adverse events
have been identified. In RA and JIA, the first predic-
tion models were constructed to predict MTX response
at the start of treatment in order to achieve early dose
escalation or additional combination therapy with
biologicals. Future research should aim at improving
the diagnostic accuracy of the prediction models by
adding metabolic predictors to the clinical and genetic
predictors in the models. Also, randomized controlled
trials should establish whether the prediction models
can realize individualized MTX therapy to obtain
maximal efficacy with minimal toxicity (medicijn op
maat) in order to improve disease outcome.
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