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ABSTRACT. Objective. Low-dose methotrexate (MTX) is the anchor drug in the treatment for rheumatoid

arthritis (RA). Response to MTX is related to the intracellular MTX-polyglutamate (MTX-PG)
levels and little is known about its determinants. We aimed to define the determinants of erythrocyte
MTX-PG concentrations in 2 prospective cohorts of patients with RA.

Methods. Patients with RA treated with MTX from 2 longitudinal cohorts were included: 93 from
the MTX-R study (Rotterdam, the Netherlands derivation cohort), and 247 from the treatment in
Rotterdam Early Arthritis Cohort study (validation cohort). MTX-PG concentrations were measured
at 3 months of treatment using liquid chromatography/mass spectrometry. The MTX-PG were used
as outcome measure. Various sociodemographic, clinical, biochemical, and genetic factors were
assessed at baseline. Associations with MTX-PG levels were analyzed using multivariate regression
analysis.

Results. Age was positively associated with MTX-PG1 (st 0.23, p = 0.033) and total MTX-PG (stf3
0.23,p =0.018) in the derivation cohort, and with all MTX-PG in the validation cohort (MTX-PGl1:
stf 0.13, p = 0.04; MTX-PG2: stf 0.21, p = 0.001; MTX-PG3: stf 0.22, p < 0.001; MTX-PG4+5:
st 0.25, p < 0.001; and total MTX-PG: st 0.32, p < 0.001). Erythrocyte folate levels were
positively associated with MTX-PG3 (st 0.3, p = 0.021) and total MTX-PG levels (stf 0.32, p =
0.022) in the derivation cohort, which was replicated for MTX-PG3 (stf 0.15, p = 0.04) in the
validation cohort. Patients with the folylpolyglutamate synthase (FPGS) rs4451422 wild-type
genotype had higher concentrations of MTX-PG3 (p < 0.05), MTX-PG4+5 (p < 0.05), and total
MTX-PG (p < 0.05) in both cohorts. In the combined cohort, MTX dose was positively associated
with levels of MTX-PG3 (stf 0.23, p <0.001), MTX-PG4+5 (st 0.30, p < 0.001), and total MTX-PG
(stp 0.20, p = 0.002), but negatively associated with MTX-PG?2 levels (stp —0.22, p < 0.001).
Conclusion. Our prospective study shows that higher age, higher MTX dose, higher erythrocyte
folate status, and the FPGS rs4451422 wild-type genotype are associated with higher MTX-PG
concentrations. While only up to 21% of interpatient variability can be explained by these determi-
nants, this knowledge may aid in the development of personalized treatment in RA. (First Release

Sept 15 2014; J Rheumatol 2014;41:2167-78; doi:10.3899/jrheum.131290)
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Low-dose methotrexate (MTX) is the most widely used
treatment for rheumatoid arthritis (RA) and other arthritic
diseases. Although MTX is effective and safe, about 30% of
patients with RA encounter adverse events or do not reach
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sufficient response!. A pharmacogenetic model for the
prediction of MTX efficacy has been proposed previously?.
However, at the moment there is no therapeutic drug
monitoring (TDM)-based model for predicting compliance,
response, or adverse events during low-dose MTX treatment.

While MTX plasma levels can be measured easily,
low-dose MTX is rapidly cleared from plasma and is not
routinely measured. Hence, plasma MTX levels do not
correlate with response in patients with RA3. The therapeutic
effects of MTX are thought to be mediated by its intracellular
levels*, which are difficult to measure. Intracellular levels of
MTX can predict treatment response, making intracellular
MTX an interesting target for TDM?>07:89.10.1112,13
We developed a stable isotope dilution liquid chromato-
graphy/mass spectrometry (LC-MS/MS) assay to measure
erythrocyte MTX polyglutamates (MTX-PG)!“.
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MTX is transported into the cell primarily by the reduced
folate carrier. Once in the cell, MTX is converted by
folylpolyglutamate synthase (FPGS) to MTX-PG by
v-linked sequential addition of glutamic acid residues. In a
competing reaction, the MTX-PG are deconjugated by
v-glutamyl hydrolase (GGH), leading to a variety of chain
lengths (MTX-PG2-7). In low-dose MTX treatment, the
pentaglutamate (MTX-PGS) is the highest order of glutamy-
lation detected, while the triglutamate form (MTX-PG3) of
MTX predominates'>-1®. Polyglutamylation retains MTX in
the cell because the MTX-PG are a poor substrate for the
MTX efflux proteins.

In low-dose MTX, the median time to reach steady-state
MTX-red blood cell (RBC) levels is highly variable
between patients and increases with the number of PG
attached to MTX!7. For example, MTX-PG3 has a median
time to reach steady state of 41.2 weeks (range 19.8-66.7
weeks) compared to 139.8 weeks (range 15.5-264.0 weeks)
for MTX-PG5!7. Steady-state levels are also highly variable
between patients: total erythrocyte MTX-PG concentration
varied between 90.9-351.5 nmol/8 x 1012 RBC!7. The
mechanisms behind the highly variable intracellular
MTX-PG levels are still not known. Previous research has
shown that increased age, higher dose, route of adminis-
tration, and decreased renal function!®:19 are associated with
higher MTX-PG levels, as well as multiple single-nucleo-
tide polymorphisms (SNP) in MTX pathway genes®!3.
However, these studies used cross-sectional cohorts with a
wide range of treatment duration among patients. Therefore,
the aim of our study was to examine clinical, genetic,
sociodemographic, and biochemical determinants of erythro-
cyte MTX-PG concentrations in patients treated with
low-dose oral MTX using 2 different prospective cohorts.

MATERIALS AND METHODS

Patients. Our study includes data of patients with RA treated with MTX
from 2 prospective cohorts. For the derivation cohort, patients from the
MTX in Rotterdam, Netherlands, cohort (MTX-R) were used. The MTX-R
is a longitudinal prospective cohort of patients diagnosed with RA who
started MTX between January 2006 and March 2011 in the Department of
Rheumatology, Erasmus University Medical Center, Rotterdam, the
Netherlands. The validation cohort consisted of patients from the treatment
in Rotterdam Early Arthritis Cohort (tREACH). The tREACH is a clinical
multicenter, stratified single-blinded trial (ISRCTN26791028) and was
described earlier?. Patients were included in the validation cohort if they
met the 2010 American College of Rheumatology/European League
Against Rheumatism criteria for RA. The medical ethics committee from
the Erasmus University Medical Center approved both studies, and patients
gave written informed consent before inclusion. Patients from the
derivation and validation cohorts were included in our study if they were
prescribed MTX at baseline and 3 months of treatment, and had at least 1
MTX-PG measurement at 3 months of treatment. All patients were
MTX-naive at inclusion.

In the derivation cohort, dosage and comedication was chosen by the
physician. MTX was generally given orally. Patients from the validation
cohort started with 25 mg/week MTX orally (dosage reached after 3 weeks)
and were randomized to treatment with or without sulfasalazine (SSZ),
hydroxychloroquine (HCQ), and glucocorticosteroids. Patients in both

cohorts received folic acid (10 mg/week) during MTX treatment as recom-
mended by the Dutch Rheumatology Society?!. In both cohorts, patients
were assessed at baseline and after 3 months.

Patient material. During the first and second study visits, an extra EDTA
tube was drawn from the patient. The sample from the first visit was used
for DNA isolation, whereas the sample from the second visit was immedi-
ately put on ice after collection and centrifuged for 10 min at 1700 X g and
4°C. Plasma and erythrocyte cell-pellet aliquots were stored at —80°C.

MTX-PG quantification. MTX-PG were measured in the cell-pellet aliquots
sampled at 3 months of treatment using a recently developed LC-MS/MS
method!4. MTX-PG1 and MTX-PG2 are considered as short chain,
MTX-PG3 as medium chain, and MTX-PG4 and MTX-PGS5 as long chain.
The sum-score of MTX-PG2 to MTX-PGS5 was used as the total MTX-PG
content. Considering the finding that MTX-PG1 can diffuse over the RBC
membrane??, we decided to remove MTX-PG1 out of the model for total
MTX-PG.

Genotyping. SNP in genes involved in MTX transport and polyglutamy-
lation were selected based on the following criteria: minor allele frequency
> 0.10 in the HapMap and National Center for Biotechnology Information
SNP database?*2* or a proven functionality in relation to MTX, juvenile
idiopathic arthritis (JIA), RA, or folate metabolism?>-20-27:28.29.30.31.32.33 £
no information was known for a particular gene, we selected tagging SNP
by HapMap database and Haploview (version 4.2, 29 April 2008).
Preferably, 2 SNP were selected per gene, which were located in different
haplotype blocks.

The following 28 SNP in 19 genes were selected: ABCB1 rs1128503,
rs2032582, rs1045642; ABCC1 rs35592, rs3784862; ABCC2 rs4148396,
1s717620; ABCC3 rs4793665, rs3785911; ABCC4 rs868853, rs2274407;
ABCCS 1s2139560; ABCG2 rs13120400, rs2231142; ADA rs7359874;
ADORA2A 1s5751876; AMPDI1 rs17602729; ATIC rs2372536; FPGS
rs4451422; FOLR2 rs514933; GGH rs10106587, rs3758149; ITPA
rs1127354; MTHEFR rs1801131, rs1801133; MTRR rs1801394; SLC46A1
1rs2239907; and SLCI9A1 rs1051266. The major allele was analyzed as
wild-type allele.

SNP genotyping has been described earlier*.

Clinical, biochemical, and sociodemographic variables. Various clinical,
biochemical, and sociodemographic variables were assessed at baseline. In
the derivation cohort, the use of other disease-modifying antirheumatic
drugs, HCQ, SSZ, corticosteroids, biological, route of administration of
corticosteroids, dose of MTX, and route of administration of MTX were
reported by patients using question forms. In the validation cohort, these
items were scored by research nurses. The estimated glomerular filtration
rate-Modification of Diet in Renal Disease (¢GFR-MDRD) was calculated
using the 4-variable MDRD formula, and body surface area was calculated
using the Mosteller formula.

During our study visit, blood was obtained from patients to determine
rheumatoid factor, anticyclic citrullinated peptide antibody, C-reactive
protein (CRP), 1-h erythrocyte sedimentation rate (ESR), albumin,
enzymatic creatinine, erythrocyte folate, serum folate, vitamin B12,
vitamin B6, and homocysteine. Questionnaires were used to determine
smoking habits and the consumption of alcohol, cola, coffee, tea, and
cigarettes (amount per day).

Statistics. Comparison of patient characteristics between cohorts was made
by Student t test, chi-square test, or the Mann-Whitney U test where appro-
priate. Multivariate multiple linear regression analysis, stratified by cohort,
was used to examine the associations between these potential determinants
and the different MTX-PG concentrations. First, univariate linear
regression was performed for all potential determinants with the MTX-PG
concentrations as outcome measure. The strength of the associations was
expressed as standardized . Univariate relations between variables and
any MTX-PG with a p value less than 0.2 were entered in subsequent multi-
variate multiple regression analyses with adjustment for age, sex, and other
potential determinants that had a p value of less than 0.2 in the univariate
analysis.
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Continuous determinants were analyzed as continuous variable and
transformed into quintiles to examine possible nonlinear associations. To
establish nonlinear associations, the quintiles were plotted against the total
MTX-PG levels used. Variables with a nonlinear association were trans-
formed into categorical variables and categories were combined where
appropriate. This was done for ESR, GFR, creatinine, alcohol consumption,
tea consumption, and days of treatment. Dummy variables were used to
analyze categorical variables with more than 2 categories in linear
regression using the first category as reference. Non-normal distributed
variables were transformed using the natural logarithm (In) for linear
regression; this was done for homocysteine, erythrocyte folate, and
C-reactive protein.

SNP were divided into dominant, recessive, or additive models
depending on the distribution of the total MTX-PG levels per genotype to
ensure preanalysis selection of an analysis model. ANCOVA was used to
determine significant associations between SNP and MTX-PG levels. For
SNP, estimated marginal means + standard error are reported. SNP in
dominant model were ITPA rs1127354, AMPDI1 rs17602729, ABCC4
12274407, and ABCC2 rs717620. SNP in recessive model were ABCC1
135592, ABCC4 rs868853, FPGS rs4451422, and SLC19A1 rs1051266.
Other SNP were analyzed as an additive model. All SNP were corrected for
age and sex.

It was not possible to test the influence of MTX dose in the separate
cohorts because MTX dose was registered at 25 mg/week in the validation
cohort and there was low variation in the derivation cohort. To evaluate
dose as potential determinant, both cohorts were combined. MTX dose was
entered in an ANCOVA together with age, sex, erythrocyte folate, and
FPGS rs4451422.

Multiple testing was not corrected for, as the included variables in our
study were carefully chosen for an expected relation to MTX-PG based on
the literature and physiology. Statistical analyses were done with SPSS
PASW 20.0.0.1 for Windows (SPSS Inc.) unless stated otherwise. P values
less than 0.05 were considered significant.

RESULTS

Patient characteristics. Ninety-three out of 102 patients
from the derivation cohort and 247 out of 285 patients from
the validation cohort could be included in our study. The
remaining patients were excluded because there was no
erythrocyte pellet sample for MTX-PG measurement at 3
months.

The derivation and validation cohorts were very similar
for most baseline characteristics (Table 1). In the derivation
cohort, a smaller percentage of patients used HCQ (44.7%
vs 58.4%,p =0.32),SSZ (35.3% vs 58.4%, p < 0.001), and
corticosteroids (12.9% vs 89.1%, p < 0.001). Disease
Activity Score at 28 joints was lower in the derivation
cohort (4.1 vs 4.7), and the derivation cohort had slightly
higher eGFR-MDRD (88.1 ml/min/1.73m? vs 80.7
ml/min/1.73m?, p < 0.05) and erythrocyte folate content
(1075.7 nmol/l vs 925.5 nmol/l, p < 0.001) than the
validation cohort. Treatment dose of MTX was significantly
different between the cohorts (p < 0.001). Patients in the
derivation were treated with 15 mg/week and patients in the
validation were treated with 25 mg/week as per study
protocol.

MTX-PG levels. After 3 months of MTX treatment, median
[interquartile range (IQR)] MTX-PG concentrations in the
derivation cohort were 33.8 (22.7-61.6), 23.1 (17.2-31.6),
39.8 (24.8-53.6), 84 (4.2-17.3), 1.0 (0.0-2.8) nmol/l for

MTX-PG1 to MTX-PGS, respectively, and 79.0 (49.3-106.0)
nmol/l for total MTX-PG (Figure la). In the validation
cohort, median (IQR) MTX-PG concentrations were 30.0
(19.8-47.4), 21.2 (15.9-274), 490 (36.5-61.4), 20.0
(11.4-30.2), 4.7 (2.0-9.3) nmol/l for MTX-PG1 to
MTX-PGS5, respectively (Figure 1a), and 97.9 (71.6-125.3)
for total MTX-PG. MTX-PG1 did not differ between the
derivation cohort and the validation cohort despite the
difference in MTX dose between cohorts (Table 1). Median
MTX-PG2 concentrations were slightly, but significantly
higher in the derivation cohort than in the validation cohort
(p = 0.015). In contrast, median MTX-PG3, MTX-PG4,
MTX-PGS5, and total MTX-PG were significantly lower in
the derivation cohort than in the validation cohort (p <0.001
for MTX-PG3-5 and total MTX-PG; Figure 1a).

Determinants of MTX-PG. All variables listed in Table 1
were entered into a univariate linear regression model
(Supplementary Table 1, available online at jrheum.com).
Variables that obtained a p value < 0.2 in univariate linear
regression were entered into a multivariate linear regression
model (Table 2).

In multivariate analysis, in the derivation cohort, there
was a positive association between age at start of treatment
and levels of MTX-PG1 (stp 0.23, p = 0.033) and total
MTX-PG (stf 0.23, p = 0.018), while exhibiting a trend for
MTX-PG2 (stf 0.18, p = 0.098) and borderline significance
for MTX-PG3 (stf 0.21, p = 0.052; Table 2). This finding
was replicated in the validation cohort for all MTX-PG
(MTX-PG1: stf 0.13, p = 0.04; MTX-PG2: st 0.21, p =
0.001; MTX-PG3: stp 0.22, p < 0.001; MTX-PG4+5: st
0.25, p < 0.001; and total MTX-PG: stf 0.28, p < 0.001;
Figure 2a). Erythrocyte folate was positively associated
with levels of MTX-PG3 (stf 0.32, p = 0.021) and total
MTX-PG (st 0.32, p = 0.022) while exhibiting a trend for
significance for MTX-PG4+5 (stp 0.24, p = 0.099) in the
derivation cohort. This was replicated in the validation
cohort for MTX-PG3 levels (stf 0.15, p = 0.04) and there
was a trend toward significance for MTX-PG4+5 levels (stf3
0.13, p = 0.087) and total MTX-PG levels (st} 0.14, p =
0.053; Figure 2b). Also, in the derivation cohort, there were
positive associations between serum folate concentration
and MTX-PG1 levels (stf 0.32, p = 0.002), and between
CRP concentration and levels of MTX-PG1 (st 0.29, p =
0.043) and MTX-PG2 (stf 0.32, p=0.022). These findings
were not replicated in the validation cohort.

In the validation cohort, male patients had higher total
MTX-PG levels than female patients (0.14, p = 0.027), and
homocysteine levels were positively associated with
MTX-PG4+5 levels (stf 0.20, p = 0.007). These findings
were not found in the derivation cohort.

SNP analysis. A total of 28 SNP in 18 MTX pathway genes
were assessed for their contribution to MTX-PG levels
(Table 3; Supplementary Table 2, available online at
jrheum.com). With the exception of ABCB1 rs2032582
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Table 1. Baseline characteristics of MTX-R and tREACH cohorts.

Characteristics Derivation Cohort, n =93 Validation Cohort, n = 247

Patient demographics
Age, yrs, mean (SD) 512 (16.1) 52.8 (14.2)
Female (%) 72.0 69.2

BSA, m?, mean (SD) 1.9 (0.3)
DAS28-ESR, mean (SD)* 4.1(14) 4.7 (1.2)
Rheumatoid factor—positive (%)* 373 56.1
Anti-CCP-positive (%)* 38.6 59.6
Days of treatment at study visit, mean (SD) 91.2 (11.8) 92.9 (9.0)
Medication
MTX dose* 247
10 mg/week (%) 7.5 0.0
15 mg/week (%) 91.6 04
25 mg/week (%) 1.1 99.6
Intramuscular administration of MTX (%) 7.1 0.0
Other DMARD use (%) 51.8 58.4
HCQ use (%)* 447 58.4
SSZ use (%)* 353 58.4
Biological use (%) 1.1 0.0
Corticosteroid use (%)* 129 89.1
Corticosteroid route of administration (%)
No corticosteroid 87.1 109
Subcutaneous 24 29.0
Oral 10.6 60.2
Laboratory variables
CRP, mg/l, median (IQR) 7.0 (3.0-13.0) 8.0 (4.0-20.0)
ESR, mm/h, mean (SD) 233 (18.9) 28.0 (21.4)
Albumin, g/, mean (SD) 44.1 (3.6) 43.6 (3.2)
Creatinine, mmol/l, mean (SD) 70.8 (16.5) 75.9 (16.8)

Erythrocyte folate, nmol/l, median (IQR)*

Serum folate, nmol/l, median (IQR)

eGFR-MDRD, ml/min/1.73m?, mean (SD)*

Vitamin B12, pmol/l, median (IQR)

Vitamin B6, nmol/l, median (IQR)

Homocysteine umol/l, median (IQR)
Lifestyle variables (beverage consumption)

Alcohol, drinks/mo, median (IQR)

Cola, drinks/mo, median (IQR)

Coffee, drinks/mo, median (IQR)

Tea, drinks/mo, median (IQR)

1075.7 (845.7-1323.0)
173 (13.0-24.1)
88.1 (23.8)
281.6 (225.5-376.8)
76.0 (66.0-104.0)
124 (9.9-14.6)

925.5 (679.8-1172.5)
173 (13.4-23.9)
80.7 (18.0)
290.2 (234.5-403.9)
81.0 (65.0-98.0)
113 (9.5-14.4)

6.0 (0.0-32.0)
0.0 (0.0-24.0)
56.0 (24.0-168.0)
56.0 (1.5-56.0)

8.0 (2.0-32.0)
0.0 (0.0-8.0)
112.0 (40.0-112.0)
40.0 (0.0-56.0)

*Signifies a difference between groups that is p < 0.05. MTX: methotrexate; tREACH: treatment in Rotterdam
Early Arthritis Cohort; BSA: body surface area; DAS28: Disease Activity Score at 28 joints; ESR: erythrocyte
sedimentation rate; DAS28-ESR: ESR-based DAS28; anti-CCP: anticyclic citrullinated peptide antibodies;
DMARD: disease-modifying antirheumatic drug; IQR: interquartile range; eGFR: estimated glomerular
filtration rate; MDRD: Modification of Diet in Renal Disease; HCQ: hydroxychloroquine; SSZ: sulfasalazine;
CRP: C-reactive protein.

(chi-square = 299.36, p < 0.001) and MTHFR 1s1801133 1$2239907 wild-type or heterozygous genotype had signifi-

(chi-square =5.46,p =0.019), all SNP were in Hardy-Weinberg
equilibrium. SNP not in Hardy-Weinberg equilibrium were
entered into linear regressions as normal.

In the derivation cohort, patients with the FPGS
rs4451422 wild-type genotype had significantly higher
levels of MTX-PG3 (p = 0.001), MTX-PG4+5 (p = 0.004),
and total MTX-PG (p < 0.001; Table 3, Figure 2¢). This was
replicated in the validation cohort for MTX-PG3 (p =0.049),
MTX-PG4+5 (p = 0.043), and total MTX-PG (p = 0.015;
Table 3, Figure 2c). Also, patients with the SLC46Al

cantly lower MTX-PG2 (p = 0.031) levels in the derivation
cohort; this was replicated in the validation cohort for
MTX-PG1 (p =0.012).

In the derivation cohort, significant positive correlations
were also found for ITPA rs1127354 and MTX-PG4+5
levels (p = 0.024); ABCCS rs2139560 and MTX-PG1 levels
(p = 0.001), and MTX-PG2 levels (p = 0.022); ATIC
1s2372536 and MTX-PGI levels (p = 0.008); ABCBI
rs1045642 and MTX-PGI (p =0.029), MTX-PG2 (p =0.001),
MTX-PG3 (p = 0.012), and total MTX-PG (p = 0.011)
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Figure 1. A. Concentrations of the separate MTX-PG in the derivation (white bars, n = 93) and validation (grey bars, n = 247) cohorts. Brackets denote signifi-
cant differences between cohorts. P values are noted above the brackets. MTX-PG?2 is significantly lower in the validation cohort, while MTX-PG3,
MTX-PG4, and MTX-PGS are higher in the validation cohort. Significant differences were tested with Mann-Whitney U test. B. Effect of MTX dosage on
the concentration of total MTX-PG in the combined cohort. Increased dose of MTX leads to increased total MTX-PG. ANCOVA was adjusted for age, sex,
erythrocyte folate, and rs4451422 in the FPGS gene. P values are from the confounder adjusted data. Boxplots are from unadjusted data. *p < 0.05. **p <

0.001. MTX: methotrexate; PG: polyglutamate; RBC: red blood cell.

levels. A significant negative correlation was found for
ABCCI rs35592 and MTX-PG3 (p = 0.021). None of these
results were replicated in the validation cohort.

In the validation cohort, significant positive associations
were found for AMPD1 rs17602729 and MTX-PG2 levels
(p =0.015); ABCC1 rs3784862 and MTX-PG1 levels (p =
0.014); MTHFR rs1801131 and MTX-PG1 levels (p =
0.031); ABCC3 rs3785911 and MTX-PG4+5 (p = 0.004),
and total MTX-PG levels (p = 0.029); ABCC3 rs4793665
and MTX-PGI levels (p = 0.038). A significant negative
correlation was found for ABCC4 rs868853 and MTX-PG1
levels (p = 0.038). These results were not observed in the
derivation cohort.

Combined multivariate model. The significant variables
present in both cohorts and their confounders were included
in 1 multivariate regression model. The included variables
were age, erythrocyte folate, and FPGS rs4451422. Con-
founders included were sex and serum folate. In the
derivation cohort, this combined model explained 14% of
MTX-PG1 variability, 4% of MTX-PG2 variability, 21% of
MTX-PG3 variability, 11% of MTX-PG4+5 variability, and
21% of total MTX-PG variability (Table 4). However, in the
validation cohort, the model explained 0% of MTX-PG1
variability, 3% of MTX-PG2 variability, 7% of MTX-PG3

variability, 7% of MTX-PG4+5 variability, and 10% of total
MTX-PG variability.

MTX dose. Because the variation in MTX dosage in each
cohort was insufficient to adequately determine the
influence of treatment dose on MTX-PG concentration, the
effect of dosage was studied by grouping both cohorts and
comparing the different treatment doses. Multivariate
regression analysis was performed using age, sex, erythro-
cyte folate, and FPGS rs4451422 as covariables. Treatment
dose did not have a significant association with MTX-PGI1.
However, treatment dose had a positive association with
MTX-PG3 levels (stf 0.23, p < 0.001), MTX-PG4+5 levels
(stf 0.30, p < 0.001), and total MTX-PG levels (stp 0.20,
p = 0.002; Figure 1b). Strikingly, there was a negative
association with MTX-PG2 levels (stf —0.22, p < 0.001).
The model including dose explained 1% of MTX-PGl
variability, 8% of MTX-PG2 variability, 15% of MTX-PG3
variability, 15% of MTX-PG4+5 variability, and 16% of
total MTX-PG variability in the combined cohort.

DISCUSSION

To the best of our knowledge, we are the first to report the
clinical, genetic, sociodemographic, and biochemical deter-
minants of erythrocyte MTX-PG accumulation at 3 months
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Table 2. Clinical, sociodemographic, and biochemical determinants of erythrocyte MTX-PG levels at 3 months of treatment (multivariate analysis). Variables
shown had p values < 0.1 in univariate analysis for at least 1 of the MTX-PG. All variables have been adjusted for age and sex. In addition, C-reactive protein
was also adjusted for DAS28-ESR and albumin; erythrocyte folate for serum folate; albumin for C-reactive protein; homocysteine for erythrocyte folate;
parenteral administration of MTX for coffee; vitamin B12 for erythrocyte folate; anti-CCP for prednisone route.

Derivation Cohort

Validation Cohort

stp stp
Variable n MTX-PGI MTX-PG2 MTX-PG3 MTX-PG4+5  Total n MTX-PGI MTX-PG2 MTX-PG3 MTX-PG4+5  Total
MTX-PG MTX-PG

Age (yr) 93 0.23%* 0.18# 0.21* 0.17 0.23%* 247 0.13%* 0.21%%  (Q.22%*k%  (25%%k () 28%**
Sex 93 0.05 -0.10 -0.09 0.03 -0.06 247 0.02 -0.08 -0.12# —0.12%  -0.14*
DAS28-ESR 80 0.07 -0.01 0.18 0.22# 0.17 247 0.08 0.06 0.09 0.06 0.09
Anti-CCP—positive 76 0.06 -0.09 -0.04 0.01 -0.06 198 -0.10 0.06 0.09 0.09 0.10
Days of treatment at study visit 87 -0.06 0.15 021*# -0.08 0.19% 234 0.06 0.06  0.017%* 0.04 0.11#
Intramuscular administration

of MTX 82 0.09 -0.22 -0.05 -0.07 -0.13 n/a n/a n/a n/a n/a n/a
Other DMARD use 85 0.13 0.02 0.12 0.15 0.13 221 —0.12# -0.01 -0.03 -0.04 -0.04
HCQ use 85 0.13 -0.29 -0.17 0.1 -0.14 221 -0.12# -0.01 -0.03 -0.04 -0.04
SSZ use 85 0.04 0.08 0.19% 0.13 0.18* 221 —-0.12* -0.01 -0.03 -0.04 -0.04
Corticosteroid use 85 -0.04 -0.05 0.01 0.01 -0.01 221 0.10 0.05 -0.05 0.00 -0.01
Corticosteroid IM vs

no corticosteroid 85 -0.07 -0.07 -0.02 0.08 0.00 221 0.13 0.09 -0.17* -0.12 -0.12
Corticosteroid oral vs

no corticosteroid 85 -0.01 -0.02 0.02 -0.02 -0.01 221 0.18* 0.08 -0.05 -0.02 0.01
CRP, mg/1 (In) 76 0.29%* 0.32% 0.07 -0.01 0.15 223 0.08 0.03 0.02 0.06 0.05
ESR, > 44 vs < 44 mm/h 91 -0.08 0.05 0.14 0.15 0.15 246 0.00 0.00 0.01 0.04 0.03
Albumin, g/l 86 0.07 0.02 -0.18 -0.08 -0.11 223 0.07 0.06 0.10 0.09 0.11
Creatinine, > 78 vs < 78

mmol/l 93 -0.03 0.01 0.03 0.02 0.03 98 0.15 0.18 0.20* 0.16 0.21#
Erythrocyte folate, nmol/l (In) 88 -0.18 0.19 0.32% 0.24* 0.32% 218 0.08 0.02 0.15* 0.13# 0.14*
Serum folate, nmol/l 89 0.32%*%  —0.07 0.11 0.04 0.05 224 -0.05 -0.05 -0.07 -0.06 -0.08
eGFR-MDRD, > 88 vs

< 88 ml/min/BSA 93 0.18 0.04 0.06 -0.11 0.00 98 -0.07 0.03 -0.08 -0.18 -0.12
Vitamin B12, pmol/l 88 0.10 -0.05 -0.06 -0.05 -0.07 218 -0.05 0.09 0.03 -0.08 -0.01
Homocysteine, pumol /1 (In) 86 0.16 0.04 0.17 0.14 0.16 213 0.03 0.03 0.05 0.20%* 0.14*
Alcohol consumption, > 4 vs

< 4 glasses per mo 38 0.29 0.10 -0.19 -0.29 -0.20 230 0.03 0.06 0.09 0.04 0.08
Alcohol consumption, > 32 vs

< 4 glasses per mo 38 -0.04 -0.06 -0.22 -0.24 -0.30 230 0.02 0.03 0.12 0.04 0.07
Cola consumption, > 8 vs

< 6 glasses per mo 82 0.06 0.17 0.29%* 0.16 0.27* 227 0.01 -0.15%  -0.04 0.09 -0.01
Coffee consumption, > 120 vs

< 112 cups per mo 82 -0.01 -0.12 -0.197 -0.18 —021% 228 0.10 -0.01 0.07 0.02 0.04
Tea consumption,

> 168 cups/mo vs

< 168 cups/mo 82 0.12 0.05 0.06 0.1 0.09 225 -0.04 0.04 -0.04 0.01 0

#p < 0.05. ¥*p < 0.01. ¥*p < 0.001. * = p < 0.1. MTX: methotrexate; PG: polyglutamate; DAS28: Disease Activity Score at 28 joints; ESR: erythrocyte
sedimentation rate; DAS28-ESR: ESR-based DAS28; anti-CCP: anticyclic citrullinated peptide antibodies; DMARD: disease-modifying antirheumatic drug;
IM: intramuscular; In: natural logarithm; eGFR: estimated glomerular filtration rate; MDRD: Modification of Diet in Renal Disease; HCQ: hydroxychloro-

quine; SSZ: sulfasalazine; CRP: C-reactive protein.

of low-dose MTX treatment in a prospective study using a
derivation and validation cohort. In our study, we found age,
MTX dosage, erythrocyte folate content, and the FPGS
rs4451422 SNP as the major determinants of MTX-PG
levels in both cohorts.

MTX is the “anchor drug” in the treatment of pediatric
and adult arthritis because of its high efficacy, low cost, and
good safety profile. Its use is hampered because 20—40% of
patients are nonresponsive to treatment and 30% of patients

encounter adverse events! 2. To further improve efficacy and
reduce toxicity, personalized treatment is mandatory by
prescribing patients the right drug in the right concen-
tration?>>. The dosage of MTX required to suppress disease
activity varies among patients, and TDM of low-dose MTX
therapy is not yet possible because plasma MTX is rapidly
cleared and is unrelated to response*-®. This has led to a
trial-and-error approach in finding the right MTX dose for
patients with RA. However, intracellular MTX can be
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Figure 2. A. Linear regression of age and total MTX-PG. Solid line represents a trend line with its 95% CI (dotted line). In both cohorts, age is positively
associated with total MTX-PG. Regression analysis is plotted from the unadjusted data. St} and p values are from the confounder adjusted data. B. Linear
regression of erythrocyte folate and total MTX-PG. Solid line represents a trend line with its 95% CI (dotted line). In both cohorts, age is positively associated
with total MTX-PG. Regression analysis is plotted from the unadjusted data. Stf and p values are from the confounder adjusted data. C. Effect of the FPGS
rs4451422 variant allele on the concentration of total MTX-PG. Patients of the FPGS rs4451422 heterozygous and homozygous genotype have significantly
lower concentrations of total MTX-PG. ANCOVA was adjusted for age and sex. Brackets denote significant differences between groups. P values are noted
above the brackets. *p <0.05. **p < 0.001. MTX: methotrexate; PG: polyglutamate; FPGS: folylpolyglutamate synthase; RBC: red blood cell; Wt: wild-type
carriers; het/var: heterozygous combined with homozygous variant carriers.

measured'3-37-38 and we have shown in 3 prospective cohort tivity and specificity might help with targeting treatment for
studies in RA and JIA3940 that erythrocyte MTX-PG levels the individual patient to reach the optimal MTX-PG level.
predict response in the first 9 months of treatment. Knowing TDM of MTX therapy may also help to identify patients
the determinants of MTX-PG accumulation and the cutoff who do not comply or partially comply with treatment.

concentration that predicts good response with good sensi- In concordance with previous findings'®, we found age
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Table 3. SNP within cellular folate transport and metabolism routes in relation to MTX polyglutamate levels at 3 months of treatment in MTX-R and tREACH
cohorts. Analysis was done using ANCOVA with correction for age and sex. Only SNP with a significant correlation with any MTX-PG in the derivation or
validation cohort are shown (full table in Supplementary Table 2, available online at jrheum.com).

Derivation

Estimated Marginal Means (SE)

Validation
Estimated Marginal Means (SE)

n  MTX-PGl MTX-PG2 MTX-PG3 MTX-PG4+5 MTX-PG n MTX-PGl MTX-PG2 MTX-PG3 MTX-PG4+5 MTX-PG

Total Total

151127354 ITPA C/A WT 81 448(54) 27.1(1.6)
Het/Var 12 62.0(13.0) 275(3.8)
1517602729 AMPDI G/A WT 66 46.7(63) 282(18)

Het/Var 17 542(112) 273(32)

416 (25)
40.5 (4.5)
1s35592 ABCC1

30022 132QD% 793(46) 211 433(34) 231(0.7) 505(13) 304(15) 1039 (28)
496(56) 25.1(49)% 1022(110) 36 407(78) 206(15) 487(28) 276(34) 969 (63)
15.6 (2.4)
142 (43)
TIC WI/Het 76 482(58) 278(17) 426Q23)% 161(22)

Var 7 499(178) 30.1(5.1) 259(69% 45(6.7)

854(53) 198 418(36) 219(0.7)* 494(13) 299(16) 1012(29)
820(94) 42 484(73) 257(14% 526(26) 303(32) 1086 (59)
865(48) 229 433(33) 227(07) 500(12) 302(15 1029 (27)
605(146) 11 366(145) 20729) 479(52) 235(64) 92.1(11.6)

13784862 ABCCI  A/G WT 38 468(79) 259(22) 42.1(32) 178(30) 858(67) 133 470(42)* 236(08) 499(1.5 280(19) 1015 (34)
Het 34 529(80) 309(23) 409(33) 122(3.1) 840(68) 90 327G.1* 21.1(10) 499(19) 334(23) 1044 (42)
Var 11 350(150) 246(43) 396(61) 174(58) 816(127) 17 636(113)* 225(23) 506(4.1) 282(50) 1014(9.2)
1s868853 ABCC4  T/C WI/Het 65 484(6.1) 275(17) 4L1(23) 153(23) 839(49) 205 456(35)* 228(0.7) 499(13) 294(15) 1020(28)
Var 15 SLI(130) 32237 462(50) 168(50) 953(10.6) 34 275(82)* 21.7(16) 509(29) 345(3.6) 107.0(6.6)

152139560 ABCC5  G/A WT 34 342 (7.7)** 243 (23)* 385(3.3)
Het 38 487 (7.1)** 28.7(2.)* 415(3.1)
Var 11 90.6 (13.0)¥* 36.6 3.9)* 49.2(5.6)

164(32) 793(70) 85 407(52) 225(10) 505(18) 315(23) 1045 (4.1)
142(30)  844(64) 111 459(47) 229(09) 498(17) 294(21) 102.1 (3.8)
155(55) 1014 (117) 44 402(75) 220(15) 489(27) 279(33) 988(6.0)
2372536 ATIC  C/G WT 37 370(17)% 259(24) 373(32) 156(32) 788(68) 108 435(47) 228(09) 50.1(17) 287(2.1) 101.7(3.7)
Het 30 50.1(72)% 20522) 43.1(30) 14329 869(63) 98 423(50) 230(10) 510(18) 323(22) 1063 (4.0)
Var 7 940 (165 299(50) 50.6(50.6) 19.1(68) 99.6(146) 34 43.6(82) 210(16) 46529 275(36) 949(65)

154451422 FPGS A/IC WT 61 558(103) 31.6(3.0) 52.3(52.3)** 24.8 (3.8)** 108.7 (8.1)*** 172 465(5.8) 24.3(12) 533 (2.1)* 343(2.6)* 111.8 (4.6)*
Het/Var 22 460(6.3) 269(1.8) 37.8(24) 122 (2.3)** 76.8 (4.9)*** 68 41.6(3.8) 21.9(0.8) 48.6 (14)* 283 (1.7)* 98.8 (3.0)*
151045642 ABCB1  G/A WT 14 37.1(12.7)* 206 (3.5)*% 31.7(5.D* 103(50) 62.6(10.3)** 52 38.6(6.8) 223(14) 505(24) 293(30) 102.1(54)

Het 41 379(73)% 250 (20)** 384 (29)* 133(29) 76.7(6.0)** 122 439(45) 226(09) 492(1.6) 305(20) 1022(3.6)
Var 28 660 (8.5)* 345(23)** 485(34)* 195(33) 1025(69)** 66 44.6(60) 229(12) 509(2.1) 29.6(26) 1034 (4.8)

1s1801131 MTHFR  T/G WT 44 454(72) 264(2.1) 388(29) 152(28) 805(60) 111 361(47)* 22.1(09) 509(L7) 3232.1) 1053(38)
Het 29 541(94) 29327 448(38) 158(36) 900(79) 107 455(@46)* 224(09) 486(L7) 284(2.1) 995(3.7)
Var 10 477(147) 320(42)  442(59) 139(57) 90.1(123) 22 63.5(100)* 258(20) 518(36) 267(45) 1044 (8.1)
153785911 ABCC3  A/C WT 43 490(74) 27.1(2.1) 409(30) 138(29) 818(62) 126 464(444) 229(09) 483(L6) 27.5(L9)** 987 (3.5)*
Het 30 447(88) 280(25) 418(36) 168(34) 865(74) 93 405(50) 224(10) 50.6(18) 30.1 (22)** 1030 (4.0)*
Var 10 594 (152) 336(44) 418(62) 174(59) 928(128) 21 346(103) 219(2.1) 568(37) 435 (4.5 1222 (8.2)*
154793665 ABCC3  T/C WT 22 323(10.1) 238(29) 418(42) 186(40) 844(87) 79 442(54)* 234(L1) 493(19) 29.1(24) 1018 (44)
Het 41 587(78) 289(23) 404(32) 142(3.1) 834(67) 119 37.1(44)* 218(09) 493(16) 300(20) 101.1(3.6)
Var 20 464 (100) 303(29) 423(41) 140(39) 866(86) 42 586(74)F 232(15) 53527 316(33) 1082(6.0)
152239907 SLC46A1 C/T WT 26 469(9.0) 269 (2.5)% 414(36) 159(35) 842(76) 73 376(56)* 238(L.1) 512(20) 30725 1057 (46)
Het 47 464(77) 261 Q1% 397(3.1) 157(30) 81.6(65) 119 390(@4)* 212(09) 489(16) 305(20) 100.6(3.6)

Var 10 59.7(14.6) 380 (4.0)* 47.1(59) 118(56) 969(122) 48 609 (68)* 242(14) 50.7(25) 27.6(3.0) 102.5(5.5)

*p < 0.05. #*p < 0.01. ***p < 0.001. ABCB1/ABCC1/ABCC2/ABCC3/ABCC4/ABCC5/ABCG?2: adenosine triphosphate-binding cassette transporter
subfamily B/C/G member 1/2/3/4/; FPGS: folylpolyglutamate synthetase; SLC 46A1/SLC19A: solute carrier 46A1/19A1; SNP: single-nucleotide polymor-
phism; MTX: methotrexate; tREACH: treatment in Rotterdam Early Arthritis Cohort; PG: polyglutamate; WT: wild type; Het: heterozygous; Var:

homozygous variant.

as the predominant determinant for erythrocyte MTX-PG
levels, with increasing age leading to increased concentra-
tions of long-chain and total MTX-PG (Figure 2a). Although
reduced renal function is likely an important part of this
complex interaction, EGFR-MDRD and creatinine levels did
not have a significant effect on MTX-PG levels in either of
our cohorts. More extensive research is needed to find the
underlying interactions.

Previous studies have shown that dose is a driving factor
for the accumulation of MTX-PG!8:1941 In our study, the
validation cohort had elevated MTX-PG3, MTX-PG4, and
MTX-PGS5 levels, but lower MTX-PG2 levels than the
derivation cohort (Figure 1a). This difference in MTX-PG

levels between cohorts is likely caused by the difference in
dose as the cohorts had significantly different dosing
regimens (Table 1).

However, in our cohorts, there was too little variation in
dosage to be able to demonstrate and validate a relation
between MTX dosage and erythrocyte MTX-PG accumu-
lation in each cohort. Therefore, we studied the effect of
MTX dosage on erythrocyte MTX-PG accumulation by
grouping both cohorts and comparing the treatment doses.
Using multivariate analysis, we confirmed that the differ-
ences in MTX-PG concentration between our cohorts were
largely attributable to the difference in dose. Patients treated
with 25 mg/week had 61% higher concentrations of
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Table 4. Multivariate regression model of the 3 strongest determinants. Variables that after correction for confounders had a significant correlation in both
cohorts were included in 1 multivariate regression model. FPGS rs4451422 was dichotomized into wild type versus heterozygous/variant. Correlations with
p < 0.05 are considered significant. Confounders are not shown and were serum folate (for erythrocyte folate) and sex (for FPGS rs4451422).

MTX-PG1 MTX-PG2 MTX-PG3 MTX-PG4+5 MTX-PG2-5
stfd p st p stfd p stfd P st p
Derivation cohort
Age 0.21 0.06 0.2 0.09 0.24 0.03 0.2 0.08 0.28 0.01
Erythrocyte folate -0.19 0.13 0.04 0.75 0.21 0.08 0.18 0.15 0.19 0.1
FPGS rs4451422 WT vs het/var -0.08 0.47 -0.17 0.13 -0.36 <0001 -0.33 0.003 -0.38 <0.001
R? 0.14 0.04 0.21 0.11 021
Validation cohort
Age 0.13 0.08 0.22 0.002 023 0.001 0.22 0.002 0.28 <0.001
Erythrocyte folate 0.05 0.53 0.03 0.66 0.12 0.09 0.1 0.16 0.11 0.099
FPGS rs4451422 WT vs het/var 0.01 0.84 -0.07 0.3 -0.08 0.25 -0.09 0.18 -0.10 0.12
R2 0 0.03 0.07 0.07 0.1
Combined cohort
Dose -0.07 0.26 -0.22 <0.001 0.23 <0.001 0.3 <0.001 0.2 <0.001
Age 0.15 0.013 0.2 0.001 023 <0.001 0.21 <0.001 0.27 <0.001
Erythrocyte folate 0.03 0.65 0.03 0.66 0.15 0.01 0.11 0.06 0.13 0.024
FPGS rs4451422 WT vs het/var -0.01 0.8 -0.09 0.106 -0.16 0.003 -0.15 0.005 -0.18 <0.001
R2 0.01 0.08 0.15 0.15 0.16

FPGS: folylpolyglutamate synthetase; MTX: methotrexate; PG: polyglutamate; WT: wild type; het: heterozygous; var: homozygous variant.

long-chain MTX-PG and 18% higher concentrations of total
MTX-PG (Figure 1b) than did patients treated with 15
mg/week or less. Interestingly, the group that was treated
with higher MTX dosage had 21% lower short-chain
MTX-PG levels, possibly indicating that the addition of
glutamate groups occurs at a higher rate than the removal of
the glutamate groups, which would lead the high exposure
to MTX to push the equilibrium toward long-chain
MTX-PG.

In our validation cohort, strict protocols were applied to
comedication (Table 1). Therefore, we cannot conclusively
dismiss the effect of comedication on the accumulation of
MTX-PG. Corticosteroid supplementation, especially, was
very strongly correlated to MTX dose. However, none of the
comedications had significant associations with MTX-PG
levels and when entered as covariables in multivariate linear
regression, they had no effect on the association.

In addition to dose of treatment, route of administration
has been shown to affect MTX-PG levels'?-1?. The effective
dose of subcutaneous administration would be substantially
higher because of the increased bioavailability. In our
cohorts, only 7% of the derivation cohort and none of the
patients from the validation cohort received subcutaneous
MTX, and we did not see an effect of route of administration
on the MTX-PG levels. This is likely attributable to the
small number of patients who received subcutaneous MTX,
and we expect this to have a stronger effect when more
patients are treated with subcutaneous MTX.

Folic acid use during MTX treatment has no or negative
effects on MTX efficacy*?#3, suggesting that higher concen-
trations of folate during MTX treatment facilitate lower
effectiveness of MTX owing to competition with folate for

transporter proteins, polyglutamylation proteins, and target
enzymes. However, we showed in 2 prospective RA cohorts
that high baseline erythrocyte folate was related to response
to MTX*. We speculated that patients with higher concen-
trations of baseline erythrocyte folate may be more effective
in accumulating intracellular MTX because of the high
structural similarity of MTX to folate; MTX uses the same
cellular machinery for uptake, transport, and metabolism.
Baseline erythrocyte folate might be viewed as a functional
marker for the capacity to take up and accumulate folates,
thereby predicting MTX accumulation during treatment. In
support of this hypothesis, we show that higher baseline
erythrocyte folate levels are associated with higher levels of
MTX-PG. We also found that higher baseline serum folate
levels were associated with higher MTX-PG1 levels in the
derivation cohort, although not in the validation cohort,
which may reflect improved takeup of MTX from the
intestine.

It might be speculated that the observed relation between
age and MTX-PG levels is caused by changes in folate with
age. However, although age and baseline erythrocyte folate
levels are correlated in both cohorts (derivation cohort r =
0.229, validation cohort r = 0.177), the relation between age
and MTX-PG did not change when erythrocyte folate or
serum folate was included in the model as variable,
suggesting that age has a distinct effect on MTX-PG
accumulation. In our present study, baseline erythrocyte
folate was significantly lower in the validation cohort,
whereas this cohort accumulated the highest MTX-PG
levels owing to the much higher doses (25 mg/week). The
difference in baseline erythrocyte folate between cohorts
might be explained by the slightly higher disease activity in
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the validation cohort; the higher activity of the immune
system in patients with higher disease activity might lead to
higher folate use, leading to a lower baseline erythrocyte
folate in the validation cohort.

Folylpolyglutamate synthetase has a central role in the
metabolism of MTX, as it is the enzyme that attaches the
glutamate groups to MTX, creating the MTX polygluta-
mates. Any changes in function might therefore dramati-
cally decrease the longer chain MTX-PG, thereby leading to
a slower buildup of MTX-PG and lower steady-state
concentrations, which in turn can lead to decreased response
to medication®>. In our study, we see this effect most
strongly in the derivation cohort, where medium chain and
long chain MTX-PG, as well as total MTX-PG, are signifi-
cantly lower (Table 3) in patients with the heterozygous or
homozygous variant genotype of FPGS rs4451422. In the
validation cohort, the effect is less prominent, with smaller
differences in concentrations between genotypes. The
higher MTX dosage in the validation cohort might partially
override the genetic determinants*®, leading to a decreased
influence of this genotype. This could indicate that patients
with the homozygous variant genotype would benefit from
an increase in MTX dose, thereby possibly lowering the
time needed for patients to achieve optimal treatment and
might prevent needless switching to the more expensive
biological.

We also found SLC46A1 rs2239907 to be significantly
associated with MTX-PG in both cohorts. SLC46A1 is a
proton-coupled folate transporter that is responsible for the
intestinal uptake of folate. Patients with the SLC46Al
rs2239907 homozygous variant allele have significantly
higher concentrations of short-chain MTX-PG than patients
with the wild-type allele. This could correspond to an
increased uptake of MTX, which would lead to higher
plasma MTX levels and increased exposure of the bone
marrow to MTX. Similar to previous studies, the associa-
tions of SNP to MTX-PG are weak. In other studies,
polymorphisms in the GGH and SLC19 genes have been
found to influence the long-chain MTX-PG levels®®. In our
cohorts, there was no significant association of GGH or
SLC19 SNP in the derivation cohort, although there was an
effect on long-chain MTX-PG in the validation cohort. To
our knowledge, we are the first to publish an extensive
overview of the effect of SNP in the MTX pathway on intra-
cellular MTX accumulation using a prospective derivation
and validation cohort, and linking FPGS rs4451422 and
SLC46A1 152239907 to MTX-PG accumulation in both
cohorts.

Previous research also found dose of MTX, route of
administration, age, and renal function!>-18:1941 to be
strongly associated with MTX-PG levels. In concordance
with this data, we found MTX dose and age to be strong
determinants. However, renal function was not significantly
associated with MTX-PG levels in our cohorts. The discrep-

ancy between results from previous studies and our study
can be partially explained by the cross-sectional cohorts that
were used in previous studies. In our study, patients were
prospectively followed while other studies used patients that
were treated with MTX for up to 19 years®$:18:1941 The
MTX-PG accumulation over such a long period would be
very different, mostly in steady state, and possibly
controlled by different determinants. Previous studies also
used patients treated with a relatively low dose of MTX,
comparable to the derivation cohort in our study. The
validation cohort uses an almost 2-fold higher MTX dose,
which might override some of the biological and genetic
determinants, thereby leading to other significant determi-
nants of MTX-PG. Despite strong correlations, the determi-
nants found in our study explained only up to 21% of the
variability in the derivation cohort, and even less in the
validation cohort (up to 10%). This was also seen in the
combined cohort, where only up to 16% of variability
(MTX-PG2-5) was explained by the model, including dose
of treatment. This indicates that there are other undiscovered
factors that influence the MTX-PG status. One possibility
could be alternative splicing of FPGS, which has been
shown to influence response to MTX in leukemia cell
lines*’. Alternative splicing leads to loss of function of
FPGS, resulting in a different polyglutamation status and
loss of MTX retention in the cell. Another possibility could
be differences in methylation, causing differences in
expression of the folate pathway genes, thereby leading to
variation in MTX uptake, or polyglutamation.

To the best of our knowledge, our study is the first
prospective study investigating the determinants of intracel-
lular MTX-PG using a derivation and validation cohort. We
found that higher age, higher erythrocyte folate concen-
tration, higher MTX dose, and the FPGS rs4451422 wild-
type variant all lead to higher accumulation of medium and
long-chain MTX-PG. Knowing these determinants might
help target treatment for the individual patient.

ONLINE SUPPLEMENT

Supplementary data for this article are available online at jrheum.org.
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