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ABSTRACT
Objective To investigate the pharmacokinetics of 
methotrexate polyglutamate (MTX- PG) accumulation in 
red blood cells (RBCs) and peripheral blood mononuclear 
cells (PBMCs) in patients with early rheumatoid arthritis 
(RA) after oral and subcutaneous MTX treatment.
Methods In a clinical prospective cohort study 
(Methotrexate Monitoring study), newly diagnosed 
patients with RA were randomised for oral or 
subcutaneous MTX. At 1, 2, 3 and 6 months after 
therapy initiation, blood was collected and RBCs and 
PBMCs were isolated. MTX- PG1- 6 concentrations were 
determined by mass spectrometry methods using stable 
isotopes of MTX- PG1- 6 as internal standards.
Results 43 patients (mean age: 58.5 years, 77% 
female) were included. PBMCs and RBCs revealed 
disparate pharmacokinetic profiles in both absolute 
MTX- PG accumulation levels and distribution profiles. 
Intracellular MTX- PG accumulation in PBMCs was 
significantly (p<0.001) 10- fold to 20- fold higher than 
RBCs at all time points, regardless of the administration 
route. MTX- PG distribution in PBMCs was composed 
of mostly MTX- PG1 (PG1>PG2>PG3). Remarkably, the 
distribution profile in PBMCs remained constant over 6 
months. RBCs accumulated mainly MTX- PG1 and lower 
levels of MTX- PG2- 5 at t=1 month. After 3 months, 
MTX- PG3 was the main PG- moiety in RBCs, a profile 
retained after 6 months of MTX therapy. Subcutaneous 
MTX administration results in higher RBC drug levels 
than after oral administration, especially shortly after 
treatment initiation.
Conclusions This is the first study reporting disparate 
MTX- PG accumulation profiles in RBCs versus PBMCs in 
newly diagnosed patients with RA during 6 months oral 
or subcutaneous MTX administration. This analysis can 
contribute to improved MTX therapeutic drug monitoring 
for patients with RA.
Trial registration number NTR 7149.

INTRODUCTION
Low- dose methotrexate (MTX) is the cornerstone 
in the pharmacological treatment of rheumatoid 
arthritis (RA) and other forms of inflammatory 
arthritis.1 2 The extensive clinical experience of 
MTX is built on its efficacy, acceptable side effects 

and low costs.3 4 However, the optimal required 
dose of MTX for individual patients for disease 
control varies widely and is hard to predict despite 
the availability of the current clinical, genetic 
and bioanalytical tools.3 5–7 Around 30%–40% of 
patients with RA discontinue MTX treatment due to 
inefficacy or intolerance, resulting in higher disease 
burden and/or more societal expenses.8 Therefore, 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Several studies suggested that intracellular 
levels of methotrexate polyglutamate (MTX- 
PG) in red blood cells (RBCs) are helpful in 
predicting MTX (non- )response in patients 
with rheumatoid arthritis (RA), however it can 
be hypothesised that measurement of MTX- 
PG levels in primary immune target cells (as 
peripheral blood mononuclear cells (PBMCs)) 
might improve the predictive value of MTX- PG 
measurement.

WHAT THIS STUDY ADDS
 ⇒ This study will expand our insight in the 
accumulation of MTX- PG levels in RBCs, and 
more importantly in PBMCs as primary target 
cells. Over 6 months MTX treatment, PBMCs 
accumulate up to 20- fold higher MTX- PG levels 
than RBCs.

 ⇒ RBCs and PBMCs differ in MTX- PG distribution 
profiles; remaining fairly constant in PBMCs, 
while increasing over time in RBCs.

 ⇒ Subcutaneous MTX administration results in 
higher drug levels in RBCs (but not in PBMCs) 
than after oral administration, especially shortly 
after treatment initiation.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Our combined MTX- PG analyses in PBMCs 
and RBCs reveal new insights in the 
pharmacokinetics of MTX accumulation in 
PBMCs compared with RBCs that may be 
exploited in future therapeutic drug monitoring 
studies.
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there is still an unmet clinical need to predict and prevent MTX 
inefficacy or intolerance in patients with RA.

Therapeutic drug monitoring (TDM) of MTX has been 
focused on measuring MTX- polyglutamates (MTX- PGs) in red 
blood cells (RBCs).9–13 MTX is taken up into hematopoietic cells 
by the reduced folate carrier (RFC) and metabolised intracel-
lularly by the enzyme folylpolyglutamate synthetase (FPGS), 
which adds multiple glutamate groups to MTX (n=2–6), thereby 
forming MTX- PGs.14–20

Several studies suggested that intracellular levels of MTX- 
PGs in RBCs predicted MTX (non- )response in patients with 
RA.2 10–12 17 18 21 22 This was confirmed in a recent meta- analysis 
performed by our group.23 Although MTX- PGs analysis in RBCs 
fulfils the requirements of a TDM tool by measurements using a 
validated method, showing interindividual variation and a rela-
tionship with efficacy, RBCs may not be the optimal cell type for 
TDM of MTX as they are not primary involved in RA disease 
pathogenesis.11 12 22 24 As enucleated and non- proliferating cells, 
mature RBCs have no regulated folate metabolism and other 
than some residual activity of the folate/MTX transporter RFC 
and ABCC1/4/5 efflux transporter activity,25 RBCs lack activi-
ties of key enzymes (including FPGS) in MTX metabolism.26 27 
Therefore, it can be hypothesised that white blood cells, specif-
ically peripheral blood mononuclear cells (PBMCs), might serve 
as better candidates for TDM, as FPGS is tightly regulated in 
these cells.28–30 Preliminary approaches to measure MTX- PGs in 
PBMCs have been reported, but came with analytical challenges 
and were not followed up.31 32

In order to assess the potential of PBMCs as an MTX TDM 
tool, we conducted a head- to- head comparison of MTX- PG 
accumulation kinetics in RBCs and PBMCs in patients with early 
RA receiving 6 months of therapy with either oral or subcuta-
neous MTX. Additionally, we compared MTX- PG levels in both 
cell types to determine correlations with clinical response and 
adverse effects (AEs).

METHODS
Study design and patients
The Methotrexate Monitoring (MeMo) trial was a clinical 
prospective cohort study in adult patients diagnosed with RA 
according to the 2010 EULAR criteria.33 Patients starting MTX 
therapy were enrolled from March 2019 until May 2020 in 
Reade, Amsterdam, The Netherlands. This study is registered in 
the Dutch Trial Register (6961, NTR 7149).

Patients were randomised 1:1 to either oral or subcutaneous 
therapy. MTX was given mostly in an increasing dose up to 25 
mg/week, according to standard clinical practice.34 Prescription 
of co- medication (conventional synthetic disease- modifying 
antirheumatic drugs (DMARDs) and prednisolone/triamcino-
lone acetonide) was allowed. Folic acid was prescribed at 5 or 10 
mg/week (intake at least 24 hours after MTX).

Patients were asked to note the date and time of every MTX 
administration. This was also noted prior to blood withdrawal. 
Patients were seen at months 1, 2, 3 and 6 after initiation of 
MTX.

Patients were not involved in the study design.

Outcomes and measurements
At baseline, demographic (age, gender) and clinical variables 
(eg, body mass index (BMI), smoking) were collected. Disease 
Activity Score in 28 joints with erythrocyte sedimentation rate 
(DAS28- ESR) was assessed by a medical doctor or a rheuma-
tology nurse around every visit (2 weeks before or after the 

blood sample). At baseline and during the study, blood sampling 
for routine diagnostics (ESR, creatinine, alanine aminotrans-
ferase) was performed. Co- medication was noted. At months 
1, 2, 3 and 6, the occurrence of adverse events was assessed 
by collecting data in the electronic patient files and by asking 
the patients at every visit. Adverse events were classified in five 
categories: central nervous system (CNS, eg, malaise, headache, 
fatigue), hepatotoxicity (3× upper limit of alanine aminotrans-
ferase and/or aspartate aminotransferase), gastrointestinal (GI, 
eg, nausea, vomiting, diarrhoea), bone marrow suppression or 
other toxicities (eg, hair loss, skin changes).

Sample collection
Packed erythrocytes were collected from EDTA whole blood 
tubes by centrifugation at 1700× g for 10 min at room tempera-
ture and stored at −80°C until analysis. PBMCs from lithium- 
heparin whole blood tubes were subjected to isolation with 
Ficoll- Paque Plus (GE Healthcare Bios- Sciences) according to the 
manufacturer’s protocol. Afterwards, PBMCs were washed three 
times with 15 mL phosphate- buffered saline (Fresenius Kabi). 
Following the final washing step, isolated PBMCs were counted 
on the Sysmex cell counter (XN- 9000: Sysmex, Etten- Leur, The 
Netherlands). Aliquots of 5×106 PBMCs were snap- frozen and 
stored at −80°C.

MTX-PG analyses
At 1, 2, 3 and 6 months after start of therapy, MTX- PG in RBC 
and PBMC levels were assessed. At baseline, total erythrocyte 
folate was measured.35

Red blood cells
Quantification of individual MTX- PG species 1–6 in RBCs 
was performed with an ultra- performance electrospray ionisa-
tion liquid chromatography tandem mass spectrometry (UPLC- 
ESI- LC- MS/MS) method as described by den Boer et al,36 
using custom- made stable isotopes of MTX- PG1- 6 as internal 
standards. MTX- PGs were separated on an Acquity BEH C18 
column (2.1×100 mm, 1.7 μm, Waters). The LC column was 
directly coupled to the electrospray operating in the positive 
mode and detection was performed using a Xevo TQ- S micro 
(Waters) mass spectrometer.

Peripheral blood mononuclear cells
The protocol of den Boer et al36 allowed proper quantification of 
MTX- PG1, MTX- PG2 and MTX- PG3 in PBMCs. In brief, pellets 
of 5×106 frozen PBMCs were resuspended in 25 µL ddH2O 
and mixed with 25 µL of 6 nmol/L MTX- PG1- 6 stable isotope 
labelled internal standard mixture, followed by the addition of 
40 µL cold 16% perchloric acid and 30 min incubation on ice 
for MTX- PG extraction. The lysed sample was centrifuged for 
15 min at 14 000× g at 4°C and the supernatant was transferred 
to a 0.22 µm spin column. After another centrifugation step of 
15 min at 21 000× g at 4°C, 10 µL of the eluate was injected into 
the UPLC- ESI- LC- MS/MS.

Proper quantification and detection of MTX- PG4, MTX- PG5 
and MTX- PG6 were, however, hampered in the described set- up, 
likely due to PBMC matrix components such as phospholipids 
and the low concentrations of these longer chain MTX- PGs. 
Pilot experiments revealed semi- quantitatively that the combined 
levels of MTX- PG4, MTX- PG5 and MTX- PG6 are approximately 
10- fold lower compared with the combined levels of MTX- PG1-3 
and are in line with previous (pilot) experiments.31 We therefore 
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decided to primarily focus on the quantification of the most 
abundant MTX species in PBMCs, that is, MTX- PG1- 3.

MTX- PGs in PBMCs were separated on an Acquity BEH C18 
column (2.1×100 mm, 1.7 μm, Waters). The LC column was 
coupled to an ESI operated on positive mode and detection 
was performed on an AB Sciex QTrap 6500+ (AB Sciex Instru-
ments). See online supplemental material for more information.

Intracellular MTX- PG concentrations for both RBCs and 
PBMCs are reported in fmol/1×106 cells.

Statistics
The comparisons of MTX- PG accumulation and MTX- PG 
distribution profiles in PBMCs versus RBCs were executed in an 
exploratory setting. For this reason, a formal sample size calcu-
lation was not necessary. However, a sample size of 40 patients 
was reasoned to be sufficient, since we anticipated that levels of 
MTX- PGs in PBMCs with a regulated folate/MTX metabolism 
would be higher than in RBCs.29 30

Descriptive statistics for demographic data were reported 
using means (±SD), medians (IQR) or percentages depending on 
the (non-) parametric distribution and type of variables. All anal-
yses were performed on a per- protocol basis. For the primary 
outcome measure, correlation of levels of MTX- PG accumu-
lation in RBCs and PBMCs were tested with Spearman’s rank 
correlation. Differences in MTX- PGs over time between the oral 
and subcutaneous groups were assessed with a (multivariable) 
linear mixed model analysis with logarithmically (LN) trans-
formed MTX- PG data and reported as regression coefficient 
(β)/95% CI values. We corrected for baseline DAS28- ESR score, 
age, smoking, BMI, estimated glomerular filtration rate (eGFR) 
and MTX dose. All covariates were fixed in the model, with 
time×group as an interaction term, with a random intercept and 
restricted maximum likelihood.

Additionally, as exploratory analyses, the relationships between 
MTX- PG concentration in PBMCs/RBCs and DAS28 at months 
1, 2, 3 and 6 were assessed with (multivariable) mixed modelling 
and with EULAR response using generalised estimating equation 
(GEE) analyses. The following covariates were included in the 
model: dose, BMI, age, DAS28 at baseline, administration route, 
smoking, prednisolone dose.

A univariable GEE analysis was also performed in order to 
analyse the association between LN- transformed MTX- PG levels 
and the occurrence of adverse events (β/95% CI).

In all analyses, p value <0.05 was considered statistically 
significant and statistics were performed with SPSS Statistics 
V.26.0.0.1 (SPSS, Chicago, Illinois, USA).

RESULTS
Patient and study characteristics
Forty- three early and DMARD therapy- naïve patients with RA 
were included in the MeMo study of whom 77% were female. 
The mean age was 58.5 years (SD 11.2), mean BMI was 26.0 
(4.2), 24% were smokers and mean baseline DAS28- ESR was 
3.5 (1.5) (table 1). Twenty- two patients received oral MTX 
and 21 patients were administered subcutaneous MTX (online 
supplemental figure S1). Mean starting MTX dose at baseline 
was 10.5 mg (SD: 1.5) for both groups, 15.4 mg (4.4) and 16.8 
mg (1.8) at 1 month, 22.8 mg (3.9) and 22.4 mg (5.2) at 2 
months, 20.1 mg (6.3) and 20.8 mg (5.6) at 3 months and 19.7 
mg (6.1) and 18.5 mg (6.7) at 6 months for oral and subcu-
taneous use, respectively. None of the patients used another 
DMARD at baseline.

MTX-PG accumulation kinetics in RBCs versus PBMCs
Monitoring MTX- PG accumulation in PBMCs and RBCs of 
patients with RA revealed a disparate profile between the two 
cell types for both MTX- PG distribution and absolute accumu-
lation levels (figures 1 and 2). MTX- PG distribution in PBMCs 
(figures 1A and 2) was mainly composed of MTX- PG1 (58%) 
and to a lesser extent of MTX- PG2 (27%) and MTX- PG3 (15%). 
Moreover, this MTX- PG distribution and accumulation profile 
in PBMCs remained constant over the entire period. In RBCs, 
mainly MTX- PG1 was shown and lower levels of MTX- PG2- 6 at 1 
month after the start of therapy (figures 1B and 2). From 3 months 
onwards, MTX- PG3 was the main PG- moiety with MTX- PG4,5,6 
being detected as well. RBC MTX- PG accumulation increased 
between 1 and 3 months and afterwards reached a plateau. With 
respect to total intracellular MTX- PG accumulation, PBMCs 
had 10- fold to 20- fold significantly higher levels than RBCs at all 
analysed time points (p<0.001) (figure 1A,B). Weak correlations 
were found between drug levels in RBCs versus PBMCs for most 
MTX- PGs at months 1, 3 and 6 (table 2). Relative SD between 
all patients as one group did differ between MTX- PGs in RBCs 
and PBMCs: the percentage coefficient of variations of MTX- 
PG3 were approximately 50%, and 75% for RBCs and PBMCs, 
respectively (see online supplemental table S1).

MTX-PG accumulation of oral versus subcutaneous MTX 
administration
MTX- PG accumulations in RBCs and PBMCs were compared 
after oral versus subcutaneous MTX administration. No differ-
ences in the PBMC MTX- PG distribution profiles nor total 
MTX- PG levels were observed over 6 months (figure 3A). 
In comparison, higher MTX- PG accumulation in RBCs was 
observed in the first 3 months after subcutaneous MTX 

Table 1 Baseline characteristics of patients with RA enrolled in the 
MeMo study

Total study 
population 
(n=43)

MTX oral
(n=22)

MTX 
subcutaneous 
(n=21)

Sex, female (%) 76.7 68.2 85.7

Age 58.5 (11.2) 60.5 (9.3) 56.4 (12.9) §

BMI § 26.0 (4.2) 26.8 (4.4) 25.0 (3.8)

Smokers, yes (%)* 23.8 19.0 28.6

Dosage folic acid, mg 5.5 (1.5) 5.2 (1.1) 5.7 (1.8)

MTX dosage, mg 10.5 (1.5) 10.5 (1.5) 10.5 (1.5)

Prednisolone, yes (%) 74.4 77.3 71.4

Prednisolone dosage, mg 14.8 (11.5) 15.9 (11.8) 13.6 (11.4)

Disease activity scores

  ESR† 20.8 (16.9) 24.5 (26.3) § 11.0 (17.0)

  DAS28- ESR‡ 3.5 (1.5) 3.7 (1.7) 3.3 (1.3)

Clinical variables

  ALAT† 18.0 (12.0) 18.0 (13.5) 18.0 (11.0)

  eGFR† 90.0 (20.0) 87.0 (21.5) 90.0 (15.0)

  Erythrocyte folate (nmol/L) 1435 (727) 1460 (407) 1410 (958)

Demographic data are presented as means (±SD) unless otherwise stated.
*Smoking according to plasma cotinine levels: >5 µg/L=smoker.47

†Median (IQR).
‡Data of seven patients were missing.
§Data of two patients were missing.
ALAT, alanine aminotransferase; BMI, body mass index; CRP, C reactive protein; 
DAS28, Disease Activity Score in 28 joints; eGFR, estimated glomerular filtration 
rate; ESR, erythrocyte sedimentation rate; SJC, swollen joint count; TJC, tender joint 
count.

https://dx.doi.org/10.1136/ard-2022-223398
https://dx.doi.org/10.1136/ard-2022-223398
https://dx.doi.org/10.1136/ard-2022-223398
https://dx.doi.org/10.1136/ard-2022-223398
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administration compared with oral administration (concentra-
tions not corrected for covariates, figure 3B).

Results of linear mixed model analyses of MTX- PG accu-
mulation in RBCs/PBMCs and administration route (corrected 
for age, baseline DAS28, smoking, BMI, eGFR and MTX dose) 
corroborated the observations: there were no differences in 
MTX- PG levels in PBMCs over 6 months, whereas in RBCs the 
drug levels are divergent per administration route (tables 3 and 
4). Notwithstanding marked interpatient variability, patients 
starting subcutaneous MTX had accumulated significantly higher 
(approximately twofold) long chain MTX- PGs (MTX- PG4- 6) in 
RBCs when compared with patients in the oral MTX group at 1 
and 2 months. Similarly, total MTX- PGs and MTX- PG3 accumu-
lation were significantly higher in subcutaneous MTX users at 
month 1 (p=0.022 and p=0.011) compared with the oral group 

(median 68.6 nmol/L (IQR 40.5) vs 51.9 (55.6) and 17.4 (11.1) 
vs 11.2 (15.6), respectively (table 3).

MTX-PG levels and efficacy
Mean baseline DAS28 of 3.5 (SD: 1.5) decreased to 2.3 (1.0) 
after 3 months and was 2.5 (1.3) after 6 months of MTX usage. 
Multivariable longitudinal GEE analyses showed significantly 
higher MTX- PG3 levels in PBMCs over time (at months 1, 2, 3 
and 6) in EULAR responders at month 3 (β 2.5 (95% CI 2.3 to 
2.7, p=0.034)) and 6 (β 2.5 (2.4 to 2.7, 0.034)). This does not 
hold for other MTX- PGs.

In cross- sectional analyses, a trend could be perceived towards 
higher MTX- PG3 levels in PBMCs and RBCs at all four time 
points in MTX responders at months 3 and 6 of MTX usage 
(see online supplemental figure S2). In the longitudinal mixed 
model analyses of the association of MTX- PG levels across time 
with DAS28 over a period of 6 months, PBMC MTX- PGs were 
not significantly associated with disease activity (online supple-
mental table S2A). RBC MTX- PG4- 5 at month 1 are associated 
with lower disease activity measured by DAS28 over a period of 
6 months (online supplemental table S2B). However, this study 
was not powered to detect associations with disease activity, 
which were clearly found for RBC MTX- PGs in previous studies 
and a meta- analysis.11 23

Adverse events
GI- related AEs were reported 15 times, CNS- related AEs 26 
times, hepatotoxicity 5 times and other AEs 28 times. In total, 
43 patients reported any side effect(s), mostly headache and 

Figure 1 MTX- PG concentrations in PBMCs (panel A) and RBCs (panel B) of patients with RA. Individual MTX- PG concentrations in PBMCs (A) and 
RBCs (B) during the first 6 months of MTX administration (note the different scaling of the y- axes). MTX, methotrexate; PBMC, peripheral blood 
mononuclear cell; PG, polyglutamate; RA, rheumatoid arthritis; RBC, red blood cell.

Figure 2 MTX- PG concentrations in PBMCs (panel A) and RBCs (panel 
B) during MTX treatment. MTX- PG4- 6 are present in PBMCs, however, 
precise quantification of these individual PG species was hampered due 
to interference of PBMC matrix components (see ‘Methods’ section). 
Therefore, the values of MTX- PG4- 6 are shown as the sum of individual 
MTX- PG4- 6 species. MTX, methotrexate; PBMC, peripheral blood 
mononuclear cell; PG, polyglutamate; RBC, red blood cell.

Table 2 Spearman’s rank correlations between MTX- PGs in RBCs 
and PBMCs

Month 1
Rho (p value)

Month 3
Rho (p value)

Month 6
Rho (p value)

MTX- PG1 0.42 (0.008) 0.40 (0.015) 0.58 (<0.001)

MTX- PG2 0.45 (0.003) 0.22 (0.205) 0.25 (0.149)

MTX- PG3 0.60 (<0.001) 0.54 (<0.001) 0.74 (<0.001)

MTX, methotrexate; PBMC, peripheral blood mononuclear cell; PG, polyglutamate; 
RBC, red blood cell.

https://dx.doi.org/10.1136/ard-2022-223398
https://dx.doi.org/10.1136/ard-2022-223398
https://dx.doi.org/10.1136/ard-2022-223398
https://dx.doi.org/10.1136/ard-2022-223398


5Hebing RCF, et al. Ann Rheum Dis 2022;0:1–8. doi:10.1136/ard-2022-223398

Rheumatoid arthritis

dizziness. No correlations for MTX- PGs in PBMCs with AEs 
were found, nor per administration route (online supplemental 
table S3).

DISCUSSION
The current study is the first pharmacokinetic study that 
compares the MTX- PG accumulation kinetics in RBCs versus 
PBMCs for patients with early RA following 6 months oral or 
subcutaneous MTX administration. We showed that measuring 
MTX- PGs in PBMCs is analytically feasible. We also showed for 
the first time that subcutaneous MTX led to higher MTX- PG 
accumulation in RBC compared with oral MTX in the first 1–3 
months, but not in PBMCs. And, contrary to MTX- PG in RBCs, 
MTX- PG concentration did not increase in PBMCs over time. 
Also, PBMCs accumulated 10- fold to 20- fold higher levels of 
total MTX- PGs per cell than RBCs, consistent with nucleated 
cells harbouring a proliferative capacity and regulated folate 
metabolism.29

In a first preliminary study, Van Haandel et al31 reported that 
PBMCs and RBCs accumulated MTX- PGs in the same order 
of magnitude, which differs from results of this current study. 
MTX- PG distribution profiles though were similar as observed 
in the current study with MTX- PG1- 2 as the most dominant 
species in PBMCs and MTX- PG3 in RBCs. Further compar-
ison was difficult to make as the report by Van Haandel et al31 

did not specify the number of patients with RA, dose of MTX 
administered, administration route and duration of treatment 
time. In a recent bioanalytical study with RBCs and PBMCs 
isolated from eight patients with RA, Daragmeh et al32 also 
reported that MTX- PG1- 2 were the major species in PBMCs 
and that MTX- PGs levels were markedly higher in PBMCs 
than in RBCs. The authors expressed MTX- PG accumulation 
values in nmol/L packed cells, which hampers a direct per cell 
comparison as the mean cell volume (MCV) of RBCs (100 fl) 
and PBMCs differs substantially (200–400 fl).37 Additionally, 
Daraghmeh et al did not specify details of patient character-
istics, MTX dosing and route of administration to allow a full 
comparison.32

There may be several factors accountable for distinct MTX- PG 
accumulation kinetics between PBMCs and RBCs; most impor-
tantly enzymatic activity of FPGS, differences in cellular lifespan 
and bioavailability/plasma pharmacokinetics of MTX. FPGS 
activity is highly dependent on the cellular proliferation and 
differentiation status.19 26 38 Since mature RBC are devoid of 
FPGS activity,26 formation of MTX- PGs proceeds primarily in 
erythrocyte precursor cells and is then partly retained during 
erythroid cell differentiation and maturation. For RBCs, this is 
illustrated by the fact that reticulocytes contain up to fourfold 
higher levels of MTX- PGs than the fraction of mature RBCs.27 
PBMCs of patients with RA do have functional FPGS activity 

Figure 3 MTX- PG levels in PBMCs (panel A) and RBCs (panel B) after oral and subcutaneous use. *Indicates significant difference between oral and 
subcutaneous use (p=0.04). Data not corrected for covariates. MTX, methotrexate; PBMC, peripheral blood mononuclear cell; PG, polyglutamate; RBC, 
red blood cell.

Table 3 Longitudinal estimates of MTX- PG accumulation levels in RBCs of subcutaneous MTX users compared with oral MTX users, corrected for 
baseline DAS28- ESR score, age, smoking, BMI, eGFR and MTX dose

β at month 1 β at month 2 β at month 3 β at month 6

MTX- PG1- 6 1.72
(1.13 to 2.63, 0.013)

1.57
(1.00 to 2.47, 0.051)

0.75
(0.47 to 1.20, 0.223)

1.58
(1.02 to 2.48, 0.042)

MTX- PG1,2 1.11
(0.70 to 1.75, 0.645)

1.23
(0.75 to 1.99, 0.406)

1.23
(0.76 to 1.97, 0.395)

0.76
(0.46 to 1.25, 0.283)

MTX- PG3 1.74
(1.17 to 2.58, 0.007)

1.56
(1.03 to 2.38, 0.037)

1.25
(0.83 to 1.89, 0.275)

0.89
(0.58 to 1.35, 0.572)

MTX- PG4- 6 2.07
(1.06 to 4.03, 0.034)

2.34
(1.18 to 4.62, 0.015)

1.71
(0.93 to 3.15, 0.085)

1.15
(0.61 to 2.17, 0.656)

Values between brackets depict 95% CI and p value.
Underlined betas are statistically significant (95% CI, p values). For example, patients with RA using subcutaneous MTX had 1.72- fold higher MTX- PG1- 6 levels compared with 
oral MTX users at month 1.
MTX dose at the moment of blood sampling is not representative for MTX- PG levels in RBCs, as it takes up to 7–12 weeks to reach steady state.48 Therefore, as a compromise, 
we performed our RBC analyses with the dosage of the previous month. For PBMCs, this delay was not forecasted.
BMI, body mass index; DAS28, Disease Activity Score in 28 joints; eGFR, estimated glomerular filtration rate; ESR, erythrocyte sedimentation rate; MTX, methotrexate; PBMC, 
peripheral blood mononuclear cell; PG, polyglutamate; RA, rheumatoid arthritis; RBC, red blood cell.
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and therefore accumulate higher levels of MTX- PGs than RBCs, 
as shown in this study.

Furthermore, along with MTX dosing and plasma pharma-
cokinetics in the RA setting, it has to be considered that RFC 
and FPGS operate far below their maximal capacities (Michaelis 
Menten constant (Km) of 5 µmol/L and 60–100 µmol/L, respec-
tively,30 while intracellular total MTX- PG concentrations in RA 
PBMCs (figure 1) are around 0.3–0.5 µmol/L (calculated from 
MCVs of 200 fl for lymphocytes and 400 fl for monocytes).37 
Given the low intracellular MTX- PG concentrations, unfa-
vourable FPGS enzyme kinetics, low FPGS enzyme activity in 
PBMCs and a shorter lifespan,30 these combinations will hamper 
to convert MTX- PG1 to higher MTX- PG species.

The MTX- PG accumulation profile in RBCs reaches a satura-
tion level after 3–4 months, which is consistent with its lifespan 
of 120 days. At the early phase of treatment of therapy- naïve 
patients, MTX- PGs are formed in proliferating erythrocyte 
precursor cells. Those cells enter the circulation as reticulo-
cytes and mix with mature RBCs that had no prior exposure 
to MTX.27 During prolongation of MTX therapy, RBC popu-
lations with prior exposure to MTX outnumber the non- MTX 
exposed RBC population. Around 120 days, disappearance of 
the oldest fraction from circulation is balanced out with a newly 
appearing fraction of MTX- PG containing RBC, with MTX- PG 
accumulation as a consequence.

In contrast to RBCs, the diverse cell types within the circu-
lating PBMC fraction can have a greatly variable lifespan or 
circulation residence time.39 In the monocyte population alone, 
there are differences in lifespan of 1 day for cluster of differ-
entiation (CD)14+high/CD16− classical monocytes (entering 
circulation first) compared with 4 days for CD14+high/CD16+ 
intermediate monocytes and 7 days for CD14+low/CD16+ non- 
classical monocytes.40 In the context of MTX therapy, it has 
been reported that numbers of classical monocytes decrease in 
MTX- non- responding patients with RA, whereas numbers of 
non- classical and intermediate monocytes increase in MTX non- 
responders.41 Therefore, the composition, lifespan and FPGS 
activity of different cells in the PBMC compartment are versa-
tile.42 43 In spite of that, MTX- PG levels remain constant over 
time, as opposed to RBCs, which is probably due to the FPGS 
catalytic activity as a rate- limiting factor. In the current study, we 
did not examine FPGS activity and/or MTX- PG accumulation 
in PBMC subpopulations during MTX therapy, which would be 
of interest in order to further define MTX targeting of specific 
immune cell types.

In this study, we observed that MTX- PG levels in RBCs are 
higher for subcutaneous route of administration compared with 
oral. A probable explanation is higher MTX bioavailability 
for subcutaneous MTX, thus resulting in higher plasma levels 

of native MTX- PG1. Indeed, in other studies, subcutaneous 
administration has been associated with higher plasma levels.44 
In PBMCs, however, we did not observe differences between 
subcutaneous and oral administration with respect to MTX- PG 
concentrations, underscoring that FPGS rather than RFC is a 
rate- limiting factor. In support of this notion, a recent study 
highlighted the complexity of the MTX uptake and polyglu-
tamylation being dependent on tight coupling of folate/MTX 
transport, polyglutamylation and channelling to cytosolic and 
mitochondrial compartments.45

Although the MeMo study was not powered to assess correla-
tions between levels of MTX- PG accumulation in RBCs and/or 
PBMCs with clinical response, certain trends were noticeable. 
Since there are no other studies comparable to the MeMo cohort 
in which MTX- PGs in PBMCs were measured, we decided to 
analyse the relationship between PBMC MTX- PGs and clin-
ical response. We observed higher MTX- PG3 concentrations in 
PBMCs of EULAR responders versus non- responders (online 
supplemental figure S2). An association between drug levels and 
clinical response is necessary for TDM, therefore this prelimi-
nary finding should be further investigated in a larger cohort, 
powered to investigate dose- response relationships. For RBCs, 
we also observed the same trend as published before, showing 
that higher levels of MTX- PGs are associated with lower disease 
activity levels.2 11 12

Confirming a relationship between drug levels and efficacy, 
alongside measurable drug levels in a readily available medium as 
well as interpatient variability, are prerequisites for TDM. Solely 
on the basis of the MeMo study, MTX- PGs in PBMCs do not 
fulfil those requirements fully as of yet, while MTX- PGs in RBCs 
in most studies do.2 11 12 23 Combined with the less complicated 
(pre- )analytical phase, MTX- PG measurement in RBCs could be 
a favourite for TDM (table 5). On the other hand, measurement 
in PBMC may more closely reflect RA pathogenesis and predict 
clinical response. In our study, this relationship looks prom-
ising but should be further explored in larger studies. It would, 
however, be of interest to explore whether measuring MTX- PGs 
in RBCs at an earlier time- point, such as 1 month after MTX 
start, also associates with clinical efficacy, and thus can be used 
to perform TDM. Measuring MTX- PGs in PBMC at an even 
earlier time point (eg, 2 weeks), due to their short lifespan, could 
also function as an adherence measurement.46

In conclusion, this is the first study that compares MTX- PG 
accumulation kinetics in RBCs and PBMCs head- to- head in 
patients with early RA. We demonstrated that MTX- PG measure-
ments in PBMCs is analytically feasible, their levels are consider-
ably higher and their distribution profile is distinct from that of 
RBCs. As such, MTX- PGs in PBMCs, representing immune cells 
implicated in the pathophysiology of RA, could be a valuable 

Table 4 Longitudinal estimates of MTX- PG levels in PBMCs of subcutaneous MTX users compared with oral MTX users, corrected for baseline 
DAS28- ESR score, age, smoking, BMI, eGFR and MTX dose (95% CI, p value)

β at month 1 β at month 2 β at month 3 β at month 6

MTX- PG1 1.4
(0.88 to 2.3, 0.14)

0.96
(0.57 to 1.6, 0.89)

1.2
(0.72 to 1.9, 0.50)

0.82
(0.49 to 1.37, 0.44)

MTX- PG2 1.4
(0.74 to 2.1, 0.07)

0.96
(0.62 to 1.5, 0.84)

1.2
(0.80 to 1.8, 0.38)

0.96
(0.63 to 1.45, 0.84)

MTX- PG3 1.1
(0.74 to 1.8, 0.54)

1.03
(0.65 to 1.6, 0.89)

1.1
(0.72 to 1.7, 0.66)

1.1
(0.71 to 1.67, 0.71)

MTX- PG1- 3 1.39
(0.91 to 2.1, 0.12)

0.97
(0.62 to 1.5, 0.91)

1.2
(0.78 to 1.8, 0.41)

0.94
(0.60 to 1.45, 0.77)

BMI, body mass index; eGFR, estimated glomerular filtration rate; ESR, erythrocyte sedimentation rate; MTX, methotrexate; PBMC, peripheral blood mononuclear cell; PG, 
polyglutamate; RBC, red blood cell.
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TDM tool for guiding clinical decision- making. Future studies 
should focus on consolidating evidence on the relationship 
between MTX- PGs in PBMCs and clinical response. This study 
is the first that paves the way for various TDM approaches in 
MTX treatment of patients with RA.
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