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Association of altered folylpolyglutamate synthetase
pre-mRNA splicing with methotrexate
unresponsiveness in early rheumatoid arthritis
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Abstract

Objectives. An efficient pharmacological response to MTX treatment in RA patients relies on the retention and ac-

cumulation of intracellular MTX-polyglutamates catalysed by the enzyme folylpolyglutamate synthetase (FPGS). We

recently identified a partial retention of FPGS intron 8 (8PR) as a prominent splice variant conferring FPGS dysfunc-

tion and decreased MTX polyglutamylation in acute lymphoblastic leukaemia. Here, we explored the association

between FPGS 8PR levels and lack of MTX responsiveness in RA patients.

Methods. Thirty-six patients undergoing MTX treatment were enrolled from the Combinatie behandeling

Reumatoide Artritis (COBRA)-light trial. RNA was isolated from blood samples at baseline, 13 weeks and 26 weeks

of therapy, from patients in either COBRA-light (n¼21) or COBRA (n¼ 15) treatment arms. RT-qPCR analysis was

used to assess RNA levels of FPGS 8PR over wild-type FPGS (8WT).

Results. In the COBRA-light treatment arm, higher baseline ratios of 8PR/8WT were significantly associated with

higher 44-joint disease activity score (DAS44) at 13 and 26 weeks. Higher baseline ratios of 8PR/8WT also trended

towards not obtaining low disease activity (DAS <1.6) and becoming a EULAR non-responder at 13 and 26 weeks.

In the COBRA-treatment arm, a significant association was observed between high baseline 8PR/8WT ratios and

higher DAS44 score at 26 weeks. Higher 8PR/8WT ratios were associated with non-response at week 26 based on

both low disease activity and EULAR criteria.

Conclusion. This study is the first to associate alterations in FPGS pre-mRNA splicing levels with reduced re-

sponsiveness to MTX treatment in RA patients.

Trial registration. ISRCTN55552928.
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Rheumatology key messages

. Baseline folylpolyglutamate synthetase (FPGS) with partial retention of intron 8 (8PR)/wild-type (8WT) ratios are

significantly associated with week 13 and week 26 DAS44 in COBRA-light treated RA patients.

. Baseline FPGS 8PR/8WT ratios are significantly associated with DAS44 at 26 weeks in COBRA-treated RA patients.

. Baseline FPGS 8PR/WT ratios were significantly different between low disease activity/EULAR non-responders and

responders.
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Introduction

The clinical and pharmacological efficacy of both low-

dose (10–25 mg/week) MTX treatment in RA patients

[1–7] and high-dose (>500 mg/m2) MTX treatment in leu-

kaemia patients [8–10] critically depends on the intracel-

lular bioactivation of MTX to MTX-polyglutamate forms

(MTX-PG), a metabolic conversion catalysed by the en-

zyme folylpolyglutamate synthetase (FPGS) [11]. Proper

polyglutamylation results in enhanced intracellular reten-

tion because long-chain MTX-PGs, other than MTX in its

monoglutamate form, are no longer substrates of

ATP-dependent drug efflux transporters [12, 13].

Furthermore, long chain MTX-PGs enhance the pharma-

cological efficacy of this antifolate by exerting more po-

tent inhibition of intracellular target enzymes in folate

metabolism, an essential process for the provision of

nucleotides for DNA replication. The anti-leukaemic ef-

fect of MTX is primarily exerted by inhibition of dihydro-

folate reductase and thymidylate synthase, leading to

blockade of DNA replication and consequently cell

death. On the other hand, the mechanism of action of

low dose MTX in RA is thought to be associated with

the inhibition of key enzymes in de novo purine biosyn-

thesis (i.e. 5-aminoimidazole-4-carboxamide ribonucleo-

tide transformylase) by MTX-PGs and the downstream

non-lytic release of the anti-inflammatory purine adeno-

sine [14]. However, beyond adenosine release, other

factors may contribute to the mechanism of action of

low dose MTX [1, 15].

Despite the long standing success of MTX in RA treat-

ment, �30% of RA patients experience inadequate

responses to MTX treatment due to intolerance or ineffi-

cacy at both early and later stages of treatment [1, 15–

17]. This in turn necessitates a switch to other chemical

and/or biological DMARDs. From this perspective, studies

aiming to identify biomarkers for predicting lack of MTX

response in RA are of great clinical relevance [18, 19]. A

number of recent studies defined clinical, demographic,

psychosocial and laboratory variables as predictors that

may contribute to the lack of MTX response in early RA

[20–23]. With respect to MTX-PG as a possible predictive

factor, the accumulation of MTX-PGs has been analysed

in red blood cells of RA patients during MTX therapy [24–

32]. These studies revealed steady-state levels after

3 months’ therapy [26, 30, 32], associations with a de-

crease in DAS28 scores [29, 30], but also large inter-

patient variabilities between RA patients treated with

similar doses of MTX [28–31, 33] that may be accounted

for by variable catalytic activities of FPGS [31].

In leukaemia cells, loss of FPGS activity has been rec-

ognized as a common mechanism of MTX resistance

[10, 11, 13]. Stark et al. [34] reported that loss of FPGS

activity can occur due to aberrant pre-mRNA splicing of

FPGS, giving rise to splice variants undergoing prema-

ture translation termination and a significant loss of

FPGS activity (Fig. 1). Recent studies by Wojtuszkiewicz

et al. [35] corroborated these findings by showing that

multiple MTX-induced pre-mRNA FPGS splice variants

in human acute lymphoblastic leukaemia (ALL) cell lines

and patients contribute to decreased FPGS activity.

Among the FPGS splice variants detected, the most fre-

quent alteration included the partial retention of intron 8

(8PR). This splice variant results in a truncated and in-

active FPGS protein [18] (Fig. 1). Quantification of FPGS

8PR as a ratio relative to the wild-type transcript (FPGS

8PR/8WT) in cohorts of paediatric and adult ALL cell

specimens revealed large inter-patient variation [35]. In a

clinical follow-up study, high FPGS 8PR levels appeared

to be associated with diminished accumulation of MTX-

PGs in leukaemic blast cells and decreased overall sur-

vival in ALL patients [36]. These results prompted us to

explore whether FPGS splicing alterations would also

impact responsiveness of low dose MTX therapy for RA

patients, based on the disease activity score of 44 joints

(DAS44).

Here, we demonstrate that whole blood cell levels of

FPGS 8PR are significantly associated with MTX re-

sponse in early RA patients, underscoring the impact of

pre-mRNA splicing alterations for MTX drug response

in RA.

Methods

Study population

A total of 162 patients participated in the ’Combination

treatment of Rheumatoid Arthritis’ (in Dutch ‘Combinatie

behandeling Reumatoide Artritis’) COBRA-light trial (trial

registration number: ISRCTN55552928), a non-inferior

open label randomized trial, of which detailed informa-

tion has been published earlier [37, 38]. In short,

patients with early RA according to the revised ACR cri-

teria [39] were recruited between March 2008 and

March 2011. Patients were randomized to either the

COBRA strategy (initial 60 mg/day prednisolone, tapered

to 7.5 mg/day in 7 weeks; 7.5 mg/week MTX; and 1 g/

week sulfasalazine) or to the COBRA-light strategy (ini-

tial 30 mg/day prednisolone, tapered to 7.5 mg/day in

9 weeks, and 10 mg/week MTX, increased to 25 mg/

week in 8 weeks) (Supplementary Fig. S2, available at

Rheumatology online) [37, 38]. Treatment adjustments

were protocolized up to 52 weeks and based on the

DAS44 every 3 months. In the COBRA strategy, MTX

was given at a stable dose in the first 13 weeks. If

DAS44 was �1.6 at 13 weeks, the MTX dosage was

increased biweekly up to 25 mg/week. In the COBRA-

light strategy, MTX was given subcutaneously if DAS44

was �1.6 at week 13. The study was approved by the

Medical Ethics Committees at each participating centre,

and executed in accordance with the Declaration of

Helsinki/Good Clinical Practice. All patients gave written

informed consent before inclusion.

Out of 36 patients enrolled in the COBRA-light trial,

whole blood RNA was isolated PAXgene Blood RNA

tubes (PreAnalytiX, Hombrechtikon, Switzerland). From

each patient, RNA was isolated at both baseline (before

treatment) and 13 weeks after treatment.
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The RA patients were enrolled either in the COBRA-

light or the COBRA trial arm (Supplementary Fig. S1,

available at Rheumatology online). Patient characteristics

are shown in Table 1.

Outcome measure

Disease activity of RA patients was based on the DAS44

scores [40]. Responsiveness for this study was defined

as i) baseline DAS44 scores; ii) DAS44 as a continuous

outcome measured at week 13 and 26; iii) the change in

DAS44 after 26 weeks of treatment, defined as the

DDAS44 between week 26 and baseline; iv) low disease

activity (LDA) defined as having a DAS44� 1.6 (eval-

uated at 3 and 6 months after start), and v) and being a

EULAR good responder.

Quantitative real-time PCR

RNA was isolated from using blood PAXgene tubes

according to the manufacturer’s protocol (BD

Biosciences). RNA (0.25mg) was reverse transcribed to

cDNA using Moloney Murine Leukaemia Virus (M-MLV;

Thermo Fisher Scientific, Waltham, MA, USA) in a reac-

tion buffer containing random hexamer primers (Roche,

Basel, Switzerland), dNTPs (Roche), and a ribonuclease

inhibitor RNasin (Promega, Madison, WI, USA).

Quantification of FPGS 8PR and 8WT levels was per-

formed using RT-qPCR with a LightCycler 480 (Roche).

The expression of b-glucuronidase (GusB) was used as

a reference. Primer sequences derived from

Wojtuszkiewicz et al. [35, 36] are shown in Supplementary

Table S1, available at Rheumatology online. To quantify

the levels of FPGS 8PR and FPGS WT in clinical samples,

5ml of 2.5 ng/ml cDNA was used. Pre-mRNA levels of 8PR

and 8WT derived from CCRF-CEM T cell leukaemia cells

[35, 41] were used as a positive control to correct for any

differences between qRT-PCR plates. qRT-PCR pre-mixes

were prepared with 10ml LightCycler 480 SYBR Green I

Master mix (2� concentrated, Roche), 1ml forward primer

(5mM, Biolegio B.V., Nijmegen, The Netherlands), 1ml re-

verse primer (5mM, Biolegio B.V.) and 3ml sterile ddH2O

per reaction. Fifteen microlitres qRT-PCR pre-mix was dis-

tributed into a LightCycler 480 Multiwell Plate 96 (white,

Roche) on ice, followed by the addition of cDNA. The 96-

well plate was sealed and centrifuged briefly. Relative ex-

pression of the genes was calculated using the Advanced

Relative Quantification option (LightCycler 480 software,

version 1.5.1.62, Roche).

Statistical analyses

Both treatment arms were analysed separately due to

their different MTX treatment dose schedules. Linear

FIG. 1 Schematic representation of FPGS pre-mRNA splicing (A) and mode of action of MTX (B)

Canonical FPGS pre-mRNA splicing involves the complete removal of intron 8 prior to translation into a functional

FPGS enzyme (A, top). FPGS polyglutamylates MTX by sequentially adding glutamate moieties, forming MTX-PGn.

The latter inhibits ATIC, exerting its anti-inflammatory effect, and also blocks DHFR and TS, thereby eliciting its anti-

proliferative effect (B). Aberrant splicing of FPGS results in a partially retained intron 8 (8PR), which leads to an inter-

ruption of the main open reading frame, resulting in a premature termination codon and possibly a truncated FPGS

protein, which loses its catalytic activity (A). 8PR: partial retention of intron 8; ATIC: 5-aminoimidazole-4-carboxamide

ribonucleotide transformylase; DHFR: dihydrofolate reductase; FPGS: folylpolyglutamate synthetase; PGn: polygluta-

mate with n (1–6) glutamate molecules; TS: thymidylate synthase.
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regression was used to establish an association be-

tween the levels of FPGS 8PR/8WT and the continuous

(D)DAS44 scores, in case of normally distributed out-

come. Normality of distribution was tested by the

Shapiro–Wilk normality test. Regression models include

baseline DAS44 scores as covariate to correct for

baseline DAS44, which is a known predictor for

non-response to MTX. Welch’s t-test was performed to

account for unequal variances. A two-sided level of sig-

nificance was considered at P<0.05. All statistical anal-

yses were performed with SPSS Statistics software

Version 26 (IBM Corp., Armonk, NY, USA) or with

GraphPad Prism Version 8.2.1 (GraphPad Software Inc.,

La Jolla, CA, USA).

Results

Study population

Table 1 provides demographic information on the 36

patients included in this substudy. These characteristics

are comparable to that of the total study population [37,

38]. Mean baseline and FPGS 8PR/WT at week 13 were

not significantly different between both treatment arms

or between male and female gender (P> 0.05). Impact

of ethnicity could not be evaluated because the patient

population was 89% Caucasian. Of the 36 patients with

whole blood PAXgene Blood RNA tubes, we excluded

one sample from one patient in the COBRA-light arm at

week 13 due to insufficient RNA. Of the 15 patients

receiving COBRA treatment, five did not obtain LDA

after 13 weeks, and received MTX dose increases.

DAS44 as continuous outcome

Baseline whole blood FPGS 8PR/8WT ratios were deter-

mined and were not associated significantly with base-

line DAS44 in COBRA-light and COBRA patients

[b �0.21 (95% CI: �1.2, 0.74), P¼0.58]. Higher baseline

whole blood FPGS 8PR/8WT ratios of COBRA-light

patients were significantly associated with higher DAS44

scores at 13 weeks [b 0.668 (95% CI: 0.46, 1.63),

P¼0.001, Fig. 2A] and 26 weeks [b 0.536 (95% CI: 0.16,

1.51), P¼0.018, Fig. 2B]. Higher baseline ratios of 8PR/

WT were also significantly associated with lower

DDAS44 score at 13 weeks [b 0.59 (95% CI: 0.46, 1.63),

P¼0.001] and 26 weeks [b 0.45 (95% CI: 0.16, 1.512),

P¼0.02]. A non-significant association was observed

between baseline ratios and DAS44 scores at 13 weeks

in COBRA treated patients [b 0.60 (95% CI: 0.06, 1.25),

P¼0.07, Fig. 2C], and higher baseline 8PR/WT ratios

were significantly associated with higher DAS44 scores

at 26 weeks [b 0.0 (95% CI: 0.09, 1.42), P¼0.03,

Fig. 2D].

In addition, a non-significant association was found

between 8PR/8WT ratios at 13 weeks and DAS44 at

13 weeks [b 0.50 (95% CI: 0.18, 1.12), P¼0.14,

Supplementary Fig. S2A, available at Rheumatology on-

line] in COBRA-light patients, and a significant associ-

ation was found for higher 8PR/WT ratios at week 13

with higher DAS44 at 26 weeks [b 0.69 (95% CI: 0.46,

1.52), P¼ 0.001, Supplementary Fig. S2B, available at

Rheumatology online]. Lower DDAS44 scores at

26 weeks were also significantly associated with higher

FPGS 8PR/8WT ratios at 13 weeks [b 0.58 (95% CI:

0.46, 1.52), P¼0.001].

For COBRA patients, higher 8PR/WT ratios at

13 weeks were associated with DAS44 scores at

13 weeks [b 0.58 (95% CI: 0.09, 1.33), P¼0.03,

Supplementary Fig. S2C, available at Rheumatology on-

line] and 26 weeks [b 0.47 (95% CI: 0.11, 1.35),

P¼0.088, Supplementary Fig. S2D, available at

Rheumatology online]. In addition, an association was

observed between FPGS 8PR/8WT ratios at 13 weeks

and DDAS44 at 26 weeks in COBRA patients [b 0.33

TABLE 1 Baseline characteristics

Demographic and disease activity at baseline COBRA COBRA-light
(n 5 15) (n 5 21)

Age, mean (S.D.), years 54 (11) 50 (11)
Women, n (%) 9 (60) 16 (76)
Disease duration, median (IQR), weeks 27 (12–40) 21 (7–31)

RF-positive, n (%) 11 (73) 13 (62)
Anti-CCP positive, n (%) 12 (80) 15 (71)

DAS44, mean (S.D.) 4.2 (0.8) 3.95 (0.8)
DAS44 CRP, mean (S.D.) 4.1 (0.8) 3.78 (0.7)
Tender joints, median (IQR), n 15 (12–29) 14 (9–22)

Swollen joints, median (IQR), n 13 (10–18) 12 (9–14)
HAQ, mean (S.D.) 1.30 (0.64) 1.19 (0.72)

CRP, median (IQR), mg/l 26 (10–26) 18 (3–8)
ESR, median (IQR), mm/h 33 (16–43) 33 (14–46)
Patient global assessment, median (IQR), mm (0–100) 63 (51–68) 62 (49–79)

Patient assessment of pain, median (IQR), mm (0–100) 59 ( 51–67) 61 (50–78)
Physician assessment disease activity, median (IQR), mm (0–100) 42 (35–50) 43 (31–53)

Tender joints: 53 joints; swollen joints: 44 joints. DAS44: 44-joint DAS.
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(95% CI: �0.108, 1.35), P¼ 0.09]. Although some effects

were non-significant, all effects were in the anticipated

direction with confidence intervals ruling out negative

associations counter to the hypothesis.

LDA and EULAR response

In the COBRA-light arm, mean baseline ratios of 8PR/

8WT were significantly higher in patients not obtaining

LDA (insufficient response/non-response) compared with

patients that reached LDA (responders) at 13 weeks

(P¼0.0002, Fig. 3A), but not at week 26 (P¼ 0.056,

Fig. 3B). In addition, mean baseline ratios of 8PR/8WT

were significantly higher in EULAR non-responders than

in EULAR responders at week 13 (P¼0.008) and at

week 26 (P¼ 0.043). Receiver operating characteristic

(ROC) curve analysis for baseline 8PR/8WT ratio predict-

ing non-response (LDA or EULAR) at 13 weeks showed

an area under the curve (AUC) of 0.96 for achieving LDA

and 0.85 for becoming a EULAR non-responder

(Supplementary Fig. S3, available at Rheumatology

online).

For the COBRA-treated group, baseline ratios of

FPGS 8PR/8WT were not significantly different between

LDA response groups at 13 weeks (P¼0.133, Fig. 3C),

but were significantly higher in patients not obtaining

LDA (non-responders) at week 26 (P¼0.036, Fig. 3D).

Baseline ratios were also significantly higher in EULAR

non-responders at week 13 and week 26 (P¼ 0.008 and

P¼0.043, respectively).

Finally, ROC curve analysis for baseline 8PR/8WT

ratio predicting non-response (LDA or EULAR) at

13 weeks showed an AUC of 0.74 for achieving LDA and

0.89 for becoming a EULAR non-responder

(Supplementary Fig. S3, available at Rheumatology

online).

Discussion

The current study is the first to demonstrate an associ-

ation of aberrant FPGS pre-mRNA splicing and re-

sponse to MTX therapy (based on DAS44 scores at

week 13 and 26, DDAS44) as part of COBRA and

COBRA-light treatment protocols for RA patients. In

FIG. 2 Baseline whole blood FPGS 8PR/8WT levels and disease activity scores

(A and B) Baseline ratios of FPGS 8PR over 8WT in COBRA-light are plotted against DAS44 scores at 13 weeks [b
0.668 (95% CI: 0.46, 1.63), P¼ 0.001, A] and 26 weeks [b 0.536 (95% CI: 0.16, 1.51), P¼ 0.018, B]. (C and D)

Baseline ratios of FPGS 8PR over 8WT in COBRA patients are plotted against DAS44 scores at 13 weeks [b 0.51

(95% CI: 0.06, 1.25), P¼ 0.07, C] and 26 weeks [b 0.60 (95% CI: 0.09, 1.42), P¼0.029, D]. 8PR: partial retention of in-

tron 8; 8WT: wild-type; FPGS: folylpolyglutamate synthetase.
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addition, during COBRA-light therapy (which implements

MTX dose increases in the first 9 weeks of therapy), sig-

nificant differences were observed between the mean

baseline levels of FPGS 8PR/8WT between LDA res-

ponders and non-responders at week 13 and EULAR

responders/non-responders at week 13 and 26, while

similar observations were made for patients receiving

COBRA therapy with significant differences of mean

baseline FPGS 8PR/8WT ratios between LDA respond-

ers and non-responders at 26 weeks and EULAR

responders/non-responders at 13 and 26 weeks.

Alternative splicing has gained recent interest for its

contributory role in altered drug metabolism and

impaired drug response in cancer treatment [42, 43].

This was illustrated in a recent study demonstrating that

alternative splicing is a contributing factor in glucocortic-

oid drug resistance in leukaemia treatment coming with

distinct alternative splicing profiles in either T cell or B

cell leukaemia [44]. The association between specific

splicing alterations and drug resistance was therapeutic-

ally harnessed to target various cancers [45].

Conceivably, similar mechanisms may apply for RA

treatment with DMARDs, which are dependent on me-

tabolism/bioactivation, with the anchor drug MTX as a

prototypic example. Clinical efficacy of MTX is critically

dependent on its conversion to MTX-PGs by FPGS [1,

15, 25, 27–32], and consequently diminished FPGS

activity can result in lack of responsiveness to MTX

treatment [11].

In the current study we particularly focused on one

FPGS pre-mRNA splice variant, i.e. partial retention of

intron 8 (8PR), which was recently identified as a domin-

ant variant in leukaemia cells and associated with dimin-

ished MTX-polyglutamylation and dismal clinical

outcome [34–36]. Remarkably, in the RA setting too, a

high ratio of FPGS 8PR/8WT in whole blood of RA

patients appears to have a predictive value for MTX re-

sponsiveness in both the COBRA-light and COBRA

FIG. 3 FPGS 8PR/8WT levels and COBRA-light/COBRA patients with LDA.

LDA was defined as DAS44 <1.6. (A and B) COBRA-light baseline FPGS 8PR/8WT ratios are plotted and Welch’s

t test (unequal variances assumed) was performed for both groups at 13 weeks (P¼0.0002, A) and 26 weeks

(P¼0.056, B). (C and D) COBRA baseline FPGS 8PR/8WT ratios are plotted and Welch’s t test (unequal variances

assumed) was performed for both groups at 13 weeks (P¼0.133, C) and 26 weeks (P¼ 0.036, D). LDAþ: patients

reaching LDA (responders); LDA�: patients not reaching LDA (insufficient response at 13 weeks or non-response at

26 weeks); *P< 0.05, ***P< 0.001. 8PR: partial retention of intron 8; 8WT: wild-type; FPGS: folylpolyglutamate synthe-

tase; LDA: low disease activity; ns: not significant.
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treatment arms. Moreover, differences in the association

between the FPGS 8PR splice variant and disease activ-

ity between patients receiving COBRA-light and COBRA

treatments could be attributed to their distinct dose regi-

mens. The apparent lack of association of the 8PR/8WT

ratio at 13 weeks and disease activity at 13 weeks in

COBRA patients might be explained by the fact that in

the COBRA treatment arm, MTX dose increments start

only after 13 weeks of initial treatment and thus MTX ac-

cumulation and effect would be limited. This also sup-

ports the hypothesis that the levels of the FPGS 8PR

splice variant are related to the anti-rheumatic activity of

MTX and not to a by-product of reduced inflammation

due to either treatment strategy.

As a reservation, the findings of this study should be

considered as preliminary, warranting additional (pro-

spective) studies addressing the following points. First,

this study attributes the association of 8PR/8WT ratios

and poor outcome to a direct effect of MTX treatment

due to its direct biological relation to MTX metabolism.

However, it may also be argued that changes in FPGS

8PR/8WT ratios reflect inflammation/immune activation-

induced alterations in folate metabolism observed during

RA onset and progression [46]. As such, it is conceiv-

able that splicing alterations impacting critical metabolic

and signalling pathways in RA disease have potential

value for treatment response predictions beyond MTX.

To establish this further, future sufficiently powered

studies should include control groups of both healthy

individuals and RA patients receiving different treatment

strategies to confirm the current findings. In addition,

due to the limited sample size, further studies need to

be performed to assess the impact of ethnicity and

other potential parameters on FPGS 8PR/8WT expres-

sion and MTX response. Furthermore, one cannot rule

out the possibility that co-medication of MTX in the

COBRA and COBRA-light treatment arms may contrib-

ute to the lack of responsiveness, as both prednisolone

and sulfasalazine were tapered down during therapy

[37]. Since patients received the same cumulative dose

of prednisolone in both treatment arms, whereas associ-

ations between FPGS 8PR/8WT levels and DAS44

scores clearly differed, this supports the notion that the

level of the 8PR/8WT splice variant is associated with

the response to MTX. For sulfasalazine, however, drug

interactions have been reported for folate-dependent

enzymes [47] and the reduced folate carrier (SLC19A1)

[48], the primary influx transporter of MTX [11].

However, there is no direct evidence that sulfasalazine,

as part of the COBRA treatment arm, confers any inhibi-

tory activity on FPGS itself. To further pinpoint the im-

portance of FPGS 8PR/8WT ratio and MTX response,

future dedicated studies in RA patients receiving MTX

monotherapy are warranted. Another limitation of the

current study was that no data were available on FPGS

catalytic activity and MTX-PGn levels in either erythro-

cytes or peripheral blood mononuclear cells to directly

link FPGS 8PR/WT ratios with altered MTX cellular

pharmacology and response to MTX.

From a potential diagnostic perspective, it is of inter-

est that associations of FPGS 8PR with lack of response

to MTX could be identified in RNA extracted from whole

blood of RA patients isolated with PAXgene tubes.

Despite the limited sample size, we were able to con-

struct a preliminary ROC curve with high sensitivity and

specificity for prediction of LDA or EULAR non-response

at 13 weeks using baseline FPSG 8PR/8WT ratios as

predictor. However, there are several issues to be

addressed before an analysis of FPGS 8PR may qualify

as a bona fide prognostic marker. First, since total RNA

is derived from leukocytes, it remains to be determined

which immune cells (T cells, B cells and monocytes) dif-

ferentially contribute to the expression of the FPGS 8PR

splice variant. Second, although FPGS 8PR level has

been associated with loss of FPGS activity and reduced

accumulation of MTX-PGs in leukaemia cells [35, 36],

this functional association needs to be confirmed in im-

mune cells relevant to RA pathophysiology. Recently,

the technical feasibility of FPGS catalytic activity and

MTX-PGs analysis in PBMCs derived from RA patients

was demonstrated by sensitive mass spectrometry [49,

50]. This type of analysis may complement MTX thera-

peutic drug monitoring initiatives and determine whether

alterations in FPGS splicing play a role in inter-patient

variability of MTX-polyglutamylation and therapy re-

sponse [28–31, 33]. Finally, these parameters deserve

further consideration to improve the current predictive

models for MTX response or lack of responsiveness in

RA patients [20–22, 33]. In conclusion, ratios of FPGS

8PR/8WT seem to precede poorer response [based on

(D)DAS44], and significant differences can be found

between (LDA/EULAR) responders and non-responders

in MTX-treated RA patients that warrant further investi-

gation into its causal effect and potential value as a pre-

dictive biomarker for MTX response.
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