~ International Journal of
Molecular Sciences

Article

Methotrexate Provokes Disparate Folate Metabolism Gene
Expression and Alternative Splicing in Ex Vivo Monocytes

and GM-CSF- and M-CSF-Polarized Macrophages

Ittai B. Muller 179, Marry Lin !, Robert de Jonge !, Nico Will 2, Baltasar Lépez-Navarro 3, Conny van der Laken ?,
Eduard A. Struys !, Cees B. M. Oudejans !, Yehuda G. Assaraf %, Jacqueline Cloos ¢, Amaya Puig-Kroger 3

and Gerrit Jansen 4*

check for
updates

Citation: Muller, LB.; Lin, M.; Jonge,
R.d.; Will, N.; Lépez-Navarro, B.;
Laken, C.v.d.; Struys, E.A.; Oudejans,
C.B.M.; Assaraf, Y.G.; Cloos, |.; et al.
Methotrexate Provokes Disparate
Folate Metabolism Gene Expression
and Alternative Splicing in Ex Vivo
Monocytes and GM-CSF- and
M-CSF-Polarized Macrophages. Int. |.
Mol. Sci. 2023, 24, 9641. https://
doi.org/10.3390/ijms24119641

Academic Editor: Nadia Lampiasi

Received: 14 April 2023
Revised: 26 May 2023
Accepted: 28 May 2023
Published: 1 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Laboratory Medicine, Amsterdam University Medical Center,

1105 AZ Amsterdam, The Netherlands; i.muller@amsterdamumc.nl (I.B.M.); m.lin@amsterdamumec.nl (M.L.);
r.dejongel@amsterdamumc.nl (R.d.].); e.struys@amsterdamumc.nl (E.A.S.);

cbm.oudejans@gmail.com (C.B.M.O.)

Facility for Environment and Natural Science, Brandenburg Technical University Cottbus-Senftenberg,
01968 Senftenberg, Germany; nicowill22111@gmail.com

Laboratorio de Inmuno-Metabolismo e Inflamacién, Instituto de Investigacion Sanitaria Gregorio Marafion,
Hospital Gregorio Marafién, 28007 Madrid, Spain; baltasar.lopez@iisgm.com (B.L.-N.);
amaya.puig@iisgm.com (A.P.-K.)

Department of Rheumatology and Clinical Immunology, Amsterdam Rheumatology and Immunology Center,
Amsterdam University Medical Center-location VUmc, 1081 HV Amsterdam, The Netherlands;
j.vanderlaken@amsterdamumec.nl

The Fred Wyszkowski Cancer Research Laboratory, Department of Biology, Technion-Israel Institute of
Technology, Haifa 3200003, Israel; assaraf@technion.ac.il

Department of Hematology, Amsterdam University Medical Center-location VUmc, Cancer Center
Amsterdam, 1081 HV Amsterdam, The Netherlands; j.cloos@amsterdamumc.nl

Correspondence: gjansen@amsterdamumc.nl; Tel.: +31-20-444-66-85

Abstract: Macrophages constitute important immune cell targets of the antifolate methotrexate (MTX)
in autoimmune diseases, including rheumatoid arthritis. Regulation of folate/MTX metabolism remains
poorly understood upon pro-inflammatory (M1-type/GM-CSF-polarized) and anti-inflammatory (M2-
type/M-CSE-polarized) macrophages. MTX activity strictly relies on the folylpolyglutamate synthetase
(FPGS) dependent intracellular conversion and hence retention to MTX-polyglutamate (MTX-PG) forms.
Here, we determined FPGS pre-mRNA splicing, FPGS enzyme activity and MTX-polyglutamylation
in human monocyte-derived M1- and M2-macrophages exposed to 50 nmol/L MTX ex vivo. More-
over, RNA-sequencing analysis was used to investigate global splicing profiles and differential gene
expression in monocytic and MTX-exposed macrophages. Monocytes displayed six—eight-fold higher
ratios of alternatively-spliced /wild type FPGS transcripts than M1- and M2-macrophages. These ratios
were inversely associated with a six—ten-fold increase in FPGS activity in M1- and M2-macrophages
versus monocytes. Total MTX-PG accumulation was four-fold higher in M1- versus M2-macrophages.
Differential splicing after MTX-exposure was particularly apparent in M2-macrophages for histone
methylation/modification genes. MTX predominantly induced differential gene expression in M1-
macrophages, involving folate metabolic pathway genes, signaling pathways, chemokines/cytokines
and energy metabolism. Collectively, macrophage polarization-related differences in folate/MTX
metabolism and downstream pathways at the level of pre-mRNA splicing and gene expression may
account for variable accumulation of MTX-PGs, hence possibly impacting MTX treatment efficacy.

Keywords: methotrexate; macrophages; gene expression; alternative splicing; folate metabolism;
folylpolyglutamate synthetase
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1. Introduction

In the past 75 years, the folate antagonist methotrexate (MTX) has acquired a prominent
position in the treatment of malignant as well as non-malignant disorders such as rheuma-
toid arthritis (RA) and juvenile idiopathic arthritis (JIA) [1,2]. Based upon mechanisms
which remain incompletely understood, the anti-arthritic activity of MTX is thought to be ex-
erted via inhibition of key enzymes in folate and purine metabolism, which ultimately leads
to suppression of cytokine-driven inflammatory signaling pathways in various (activated)
immune cells [3-9]. A critical determinant in the activity of MTX is the folylpolyglutamate
synthetase (FPGS)-catalyzed conversion to its polyanionic MTX-polyglutamate (MTX-PG)
forms. This promotes intracellular retention and results in enhanced potent inhibition of
target enzymes as compared to non-polyglutamylated MTX [10,11]. In fact, the crucial role
of FPGS has been demonstrated via diminished or loss of FPGS activity, which was found
to result in the lack of MTX responsiveness and acquired MTX resistance in both RA and
cancer [12-15].

It has been reported that the catalytic activity of FPGS may vary several orders of
magnitude among distinct cells; it may be low in resting /non-proliferating (immune) cells,
but high in rapidly proliferating tumor cells (leukemias and solid tumors) [12,16,17]. Recent
studies indicated that aberrant pre-mRNA splicing of FPGS is a mechanism underlying loss
of FPGS activity due to the formation of splice variants undergoing premature translation
termination [18-20]. Multiple FPGS splice variants were identified in leukemia cells and
peripheral blood mononuclear cells (PBMCs) of RA patients. One of these splice variants,
a partial retention of intron 8 (8PR), was associated with diminished FPGS activity and
reduced therapy response to MTX [20-22].

Considering the emerging role of aberrant pre-mRNA splicing in drug resistance [20,23],
we investigated FPGS splicing (8PR/WT) in macrophages, one of the main representative
immune cell types known to be targeted by MTX therapy in RA [6,7,24-27]. First, FPGS
(8PR/WT) splicing was examined during ex vivo monocyte to macrophage differentiation
and polarization to pro-inflammatory M1-type (GM-CSE-primed) and anti-inflammatory
M2 type (M-CSF-primed) macrophages [28-31]. Second, the impact of FPGS splicing for
FPGS activity and MTX-PG formation was determined in M1- and M2-type macrophages
following exposure to low-dose MTX. Lastly, complementary RNA sequencing (RNA-seq)
was performed to monitor global MTX-induced alterations in general splicing and differential
gene expression profiles in monocyte-derived M1- and M2-type macrophages. The aim of
these studies was to gain a broader insight into how MTX impacts the processes of monocyte
to macrophage differentiation and polarization that could play a role in the therapeutic effect
of MTX in RA treatment.

2. Results
2.1. FPGS Pre-mRNA Splicing, FPGS Activity and MTX-Polyglutamylation in Monocytes and
M1- and M2-Type Macrophages

To explore whether FPGS splicing is a determinant in the regulation of FPGS activity
in monocytes and polarized macrophages, ratios of FPGS 8PR/WT were determined in
monocytes, GM-CSF (M1-type) macrophages (M) and M-CSF (M2-type) MJ with or
without 7 days of exposure to low-dose (50 nmol/L) MTX (Figure 1A). A markedly high
8PR/WT ratio is observed in monocytes, which decreases significantly (six- to eight-fold)
following differentiation and polarization to M1- and M2-type M. Exposure to low-dose
MTX had no additional impact.

Anticipating that a higher ratio of FPGS 8PR/8WT might translate into impaired
FPGS activity [20-22], we tested this by analysis of FPGS enzyme activity (Figure 1B).
Indeed, an inverse pattern of 8PR/WT and FPGS activity was observed, with the lowest
FPGS activity in monocytes, which was increased six- to ten-fold in M1- and M2-type
M@. FPGS activity was moderately increased in M1-M@ (+MTX) compared to M1-MO
(-MTX); however, this difference did not reach statistical significance. MTX exposure did
not alter FPGS activity in M2-M. Conceivably, the increase in FPGS activity during
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monocyte macrophage differentiation/polarization reflects the need for folate cofactors for
biosynthetic processes [10,17].
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Figure 1. (A) Expression levels of FPGS 8PR/WT in monocytes (Mo), M1-MO (7 day,
+50 nmol/L MTX) and M2-M@ (7 day, 50 nmol/L MTX). (B) FPGS catalytic activity in monocytes,
M1-M@ (7 day, £50 nmol/L MTX) and M2-M@ (7 day, £ 50 nmol/L MTX). Formation and accumu-
lation of MTX-PG after 7 days exposure to 50 nmol/L MTX in (C) M1-MJ and (D) M2-M@, and
after 7 days exposure to 5 umol/L MTX in (E) M1-M@ and (F) M2-M@. Results are expressed as a
mean =+ SD for 3—4 individual donors. * p < 0.05, ** p < 0.01, ** p < 0.001. #: not detectable.

Next, we determined whether FPGS activity is correlated with the formation and accu-
mulation of MTX-PGs in M1-M@ and M2-M following 7 days of exposure to 50 nmol/L
MTX (Figure 1C). M1-M@ cells revealed the formation and accumulation of MTX-PGy,
MTX-PGs; (the dominant form) and MTX-PGy. In contrast, M2-MJ hardly accumulated
any MTX-PGs; most intracellular MTX is MTX-PG; and a small fraction of MTX-PG,
(Figure 1D). Since FPGS activities in M1- and M2-M( are comparable (Figure 1B), the
markedly diminished accumulation of MTX-PGs in M2-MJ at low-dose MTX may be
due to impaired MTX uptake as compared to M1-M. To this end, we also examined
whether this apparent impaired transport may be overcome after exposure to a high dose
(i.e., 5 umol/L) MTX. For M1-M@, total MTX-PG accumulation was 14-fold higher af-
ter high-dose vs. low-dose MTX exposure with a similar MTX-PG distribution profile
(Figure 1E). Total MTX-PG accumulation in M2-MJ was also markedly increased after
high-dose MTX (12-fold over low-dose MTX) along with a MTX-PG distribution profile
(MTX-PG3 dominant form) now being similar to the M1-MJ (Figure 1F). Together, these
results indicate that FPGS splicing is a contributing factor in regulating FPGS activity
during monocyte to macrophage polarization, and that FPGS activity and differential MTX
uptake profiles underlie variable MTX-PG accumulation in M1-M@ and M2-M(J.
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2.2. Differential Splicing Profiles in Monocytes, M1-M@ and M2-MO

To determine whether MTX treatment induces specific splicing patterns, RNA-seq
analysis was performed to determine global differential splicing profiles in M1-M@ vs.
M1-M@ + MTX as well as M2-M@ vs. M2-MO + MTX. Figure 2 depicts the number of
significant splicing events (FDR < 0.01) per category for monocytes vs. polarized MO
+/— MTX. The majority of splice events involved SE, followed by A3SS, A5SS and RI. The
highest total number of differential splice events were observed for monocytes vs. M1-MJ
(3210 events) and monocytes vs. M2-MJ (3179 events) and three-fold lower numbers for
M1-M@ vs. M2-M (961 events), M1-MO vs. M1-MO + MTX (986 events), M2-M@ vs.
M2-MO + MTX (832 events), and M1-MJ + MTX vs. M2-MO + MTX (991 events).

Il I . A3
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m = R
I SE

NN FEIN TSI ESIE Ei

Monocyte  Monocyte M1 M1 M2 M1+MTX
vs vs Vs vs Vs Vs
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Figure 2. Number of differential expression (FDR < 0.01) of 4 splicing types: Skipped Exon (SE),
Retained Intron (RI), Alternative 3’ Splice Site (A3) and Alternative 5’ Splice Site (A5) for: Mo vs.
M1-M@, Mo vs. M2-M@, M1-M@ vs. M2-MJ, M1-MO vs. M1-M@ + MTX, M2-M@ vs. M2-M +
MTX and M1-MJ + MTX vs. M2-M@ + MTX. Results depicted are the means of 3 individual donors.

Profiles of differentially spliced genes of the comparisons shown in Figure 2 are
presented in Figure 3. Volcano plots for the monocyte vs. M1-M@ and monocyte vs.
M2-M@ comparisons are shown in Supplemental Figure S1. The top 100 most differentially
spliced genes (based on Inclusion Level Difference > 0.1) are annotated in Supplementary
Tables 51-56. In the context of this study, we checked whether additional folate-related
genes were among the top 100 of spliced genes. Splicing of methylene tetrahydrofolate
reductase (MTHFR) and the reduced folate carrier (RFC, SLC19A1) were annotated in
M1-M@ vs. M1-M@ + MTX (Figure 3B/Supplemental Table S4). In addition, serine
hydroxymethyltransferase 1 (SHMT1) and methylenetetrahydrofolate dehydrogenase 1
(MTHFD1) were annotated in M2-M@ vs. M2-MJ + MTX (Figure 3C/Supplemental
Table S5). Other selected spliced genes included those involved in the splicing process
itself, such as heterogeneous nuclear ribonucleoprotein H1 (HNRNP1) and splicing factor
3b subunit 1 (SF3B1) (Figure 3B/Supplemental Table S4). FPGS splicing was annotated
in monocytes vs. M1-M@ and M2-M (Supplemental Figure S1). In concordance with
Figure 1A, differential splicing analysis showed a significant splice event (FPGS 8PR, an-
notated as an alternative 5’ splice site) of the FPGS RNA transcript in the monocytes vs.
M1-M@ (FDR = 2.2 x 1078, Inclusion Level Difference = 0.193) and the monocyte vs. M2~
M@ comparison (FDR = 8.5 x 10~ and Inclusion Level Difference = 0.193). No significant
splice event was seen in the other comparisons, similar to Figure 1A. Additionally, top dif-
ferentially spliced genes for M1-M@ vs. M1-M@ + MTX and M2-M vs. M2-M@ + MTX
were analyzed by String, revealing predominantly genes involved in Golgi vesicle transport
and cell cycle for M1-M vs. M1-MJ + MTX as well as histone methylation/modification
for M2-M@ vs. M2-M@ + MTX (Figure 3E).
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Figure 3. Volcano plots of differentially spliced events (SE, RI, A3 and A5) for (A) M1-MO vs. M2-
M@ (total detected splice variants: 34,426), (B) M1-M@ vs. M1-M@ + MTX (total detected splice
variants: 35,800), (C) M2-M@ vs. M2-M@ + MTX (total detected splice variants: 33,990), and (D)
M1-MJ + MTX vs. M2-M@ + MTX (total detected splice variants: 35,558). Results depicted are
the means of 3 individual donors. (E) Gene ontology terms top 500 differentially spliced genes of
comparisons B and C. Strength scores show markedly stronger involvement of top differentially
spliced genes in M2-M vs. M2-M@ + MTX (>0.7) than in M1-M@ vs. M1-M@ + MTX (<0.4)
indicating higher confidence of potential protein interactions in this condition.



Int. . Mol. Sci. 2023, 24, 9641

60of 17

Number of
differentially expressed genes

4000+

3000

2000+

1000

2.3. Differential Gene Expression (DGE) Profiling of Monocytes, M1-M@ and M2-M@ (with and
without MTX Exposure)

We next analyzed RNA-seq data for gene expression profiles in monocytes, M1-MO
and M2-M in the presence or absence of MTX. Figure 4A shows the numbers of up- and
downregulated genes for six groups of cells and MTX exposure conditions. The highest
numbers of differentially expressed genes (>2300) were observed in monocytes vs. M1-M@
and monocytes vs. M2-M; whereas the lowest numbers (88-170) were found for M2-M&
vs. M2-MO + MTX. Comparisons of differentially expressed genes under conditions with
and without MTX exposure revealed a modest overlap of genes impacted by MTX in
M1-M@ vs. M2-M@ (Figure 4B,C).

- Upregulated

— (logFC > 1.5)

Downregulated
(logfFC < -1.5)

=

]
Monocyte Monocyte

whﬂ -th = Iﬂ

M2 M1+MTX
vs vs vs vs vs vs
M1 M2 M2 M1+MTX M2+MTX M2+MTX

Monocyte vs M1 Monocyte vs M2

-
-

M1 vs M2 MIMTX vs M2MTX

Figure 4. (A) The number of significant up- and downregulated (FDR < 0.05, logFC > 1.5) genes
for Mo vs. M1-MJ, Mo vs. M2-MJ, M1-M vs. M2-M@, M1-M@ vs. M1-MJ + MTX, M2-MJ
vs. M2-MJ + MTX, M1-M@ + MTX vs. M2-MJ + MTX, and M1-M@ + MTX vs. M2-MJ + MTX.
Results depicted are the means of 3 individual donors. (B) Venn diagram comparing differentially
expressed genes for Mo vs. M1-M, Mo vs. M2-MJ, M1-M@ vs. M2-M@. (C) Venn diagram
comparing differentially expressed genes for M1-M@ vs. M1-M@ + MTX, M2-M@ vs. M2-MO +
MTX, M1-M@ + MTX vs. M2-M@ + MTX, M1-M@ + MTX vs. M2-MJ + MTX.

A heat map overview of DGE in monocytes, M1-M@ and M2-M@ in the absence
or presence of MTX exposure is shown in Figure 5A and ranking of the top 100 up- and
downregulated genes is depicted in Supplementary Table S7. Distinct patterns of DGE
are noted for monocytes vs. M1-M@ and M2-M(J, with more overlap between M1-
M@ and M2-M(, and selected differences for MTX-exposed M1-MJ and M2-M@. To
further identify MTX-responsive genes in M1-M and M2-M{, genes were selected based
upon an FDR < 0.05, logFC > 1.5 and average gene expression > 1.0, revealing significant
transcriptional differences for 152 genes in M1-M (Figure 5B) and for eight genes in
M2-M@ (Figure 5C).
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Figure 5. Heat maps for (A) global differential gene expression for Mo, M1-MJ, M1-MJ + MTX,
M2-M@ and M2-M@ + MTX. (B) Significant MTX-responsive genes for M1-MJ and M1-MJ +
MTX (FDR < 0.05, logFC > 1.5, average expression > 1.0). (C) Significant MTX-responsive genes for
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are the means of 3 individual donors.
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GSEA of the pre-ranked comparison of the transcriptome of M1-MQ vs. M1-MJ +
MTX revealed 41 gene sets being significantly enriched in M1-M@ + MTX (FDR g-val < 0.05)
(Supplemental Table S8). The top 10 gene sets are shown in this table, among which several
are related to immune response, suggest that M1-M@ + MTX acquired an enhanced pro-
inflammatory phenotype. Two relevant enrichment plots: “TNFA_SIGNALING_VIA_NFKB”
and “INFLAMMATORY_RESPONSE” are shown in Figure 6.
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Figure 6. Gene set enrichment analysis on the ranked comparison of M1-M vs. M1-M@ + MTX. En-
richment plot for significant signature: TNF« Signaling via NF«B (A) and Inflammatory Response (B).
Normalized enrichment scores (NES) indicate the proportionality of genes included in the signature.

Gene expression data were also used to compile relevant genes in cellular pharma-
cology of MTX, i.e., folate metabolism genes (Figure 7A) and drug efflux transporters of
the ABC transporter family (Figure 7B) of which ABCC1-5 and ABCG2 are involved in
folate/MTX drug efflux [26,32-36]. The DGE profile for folate metabolism genes shows a
clear distinction between M1-M@ and M2-M with generally higher expression levels
of cytosolic (DHFR, TS, ATIC) and mitochondrial folate enzymes (MTHFD2) in M1-MJ
over M2-M(J. Likewise, expression of the plasma membrane folate/MTX transporter RFC
(SLC19A1) and mitochondrial folate transporter (MFT/SCL25A32) is increased in M1-M&
over M2-M. Two other folate carriers, FOLR2/FRf and PCFT (SLC46A1), are increas-
ingly expressed in M2-M over M1-M@. Low-dose MTX exposure confers a modest
increase in the expression of MFT (SLC25A32) and enzymes (MTHFD1L, MTHFD?2) in
M1-M@ (Figure 7A). ABCC3 and ABCG2 show differential expression in M1-M over
M2-M@, whereas ABCC4 and ABCC5 are differentially expressed in M2-M@ over M1-M@
(Figure 7B). MTX exposure confers a marked increase in ABCB1/P-glycoprotein expres-
sion. This ABC transporter does not export MTX, but does extrude several inflammatory
mediators (e.g., leukotrienes) [32].
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Figure 7. Heat maps of differential gene expression of Mo, M1-M@, M1-MJ + MTX, M2-MO and
M2-M@ + MTX for (A) genes encoding for transporters and enzymes in cytosolic and mitochondrial
folate metabolism, and (B) genes encoding for drug efflux transporters of the ABC transporter family.
Results depicted are the means of 3 individual donors.

Another series of pathways examined DGE in M1-M@ vs. M2-M@ and the effect
of MTX therein is shown in Supplementary Figure S2 for (A) NFkB signaling pathway,
(B) cytokines/chemokines, (C) signaling proteins, (D) immunometabolism-glycolysis, (E)
pentose phosphate pathway, (F) TCA cycle and (G) membrane marker proteins. The
effects of MTX were reflected in increased gene expression of TNFSF14, TNFAIP3, IL1RN,
CCL22, CSF1, LIF, GDF15, INHBA, SOCS1, P2RX7, SUNCR1 and CD274 in M1-M@.
Energy metabolism in M1-M had a glycolysis-dependent profile. Membrane markers
differentially expressed on M1-M included CD1B, CD52, IL2RG, and for M2-M@: CD14,
CD28, CD163, CD169 and CD209.

3. Discussion

The role of FPGS in MTX-polyglutamylation as a critical factor for the therapeutic
efficacy of MTX in RA/JIA treatment is well established. However, little research has been
performed on MTX metabolism in specific immune cell types involved in the pathophysiol-
ogy of RA which may be targeted by MTX. In the present study, we specifically addressed
FPGS pre-mRNA splicing in monocytes, M1- and M2-polarized macrophages. Deregulated
splicing is being increasingly recognized as an emerging mechanism of drug resistance,
including MTX, in oncology, but may also hold relevance for chronic inflammatory dis-
eases [20,23]. To this end, increased expression of one particular FPGS splice variant (partial
retention intron 8: 8PR) over FPGS WT had recently been associated with poor overall
survival of pediatric acute lymphoblastic leukemia patients undergoing MTX-therapy [21].
In addition, increased 8PR/WT expression in PBMCs of RA patients was associated with
higher disease activity following low-dose MTX therapy in RA patients [22]. Based on these
results and those from the current study, it will be of interest to examine FPGS splicing and
FPGS activity in monocyte subsets from RA patients at baseline and during MTX therapy
to determine whether these parameters are associated with clinical response to MTX [37].

We observed a marked decrease in FPGS 8PR/WT expression during monocyte to
macrophage differentiation and GM-CSF-skewed M1-M and M-CSF-skewed M2-MO
polarization. For macrophages, this decrease was inversely correlated with an increase in
FPGS activity, being consistent with the notion that FPGS (8PR) splice variant translates
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into dysfunctional proteins [19]. Despite the fact that M1-M@ and M2-M(J harbor compa-
rable FPGS enzyme activities, formation and accumulation of MTX-PGs was surprisingly
much more prominent in M1-M than in M2-M@J; this may be explained by differential
MTX uptake in these cells. In this respect, M1-MO use RFC as the primary MTX influx
transporter (Figure 7A) which is not affected by folic acid concentrations present in the cell
culture medium, whereas M2-M express FOLR2/FRf3 and PCFT as dominant MTX influx
carriers, both of which are subject to a strong folic acid competition on uptake [9,27,38-41].
Moreover, the differential expression of ABC drug efflux transporters in M1-MJ and
M2-M@ (Figure 7B) may have contributed to the extrusion of MTX that had not been
converted to MTX-PG,_3 [42-44]. Collectively, these results demonstrate that additional
factors other than FPGS splicing and FPGS activity may contribute to the accumulation of
MTX-PGs in macrophages.

Beyond specific FPGS splicing alterations, no investigations have been conducted
regarding global mRNA splicing profiles for MTX-exposed polarized macrophages. RNA-
seq analysis showed abundant splicing events in M1-M@, M2-M@ and their MTX-exposed
counterparts, which for MTX-exposed M2-M(J did not translate into large numbers of
differentially expressed genes. Annotations of the splice events did not reveal specific folate
metabolic pathways but rather cell cycle and Golgi vesicle transport (M1-MJ vs. M1-M@
+ MTX) or histone modification and methylation (M2-MJ vs. M2-MO + MTX), the latter
of which exhibited higher confidence scores. These results indicate that although exposure
to MTX did not cause substantial changes in gene expression profiles in M2-M@, strong
confidence can be seen in enrichment of differentially spliced genes involved in histone
modification and/or methylation. As such, epigenetic mechanisms might underlie the
disparity in gene expression after exposure to MTX between M1-M@ and M2-M@ [45].

DGE profiles (Supplemental Figure S2) confirmed previous studies on MTX-responsive
genes (e.g., TNFAIP3, LIF, GDF15, and INHBA) in M1-M@ + MTX [6,25,46]. Similarly,
GSEA analysis corroborated previous reports of MTX treatment inducing a more pro-
inflammatory profile in M1-M + MTX [25,47]. This notion may be in accord with the
mechanism of action of MTX by the non-lytic release of ATP and ADP. These phosphory-
lated adenine nucleotides elicit a pro-inflammatory response via activation of the purinergic
system involving upregulation of G-protein-coupled receptors, e.g., P2X7R, which mediates
NLRP3 inflammasome activation and cytokine release [4,48]. Extracellular ATP and ADP
are eliminated by the action ecto-phosphatase CD39 on the cell surface which converts
ATP and ADP into AMP and ultimately to adenosine via the activity of CD73, exerting an
anti-inflammatory effect [4,49-51]. The markedly increased P2RX7 expression in M1-MO
+ MTX is in support of this pro-inflammatory mechanism of MTX action (Supplemental
Figure 52C).

MTX also showed an impact on the expression of immunometabolism genes in pro-
inflammatory M1-M(J that featured a higher glycolytic profile (Supplemental Figure S2D-F).
M1-M@ are known for their ability to rewire their TCA cycle to produce regulatory im-
munometabolites [52-54]. Of particular interest was the effect of MTX on the succinate
receptor SUCNR1/GPR91 (Supplemental Figure S2F). This receptor functions in sensing
of extracellular succinate, a TCA cycle intermediate, extruded from pro-inflammatory
macrophages [55,56]. Succinate serves as an inflammatory mediator for the NLRP3 in-
flammasome and induces IL-1 production [55,57]. A recent study showed that increasing
plasma concentrations of the activated macrophage-derived TCA immunometabolite ita-
conate were associated with a poorer decrease in disease activity of RA patients following
MTX treatment [58]. In addition, studies by Gosselt et al. [59] revealed higher plasma con-
centrations of the glycolytic intermediates (i.e., 1,3-/2,3-diphosphoglyceric acid, glycerol-3-
phosphate and phosphoenolpyruvate) in RA patients with insufficient MTX response. These
biochemical and genetic studies encourage further analysis of macrophage metabolic genes
and immunometabolites as lead biomarkers for lack of response to MTX in RA patients.

MTX predominantly targets folate metabolism which fuels multiple one-carbon donor
reactions for fundamental processes including biosynthesis of purines and thymidylate (for
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DNA /RNA synthesis), amino acid biosynthesis (serine, glycine and methionine) and methy-
lation reactions (S-adenosylmethionine, SAM) [9,60,61]. Folate/one carbon metabolism
is compartmentalized in the cytosol and mitochondria [62], where intercompartmental
communication preserves cytosolic folate homeostasis [63]. Both folate/1C and serine
metabolism also support SAM-dependent histone methylation reactions and glutathione
biosynthesis which promote IL-1p production in inflammatory macrophages [45,64]. Al-
though MTX does not appear to enter mitochondria via MFT (SLC25A32), and thus does not
undergo polyglutamylation by mitochondrial FPGS [65-67], MTX does affect mitochondrial
folate metabolism by reducing the cytoplasmic folate pool of reduced folate cofactors [63].
Consistently, a crucial mitochondrial folate gene such as MTHFD2 showed an upregulated
expression in inflammatory M1-M@ cells following MTX exposure (Figure 7A). Together,
exposure of M1-MJ to low-dose MTX has impact on folate pathway and other downstream
metabolic and signalling pathways which apparently contribute to a recently described
macrophage reprogramming ability of MTX; the latter confers a state of LPS tolerance asso-
ciated with higher soluble CD14 levels in the plasma of MTX responding RA patients [25].

Finally, this study has several limitations. First, monocytes used for skewing to
polarized macrophages were derived from healthy individuals rather than from therapy-
naive or (short/long term) MTX-treated RA patients. Second, one type of stimulus was
used for monocyte-macrophages (GM-CSF and M-CSF) where alternative stimuli (e.g.,
IFNYy, IL-10, LPS, or synovial fluid) also warrant further exploration. Third, all readouts
for polarized macrophages were done for one fixed time point of 7 days incubation with
one low-dose of MTX (50 nmol/L) and cells maintained in cell culture medium containing
supraphysiological concentrations of folic acid rather than a defined culture medium
supplemented with a physiological reduced folate cofactor at concentrations mimicking
the 10-30 nmol /L plasma levels of 5-methyl-THF [68]. Designing experimental conditions
taking into account these considerations may reveal the dynamics of how MTX controls
folate and other pathways in various immune cells and provide an optimal therapeutic
effect for RA.

Altogether, a model depicted in Figure 8 summarizes the MTX-polyglutamylation
process in M1 and M2 macrophages in light of the role of FPGS splicing and enzyme activity,
and folate transporters.

folates/  PCFT M1 Macrophage

« MTXPGT
—+ « DGET
ice

GM-CSF + MTX

M-CSF + MTX

« MTXPGL
 DGE

sopR + PGS actiuty T « Splice events t
« FPGS 8PR/BWTL

Figure 8. Schematic summary model of MTX-induced alterations in folate metabolism in M1-M@ and
M2-M@ with emphasis on the role of FPGS splicing and enzyme activity as well as folate transporters.
MTX is taken up by monocytic/macrophage cells by either of 3 transporters; Reduced Folate Carrier
(RFC), primarily expressed on M1-M@, and proton-coupled folate transporter (PCFT) and Folate
Receptor 3 (FRpB), primarily expressed on M2-M@. Following uptake, MTX is polyglutamylated
by FPGS, of which the activity is low in monocytes due to increased FPGS splicing (8PR splice
variant). During monocyte-macrophage differentiation, the ratio of 8PR/WT FPGS splicing decreases,
resulting in higher FPGS activity conferring MTX-PG formation inhibiting key target enzymes (TS,
DHER, ATIC) in folate metabolism. Image created via BioRender.
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4. Materials and Methods
4.1. Materials

Reagents were obtained from the following sources: Methotrexate (Emthexate PF,
Teva B.V., Haarlem, The Netherlands), M-CSF and GM-CSF (ImmunoTools, Friesoythe,
Germany), 15N-labeled L-glutamic acid (Sigma-Aldrich, St. Louis, MO, USA), Lymphoprep
(Nycomed Pharma, Oslo, Norway).

4.2. Monocyte-Macrophage Polarization Studies

Human peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats
from healthy individuals in accordance with national government guidelines on human
research. PBMCs were isolated from buffy coats using Lymphoprep (Nycomed Pharma,
Oslo, Norway) density gradient centrifugation and then collected in standard RPMI-1640
medium (with 1 mg/mL folic acid, Gibco, Life Technologies Ltd., Paisley, UK) supple-
mented with 10% fetal calf serum (FCS) (Greiner Bio-One, Alphen aan den Rijn, The
Netherlands), 2 mmol/L L-glutamine (Gibco, Life Technologies Corporation, Grand Island,
NE, USA).

Procedures for monocyte isolation and macrophage skewing were carried out essen-
tially as described previously [6,46,69]. Briefly, monocytes were purified from PBMCs by
magnetic cell sorting using CD14 microbeads and were cultured at 5 x 10° cells/mL for
7 days in standard RPMI-1640 medium (with 2.2 umol/L folic acid) Supplemented with
10% fetal calf serum, and containing GM-CSF (1000 U/mL) to generate GM-CSF-polarized
macrophages (GM-MO, M1-M) or M-CSF (10 ng/mL) to generate M-CSF-polarized
macrophages (M-MJ, M2-MJJ). GM-CSF or M-CSF was added every two days. These
cultures were incubated without or with low-dose (50 nmol/L) or high-dose (5 pmol /L)
MTX and harvested at day 7 for various analyses.

4.3. RNA Isolation and RNA-Seq

RNA was isolated from monocytes and GM-M@ /M1 and M-M /M2 macrophages
(with or without 7 days exposure to 50 nmol/L MTX) from 3 individual donors using the
RNeasy Mini Kit (Qiagen, Hilden, Germany).

Libraries for RNA-seq were generated with the SMARTer Stranded Total RNA-Seq
Kit-Pico Input Mammalian (Takara Bio USA, Mountain View, CA, USA) following the man-
ufacturer’s protocol. Libraries were then pooled and sequenced on a HiSeq 4000 sequencing
system (Illumina, San Diego, CA, USA) with a 150-base pair paired-end (2 x 150 PE) proto-
col. Resulting FASTQ files were trimmed using trimmomatic [70].

4.4. RNA-Seq Analysis

Alignment of FASTQ files was performed using the default settings of STAR (Version 2.4) [71],
except the following options: —alignEndsType EndToEnd to remove soft-clipping of the reads,
-outSAMtype BAM to produce .bam files and —sdjbOverhang 150 for optimal splice junction
overhang length. Human genome version hg38 was used as reference genome [72]. Differential
gene expression (DGE) was calculated with R package edgeR (Version 3.13) [73] using linear
model fits for gene expression comparisons. Log fold changes (logFC) larger than 1.5 and p-values
smaller than 0.05 were considered significant events. rMATS (Version 4.0.2) [74-76] was used to
perform alternative splicing analysis between groups with default settings. This software detects
sequencing reads and classifies them into 4 distinct splice event categories: skipped exons (SE),
retained introns (RI), alternative 3’ splice site (A3SS) and alternative 5 splice site (A5SS). Inclusion
Level Differences > 0.1 and FDR < 0.01 were considered statistically significant. Gene ontology
terms for potential protein networks using differentially spliced genes was performed in String [77].
For gene set enrichment analysis (GSEA), gene sets available on the website were used [78]. The
data discussed in the current paper have been deposited in NCBI's Gene Expression Omnibus [79]
and are accessible through GEO Series accession number GSE188278 and GSE228475.



Int. J. Mol. Sci. 2023, 24, 9641

13 of 17

4.5. gPCR Analysis

Isolated RNA was reverse transcribed to cDNA with the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, USA). Pre-mRNA expression of FPGS
8PR/8WT was examined by quantitative polymerase chain reaction (QPCR) analysis as de-
scribed by Muller et al. [22]. In short, 20 uL qPCR mixtures containing 12.5 ng cDNA, 10 pL
LightCycler 480 SYBR Green I Master Mix (2x concentrated, Roche Diagnostics GmbH,
Mannheim, Germany), 1 uL of 5 umol/L forward primer (Biolegio B.V., Nijmegen, The
Netherlands), 1 puL of 5 pmol/L reverse primer (Biolegio B.V., Nijmegen, The Netherlands)
and 3 pL RNase-free ddH,O were run on a LightCycler® 480 (Roche Diagnostics GmbH,
Mannheim, Germany). B-glucuronidase (GUSB) was used as reference gene. Relative gene
expression analyses were performed on the LightCycler® 480 software (version 1.5.1.62,
Roche) with the Advanced Relative Quantification module.

4.6. FPGS Catalytic Assay

FPGS enzymatic activity in monocytes and macrophages was determined via an
LC-MS/MS based analysis assay as described in detail by Muller et al., [16]. In short,
the assay mixture consists of cellular extracts of 0.8-2 x 10° monocytes/macrophages
(10-20 ug protein/assay) and FPGS substrates °N-L-glutamic acid (Sigma-Aldrich, St.
Louis, USA, final concentration: 4 mmol/L) and MTX (Emthexate PF, Teva B.V., Haarlem,
The Netherlands, final concentration: 250 umol/L) incubated at pH 8.85 and 37 °C for 2 hrs.
The FPGS reaction product >’N-MTX-PG, was quantified by LC-MS/MS and FPGS activity
and was expressed as pmol 1’N-MTX-PG, formed/h/mg protein. FPGS activity in the
human leukemia cell line CCRF-CEM and its FPGS-deficient subline CEM/R30dm served
as positive and negative reference [16].

4.7. LC-MS/MS MTX-PG Analysis

MTX-PG formation in GM-MJ/M1 and M-M@ /M2 macrophages incubated for
7 days with low-dose (50 nmol/L) or high-dose (5 umol/L) MTX was measured by LC-
MS/MS methodologies as described in detail by Driehuis et al. [80] and Hebing et al. [81].
Briefly, frozen pellets of 0.8-2 x 10° macrophages were thawed and resuspended in 25 pL
ice-cold ddH,O, after which 25 puL of 25 nmol/L 3C5'°N-labeled custom-made stable
isotopes of MTX-PG1_¢ were added as internal standards. After protein precipitation
with 40 pL 16% perchloric acid on ice and centrifugation, the supernatant was assayed
for individual MTX-PGs by LC-MS/MS. Quantification of the intracellular MTX-PGj ¢
concentrations were expressed per cell number.

4.8. Statistics

One-way ANOVA was used to identify significant differences between monocyte
and macrophage fractions and MTX treatments. To determine statistical differences be-
tween each comparison, Tukey’s test was performed as post hoc analysis. An adjusted
p-value < 0.05 was considered significant (*, p < 0.05; **, p < 0.01, ***, p < 0.001). Statistical
analysis was performed with R Version 4.0.5 or GraphPad Prism Version 9.3.1 (GraphPad
Software Inc., La Jolla, USA).
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Author Contributions: Conceptualization, I.B.M., R.d.J., C.v.d.L., CBM.O, Y.G.A,, J.C., AP.-K. and
G.J.; methodology, LB.M., M.L.,, N.W,, BL.-N,, E.A.S. and C.B.M.O,; software, .B.M., M.L., C.B.M.O.
and J.C,; validation, .B.M., M.L. and E.A.S; formal analysis, L.B.M., M.L.,, N.-W,, BL.-N. and C.B.M.O.;
investigation, I.B.M. and M.L.; resources, .B.M. and M.L.; data curation, L.B.M., M.L,,R.d]J.,E.AS,,
J.C., AP-K. and G.J.; writing—original draft preparation, .B.M., M.L. and G.].; writing—review and
editing, R.d.J., EAS, CBM.O,, Cvd.L, ]J.C, YGA., AP-K. and GJ.; visualization, .B.M., M.L.
and G.J.; supervision, R.d.J., E.AS.,, CBM.O,, J.C.,, Y.G.A,, AP-K. and G.J.; project administration,


https://www.mdpi.com/article/10.3390/ijms24119641/s1
https://www.mdpi.com/article/10.3390/ijms24119641/s1

Int. . Mol. Sci. 2023, 24, 9641 14 of 17

R.d.J.; funding acquisition, R.d.J. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported in part by a grant (Noyons 2018) from the Dutch Association
for Clinical Chemistry (NVKC) to I.B.M. and R.d.]J. Additionally, this work was supported by Grant
PI20/00316 and Red de Enfermedades Inflamatorias (RICORS RD21/0002/0034) from Instituto de
Salud Carlos III, and cofinanced by the European Regional Development Fund “A way to achieve
Europe” (ERDF) to A.P-K.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethical Committee of Hospital General Universitario Gregorio
Marafion (protocol code: METOMAC_PAC/20 January 2020).

Informed Consent Statement: Human PBMCs were isolated from buffy coats from normal donors.
Informed written consent was obtained from each human subject.

Data Availability Statement: The data set supporting the conclusions of this article is available
in the Gene Expression Omnibus repository (http://www.ncbi.nlm.nih.gov/geo/ accessed on
29 March 2023) under accession number GSE188278 and GSE228475.

Acknowledgments: Nico Will was a recipient of an Erasmus fellowship. We extend our gratitude to
Anna Wojtuszkiewicz for computational analysis assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Smolen, ].S.; Aletaha, D.; McInnes, I.B. Rheumatoid arthritis. Lancet 2016, 388, 2023-2038. [CrossRef] [PubMed]

2. Becker, M.L.; Van Haandel, L.; Gaedigk, R.; Lasky, A.; Hoeltzel, M.; Stobaugh, J.; Leeder, ].S. Analysis of intracellular methotrexate
polyglutamates in patients with juvenile idiopathic arthritis: Effect of route of administration on variability in intracellular
methotrexate polyglutamate concentrations. Arthritis Rheum. 2010, 62, 1803-1812. [CrossRef] [PubMed]

3. Cutolo, M.; Sulli, A.; Pizzorni, C.; Seriolo, B.; Straub, R H. Anti-inflammatory mechanisms of methotrexate in rheumatoid arthritis.
Ann. Rheum. Dis. 2001, 60, 729-735. [CrossRef] [PubMed]

4. Corciulo, C.; Cronstein, B.N. Signaling of the Purinergic System in the Joint. Front. Pharmacol. 2019, 10, 1591. [CrossRef]

5. Blits, M,; Jansen, G.; Assaraf, Y.G.; van de Wiel, M.A_; Lems, W.E,; Nurmohamed, M.T.; van Schaardenburg, D.; Voskuyl, A.E.;
Wolbink, G.J.; Vosslamber, S.; et al. Methotrexate normalizes up-regulated folate pathway genes in theumatoid arthritis. Arthritis
Rheum. 2013, 65, 2791-2802. [CrossRef]

6.  Municio, C.; Soler, P.B.; Estrada-Capetillo, L.; Benguria, A.; Dopazo, A.; Garcia-Lorenzo, E.; Fernandez-Arroyo, S.; Joven, J.;
Miranda-Carus, M.E.; Gonzalez-Alvaro, I.; et al. Methotrexate selectively targets human proinflammatory macrophages through
a thymidylate synthase/p53 axis. Ann. Rheum. Dis. 2016, 75, 2157-2165. [CrossRef]

7. Van der Heijden, ] W.; Assaraf, Y.G.; Gerards, A.H.; Oerlemans, R.; Lems, W.E; Scheper, R.J.; Dijkmans, B.A.; Jansen, G.
Methotrexate analogues display enhanced inhibition of TNF-alpha production in whole blood from RA patients. Scand. ].
Rheumatol. 2014, 43, 9-16. [CrossRef]

8.  Brown, PM.; Pratt, A.G.; Isaacs, ].D. Mechanism of action of methotrexate in rheumatoid arthritis, and the search for biomarkers.
Nat. Rev. Rheumatol. 2016, 12, 731-742. [CrossRef]

9.  Gonen, N.; Assaraf, Y.G. Antifolates in cancer therapy: Structure, activity and mechanisms of drug resistance. Drug Resist. Updat.
2012, 15, 183-210. [CrossRef]

10. Raz, S.; Stark, M.; Assaraf, Y.G. Folylpoly-gamma-glutamate synthetase: A key determinant of folate homeostasis and antifolate
resistance in cancer. Drug Resist. Updat. 2016, 28, 43—64. [CrossRef]

11. Stark, M.; Raz, S.; Assaraf, Y.G. Folylpolyglutamate synthetase association to the cytoskeleton: Implications to folate metabolon
compartmentalization. J. Proteom. 2021, 239, 104169. [CrossRef]

12.  Rots, M.G,; Pieters, R.; Peters, G.J.; Noordhuis, P; Van Zantwijk, C.H.; Kaspers, G.J.; Hahlen, K.; Creutzig, U.; Veerman, A.J.; Jansen,
G. Role of folylpolyglutamate synthetase and folylpolyglutamate hydrolase in methotrexate accumulation and polyglutamylation
in childhood leukemia. Blood 1999, 93, 1677-1683. [CrossRef] [PubMed]

13. Liani, E.; Rothem, L.; Bunni, M.A.; Smith, C.A ; Jansen, G.; Assaraf, Y.G. Loss of folylpoly-gamma-glutamate synthetase activity is
a dominant mechanism of resistance to polyglutamylation-dependent novel antifolates in multiple human leukemia sublines. Int.
J. Cancer 2003, 103, 587-599. [CrossRef] [PubMed]

14. Mauritz, R,; Peters, G.J.; Priest, D.G.; Assaraf, Y.G.; Drori, S.; Kathmann, I.; Noordhuis, P.; Bunni, M.A.; Rosowsky, A.; Schornagel,
J.H.; et al. Multiple mechanisms of resistance to methotrexate and novel antifolates in human CCRF-CEM leukemia cells and
their implications for folate homeostasis. Biochem. Pharmacol. 2002, 63, 105-115. [CrossRef] [PubMed]

15.  Yamamoto, T.; Shikano, K.; Nanki, T.; Kawali, S. Folylpolyglutamate synthase is a major determinant of intracellular methotrexate

polyglutamates in patients with rheumatoid arthritis. Sci. Rep. 2016, 6, 35615. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.1016/S0140-6736(16)30173-8
https://www.ncbi.nlm.nih.gov/pubmed/27156434
https://doi.org/10.1002/art.27434
https://www.ncbi.nlm.nih.gov/pubmed/20191581
https://doi.org/10.1136/ard.60.8.729
https://www.ncbi.nlm.nih.gov/pubmed/11454634
https://doi.org/10.3389/fphar.2019.01591
https://doi.org/10.1002/art.38094
https://doi.org/10.1136/annrheumdis-2015-208736
https://doi.org/10.3109/03009742.2013.797490
https://doi.org/10.1038/nrrheum.2016.175
https://doi.org/10.1016/j.drup.2012.07.002
https://doi.org/10.1016/j.drup.2016.06.004
https://doi.org/10.1016/j.jprot.2021.104169
https://doi.org/10.1182/blood.V93.5.1677
https://www.ncbi.nlm.nih.gov/pubmed/10029597
https://doi.org/10.1002/ijc.10829
https://www.ncbi.nlm.nih.gov/pubmed/12494465
https://doi.org/10.1016/S0006-2952(01)00824-3
https://www.ncbi.nlm.nih.gov/pubmed/11841783
https://doi.org/10.1038/srep35615
https://www.ncbi.nlm.nih.gov/pubmed/27752107

Int. . Mol. Sci. 2023, 24, 9641 15 of 17

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Muller, IB,; Lin, M,; Struys, E.A.; Heydari, P.; Hebing, R.C.F; Nurmohamed, M.T.; Van der Laken, C.; Lems, W.E;; Cloos, J.; Jansen,
G.; et al. Development and Validation of a Sensitive UHPLC-MS/MS-Based Method for the Analysis of Folylpolyglutamate
Synthetase Enzymatic Activity in Peripheral Blood Mononuclear Cells: Application in Rheumatoid Arthritis and Leukemia
Patients. Ther. Drug Monit. 2019, 41, 598-606. [CrossRef]

Barredo, J.; Moran, R.G. Determinants of antifolate cytotoxicity: Folylpolyglutamate synthetase activity during cellular prolifera-
tion and development. Mol. Pharmacol. 1992, 42, 687-694.

Stark, M.; Wichman, C.; Avivi, I.; Assaraf, Y.G. Aberrant splicing of folylpolyglutamate synthetase as a novel mechanism of
antifolate resistance in leukemia. Blood 2009, 113, 4362—4369. [CrossRef]

Wojtuszkiewicz, A.; Raz, S.; Stark, M.; Assaraf, Y.G.; Jansen, G.; Peters, G.J.; Sonneveld, E.; Kaspers, G.J.; Cloos, J. Folylpolygluta-
mate synthetase splicing alterations in acute lymphoblastic leukemia are provoked by methotrexate and other chemotherapeutics
and mediate chemoresistance. Int. J. Cancer 2016, 138, 1645-1656. [CrossRef]

Sciarrillo, R.; Wojtuszkiewicz, A.; Assaraf, Y.G.; Jansen, G.; Kaspers, G.].L.; Giovannetti, E.; Cloos, ]. The role of alternative splicing
in cancer: From oncogenesis to drug resistance. Drug Resist. Updat. 2020, 53, 100728. [CrossRef]

Wojtuszkiewicz, A.; Assaraf, Y.G.; Hoekstra, M.; Sciarrillo, R.; Jansen, G.; Peters, G.J.; Pieters, R.; Sonneveld, E.; Escherich, G.;
Kaspers, G.J.; et al. The association of aberrant folylpolyglutamate synthetase splicing with ex vivo methotrexate resistance and
clinical outcome in childhood acute lymphoblastic leukemia. Haematologica 2016, 101, e291-e294. [CrossRef] [PubMed]

Muller, IB; Lin, M.; Lems, W.E,; Ter Wee, M.M.; Wojtuszkiewicz, A.; Nurmohamed, M.T.; Cloos, J.; Assaraf, Y.G.; Jansen, G.; De
Jonge, R. Association of altered folylpolyglutamate synthetase pre-mRNA splicing with methotrexate unresponsiveness in early
rheumatoid arthritis. Rheumatology 2021, 60, 1273-1281. [CrossRef] [PubMed]

Wang, B.D.; Lee, N.H. Aberrant RNA Splicing in Cancer and Drug Resistance. Cancers 2018, 10, 458. [CrossRef]
Nakashima-Matsushita, N.; Homma, T.; Yu, S.; Matsuda, T.; Sunahara, N.; Nakamura, T.; Tsukano, M.; Ratnam, M.; Matsuyama, T.
Selective expression of folate receptor beta and its possible role in methotrexate transport in synovial macrophages from patients
with rheumatoid arthritis. Arthritis Rheum. 1999, 42, 1609-1616. [CrossRef]

Fuentelsaz-Romero, S.; Barrio-Alonso, C.; Garcia Campos, R.; Torres Torresano, M.; Muller, I.B.; Triguero-Martinez, A.; Nuno, L.;
Villalba, A.; Garcia-Vicuna, R.; Jansen, G.; et al. The Macrophage Reprogramming Ability of Antifolates Reveals Soluble CD14 as
a Potential Biomarker for Methotrexate Response in Rheumatoid Arthritis. Front. Immunol. 2021, 12, 776879. [CrossRef] [PubMed]
Oerlemans, R.; Blits, M.; Dijkmans, B.A.C.; Van der Heijden, ].W.; Lems, W.F.; Scheffer, G.L.; Van de Ven, R,; Peters, G.J.; Assaraf,
Y.G.; Scheper, R ].; et al. Expression profiling of ABC transporters in peripheral blood lymphocytes and monocyte-derived
macrophages of rheumatoid arthritis patients. . Mol. Clin. Med. 2020, 3, 47-60. [CrossRef]

Van der Heijden, ].W.; Oerlemans, R.; Dijkmans, B.A.; Qi, H.; Van der Laken, C.J.; Lems, W.F,; Jackman, A.L.; Kraan, M.C.; Tak, P.P;
Ratnam, M.; et al. Folate receptor beta as a potential delivery route for novel folate antagonists to macrophages in the synovial
tissue of rheumatoid arthritis patients. Arthritis Rheum. 2009, 60, 12-21. [CrossRef]

Hamilton, J.A.; Tak, P.P. The dynamics of macrophage lineage populations in inflammatory and autoimmune diseases. Arthritis
Rheum. 2009, 60, 1210-1221. [CrossRef]

Udalova, I.A.; Mantovani, A.; Feldmann, M. Macrophage heterogeneity in the context of rheumatoid arthritis. Nat. Rev. Rheumatol.
2016, 12, 472-485. [CrossRef]

Ross, E.A.; Devitt, A.; Johnson, J.R. Macrophages: The Good, the Bad, and the Gluttony. Front. Immunol. 2021, 12, 708186.
[CrossRef]

Yang, S.; Zhao, M.; Jia, S. Macrophage: Key player in the pathogenesis of autoimmune diseases. Front. Immunol. 2023, 14, 1080310.
[CrossRef] [PubMed]

Van de Ven, R.; Oerlemans, R.; Van der Heijden, ].W.; Scheffer, G.L.; De Gruijl, T.D.; Jansen, G.; Scheper, R.J. ABC drug transporters
and immunity: Novel therapeutic targets in autoimmunity and cancer. J. Leukoc. Biol. 2009, 86, 1075-1087. [CrossRef] [PubMed]
Hooijberg, ].H.; Broxterman, H.J.; Kool, M.; Assaraf, Y.G.; Peters, G.J.; Noordhuis, P.; Scheper, R.J.; Borst, P.; Pinedo, HM,;
Jansen, G. Antifolate resistance mediated by the multidrug resistance proteins MRP1 and MRP2. Cancer Res. 1999, 59, 2532-2535.
[PubMed]

Assaraf, Y.G.; Rothem, L.; Hooijberg, ] H.; Stark, M.; Ifergan, I.; Kathmann, G.A.; Dijkmans, B.A.; Peters, G.J.; Jansen, G. Loss of
multidrug resistance protein 1 (MRP1) expression and folate efflux activity results in a highly concentrative folate transport in
human leukemia cells. . Biol. Chem. 2003, 278, 6680-6686. [CrossRef] [PubMed]

Stark, M.; Rothem, L.; Jansen, G.; Scheffer, G.L.; Goldman, 1.D.; Assaraf, Y.G. Antifolate Resistance Associated with Loss of MRP1
Expression and Function in Chinese Hamster Ovary Cells with Markedly Impaired Export of Folate and Cholate. Mol. Pharmacol.
2003, 64, 220-227. [CrossRef]

Ifergan, I.; Shafran, A.; Jansen, G.; Hooijberg, ].H.; Scheffer, G.L.; Assaraf, Y.G. Folate deprivation results in the loss of breast cancer
resistance protein (BCRP/ABCG2) expression. A role for BCRP in cellular folate homeostasis. J. Biol. Chem. 2004, 279, 25527-25534.
[CrossRef]

Chara, L.; Sanchez-Atrio, A.; Perez, A.; Cuende, E.; Albarran, E; Turrion, A.; Chevarria, J.; Del Barco, A.A.; Sanchez, M.A.;
Monserrat, J.; et al. The number of circulating monocytes as biomarkers of the clinical response to methotrexate in untreated
patients with rtheumatoid arthritis. J. Transl. Med. 2015, 13, 2. [CrossRef]

Zhao, R.; Matherly, L.H.; Goldman, I.D. Membrane transporters and folate homeostasis: Intestinal absorption and transport into
systemic compartments and tissues. Expert Rev. Mol. Med. 2009, 11, e4. [CrossRef]


https://doi.org/10.1097/FTD.0000000000000638
https://doi.org/10.1182/blood-2008-08-173799
https://doi.org/10.1002/ijc.29919
https://doi.org/10.1016/j.drup.2020.100728
https://doi.org/10.3324/haematol.2016.142794
https://www.ncbi.nlm.nih.gov/pubmed/27036162
https://doi.org/10.1093/rheumatology/keaa428
https://www.ncbi.nlm.nih.gov/pubmed/32940699
https://doi.org/10.3390/cancers10110458
https://doi.org/10.1002/1529-0131(199908)42:8&lt;1609::AID-ANR7&gt;3.0.CO;2-L
https://doi.org/10.3389/fimmu.2021.776879
https://www.ncbi.nlm.nih.gov/pubmed/34804067
https://doi.org/10.31083/j.jmcm.2020.02.007
https://doi.org/10.1002/art.24219
https://doi.org/10.1002/art.24505
https://doi.org/10.1038/nrrheum.2016.91
https://doi.org/10.3389/fimmu.2021.708186
https://doi.org/10.3389/fimmu.2023.1080310
https://www.ncbi.nlm.nih.gov/pubmed/36865559
https://doi.org/10.1189/jlb.0309147
https://www.ncbi.nlm.nih.gov/pubmed/19745159
https://www.ncbi.nlm.nih.gov/pubmed/10363967
https://doi.org/10.1074/jbc.M209186200
https://www.ncbi.nlm.nih.gov/pubmed/12486126
https://doi.org/10.1124/mol.64.2.220
https://doi.org/10.1074/jbc.M401725200
https://doi.org/10.1186/s12967-014-0375-y
https://doi.org/10.1017/S1462399409000969

Int. . Mol. Sci. 2023, 24, 9641 16 of 17

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

Lasry, L; Berman, B.; Straussberg, R.; Sofer, Y.; Bessler, H.; Sharkia, M.; Glaser, E; Jansen, G.; Drori, S.; Assaraf, Y.G. A novel
loss-of-function mutation in the proton-coupled folate transporter from a patient with hereditary folate malabsorption reveals
that Arg 113 is crucial for function. Blood 2008, 112, 2055-2061. [CrossRef]

Lasry, I; Berman, B.; Glaser, F; Jansen, G.; Assaraf, Y.G. Hereditary folate malabsorption: A positively charged amino acid at
position 113 of the proton-coupled folate transporter (PCFT/SLC46A1) is required for folic acid binding. Biochem. Biophys. Res.
Commun. 2009, 386, 426-431. [CrossRef]

Frigerio, B.; Bizzoni, C.; Jansen, G.; Leamon, C.P.; Peters, G.]J.; Low, P.S.; Matherly, L.H.; Figini, M. Folate receptors and transporters:
Biological role and diagnostic/therapeutic targets in cancer and other diseases. J. Exp. Clin. Cancer Res. 2019, 38, 125. [CrossRef]
[PubMed]

Assaraf, Y.G. The role of multidrug resistance efflux transporters in antifolate resistance and folate homeostasis. Drug Resist.
Updat. 2006, 9, 227-246. [CrossRef] [PubMed]

Van der Heijden, ].W.; Oerlemans, R.; Tak, P.P.,; Assaraf, Y.G.; Kraan, M.C; Scheffer, G.L.; Van der Laken, C.J.; Lems, W.E,; Scheper,
R.J.; Dijkmans, B.A.; et al. Involvement of breast cancer resistance protein expression on rheumatoid arthritis synovial tissue
macrophages in resistance to methotrexate and leflunomide. Arthritis Rheum. 2009, 60, 669-677. [CrossRef] [PubMed]

Shafran, A.; Ifergan, I.; Bram, E.; Jansen, G.; Kathmann, I; Peters, G.J.; Robey, R.W.,; Bates, S.E.; Assaraf, Y.G. ABCG2 harboring
the Gly482 mutation confers high-level resistance to various hydrophilic antifolates. Cancer Res. 2005, 65, 8414-8422. [CrossRef]
[PubMed]

Yu, W.; Wang, Z.; Zhang, K,; Chi, Z.; Xu, T.; Jiang, D.; Chen, S.; Li, W.; Yang, X.; Zhang, X.; et al. One-Carbon Metabolism Supports
S-Adenosylmethionine and Histone Methylation to Drive Inflammatory Macrophages. Mol. Cell 2019, 75, 1147-1160. [CrossRef]
Municio, C.; Dominguez-Soto, A.; Fuentelsaz-Romero, S.; Lamana, A.; Montes, N.; Cuevas, V.D.; Campos, R.G.; Pablos, J.L.;
Gonzalez-Alvaro, I.; Puig-Kroger, A. Methotrexate limits inflammation through an A20-dependent cross-tolerance mechanism.
Ann. Rheum. Dis. 2018, 77,752-759. [CrossRef]

Soler, P.B.; Estrada-Capetillo, L.; Izquierdo, E.; Criado, G.; Nieto, C.; Municio, C.; Gonzalez-Alvaro, I.; Sanchez-Mateos, P;
Pablos, J.L.; Corbi, A.L.; et al. Macrophages from the synovium of active rheumatoid arthritis exhibit an activin A-dependent
pro-inflammatory profile. ]. Pathol. 2015, 235, 515-526. [CrossRef]

Di Virgilio, E; Dal Ben, D.; Sarti, A.C.; Giuliani, A.L.; Falzoni, S. The P2X7 Receptor in Infection and Inflammation. Immunity 2017,
47,15-31. [CrossRef]

Peres, R.S.; Liew, EY,; Talbot, J.; Carregaro, V.; Oliveira, R.D.; Almeida, S.L.; Franca, R.F.; Donate, P.B.; Pinto, L.G.; Ferreira, FI;
et al. Low expression of CD39 on regulatory T cells as a biomarker for resistance to methotrexate therapy in rheumatoid arthritis.
Proc. Natl. Acad. Sci. USA 2015, 112, 2509-2514. [CrossRef]

Chandrupatla, D.M.S.H.; Molthoff, C.EM.; Ritsema, WI.G.R.; Vos, R.; Elshof, E.; Matsuyama, T.; Low, P.S.; Musters, R.J.P;
Hammond, A.; Windhorst, A.D.; et al. Prophylactic and therapeutic activity of alkaline phosphatase in arthritic rats: Single-agent
effects of alkaline phosphatase and synergistic effects in combination with methotrexate. Transl. Res. 2018, 199, 24-38. [CrossRef]
Cronstein, B.N.; Aune, T.M. Methotrexate and its mechanisms of action in inflammatory arthritis. Nat. Rev. Rheumatol. 2020,
16, 145-154. [CrossRef] [PubMed]

Artyomov, M.N.; Van den Bossche, J. Immunometabolism in the Single-Cell Era. Cell Metab. 2020, 32, 710-725. [CrossRef]
[PubMed]

Qiu, J.; Wu, B.; Goodman, S.B.; Berry, G.J.; Goronzy, J.J.; Weyand, C.M. Metabolic Control of Autoimmunity and Tissue
Inflammation in Rheumatoid Arthritis. Front. Immunol. 2021, 12, 652771. [CrossRef]

Viola, A.; Munari, F.,; Sanchez-Rodriguez, R.; Scolaro, T.; Castegna, A. The Metabolic Signature of Macrophage Responses. Front.
Immunol. 2019, 10, 1462. [CrossRef] [PubMed]

Littlewood-Evans, A.; Sarret, S.; Apfel, V.; Loesle, P.; Dawson, J.; Zhang, J.; Muller, A ; Tigani, B.; Kneuer, R.; Patel, S.; et al. GPR91
senses extracellular succinate released from inflammatory macrophages and exacerbates rheumatoid arthritis. J. Exp. Med. 2016,
213, 1655-1662. [CrossRef] [PubMed]

Harber, K.J.; De Goede, K.E.; Verberk, 5.G.S.; Meinster, E.; De Vries, H.E.; Van Weeghel, M.; De Winther, M.P].; Van den Bossche, J.
Succinate Is an Inflammation-Induced Immunoregulatory Metabolite in Macrophages. Metabolites 2020, 10, 372. [CrossRef]
Saraiva, A.L.; Veras, F.P; Peres, R.S,; Talbot, ].; de Lima, K.A.; Luiz, J.P,; Carballido, ].M.; Cunha, T.M.; Cunha, EQ.; Ryffel, B.; et al.
Succinate receptor deficiency attenuates arthritis by reducing dendritic cell traffic and expansion of Th17 cells in the lymph nodes.
FASEB ]. 2018, 32, 6550-6558. [CrossRef]

Daly, R.; Blackburn, G.; Best, C.; Goodyear, C.S.; Mudaliar, M.; Burgess, K.; Stirling, A.; Porter, D.; McInnes, I.B.; Barrett, M.P;
et al. Changes in Plasma Itaconate Elevation in Early Rheumatoid Arthritis Patients Elucidates Disease Activity Associated
Macrophage Activation. Metabolites 2020, 10, 241. [CrossRef]

Gosselt, H.R.; Muller, L.B.; Jansen, G.; van Weeghel, M.; Vaz, EM.; Hazes, ] M.W.; Heil, 5.G.; de Jonge, R. Identification of Metabolic
Biomarkers in Relation to Methotrexate Response in Early Rheumatoid Arthritis. J. Pers. Med. 2020, 10, 271. [CrossRef]
Dekhne, A.S.; Hou, Z.; Gangjee, A.; Matherly, L.H. Therapeutic Targeting of Mitochondrial One-Carbon Metabolism in Cancer.
Mol. Cancer Ther. 2020, 19, 2245-2255. [CrossRef]

Ducker, G.S.; Rabinowitz, J.D. One-Carbon Metabolism in Health and Disease. Cell Metab. 2017, 25, 27-42. [CrossRef] [PubMed]
Tibbetts, A.S.; Appling, D.R. Compartmentalization of Mammalian folate-mediated one-carbon metabolism. Annu. Rev. Nutr.
2010, 30, 57-81. [CrossRef] [PubMed]


https://doi.org/10.1182/blood-2008-04-150276
https://doi.org/10.1016/j.bbrc.2009.06.007
https://doi.org/10.1186/s13046-019-1123-1
https://www.ncbi.nlm.nih.gov/pubmed/30867007
https://doi.org/10.1016/j.drup.2006.09.001
https://www.ncbi.nlm.nih.gov/pubmed/17092765
https://doi.org/10.1002/art.24354
https://www.ncbi.nlm.nih.gov/pubmed/19248091
https://doi.org/10.1158/0008-5472.CAN-04-4547
https://www.ncbi.nlm.nih.gov/pubmed/16166320
https://doi.org/10.1016/j.molcel.2019.06.039
https://doi.org/10.1136/annrheumdis-2017-212537
https://doi.org/10.1002/path.4466
https://doi.org/10.1016/j.immuni.2017.06.020
https://doi.org/10.1073/pnas.1424792112
https://doi.org/10.1016/j.trsl.2018.04.001
https://doi.org/10.1038/s41584-020-0373-9
https://www.ncbi.nlm.nih.gov/pubmed/32066940
https://doi.org/10.1016/j.cmet.2020.09.013
https://www.ncbi.nlm.nih.gov/pubmed/33027638
https://doi.org/10.3389/fimmu.2021.652771
https://doi.org/10.3389/fimmu.2019.01462
https://www.ncbi.nlm.nih.gov/pubmed/31333642
https://doi.org/10.1084/jem.20160061
https://www.ncbi.nlm.nih.gov/pubmed/27481132
https://doi.org/10.3390/metabo10090372
https://doi.org/10.1096/fj.201800285
https://doi.org/10.3390/metabo10060241
https://doi.org/10.3390/jpm10040271
https://doi.org/10.1158/1535-7163.MCT-20-0423
https://doi.org/10.1016/j.cmet.2016.08.009
https://www.ncbi.nlm.nih.gov/pubmed/27641100
https://doi.org/10.1146/annurev.nutr.012809.104810
https://www.ncbi.nlm.nih.gov/pubmed/20645850

Int. . Mol. Sci. 2023, 24, 9641 17 of 17

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Zheng, Y.; Lin, T.Y.; Lee, G.; Paddock, M.N.; Momb, ].; Cheng, Z.; Li, Q.; Fei, D.L.; Stein, B.D.; Ramsamooj, S.; et al. Mitochondrial
One-Carbon Pathway Supports Cytosolic Folate Integrity in Cancer Cells. Cell 2018, 175, 1546-1560. [CrossRef] [PubMed]
Rodriguez, A.E.; Ducker, G.S.; Billingham, L.K.; Martinez, C.A.; Mainolfi, N.; Suri, V.; Friedman, A.; Manfredi, M.G.; Weinberg,
S.E.; Rabinowitz, J.D.; et al. Serine Metabolism Supports Macrophage IL-1beta Production. Cell Metab. 2019, 29, 1003-1011.
[CrossRef] [PubMed]

Lawrence, S.A.; Hackett, ].C.; Moran, R.G. Tetrahydrofolate recognition by the mitochondrial folate transporter. J. Biol. Chem.
2011, 286, 31480-31489. [CrossRef]

Lawrence, S.A.; Titus, S.A.; Ferguson, J.; Heineman, A.L.; Taylor, S.M.; Moran, R.G. Mammalian mitochondrial and cytosolic
folylpolyglutamate synthetase maintain the subcellular compartmentalization of folates. J. Biol. Chem. 2014, 289, 29386—29396.
[CrossRef]

Dekhne, A.S.; Ning, C.; Nayeen, M.].; Shah, K.; Kalpage, H.; Fruhauf, J.; Wallace-Povirk, A.; O’Connor, C.; Hou, Z.; Kim, S.; et al.
Cellular Pharmacodynamics of a Novel Pyrrolo[3,2-d]pyrimidine Inhibitor Targeting Mitochondrial and Cytosolic One-Carbon
Metabolism. Mol. Pharmacol. 2020, 97, 9-22. [CrossRef]

De Rotte, M.C.; De Jong, P.H.; Pluijm, S.M.; Calasan, M.B.; Barendregt, P.J.; Van Zeben, D.; Van der Lubbe, P.A.; De Sonnaville,
P.B.; Lindemans, J.; Hazes, ].M.; et al. Association of low baseline levels of erythrocyte folate with treatment nonresponse at three
months in rheumatoid arthritis patients receiving methotrexate. Arthritis Rheum. 2013, 65, 2803-2813. [CrossRef]

Puig-Kroger, A.; Sierra-Filardi, E.; Dominguez-Soto, A.; Samaniego, R.; Corcuera, M.T.; Gomez-Aguado, F.; Ratnam, M.; Sanchez-
Mateos, P.; Corbi, A.L. Folate receptor beta is expressed by tumor-associated macrophages and constitutes a marker for M2
anti-inflammatory/regulatory macrophages. Cancer Res. 2009, 69, 9395-9403. [CrossRef]

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114-2120.
[CrossRef]

Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics 2013, 29, 15-21. [CrossRef]

Frankish, A.; Diekhans, M.; Jungreis, I.; Lagarde, J.; Loveland, ].E.; Mudge, ] M.; Sisu, C.; Wright, ].C.; Armstrong, J.; Barnes, L;
et al. GENCODE 2021. Nucleic Acids Res. 2021, 49, D916-1D923. [CrossRef] [PubMed]

Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 2010, 26, 139-140. [CrossRef] [PubMed]

Shen, S.; Park, ] W,; Lu, Z.X; Lin, L.; Henry, M.D.; Wu, Y.N.; Zhou, Q.; Xing, Y. rMATS: Robust and flexible detection of differential
alternative splicing from replicate RNA-Seq data. Proc. Natl. Acad. Sci. USA 2014, 111, E5593-E5601. [CrossRef]

Sciarrillo, R.; Wojtuszkiewicz, A.; Kooi, L.E.; Leon, L.G.; Sonneveld, E.; Kuiper, R.P; Jansen, G.; Giovannetti, E.; Kaspers,
G.J.L.; Cloos, J. Glucocorticoid Resistant Pediatric Acute Lymphoblastic Leukemia Samples Display Altered Splicing Profile and
Vulnerability to Spliceosome Modulation. Cancers 2020, 12, 723. [CrossRef] [PubMed]

Muller, I.B.; Meijers, S.; Kampstra, P; van Dijk, S.; van Elswijk, M.; Lin, M.; Wojtuszkiewicz, A.M.; Jansen, G.; de Jonge, R.; Cloos, J.
Computational comparison of common event-based differential splicing tools: Practical considerations for laboratory researchers.
BMC Bioinformatics 2021, 22, 347. [CrossRef] [PubMed]

Szklarczyk, D.; Gable, A.L.; Nastou, K.C.; Lyon, D.; Kirsch, R.; Pyysalo, S.; Doncheva, N.T.; Legeay, M.; Fang, T.; Bork, P;
et al. The STRING database in 2021: Customizable protein-protein networks, and functional characterization of user-uploaded
gene/measurement sets. Nucleic Acids Res. 2021, 49, D605-D612. [CrossRef]

Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, TR,;
Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles.
Proc. Natl. Acad. Sci. USA 2005, 102, 15545-15550. [CrossRef]

Edgar, R.; Domrachev, M.; Lash, A.E. Gene Expression Omnibus: NCBI gene expression and hybridization array data repository.
Nucleic Acids Res. 2002, 30, 207-210. [CrossRef]

Driehuis, E.; Oosterom, N.; Heil, S.G.; Muller, I.B.; Lin, M.; Kolders, S.; Jansen, G.; de Jonge, R.; Pieters, R.; Clevers, H.; et al.
Patient-derived oral mucosa organoids as an in vitro model for methotrexate induced toxicity in pediatric acute lymphoblastic
leukemia. PLoS ONE 2020, 15, €0231588. [CrossRef]

Hebing, R.C.; Lin, M.; Bulatovic-Calasan, M.; Muller, I.B.; Mahmoud, S.; Heil, S.; Struys, E.A.; Van den Bemt, B.].; Twisk, JJW,;
Lems, W.; et al. Pharmacokinetics of oral and subcutaneous methotrexate in red and white blood cells in patients with early
rheumatoid arthritis: The methotrexate monitoring trial. Ann. Rheum. Dis. 2023, 82, 460-467. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.cell.2018.09.041
https://www.ncbi.nlm.nih.gov/pubmed/30500537
https://doi.org/10.1016/j.cmet.2019.01.014
https://www.ncbi.nlm.nih.gov/pubmed/30773464
https://doi.org/10.1074/jbc.M111.272187
https://doi.org/10.1074/jbc.M114.593244
https://doi.org/10.1124/mol.119.117937
https://doi.org/10.1002/art.38113
https://doi.org/10.1158/0008-5472.CAN-09-2050
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/nar/gkaa1087
https://www.ncbi.nlm.nih.gov/pubmed/33270111
https://doi.org/10.1093/bioinformatics/btp616
https://www.ncbi.nlm.nih.gov/pubmed/19910308
https://doi.org/10.1073/pnas.1419161111
https://doi.org/10.3390/cancers12030723
https://www.ncbi.nlm.nih.gov/pubmed/32204435
https://doi.org/10.1186/s12859-021-04263-9
https://www.ncbi.nlm.nih.gov/pubmed/34174808
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1093/nar/30.1.207
https://doi.org/10.1371/journal.pone.0231588
https://doi.org/10.1136/ard-2022-223398
https://www.ncbi.nlm.nih.gov/pubmed/36543526

	Introduction 
	Results 
	FPGS Pre-mRNA Splicing, FPGS Activity and MTX-Polyglutamylation in Monocytes and M1- and M2-Type Macrophages 
	Differential Splicing Profiles in Monocytes, M1–MØ and M2–MØ 
	Differential Gene Expression (DGE) Profiling of Monocytes, M1–MØ and M2–MØ (with and without MTX Exposure) 

	Discussion 
	Materials and Methods 
	Materials 
	Monocyte-Macrophage Polarization Studies 
	RNA Isolation and RNA-Seq 
	RNA-Seq Analysis 
	qPCR Analysis 
	FPGS Catalytic Assay 
	LC-MS/MS MTX-PG Analysis 
	Statistics 

	References

