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EXTENDED REPORT

Methotrexate limits inflammation through an
A20-dependent cross-tolerance mechanism

Cristina Municio," Angeles Dominguez-Soto,” Sara Fuentelsaz-Romero,’
Amalia Lamana,? Nuria Montes,? Victor D Cuevas,® Raquel Garcia Campos,’
José L Pablos,” Isidoro Gonzélez-Alvaro,> Amaya Puig-Kréger'

ABSTRACT

Objectives Methotrexate (MTX) is the anchor

drug for treatment of rheumatoid arthritis (RA), but

the mechanism of its anti-inflammatory action is

not fully understood. In RA, macrophages display a
proinflammatory polarisation profile that resembles
granulocyte-macrophage colony-stimulating factor
(GM-CSF)-differentiated macrophages and the response
to MTX is only observed in thymidylate synthase*
GM-CSF-dependent macrophages. To determine the
molecular basis for the MTX anti-inflammatory action,
we explored toll-like receptor (TLR), RA synovial fluid
(RASF) and tumour necrosis factor receptor (TNFR)-
initiated signalling in MTX-exposed GM-CSF-primed
macrophages.

Methods Intracellular responses to TLR ligands, TNFor
or RASF stimulation in long-term low-dose MTX-
exposed human macrophages were determined through
quantitative real-time PCR, western blot, ELISA and
siRNA-mediated knockdown approaches. The role of
MTX in vivo was assessed in patients with arthritis under
MTX monaotherapy and in a murine sepsis model.
Results MTX conditioned macrophages towards a
tolerant state, diminishing interleukin (IL)-6 and IL-1§
production in LPS, LTA, TNFo. or RASF-challenged
macrophages. MTX attenuated LPS-induced MAPK and
NF-xB activation, and toll/IL-1R domain-containing
adaptor inducing IFN-beta (TRIF1)-dependent signalling.
Conversely, MTX increased the expression of the NF-kB
suppressor A20 (TNFAIP3), itself a RA-susceptibility gene.
Mechanistically, MTX-induced macrophage tolerance
was dependent on A20, as siRNA-mediated knockdown
of A20 reversed the MTX-induced reduction of IL-6
expression. In vivo, TNFAIP3 expression was significantly
higher in peripheral blood cells of MTX-responsive
individuals from a cohort of patients with arthritis under
MTX monotherapy, whereas MTX-treated mice exhibited
reduced inflammatory responses to LPS.

Conclusions MTX impairs macrophage
proinflammatory responses through upregulation of
A20 expression. The A20-mediated MTX-induced innate
tolerance might limit inflammation in the RA synovial
context, and positions A20 as a potential MTX-response
biomarker.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic, systemic
inflammatory disorder that primarily affects syno-
vial joints. Predominant cytokines in RA patho-
genesis are TNFo, interleukin (IL)-6 and IL-1,

which are mainly produced by macrophages and
act locally and systemically.’™ In fact, macrophages
accumulate in the synovium of RA joints, where
they exhibit destructive and remodelling potential
and contribute considerably to inflammation and
joint destruction. Importantly, reduction in the
number of macrophages in the synovium consti-
tutes a biomarker for response to treatment in
patients with RA.°

GM-CSF induces macrophage differentiation
from haematopoietic progenitor cells and is a key
driver of tissue inflammation.® GM-CSF was one of
the first cytokines detected in human synovial fluid
from inflamed joints and several lines of data suggest
that GM-CSF strongly influences the development
and pathogenesis of RA.® GM-CSF-deficient mice
are protected from developing collagen-induced
arthritis and blockade of GM-CSF reduces the
severity of established disease in wild-type mice,
thus supporting a key role for GM-CSF in the initi-
ation and development of inflammatory arthritis.
Moreover, overexpression or injection of GM-CSF
is associated with flares of arthritis and patients
receiving GM-CSF after chemotherapy showed
exacerbation of established RA.” In line with all the
above findings, macrophages from patients with
active RA display a transcriptomic and phenotypical
proinflammatory polarisation profile that resembles
GM-CSF-differentiated macrophages.® According
to the role of GM-CSF in RA, phase I and 1II clin-
ical trials targeting GM-CSF or GM-CSF recep-
tor-o. in RA have shown rapid and sustained clinical
responses without major safety concerns.”!*

The folic acid antagonist methotrexate (MTX) is
the disease modifying anti-rheumatic drug of first
choice in the treatment of early and established RA,
and shows good efficacy, with 40% of patients with
RA achieving an American College of Rheuma-
tology score 50 (ACRS50) response.'? > MTX blocks
different enzymes of the folate or one-carbon metab-
olism. While MTX blocks dihydrofolate reductase,
polyglutamated MTX potently inhibits thymidylate
synthase (TS), and both enzymes are crucial for the
de novo biosynthesis of purines and pyrimidines
required for DNA replication and cellular prolif-
eration.” In patients with RA, MTX treatment is
associated with a significant decrease in serum IL-6
and IL-8." However, despite the beneficial effect
of MTX in current RA therapies, its mechanism of
action as an anti-inflammatory drug remains incon-
clusive. Different cellular-specific mechanisms have
been proposed to explain the inhibition of NF-xB,
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the central regulator of proinflammatory cytokine gene expres-
sion. Previous studies on T lymphocytes and fibroblast-like
synoviocytes have found that MTX inhibits NF-xB activity via
tetrahydrobiopterin (BH,) depletion, lincRNA-p21 increase or
adenosine receptor activation, respectively.’’ ' Although MTX
restores NF-kB activity in peripheral blood mononuclear cells
(PBMCs) from patients with RA," no information is available on
the effect of clinical doses of MTX on NF-«B in human macro-
phages, whose transcriptome is significantly modulated after
low-dose MTX exposure.'”

We have also previously described that MTX exclusively
targets proinflammatory TST GM-CSF-primed macrophages.'’
In an attempt to determine the molecular mechanism under-
lying the anti-inflammatory actions of MTX, we have explored
the inflammatory response of MTX-exposed GM-CSF-primed
macrophages. We now report that long-term low-dose MTX
treatment modifies macrophage response to TLR ligands or
TNFo stimulation by increasing TNFAIP3 (A20) expression
in macrophages, and that MTX conditions macrophages for
impaired responses towards pathogen agents like LPS, TNFa. or
RA synovial fluid (RASF).

METHODS
Detailed methods are supplied in the online supplementary file.
Human PBMCs were isolated from buffy coats from normal
donors. Monocytes were purified from PBMCs by magnetic cell
sorting using CD14 microbeads (Miltenyi) and were cultured at
0.5x10° cells/mL for 7 days in Roswell Park Memorial Institute
(RPMI) supplemented with 10% fetal calf serum, and containing
GM-CSF (1000U/mL) to generate GM-CSF-polarised macro-
phages (GM-M®). Independent preparations of monocytes were
unexposed or exposed once to MTX (50nM)™ ** and differen-
tiated to GM-M@ for 7days. MTX is a drug given weekly to
patients with RA and we followed in vitro the patient schedule.'?
LPS (10ng/mL, 01111:B4 strain), LTA (5 pg/mL), TNFa (20 ng/
mL) and RASF were added for the indicated time points to 7-day
fully differentiated GM-M@ and were analysed by quantita-
tive real-time RT-PCR, immunobloting or ELISA. RASF were
obtained from patients with active knee arthritis, confirmed by a
highly cellular synovial fluid, and were heterogeneous regarding
demographic, disease characteristics and previous RA therapy.
For in vivo MTX-cross tolerance, C57BL/6] mice between 6 and
8 weeks of age (n=6mice/group) received phosphate-buffered
saline (PBS) or MTX intraperitoneally (2mg/kg). Seven days
later, intraperitoneal LPS (9 mg/kg) was administered and serum
collected after 4hours for IL-6 and TNFo determination by
ELISA. Patients with early arthritis in MTX monotherapy were
recruited from the Princesa Early Arthritis Register Longitudinal
study. Informed consent is received from the patient.”’ Statis-
tical analysis was performed using paired Student’s t-test and a
P value <0.05 was considered significant (*P<0.05, **P<0.01,
#*#*P<0.001).

RESULTS

Long-term low-dose MTX treatment diminishes LPS, LTA, TNFa
and RASF-induced proinflammatory cytokine production in
human macrophages

A variety of TLR ligands, either endogenous or of microbial
origin, are present within RA synovia.”! To determine the role of
MTX on macrophage TLR4 activation, monocytes were exposed
to a single dose of MTX before initiation of the GM-CSF-
driven differentiation process, and later challenged with LPS at
the 7-day culture (figure 1A). MTX pretreatment diminished

LPS-induced IL-6 expression at the mRNA and protein levels
(figure 1B). Similarly, MTX pretreatment reduced LPS-induced
TNFoa, IL-12p40 and IL-1B production although with different
kinetics (figure 1C and online supplementary figure S1). By
contrast, the expression of other LPS-responsive macrophage
genes®* was either unaltered (IFIT2, PKIG) or increased (CCR7)
on MTX pretreatment (online supplementary figure S1), thus
indicating that proinflammatory cytokine production is selec-
tively inhibited in MTX-exposed macrophages. The specificity
of MTX to attenuate LPS-dependent proinflammatory cyto-
kine production in macrophages was analysed in the presence
of folinic acid (FA). FA restored LPS-induced IL-6 secretion
in MTX-treated macrophages, indicating that MTX-induced
effects are mediated through blocking the one-carbon metab-
olism (figure 1D). Similar to TLR4 activation, MTX-treated
macrophages exhibited a lower level of LTA-dependent IL-6 and
IL-1B gene expression and protein secretion (figure 1E). More
importantly, analogous findings were observed when macro-
phages were challenged with TNFo, the predominant inflam-
matory cytokine found in RA joints': MTX-treated macrophages
exhibited a lower expression of TNFo-induced IL6 and IL1B
mRNA and IL-6 and IL-12p40 secretion than untreated macro-
phages (figure 1F), thus indicating that MTX attenuates proin-
flammatory cytokine expression in response to TLR4 and TLR2
ligands as well as after TNFo stimulation.

Finally, to determine whether MTX-exposed macrophages
are also refractory to the effect of the RA synovial environment,
MTX-treated macrophages were exposed to RASF from patients
with active disease. RASF-induced IL6 mRNA was attenuated in
MTX-treated macrophages although the effect of MTX differed
among tested RASF (figure 2). Altogether, these results indicate
that MTX diminishes the production of RA-associated cytokines
in human macrophages exposed to stimuli known to be present
in RA joints (TLR2 and TLR4 ligands, TNFo and RASF).

TNFAIP3 is an MTX response gene and is involved in MTX-
induced tolerance in macrophages

The above results suggested that low-dose MTX renders
macrophages less responsive to a subsequent stimulation by
proinflammatory stimuli and that MTX might impose a state
of desensitisation in macrophages that resembles the ‘LPS
tolerance’ phenomenon.? Interestingly, and in line with the
potential acquisition of a tolerance state in MTX-treated macro-
phages, Gene Set Enrichment Analysis (GSEA) on the tran-
scriptome of MTX-treated macrophages (GSE71253) revealed
that long-term MTX treatment promotes a significant upregu-
lation of the “TNFa signalling via NF-xB’ (false discovery rate
(FDR) q value=0.0001) and ‘inflammatory response’ (FDR
q value=0.0001) gene sets (figure 3A)." 2* In agreement with
the GSEA prediction, MTX-treated monocytes led to the gener-
ation of macrophages with a significantly higher IL1B, IL1A
and IL6 mRNA expression (figure 3B).

To address whether MTX promotes ‘bona fide’ innate toler-
ance in macrophages, and since tolerant cells exhibit a lower
level of MAPK and NF-B activation on TLR stimulation,” ** we
first determined the levels of LPS and TNFo-induced MAPK and
IxBow activation in MTX-treated macrophages. MTX pretreat-
ment reduced the activation of p38 and jun amino-terminal
kinase (JNK) in response to LPS and TNFa (figure 3C). More-
over, a higher level of IkBo. was detected in LPS and TNFo-ex-
posed MTX-pretreated macrophages (figure 3C), indicating that
the LPS and TNFo-induced activation of both MAPK and NF-xB
was impaired in MTX-treated macrophages. These results were
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Figure 1

MTX alters TLR4, TLR2 and TNFo: responsiveness in GM-CSF-primed macrophages. (A) Schematic representation of the experiments.

Monocytes were exposed to 50 nM MTX at the beginning of the 7-day macrophage differentiation process with GM-CSF and challenged with LPS
(10ng/mL), LTA (5 pg/mL) or TNFo (20 ng/mL) on day 7. Cells (GM-M®@) were assayed at time points poststimulation. (B) Expression of IL-6 by qRT-PCR
(left) or ELISA (right) by monocytes differentiated with GM-CSF in the absence or presence of MTX and challenged with LPS for 48 hours. Mean+SEM
of four independent donors are shown (*P<0.05, **P<0.01). (C) Production of TNFo: or IL-12p40 by monocytes differentiated with GM-CSF in

the absence or presence of MTX and challenged with LPS for 48 hours. Mean+SEM of four independent donors are shown (*P<0.05, **P<0.01).

(D) Production of IL-6 by monocytes differentiated with GM-CSF in the absence or presence of MTX or FA (1 uM) and challenged with LPS for the
indicated time points, as determined by ELISA. Mean+SEM of three independent donors are shown (*P<0.05, **P<0.01). (E-F) Expression of IL-6,
IL-1B and IL-12p40 by qRT-PCR (upper panels) or ELISA (lower panels) by monocytes differentiated with GM-CSF in the absence or presence of MTX
and challenged with LTA (E) or TNFo (F) for the indicated time points. Mean+SEM of three (E) and five (F) independent donors are shown (*P<0.05).
FA, folinic acid; IL, interleukin; Mo, monocytes; MTX, methotrexate; qRT-PCR, quantitative real-time PCR.

further confirmed after analysis of the LPS-induced NF-«xB-de-
pendent transcription (figure 3D), as MTX-treated macrophages
exhibited lower LPS-induced NF-kB-dependent transcriptional
activity than untreated GM-M. Therefore, MTX treatment
conditions macrophages for an impaired NF-kB transcriptional
activity after LPS stimulation. The TRIF-dependent pathway,
implicated in mediating the type I interferon activation of the
LPS signalling,” was also explored. Since MTX-treated cells
exhibited lower C-X-C motif chemokine ligand 10 (CXCL10)
secretion and phosphorylated signal transducer and activator
of transcription 1 (p-Statl) activation in response to LPS than
untreated cells (figure 3E), MTX appears to exert its effects also
via the TRIF pathway.

Next, we determined the expression of regulators of TLR-in-
duced cytokine production that have been previously implicated
in LPS tolerance.”” Long-term MTX treatment significantly

increased the expression of TNFAIP3, decreased TLR4 and
TLR2 and did not modulate IRAK3 (IRAK-M), INPP5SD (SHIP1),
SOCS1, SOCS3 and PELI3 mRNA expression in GM-MJ
(figure 3F).”* #*2¢2” Reduction of TLR2 and TLR4 by MTX was
modest at the mRNA level and not observed in all donors at
the protein level (online supplementary figure S2). By contrast,
TNFAIP3 induction by MTX was observed in all donors exam-
ined. TNFAIP3 codes the A20 protein, a ubiquitin-modifying
enzyme that acts as a pivotal NF-xB suppressor after TLRs or
TNEFR stimulation.”® Kinetic studies revealed that TNFAIP3
expression increased 5 days after MTX addition in GM-CSF-
primed macrophages (figure 3G), thus suggesting a role for
A20 in MTX-induced tolerance. To explore whether this is the
case, we determined the effect of silencing TNFAIP3 expres-
sion. siRNA-mediated TNFAIP3 knockdown in MTX-treated
GM-M@ significantly restored IL-6 secretion in response to

754 Municio C, et al. Ann Rheum Dis 2018;77:752—759. doi:10.1136/annrheumdis-2017-212537


https://dx.doi.org/10.1136/annrheumdis-2017-212537

Basic and translational research

IL6 (#1) IL6 (#2) IL6 (#3) IL6 (#4)

c c c c
S o s 20 S 08
A 2 2 2
4 o 4 o
3 =3 g 15 g 06
o 2 ) 3] 5}
5 g < g
4 o x 1.0 x 04
£ £ £ £
2 1 2 2 s 2
s = g g 02
Q Q Q Q
4 14 4 14

0 0 0.0
MTX -  + - &+ - 4 MTX -  + -+ -+ MTX -  + - + -+ MTX -  + -  + -+
RASF 3h 8h 24h RASF 3h 8h 24h RASF 3h 8h 24h RASF 3h 8h 24h

Figure 2 MTX diminishes RASF IL6 induction in GM-CSF-primed macrophages. Expression of /L6 by quantitative real-time PCR by monocytes

differentiated with GM-CSF in the absence or presence of MTX and challenged with 25% synovial fluid from patients with active RA (RASF) on day
7 for the indicated time points (*P<0.05). Independent macrophage donors (nos 1-4) were challenged with RASF from two different patients with
RA (donor no. 1 with RASF-A and donors no. 2, no. 3 and no. 4 with RASF-B). IL, interleukin; MTX, methotrexate; RA, rheumatoid arthritis; RASF, RA

synovial fluid.

LPS, as macrophages with lower A20 expression yielded signifi-
cantly higher levels of LPS-induced IL-6 (figure 3H). Therefore,
MTX-induced A20 contributes to the reduced LPS-induced IL-6
expression seen in MTX-treated macrophages, suggesting its
involvement in the MTX-induced tolerance.

MTX-dependent expression of TNFAIP3 involves TS inhibition
and TP53 activation

To explore the role of MTX on TNFAIP3 expression, we first
determined the sensitivity of the MTX-dependent TNFAIP3
upregulation to FA. TNFAIP3 induction by MTX was inhibited
by the simultaneous addition of FA, indicating that MTX-trig-
gered TNFAIP3 induction relies on blocking one-carbon
metabolism (figure 4A). However, FA in the clinic is usually
prescribed 24 hours after MTX treatment.” As expected, FA did
not reversed MTX-induced TNFAIP3 expression when added
24 hours after MTX, showing that FA does not block the poten-
tial beneficial clinical effects of TNFAIP3 induction by MTX in
RA (figure 4B).

Unlike the rapid induction of A20 in response to inflam-
matory stimuli that takes place 30-60 min after NF-xB activa-
tion,” a slow induction of A20 was observed in MTX-exposed
macrophages (figure 3G). We have previously demonstrated
that the mechanism involved in MTX response in proinflam-
matory macrophages relies on TS inhibition and p53 activation,
what led us to assess whether the TS/p53 axis is involved in
MTX-induced A20 expression.'” Assessment of the underlying
mechanism revealed that MTX-triggered TNFAIP3 induction in
GM-M@ was significantly diminished (40%) after TS silencing
with two different small interfering RNA (figure 4C), thus
indicating that MTX-triggered TNFAIP3 upregulation is partly
dependent on TS expression. Moreover, knockdown of TS
sufficed to increase TNFAIP3 mRNA expression in GM-M, an
effect that was prevented in the presence of the p53 inhibitor
pifithrin-o (figure 4D). Therefore, MTX induces a tolerant state
in macrophages by upregulating the expression of TNFAIP3 in a
TS/p53-dependent pathway.

MTX-induced tolerance in vivo

To address the relevance of the MTX-induced tolerance in vivo,
mice were treated with MTX for 7 days, mimicking the patient
schedule therapy currently in use,'* and challenged with an intra-
peritoneal injection of LPS before determination of the serum
concentrations of IL-6 and TNFa (figure SA). LPS-induced serum
IL-6 and TNFa significantly diminished in MTX-pretreated mice
(figure 5B, C), whose white blood cell counts did not differ signifi-
cantly from those of untreated mice (not shown). The same results

were obtained when MTX was injected once a week for 4 weeks
(not shown). Therefore, and in agreement with its ability to limit
macrophage responses to LPS in vitro, MTX is capable of inducing
a state of tolerance in mice in vivo.

TNFAIP3 mRNA expression increases in early arthritis patients
responders to MTX

To evaluate the association between MTX treatment and TNFAIP3
expression in patients with arthritis, we determined TNFAIP3
mRNA levels in PBMCs from patients with early arthritis at base-
line and during 1year of MTX monotherapy (see online supple-
mentary table S1). We found that TNFAIP3 mRNA expression
levels tend to increase along the follow-up (figure 6A, model
1 in online supplementary table S2). Furthermore, TNFAIP3
mRNA expression significantly increased only in those patients
who respond to MTX therapy (figure 6B,C, model 2 and model
3 in online supplementary table S2). In fact, being or not an
MTX responder explained 20% of the variability of TNFAIP3
expression (R> m=0.196, model 3 in online supplementary table
S2). Altogether, these results indicate that TNFAIP3 expression is
higher in MTX responder patients with arthritis, suggesting that
TNFAIP3 might be an MTX responsiveness biomarker, although
these findings require confirmation in larger cohorts.

DISCUSSION

Weekly administered MTX is the main starting therapy and the
anchor drug for the treatment of RA, cutaneous psoriasis and
psoriatic arthritis.’* However, the exact mechanism underlying the
anti-inflammatory actions of MTX remains not fully understood."
We have previously shown that MTX triggers the acquisition of a
proinflammatory gene profile in human GM-CSF-primed macro-
phages.'”” We now report that long-term low-dose MTX condi-
tions GM-CSF-primed macrophages towards a tolerance state that
renders them less responsive to TLR ligands, TNFo. and RASF
stimulation. Mechanistically, MTX reduces LPS and TNFa-de-
pendent MAPK activation, IxBo. degradation, NF-kB activity and
proinflammatory cytokine production in human macrophages.
In addition, MTX increases A20 expression, a pivotal NF-kB
suppressor whose knockdown impairs the MTX-induced toler-
ance effect. In line with these findings, MTX-treated mice exhibit
a reduced inflammatory response to LPS. Altogether, these results
indicate that the global anti-inflammatory activity of MTX relies
on its ability to induce a proinflammatory profile in GM-CSF-
primed macrophages, making MTX-conditioned macrophages
less responsive to proinflammatory stimuli. Our results reconcile
the transcriptional'” and functional effects of MTX on human

Municio C, et al. Ann Rheum Dis 2018;77:752—759. doi:10.1136/annrheumdis-2017-212537

755


https://dx.doi.org/10.1136/annrheumdis-2017-212537
https://dx.doi.org/10.1136/annrheumdis-2017-212537
https://dx.doi.org/10.1136/annrheumdis-2017-212537
https://dx.doi.org/10.1136/annrheumdis-2017-212537
https://dx.doi.org/10.1136/annrheumdis-2017-212537
https://dx.doi.org/10.1136/annrheumdis-2017-212537

Basic and translational research

-SEESTEITE

A B
TNFo Signaling via NFkB Inflammatory Response s
o
bY
[ 0.4 2
g 0.4 / 2
€ 02/\Es: 268 2INES: 2.43 E
E ,0/FDRg:0.0001 FDRq 0.0001 =
S
2 o
T T N T
0 2500 7500 12500 0 2500 7500 12500 ~
Position in the ranked list of genes Position in the ranked list of genes 84
IL1B  IL1A
C
LPS - 15° 30° 60" TNFo - 15° 30° 60"
- MTX - MTX - MTX - MTX - MTX - MTX - MTX - MTX
pp38 o - — pp38
=) f=t £ 1.4
P30 S — . — —— — — P38‘....-'-
— —— % P vce B8 o Ty
PINK L e e o o oo v pJNK-—--——u——

~«SEESRESSE
—

IL6 TNFA

(i

MTX -

Relative mRNA expression

B

N
[N]
1

o
©
1

Relative NF-kB Luciferase Activity
o
n
)

PERK W s (D S S S s BN CDKC e e - 0.0
MTX
ERK 0 D D S D D B W Coo o e B S e e o LPS
0 5
225
E F 1 - Upregulated
= [ Downregulated
LPs - 2h = 8 . @ 1501
N - S 6 s
MTX MTX 2 2 orsd
o o 4 =
P e - :
2 2 Sg 0.00
GAPDH i s s e ° 2
> -0.754
MTX - + = P
LPS + + -1.50- [l . (3 o) I¥] < ] G e
g » & 83 8 ¢ & & 35
£ 8 s &8 ¥ g F F ¥
3 7] » Z =
G
TNFAIP3
3019
: Control® = H donor #1 #2 #3
X MTX m siC  siA20 siC  siA20 siC  siA20
8 sokk A0 S =TT
g =
3 209 GAPDH — —
s
4
5 150.
2 104 T
©
[0
14
100
0 T T T T T T T 9
1d 2d 3d 4d 5d 6d 7d ;
50
Mo+GM (MTX)
7 days
- b

GAPDH S s cums wwm cum— cum— — siC siA20

Figure 3 MTX suppresses TLR4 and TNFR signalling and induces TNFAIP3 (A20) in macrophages. (A) Gene Set Enrichment Analysis results for MTX-
treated versus untreated macrophages for 7 days indicating the normalised enrichment score and the false discovery rate. (B) Relative expression of
IL1B, ILTA, IL6 and TNFA in MTX-treated (Mo+GM(MTX)) and untreated (Mo+GM) GM-CSF-primed macrophages (*P<0.05, adjusted P value), as
determined by microarray (left) and qRT-PCR (right). (C) Immunoblot analysis of pp38, pJNK and pERK, p38, JNK, extracellular signal-regulated kinase
(ERK) and IxBa. by monocytes differentiated with GM-CSF in the absence or presence of MTX for 7 days and challenged with LPS (left) or TNFo
(right) for the indicated time points. A representative experiment of four independent donors is shown. (D) Basal and LPS-induced NF-kB-dependent
transcriptional activity in MTX-treated and untreated GM-M@. Mean+SEM of the relative NF-xB luciferase activity (compared with Renilla luciferase
activity) of five independent experiments are shown (*P<0.05). (E) Immunoblot analysis of pStat1 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (left), and CXCL10 secretion (right) by monocytes differentiated with GM-CSF in the absence or presence of MTX for 7 days and challenged
with LPS for 2 hours (left) or 24 hours (right). (F) Relative expression of the genes encoding molecules involved in tolerance (black, upregulated in LPS
tolerance; white, downregulated in LPS tolerance) in MTX-treated (Mo+GM(MTX)) and untreated (Mo+GM) GM-CSF-primed macrophages (*P<0.05,
adjusted P value). (G) Expression of TNFAIP3 by monocytes differentiated with GM-CSF in the absence or presence of MTX, as determined by qRT-PCR.
Mean+SEM of three independent donors are shown (*P<0.05, ***P<0.001). Immunoblot analysis of A20 and GAPDH in monocytes differentiated
with GM-CSF in the presence of MTX at the indicated time points. (H) Monocytes differentiated with GM-CSF in the absence or presence of MTX

for 5 days were transfected with control siRNA (siC) or siRNA for A20 (siA20) and 48 hours later, cells were then stimulated with LPS for 3 hours,

and expression levels of A20, GAPDH (immunoblot) and IL-6 (ELISA) were detected. IL, interleukin; Mo, monocytes; MTX, methotrexate; qRT-PCR,
quantitative real-time PCR.
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Figure 4 MTX-dependent expression of TNFAIP3. TNFAIP3 expression
by monocytes differentiated with GM-CSF in the absence or presence
of MTX (50 nM), FA or both, as determined by qRT-PCR. In (A), FA

(1 M) was added simultaneously with MTX and in (B) FA (50nM,
concentration of FA found in the serum of patients with RA) was

added 24 hours after MTX treatment, as indicated. Mean+SEM of

three independent donors are shown (*P<0.05). (C) TNFAIP3 mRNA
expression on GM-M@ transfected with control siRNA (siC) or siRNA for
TYMS (si8, si9) and exposed to MTX for 48 hours, as determined by gRT-
PCR. Results are expressed as fold induction with MTX. Mean and SEM
of six independent donors are shown (*P<0.05). (D) TNFAIP3 expression
on GM-M@ transfected with control siRNA and siRNA for TYMS and
exposed to PFT (50 uM) for 48 hours, as determined by qRT-PCR. Results
are expressed as fold induction, which indicates the expression of
TNFAIP3 in siRNA TYMS-transfected relative to siRNA control cells,

and untreated or treated with PFT. Mean and SEM of six independent
donors are shown. FA, folinic acid; IL, interleukin; Mo, monocytes; MTX,
methotrexate; PFT, pifithrin-o;; qRT-PCR, quantitative real-time PCR;

RA, rheumatoid arthritis; TYMS, thymidylate synthetase.

macrophages, and clarify the molecular basis for the anti-inflam-
matory activity of low-dose MTX.

We also found that TNFAIP3 mRNA expression is significantly
higher in PBMCs of MTX-responsive individuals from a cohort

of patients with early arthritis under MTX monotherapy. In the
context of RA, A20 is a susceptibility gene because (1) polymor-
phisms of the A20-coding gene TNFAIP3 are associated with
RA*'* and other inflammatory diseases such as systemic lupus
erythematosus and psoriasis®*; (2) myeloid cell-specific dele-
tion of the Tnfaip3 gene in mice leads to enhanced NF-xB and
inflammasome signalling and triggers a spontaneous erosive
polyarthritis that resembles human RA*; and (3) A20 mRNA
expression in PBMCs is lower in patients with RA compared with
healthy individuals.®® The modulation of A20 by MTX that we
now report supports the existence of a myeloid-specific effect of
the main anchor drug in the treatment of RA and positions A20
as a potential biomarker of responsiveness to MTX, an urgently
required parameter to identify those patients with early arthritis
who achieve an ACR50 response to MTX monotherapy (usually
around 409)." Therefore, the analysis of TNFAIP3 polymorphism
in MTX-treated patients with RA might be of interest to predict
MTX responsiveness in patients with RA and could become a
useful MTX response biomarker. Supporting this suggestion, a
single nucleotide polymorphism within the OLIG3/TNFAIP3 locus
is associated with reduced likelihood to remain on MTX therapy
in patients with early RA.*®

MTX is considered a prodrug, a compound that undergoes a
biochemical modification to become its active form. MTX is poly-
glutamated once taken up by the cells and MTX polyglutamates
(MTX-Pgl) constitute the active form of the drug. MTX-Pgl potently
inhibits TS and aminoimidazole-carboxamide-ribonucleoside trans-
formylase. In human macrophages, proinflammatory TS* GM-CSF-
primed macrophages retain higher levels of MTX-Glu, and
MTX-Glu, than anti-inflammatory TS"" M-CSF-polarised macro-
phages and are more susceptible to MTX." Importantly, retention
of MTX-Pgl in cells exceeds its half-life in plasma, suggesting that
MTX metabolites persist in tissues. In fact, long-lived MTX-Pgl
remains in the liver and in bone marrow myeloid precursors for a
long period of time.*” The accumulation of MTX in myeloid precur-
sors correlates with the tolerance mechanism that we now describe
because macrophages in the inflamed synovial tissue of patients with
RA are continuously replaced by circulating monocytes,”® ** and
because myeloid precursors appear to contribute to trained innate
immunity.*® We hypothesise that monocytes from MTX-treated
patients would exhibit impaired responsiveness to danger signals
(TNFo., RASF) and that they would display a lower proinflamma-
tory profile than resident macrophages within the inflamed synovia.
Therefore, the entry of macrophages with a lower proinflammatory
potential into the inflamed synovia would contribute to the benefi-
cial effect of MTX in RA. In any event, the involvement of A20 in
MTX response provides a new mechanism of action for MTX, an
old drug with low cost and a good safety record.
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Figure 5  Effect of low-dose MTX in LPS tolerance in vivo. (A) Schematic representation of the experiment. C57BL/6J mice received an
intraperitoneal injection of either saline or MTX (2 mg/kg). Seven days later, intraperitoneal LPS (9 mg/kg) was administered and serum collected after
4hours for IL-6 (B) and TNFo. (C) determination by ELISA. Data represent the results of two independent experiments using a total of 12 mice per
group. Mean=SEM of 12 mice per group are shown (*P<0.05, **P<0.01). MTX, methotrexate.
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Figure 6  Effect of MTX on TNFAIP3 mRNA expression of peripheral blood mononuclear cells from patients with early arthritis. (A) TNFAIP3
expression along the follow-up (n=17 patients; online supplementary table S2). (B) TNFAIP3 expression between responder and non-responder
patients along the follow-up (n=17 patients). The variable that explained TNFA/P3 expression was being responder to MTX (P<10~%, model 3 in online
supplementary table S2). (C) TNFAIP3 expression between responder and non-responder patients untreated or treated with MTX (n=15 visits in non-

responder and n=35 visits in responder patients). MTX, methotrexate.
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