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Abstract

Rheumatoid arthritis (RA) is an incurable, systemic autoimmune disease that decreases quality of life and can lead to severe
disability. While there are many medications available to treat RA, the first-line of therapy is low-dose methotrexate (MTX),
a small molecule disease-modifying anti-rheumatic drug (DMARD). MTX is the recommended therapy due to its afford-
ability and efficacy in reducing symptoms in most RA patients. Unfortunately, there is great person-to-person variability in
the physiological response to MTX, with up to 50% of patients showing little response to the medication. Thus, many RA
patients initially placed on MTX do not experience an adequate reduction of symptoms, and could have benefited more in
both the short and long terms if initially prescribed a different drug that was more effective for them. To combat this problem
and better guide treatment decisions, many research groups have attempted to develop predictive tools for MTX response.
Currently, there is no reliable, clinical-grade method to predict an individual’s response to MTX treatment. In this review,
we describe progress made in the area of MTX non-response/resistance in RA patients. We specifically focus on applica-
tion of the following elements as predictive markers: proteins related to MTX transport and function, intracellular MTX
concentration, immune cell frequencies, cytokines, and clinical factors.
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Abbreviations Ky Michaelis constant

ABC ATP binding cassette MDR Multidrug Resistance Protein

ACPA Anti-citrullinated protein antibody MRP Multidrug resistance-associated protein

ACR American College of Rheumatology MTX Methotrexate

ADA Adenosine deaminase MTX-PG Polyglutamated methotrexate

AICAR  Aminoimidazole carboxamide ribonucleotide NSAID Nonsteroidal anti-inflammatory drug

AMPDA  AMP deaminase PBMC Peripheral blood mononuclear cells

ATIC Aminoimidazole carboxamide ribonucleotide PCFT Proton-coupled folate transporter
transformylase PKA Protein kinase A

BCRP Breast cancer resistance protein PMN Polymorphonuclear leukocytes

DC Dendritic cell RA Rheumatoid arthritis

DHF Dihydrofolate RF Rheumatoid factor

DHFR Dihydrofolate reductase RFC Reduced folate carrier

DMARD Disease-modifying anti-rheumatic drug SE Shared epitope

EULAR  European League Against Rheumatism SLC Solute carrier

IC50 Half maximal inhibitory concentration THF Tetrahydrofolate

TNFR TNF receptor
TYMS Thymidylate synthetase
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Introduction

Rheumatoid arthritis (RA) is a chronic disease that results
in joint inflammation, pain, and swelling, and can often
lead to irreversible deformity (McInnes and Schett 2011).
Most RA patients become unable to work full-time within
10 years of symptom onset (Woolf and Pfleger 2003). Both
the American College of Rheumatology (ACR) (Singh
et al. 2016) and the European League Against Rheuma-
tism (EULAR) (Smolen et al. 2017) currently recommend
low-dose methotrexate (MTX; Fig. 1) monotherapy as the
initial treatment for patients newly diagnosed with RA.
The low-dose distinction is used to draw a contrast with
the high doses of MTX used in cancer treatment, which
are 100-1000 times larger (Cronstein 2005; Smolen et al.
2017).The ACR’s and the EULAR’s reasons for choosing
low-dose MTX are that MTX is inexpensive, and there is
a lack of evidence that more expensive treatments have
better long-term efficacy (Singh et al. 2016; Smolen et al.
2017).

However, there is a significant variation in MTX effi-
cacy between individual RA patients. Prevalence estimates
of non-response/resistance to MTX therapy in RA patients
range widely from 30 to 50% (Braun et al. 2008; Klareskog
et al. 2004; Lima et al. 2015; Mori et al. 2010; Weinblatt
et al. 1994). The mechanisms for this variable response
are complex and unclear. Despite the obvious need, there
is no validated clinical method available to predict MTX
response in RA patients. In this review, non-response and
resistance will be used interchangeably.
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Fig. 1 Structures of MTX and folic acid. MTX is a folate derivative
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Methotrexate mechanism

MTX (Fig. 1) is classified as a small molecule disease-
modifying anti-rheumatic drug (DMARD). In broad terms,
MTX is a folate derivative which acts as a competitive
inhibitor for multiple folate-dependent enzymes, leading
ultimately to the inhibition of DNA synthesis and eleva-
tion of extracellular adenosine. The result is a decrease
in both cell proliferation and secretion of pro-inflamma-
tory cytokines (Cronstein 2005; Inoue and Yuasa 2014;
Kremer 2004; Tian and Cronstein 2007). In the immune
system, MTX most dramatically affects T cells (Gerards
et al. 2003; Herman et al. 2005), but is also reported to
have anti-proliferative or anti-inflammatory effects on B
cells (Witte 2015), monocytes (Herman et al. 2005; Wijn-
gaarden et al. 2005; Witte 2015), and dendritic cells (DCs)
(Yu et al. 2013).

MTX is believed to prevent DNA synthesis and, there-
fore, normal cell division via inhibition of enzymes
involved in de novo nucleotide synthesis (Fig. 2). Specifi-
cally, MTX inhibits the enzymes such as thymidylate syn-
thetase (TYMS), aminoimidazole carboxamide ribonucle-
otide transformylase (ATIC), and dihydrofolate reductase
(DHFR). TYMS is involved in thymidine synthesis. ATIC
is involved in de novo purine synthesis. DHFR reduces
dihydrofolate (DHF) to tetrahydrofolate (THF), whose
derivatives are cofactors for TYMS and ATIC. Thus, MTX
decreases the activity of TYMS and ATIC by directly
inhibiting these enzymes and by decreasing access to THF
cofactors (Inoue and Yuasa 2014; Kremer 2004; Tian and
Cronstein 2007). Inhibition of TYMS and ATIC decreases
the amount of nucleotides available for DNA synthesis,
particularly thymine (Budzik et al. 2000; Kremer 2004)
and guanine (Budzik et al. 2000; Hryniuk et al. 1975),
and thus reduces DNA synthesis (Budzik et al. 2000; Hry-
niuk et al. 1975; Kremer 2004; Tian and Cronstein 2007).
This molecular mechanism is particularly important for
preventing T-cell proliferation because activated T cells
almost exclusively rely on de novo nucleotide synthesis
as opposed to the nucleotide salvage pathway, and DNA
replication is required prior to cell division (Budzik et al.
2000; Herman et al. 2005; Tian and Cronstein 2007; Witte
2015).

MTX promotes the increase of extracellular adenosine
(Fig. 2) by decreasing the activity of ATIC, resulting in
an excess of ATIC’s substrate aminoimidazole carboxa-
mide ribonucleotide (AICAR). AICAR in turn inhib-
its adenosine deaminase (ADA) and AMP deaminase
(AMPDA), resulting in a build-up of their respective sub-
strates, adenosine and AMP. Adenosine, AMP, ADP, and
ATP can interconvert into each other by phosphorylation
and hydrolysis (Cronstein 2005; Inoue and Yuasa 2014;
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Fig.2 Mechanism of MTX. Boxes indicate proteins. Red, italicized
type indicates those enzymes whose activity is reduced by MTX, or
compounds whose levels are reduced by MTX. Transport of MTX
into the cell occurs by RFC1, while transport out of the cell occurs
by ABCB1, ABCCI1, or ABCG2. MTX is polyglutamated by FPGS
to become MTX-PG, and this process is reversed by GGH. MTX-PG
inhibits TYMS, DHFR, and ATIC. Inhibition of DHFR decreases
THF levels, leading to a decrease in the THF derivatives which are
cofactors for TYMS and ATIC. This lack of access to cofactors con-
tributes to the MTX-PG-induced decrease in TYMS and ATIC activ-
ity. Decreases in TYMS and ATIC activity result in reduced syn-

Kremer 2004; Tian and Cronstein 2007). Excess adeno-
sine, AMP, ADP, and ATP are released into the extracel-
lular space. The mechanism of this release is unclear, but
the proposed mechanisms include vesicle exocytosis and
facilitated diffusion (Antonioli et al. 2013). Extracellular
AMP, ADP, and ATP are converted into adenosine by cell
surface enzymes CD39 and CD73. Then, adenosine binds
to adenosine receptors (Antonioli et al. 2013; Kremer
2004; Tian and Cronstein 2007).

Adenosine receptors are expressed on immune cells
including neutrophils, macrophages, DCs, T cells, and B
cells. These receptors are G protein coupled receptors. The
adenosine receptor subtypes A,, and A, activate G pro-
teins, which activate the adenylate cyclase—cAMP—protein
kinase A (PKA) pathway. In contrast, adenosine receptor
subtypes A, and A; activate G; proteins to inhibit the ade-
nylate cyclase—-cAMP-PKA pathway (Hasko et al. 2008).
The receptor of greatest relevance to MTX-induced effects
is believed to be the A, , receptor (Tian and Cronstein 2007).

Through the A,, receptors, extracellular adenosine
induces anti-inflammatory effects in several types of immune
cells. In neutrophils, A,, receptor signaling decreases
expression of pro-inflammatory cytokines and prevents
apoptosis. In macrophages and mature DCs, A,, receptor
signaling decreases the expression of pro-inflammatory
cytokines and increases expression of anti-inflammatory
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thesis of thymidine and purines, respectively. As a result, there are
decreased amounts of thymine and purine nucleotides available for
DNA synthesis, thus reducing DNA synthesis. The decrease in ATIC
activity also leads to a build-up of AICAR. The increase in AICAR
inhibits ADA and AMPDA, resulting in a build-up of adenosine and
AMP. Adenosine, AMP, ADP, and ATP can be interconverted. The
excess adenosine, AMP, ADP, and ATP are secreted into the extra-
cellular space. Outside the cell, ATP, ADP, and AMP are hydrolyzed
into adenosine by CD39 and CD73. Extracellular adenosine binds to
A2A receptors, resulting in anti-inflammatory signaling

cytokines. In CD4 + T cells, A, receptor signaling reduces
both proliferation and expression of pro-inflammatory
cytokines (Hasko et al. 2008). In activated B cells, A,,
receptor signaling decreases antibody production, but this
is usually balanced by A, and A, receptor signaling which
promotes antibody production (Sakowicz-Burkiewicz et al.
2012).

Alterations in gene sequences

Variations in gene sequences are attractive as potential pre-
dictive markers for MTX response because DNA sequences
are static over the course of a lifetime. As a result, it does not
matter if the patient samples were acquired before or after
beginning MTX treatment. Much work has been done evalu-
ating correlations between MTX efficacy and variations in
the DNA sequences of genes involved in MTX pharmacoki-
netics and pharmacodynamics. Progress in the pharmacoge-
netics of MTX response in RA has been recently reviewed
elsewhere (Zhu et al. 2014), and will not be extensively
discussed here. Several studies report associations between
MTX response and single gene polymorphisms. However,
most of these findings have either been contradicted by other
studies, or have not yet been independently confirmed (Zhu
et al. 2014).
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For example, ATP-binding cassette B1 (ABCB1) codes
for a protein that removes MTX from cells, and one of its
polymorphisms is rs1045642, 3435C > T. The TT genotype
was reported to be associated with increased MTX efficacy
in a Polish (Drozdzik et al. 2006) and a Japanese (Kato et al.
2012) cohort of RA patients. However, this same genotype
was associated with decreased MTX efficacy in another
Japanese cohort (Takatori et al. 2006), and it was the CC
genotype that was associated with increased efficacy in an
Indian cohort (Sharma et al. 2008). No association between
this SNP and MTX efficacy was found in studies with other
populations of RA patients (Bohanec Grabar et al. 2008;
Lima et al. 2015; Muralidharan et al. 2015; Prasad et al.
2014; Stamp et al. 2010). Unfortunately, in the field of the
pharmacogenetics of MTX, such direct contradictions are
common (Zhu et al. 2014).

Many reasons have been suggested for the lack of con-
sistency. Many of these studies could be considered small
for genetics studies (well under 1000 people), and thus the
results may not be replicable (Zhu et al. 2014). It is possible
that some of the positive findings may be false positives,
with the positive result due to random chance (Dervieux
2009). MTX response is affected by many genes, and the
effect of any one gene is likely to be small. Small effects are
difficult to consistently detect, but more importantly, a gene
with a small effect is unlikely to be a helpful biomarker in
personalized medicine. Additionally, the genes may inter-
act with each other, and linkage disequilibrium may play a
role (Zhu et al. 2014). So, models utilizing multiple poly-
morphisms and haplotype blocks have also been developed
(Fransen et al. 2012; Wessels et al. 2007; Zhu et al. 2014).

Alterations in protein expression
and activity

Expression levels and activity of some MTX-associated
proteins have been evaluated as potential predictors of the
MTX response. These proteins described below are grouped
by function.

Absorption: transport into the bloodstream

After oral delivery, MTX is absorbed into enterocytes of the
small intestine by proton-coupled folate transporter (PCFT).
PCFT transports physiological folates with Michaelis con-
stant Ky, 1-3 uM, and it can also transport MTX with Ky,
3—6 uM because MTX is a folate derivative. It is conceivable
that differences in the expression level or activity of PCFT
could contribute to differences in response to MTX (Inoue
and Yuasa 2014).

@ Springer

A study in RA patients indicated there is no association
between PCFT expression and MTX efficacy (Tazoe et al.
2015). But PCFT has been shown to be inhibited in vitro
by various compounds such as the DMARD sulfasala-
zine, nonsteroidal anti-inflammatory drugs (NSAIDs)
diclofenac and indomethacin, tea flavonoid epigallocat-
echin-3-gallate, and wine flavonoid myricetin (Furumiya
et al. 2014; Inoue and Yuasa 2014; Yuasa et al. 2009). The
inhibitory effects of sulfasalazine on PCFT may explain
why the combined therapeutic effects of MTX and sul-
fasalazine are less than additive (Inoue and Yuasa 2014;
Yuasa et al. 2009).

Distribution: transport into cells

Figure 2 illustrates the pathway of MTX transport into
the cell.

MTX is transported into cells by reduced folate carrier
1 (RFC1)/solute carrier 19A1 (SLC19A1), which physi-
ologically transports folates (Inoue and Yuasa 2014; Ran-
ganathan et al. 2008; Tian and Cronstein 2007). RFC1 is
expressed in a variety of tissues, with the highest expres-
sion in the placenta, liver, and leukocytes (Inoue and
Yuasa 2014). The high expression of RFC1 in the placenta
may contribute to the efficacy of high-dose MTX to induce
abortion (Kulier et al. 2011). Additionally, while it has
not been shown that low-dose MTX leads to miscarriage,
the RFC1 expression in the placenta could be used as a
biochemical rationale to support the current recommen-
dation that low-dose MTX not be used to treat RA during
pregnancy (Visser et al. 2009).

One study in RA patients indicated that there is a posi-
tive correlation between RFC1 expression in peripheral
blood mononuclear cells (PBMCs) and MTX efficacy.
Subjects with higher expression of RFC1 were more likely
to experience lower disease activity while on MTX, which
is consistent with the concept that MTX enters target cells
through RFC1 (Tazoe et al. 2015). However, another study
found that low RFC1 expression in PBMCs is associated
with MTX efficacy in RA patients with low activity from
ABCBI, a transporter that removes MTX from cells (Wolf
et al. 2005). These studies only measured RFC1 expression
after MTX treatment and not before (Tazoe et al. 2015;
Wolf et al. 2005). For RFC1 expression to be of benefit to
patients and truly predictive, the markers must be observed
before the patient is on MTX, as MTX treatment has been
shown to increase RFCI1 expression (Stamp et al. 2013).
It is unknown if this difference in RFC1 expression was
present prior to MTX administration. The observed differ-
ences in RFC1 expression in MTX response compared to
MTX-resistant patients could be a result of MTX’s effects,



Predicting methotrexate resistance in rheumatoid arthritis patients

703

and it is possible that the non-response could be due to the
lack of MTX’s effect to increase RFCI.

Distribution: transport out of cells

Figure 2 illustrates the pathway of MTX transport out of
the cell.

There are several ABC transporters involved in the efflux
of MTX from cells. These include ABCB1/multidrug-resist-
ant protein 1 (MDR1)/P-glycoprotein (P-gp), ABCC1/multi-
drug resistance-associated protein 1 (MRP1), and ABCG2/
breast cancer resistance protein (BCRP) (Inoue and Yuasa
2014; Ranganathan et al. 2008). Theoretically, increased
expression or function of these transporters should decrease
MTX concentrations in target cells, resulting in lack of ther-
apeutic response to MTX.

ABCB1/MDR1/P-gp

ABCBI is present on the surface of peripheral blood leu-
kocytes in RA patients and healthy controls (Micsik et al.
2015; Prasad et al. 2014; Wolf et al. 2005), but absent in RA
synovial tissue (van der Heijden et al. 2009). Studies have
been performed to assess the association between ABCB1
expression and function with MTX resistance.

Prior to treatment, there is no difference in lymphocyte
ABCBI expression between RA patients who will respond to
MTX and those will not. After 4 months of MTX treatment,
lymphocyte ABCBI1 expression decreased in RA patients
whose symptoms had also significantly improved, while
ABCBI expression levels were unchanged for those whose
symptoms had not improved with MTX (Prasad et al. 2014).
Although changes in ABCB1 expression may be indicative
of MTX response, these findings are not practical for predic-
tion as the patient has already been exposed to MTX.

It has been proposed that the functional activity of
ABCB1 may be more meaningful than its expression. The
functional activity is measured by fluorescence of cells
incubated with calcein, a fluorescent substrate for ABCBI,
with and without an inhibitor of ABCB1 (Micsik et al.
2015). There are conflicting results concerning associations
between ABCBI1 activity and response to MTX. One study
found that lymphocyte ABCB1 activity between respond-
ers and non-responders is the same at baseline. After MTX
treatment, lymphocyte ABCB1 activity decreased relative to
baseline in RA patients whose symptoms had also signifi-
cantly improved, while ABCB1 activity was unchanged for
those whose symptoms resisted MTX (Prasad et al. 2014).
The results of this study are in agreement with the accepted
role of ABCB1 in MTX pharmacokinetics.

However, in a study utilizing blood samples after MTX
treatment, it was found that there was no association between
ABCBI activity in lymphocytes and MTX resistance, and

that high ABCBI1 activity in granulocytes is associated with
MTX efficacy (Micsik et al. 2015). More specifically, in RA
patients whose PBMCs express high levels of RFCI, higher
ABCBI1 activity in PBMCs is associated with increased
MTX efficacy (Wolf et al. 2005). The results from these two
latter studies conflict with the accepted role of ABCB1 in
MTX pharmacokinetics since high ABCB1 should remove
MTX and thus decreases the ability of MTX to influence
target cells. It is clear that the role of ABCBI in the overall
action of MTX needs additional clarification.

ABCC1/MRP1

ABCC1 is expressed on the surface of peripheral blood leu-
kocytes in RA patients and healthy controls (Micsik et al.
2015; Wolf et al. 2005). Additionally, this protein is present
in low levels on synovial T cells and synovial macrophages
in a subset of RA patients, and completely absent from
synovial tissue in other RA patients (van der Heijden et al.
2009). An ovarian cancer cell line (Hooijberg et al. 2014)
study suggests that increased ABCCI1 leads to MTX resist-
ance. However, one study utilizing blood samples from RA
patients after MTX treatment found no association between
ABCCI activity and MTX resistance. The functional activ-
ity was measured by fluorescence of cells incubated with
calcein, a fluorescent substrate for ABCC1, with and without
an inhibitor of ABCC1 (Micsik et al. 2015).

ABCG2/BCRP

ABCG?2 is present in synovial macrophages, T cells, and
endothelial cells in RA patients, but present in very few
synovial cells in patients without RA (van der Heijden et al.
2009). A study has been performed to assess the associa-
tion between ABCG2 expression and DMARD resistance.
In this study, the RA patients were treated with either MTX
or leflunomide, another small molecule that also inhibits
nucleotide synthesis. High expression of ABCG?2 in synovial
tissue after DMARD treatment is associated with DMARD
resistance. Correlation between ABCG?2 expression before
and after treatment suggested that differences in ABCG2
expression between responders and non-responders may
have been present before treatment, and thus could be used
to predict response to MTX (van der Heijden et al. 2009).

Adenosine pathway

Figure 2 illustrates how MTX increases extracellular
adenosine.

One of the downstream effects of MTX is release of ATP
and ADP into the extracellular environment. Extracellular
ATP and ADP are hydrolyzed into AMP by cell surface-
bound CD39, also known as ectonucleoside triphosphate
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diphosphohydrolase-1. AMP is then hydrolyzed into aden-
osine by cell surface-bound CD73, also known as ecto-5'-
nucleotidase. As described earlier, this extracellular adeno-
sine then causes anti-inflammatory signaling. Both CD39
and CD73 are highly expressed on Tregs, and the CD39 and
CD73-mediated production of adenosine contributes to the
anti-inflammatory effect of this cell type (Antonioli et al.
2013). A recent study found that low expression of CD39
in Tregs prior to MTX treatment is associated with lack of
response to MTX (Peres et al. 2015). CD39 expression in
Tregs could potentially be used as a powerful biomarker to
predict response to MTX.

Polyglutamated methotrexate as a marker

The MTX concentration in blood or in cells could be used
as a pharmacokinetic marker. However, plasma MTX is not
used because plasma MTX concentrations are insignificant
24 h after a dose (Kremer et al. 1986). Since plasma MTX
is transported into a cell, polyglutamated, and then able to
act on its target enzymes, intracellular polyglutamated MTX
(MTX-PQG) is a better choice. Even though MTX’s thera-
peutic effects are thought to be due to its interactions with
enzymes in leukocytes and synovial cells, the MTX-PG level
in the RBCs is more frequently measured. This is due to the
greater number of RBCs in the blood and due to the longer
lifetimes of RBCs relative to some of the leukocytes, such
as neutrophils. It was reported that there is an association
between MTX efficacy and higher MTX-PG in RBCs (Ange-
lis-Stoforidis et al. 1999). However, in a recent paper utiliz-
ing lower doses of MTX and shorter time between MTX
initiation and sample collection, no association was found
with RBC MTX-PG and disease activity (Kato et al. 2012).

MTX-PG is a promising tool to study the pharmacokinet-
ics of MTX but is limited as a predictor for MTX response,
since the patient must take MTX for several weeks before
RBC MTX-PG becomes stabilized.

Immune cell frequencies as markers

Given the importance of immune cells in RA, the relative
number of immune cell subtypes has been examined as
possible markers of MTX response. One study found that
a higher naive T-cell frequency before treatment is associ-
ated with remission induced by MTX monotherapy. This
observation was found in both a pilot cohort and a validation
cohort, though the pilot cohort was frozen blood samples
from RA patients on either MTX monotherapy or MTX and
TNF inhibitors. The association between higher naive T-cell
frequency and remission on MTX is consistent with the idea
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that the T-cell balance may be dysregulated in MTX-resist-
ant RA (Ponchel et al. 2014).

Another study found that a lower Th17 cell frequency
before MTX treatment is associated with greater decrease
in inflammation induced by MTX monotherapy (Yue et al.
2010). This was a very small study and their observations
have yet to be repeated by other larger studies, but this
observed association between Th17 cells and MTX response
is consistent with the purported importance of Th17 in sus-
taining RA-associated inflammation.

A recent study found that higher number of circulating
monocytes is associated with a lack of response to MTX
(Chara et al. 2015). This is consistent with the finding that
MTX can activate DCs, which are closely related to and can
be derived from monocytes (Shurin et al. 2009). However,
there was another study that found no significant differences
in circulating monocyte counts between MTX responsive
and non-responsive RA patients (Seitz et al. 2003).

Additionally, in a study utilizing blood taken after at
least 2 months of MTX monotherapy, it was found that RA
patients who are responsive to MTX have lower number
of circulating polymorphonuclear leukocytes (PMN) than
those who have a partial or no response to MTX (Angelis-
Stoforidis et al. 1999). However, this information cannot be
used to predict MTX response as this difference in PMN
numbers was not determined prior to MTX treatment.

Cytokines and chemokines as markers

Given the importance of cytokines and chemokines in
RA pathogenesis, their baseline concentrations have been
explored as possible biomarkers to predict MTX response.
Favorable MTX response is mildly associated with increased
baseline serum concentration of soluble TNF receptor
(TNFR), which decreases TNF-a signaling by competing
with membrane-bound TNFR for binding to TNF-a (Seitz
et al. 2003). Conversely, decreased baseline serum concen-
tration of TNF-a has been reported as predictive of MTX
response (Maillefert et al. 2010). However, in another study
focusing on early RA patients, serum TNF-o was not predic-
tive of MTX response (Ally et al. 2015). Additionally, it was
reported that there is an association between MTX resistance
and increased baseline serum concentration of MPIF-1, a
chemokine which attracts monocytes and naive T cells (Dhir
et al. 2013). Multiple studies found that serum concentra-
tions of the following cytokines are not correlated with MTX
efficacy: IL-1 receptor antagonist (Ally et al. 2015; Seitz
et al. 2003), IL-1, IL-6, IL-8, IL-10, and IL-12 (Ally et al.
2015; Maillefert et al. 2010). These studies indicate that
baseline levels of cytokines are not consistently predictive
of a clinical response to MTX treatment.
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A similar approach is to culture PBMCs and then meas-
ure the concentration of secreted cytokines. Through this
approach, it was found that a favorable MTX response was
associated with increased IL-1p and soluble TNFR secre-
tion from untreated PBMC, prior to in vivo MTX treatment
(Seitz et al. 2003). Another group cultured PBMCs in the
presence of varying concentrations of MTX, and then cal-
culated half maximal inhibitory concentration (IC50) values
for the concentration of MTX required to suppress cytokine
production. This group found a negative correlation between
the clinical response and IC50 values for TNF-o and IFN-y.
Patients who experienced a larger clinical response to MTX
tended to require a lower concentration of in vitro MTX to
decrease the secretion of TNF-a and IFN-y (Haroon et al.
2008).

Other proteins as markers

Autoantibodies are a common occurrence in RA. Two of
the best-studied, common RA autoantibody types are anti-
citrullinated protein antibody (ACPA), against citrullinated
peptides, and rheumatoid factor (RF), against the constant
region of IgG antibodies. In most studies exclusively with
patients on MTX monotherapy, it has been found that ACPA
status is not predictive of response to MTX (Ally et al. 2015;
Ponchel et al. 2014; Saevarsdottir et al. 2011a). However,
one study found that ACPA-positive RA patients were more
likely than ACPA-negative RA patients to achieve remis-
sion with MTX and prednisone (Wevers-de Boer et al.
2012). Furthermore, RF status was not shown to be predic-
tive of response to MTX (Ally et al. 2015; Ma et al. 2012;
Maillefert et al. 2010; Ponchel et al. 2014; Saevarsdottir
et al. 2011a; Wevers-de Boer et al. 2012).

Mpyeloid-related proteins 8 and 14 are endogenous pro-
teins that activate TLR4 signaling and are found in increased
levels in the serum of RA patients. They are secreted by
monocytes, macrophages, and neutrophils in pro-inflamma-
tory environments. Recently, it was found that a higher con-
centration of myeloid-related proteins 8 and 14 in the serum
of RA patients before MTX monotherapy is associated with
larger therapeutic response to MTX. Thus, serum myeloid-
related proteins 8 and 14 are promising biomarkers that
could be used to predict MTX response. (Patro et al. 2016)

Clinical predictors of methotrexate
resistance
Disease-related

Disease duration has also been examined as a possible
factor for MTX resistance. Some (Maillefert et al. 2010;

Saevarsdottir et al. 2011a) but not all studies found that
MTX is slightly less efficacious if the disease symptoms
were of longer duration before treatment. For example, in
a cohort with a wide range of symptom durations, MTX
responders had symptoms for 3.1 +5.4 years prior to
treatment while MTX non-responders had symptoms for
10.2 + 10 years prior to treatment, and this was statistically
significant (Maillefert et al. 2010). In cohorts with symptom
onset less than 1 year prior to MTX treatment initiation, Sae-
varsdottir et al. (Saevarsdottir et al. 2011a) reported that the
odds ratio for response was 0.88—0.99 per month increase
in disease duration, but Ponchel et al. (Ponchel et al. 2014)
reported this odds ratio to be 0.89-1.2, which is not signifi-
cant. Additionally, in a cohort with symptom onset less than
2 years prior to MTX treatment initiation, the median symp-
tom duration was 24 weeks for responders and 25 weeks
for non-responders, and this was not statistically significant
(Wessels et al. 2007).

Patient-related

A number of studies have examined the impact of patient-
related clinical factors on MTX efficacy. Most studies found
that MTX is more likely to be effective in male RA patients
compared to female RA patients. The odds of effective
response to MTX are approximately double for male com-
pared to female RA patients (Saevarsdottir et al. 201 1a; Seitz
et al. 2003; Wessels et al. 2007; Wevers-de Boer et al. 2012).

Age of the patient has not shown to be consistently pre-
dictive. Some studies indicate increased MTX efficacy with
increasing age (Saevarsdottir et al. 2011a; Sharma et al.
2009). For example, Saevarsdottir et al. (Saevarsdottir et al.
2011a) reported that the odds ratio for response was 1.3 per
10 years increase in age, and Sharma et al. (Sharma et al.
2009) reported that the average age was 45 years old for
MTX responders and 41 years old for MTX non-responders.
However, other studies indicate that age is not associated
with significant changes in likelihood of response to MTX
(Seitz et al. 2003; Wessels et al. 2007; Wevers-de Boer et al.
2012).

People with the shared epitope (SE), HLA-DR alleles
sharing a specific motif, are more susceptible to RA. Accord-
ing to a study focusing on RA patients taking MTX and sul-
fasalazine, SE+RA patients are more likely than SE—RA
patients to be resistant to these DMARDs (Mori et al. 2010).

Lifestyle factors have also been examined, as they can
be altered in addition to being theoretically used in the pre-
diction of MTX efficacy. Smoking is the best-established
environmental risk factor for RA onset (Boissier et al. 2012;
Mclnnes and Schett 2011). There have been studies indicat-
ing that smoking does not predict MTX response (Mori et al.
2010; Wessels et al. 2007). However, in a recent, large study
on patients with early RA, it was found that current smoking
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may predict MTX resistance, but history of smoking is not
associated with MTX resistance (Saevarsdottir et al. 2011b).
While smoking cessation is advisable to increase the prob-
ability of MTX efficacy, it is apparently not a large enough
effect by itself to reliably predict who will respond to MTX
and who will not.

Since caffeine is an adenosine receptor antagonist and
increasing adenosine receptor signaling is part of MTX’s
mechanism, there has been some concern that caffeine could
reduce MTXs efficacy. While a small study initially indi-
cated that high caffeine intake decreases the efficacy of MTX
(Nesher et al. 2003), a larger study later found that caffeine
did not significantly impact MTX efficacy (Benito-Garcia
et al. 2000).

MTX is a folate derivative, and it interferes with folate
metabolism (Cronstein 2005; Inoue and Yuasa 2014; Kremer
2004; Shea et al. 2013; Tian and Cronstein 2007). Folic acid
supplementation prevents MTX-induced liver toxicity and
gastrointestinal side effects. While there are concerns that
this folic acid supplementation might reduce the efficacy of
MTX, meta-analysis indicates that folic acid supplementa-
tion does not significantly change the efficacy of MTX (Shea
et al. 2013). As a result, EULAR recommends folic acid
supplementation in conjunction with MTX (Smolen et al.
2017). In the United States, roughly half of all MTX-treated
patients have also been prescribed folic acid (Al-Dabagh
et al. 2013).

There is a lack of studies examining association of other
dietary components with MTX efficacy in RA patients.

Conclusion

MTX is an effective, well-tolerated drug for most RA
patients. However, there remains a lack of efficacy in up to
50% of patients (Braun et al. 2008; Klareskog et al. 2004;
Lima et al. 2015; Mori et al. 2010; Weinblatt et al. 1994).
In addition, this drug can cause significant side effects in a
small minority of RA patients (Weinblatt et al. 1994). A reli-
able clinical test to determine MTX response in RA patients
would be a major clinical advance. Such a test would pro-
mote earlier use of non-MTX-based therapies and avoid the
possibility of MTX-induced adverse effects in patients who
would have a poor response to MTX. Unfortunately, despite
many studies in this research area, there is still no reliable
test that can be applied clinically to predict MTX response.
Given the complexity of MTX transport, cellular delivery,
and action, it is likely that MTX response is dependent on
multiple variables, including clinical characteristics. There
is clearly an unmet need to develop a clinical predictive
method for determining MTX response in this devastating
disease.
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