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ABSTRACT
Objectives  Long-term outcomes in rheumatoid arthritis 
(RA) depend on early and effective disease control. 
Methotrexate (MTX) remains the first-line disease 
modifying therapy, however there are no biomarkers with 
which to identify those most likely to achieve remission. To 
address this unmet need we explored metabolic pathways 
involved in MTX mechanism of action within circulating 
CD4+T cells in a cohort of treatment naive patients with 
early RA.
Methods  Purified CD4+T cells were isolated from 
peripheral blood of 68 patients with early RA commencing 
MTX. The expression of a range of putative MTX 
metabolism and mechanism of action targets were 
explored by flow-cytometry and transcriptional analysis. 
From these data significant predictors of Disease Activity 
Score 28-C reactive protein (DAS28-CRP) remission (<2.4 
at 6 months) were determined by logistic regression 
(clinical; flow-cytometry data) and linear modelling (gene 
expression data).
Results  Low baseline DAS28-CRP was associated 
with remission at 6 months (p=0.02). Expression 
of the ectonucleotidase CD39, involved in ATP-ADP 
conversion during adenosine synthesis, was higher 
on CD4+CD25 High regulatory T cells at baseline in 
those achieving remission (molecules of equivalent 
fluorescence 1264 vs 847; p=0.007). Expression of other 
adenosine signalling elements in CD4+T cells were also 
upregulated at baseline in patients achieving remission: 
AMPD1 (p<0.001), ADORA2b (p=0.039) and ADORA3 
(p=0.047). When combined into a single predictive metric, 
a combination of these variables outperformed baseline 
DAS28-CRP in prediction of early remission (area under the 
curve 0.92 vs 0.67, p=0.001)
Conclusions  Adenosine signalling is important in the 
achievement of early remission with MTX in RA and 
biomarkers of adenosine activity may hold utility for the 
stratification of therapy in early disease.

INTRODUCTION
Outcomes for patients with rheumatoid 
arthritis (RA) have been transformed by 
early intervention, adoption of treat-to-target 
management strategies and the development 
of targeted therapy.1 2 There are, however, 

no effective pretreatment biomarkers to 
help select the most effective treatment for 
individual patients. International guide-
lines recommend the conventional synthetic 
disease modifying anti-rheumatic drug 
(csDMARD) methotrexate (MTX) as the 
first line drug for RA, with additional/alter-
native therapies deployed if the disease is not 
adequately controlled.3 4 MTX is effective 
for many, but only 40% of newly diagnosed 
patients experience a 50% improvement in 
disease activity measures (American College 
of Rheumatology-50; ACR50),5 the remainder 
requiring treatment escalation to achieve 
adequate control and avoid accumulation of 
joint damage. Furthermore, response to MTX 
is slow and adverse effects, particularly gastro-
intestinal intolerance, are common. Optimal 
management strategies would therefore avoid 
MTX in those unlikely to respond, and a lack 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ A proportion of patients with early rheumatoid ar-
thritis achieve effective disease control with meth-
otrexate monotherapy, but there are no reliable 
pretreatment predictors of response.

WHAT THIS STUDY ADDS
	⇒ Expression of elements of adenosine activity are up-
regulated pretreatment in those who achieve remis-
sion with methotrexate.

	⇒ A composite predictive metric of pretreatment 
Disease Activity Score 28-C reactive protein, CD39, 
AMPD1 and ADORA2b in circulating CD4 T cells sig-
nificantly outperforms clinical predictors for early 
methotrexate-induced remission.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ These data suggest characterisation of immune cell 
adenosine signalling activity may assist early thera-
py stratification in rheumatoid arthritis.
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of predictive therapeutic biomarkers for MTX represents 
a major unmet need in RA management.

There are a number of mechanisms by which MTX may 
exert its action that could inform predictive biomarker 
development.6 An attractive possibility is its potentia-
tion of adenosine generation via blockade of purine 
processing and accumulation of adenine moieties, not 
least because adenosine signalling has been shown to 
contribute to regulatory T-cell mode of action in murine 
models, with circumstantial evidence also in humans.7–10 
Elements in this process include cell surface ectonucle-
otidases, that cleave ATP and AMP (CD39 and CD73, 
respectively) into active adenosine and adenosine recep-
tors.11–13 A range of other potential mechanistic targets 
exist including MTX and folate transporters and metab-
olising enzymes, elements of one-carbon metabolism and 
histidine metabolism as recently explored in the cancer 
literature.6 14

CD4+T cells play a well-documented role in the dysreg-
ulated immune response observed in RA, with a potential 
role for dysfunctional regulatory T cells (Tregs) as well 
as atypical effector T cells.15 16 To this end we have taken 
advantage of an inception cohort of patients with newly 
diagnosed RA starting MTX to profile peripheral blood 
CD4+T cell protein and gene expression and explore 
putative biomarkers for MTX response.9 17–19 This work 
forms part of a larger discovery cohort investigating early 
therapy in RA.

METHODS
Patients
68 consecutive patients >16 years of age were enrolled 
for this study from the Northeast Early Arthritis Cohort 
where they (1) were DMARD and glucocorticoid naïve at 
the time of enrolment (topical/inhaled glucocorticoids 
permitted), (2) fulfilled 2010 ACR/EULAR diagnostic 
criteria for RA and (3) were commenced on oral MTX 
as a first-line DMARD intervention. Concomitant initi-
ation of hydroxychloroquine and/or an intramuscular 
glucocorticoid bolus were permitted at the time of enrol-
ment providing this was subsequent to baseline blood 
draw, but individuals prescribed oral glucocorticoids 
and/or alternative DMARDs at baseline were excluded. 
All patients were offered monthly appointments in a 
nurse-led DMARD escalation clinic over a 6-month 
follow-up period, where treatment decisions (including 
additional DMARDs and further intramuscular but not 
oral steroids) were tailored according to treat-to-target 
guidelines (NICE-NG100) at the discretion of the super-
vising rheumatologist in this single-centre observational 
study. Disease activity was determined by four-component 
Disease Activity Score (28 swollen/tender joints, patient 
global health and C reactive protein; DAS28-CRP20) and 
recorded at each hospital visit along with all treatment 
alterations during the follow-up period. The primary 
outcome was remission at 6 months (±2 months), defined 
as DAS28-CRP<2.421 without the need for any systemic 

glucocorticoid treatment beyond a 4-week window from 
baseline. Blood samples for research were collected at 
baseline and 1 month after MTX initiation.

Flow cytometry
Peripheral blood mononuclear cells (PBMCs) were 
isolated from blood samples drawn into EDTA by density 
centrifugation using Lymphoprep (Axis-Shield). Surface 
protein expression on these PBMCs was determined by 
flow cytometry to characterise CD39 and CD73 expres-
sion using fluorescently labelled antibodies (CD3, CD4, 
CD8, CD14, CD19, CD25, CD39, CD56, CD73, CD123, 
CD127, Zombie UV and Zombie Aqua viability dyes—
all from Becton, Dickinson and Company (BD) and 
BioLegend; details in online supplemental table S1). 
Intracellular staining for FoxP3 was performed using 
the eBioscience Foxp3/Transcription Factor Staining 
Buffer Set from Invitrogen. Samples were acquired on a 
BD LSRFortessa XC20 (BD, Franklin Lakes, USA) with 
a minimum of 50 000 events captured for each sample. 
Compensation matrices were created using single stained 
anti-mouse Ig Compensation Particles (BD) and single 
stained PBMCs for Zombie UV/Aqua, and molecules of 
equivalent fluorescence correction performed using 8 
peak Rainbow Calibration Particles (BD). The resulting 
data were analysed using FlowJo software (V.10; BD) 
with an example of the gating strategy shown in figure 1. 
Expression of CD39 and CD73 markers was determined by 
comparison to fluorescence minus one controls to deter-
mine the percentage of cells expressing these markers in 
a given subpopulation; additional biological information 
was contributed by determining expression as a contin-
uous variable in a population, calculated herein as mole-
cules of equivalent fluorescence (MEF). This involved 
relating the mean fluorescence intensity (MFI) values for 
the CD39 and CD73 bound fluorochromes in each sample 
to stable standards (Sphero 8 peak Rainbow Calibration 
Particles—BD) run with each sample, thereby converting 
these MFI values to MEF values, removing noise in the 
data introduced by the variability in laser performance 
in the cytometer over time. The potential confounding 
effects of acquiring samples fresh across a longer time 
interval were minimised by the recompensation of panel 
with each acquisition and by performing the MEF correc-
tion above to correct for variability in cytometer perfor-
mance overtime against an internal control of the repeat 
runs of a batch of calibration beads.

Gene expression analysis
A purified CD4+T cell population was derived from the 
PBMCs using a two-stage magnet assisted cell separation 
technique. First, monocytes were depleted using CD14 
microbeads followed by positive selection of CD4+T cells 
using CD4 microbeads following manufacturer’s instruc-
tions (both from Miltenyi Biotec). Following manufac-
turer’s instructions RNA was then isolated using Qiagen 
AllPrep kit before reverse transcription with SuperScript 
II (Thermo) and subsequent analysis on the BioMark 
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Figure 1  Exemplar gating strategy for flow cytometry data. (A) Cell surface staining strategy with initial singlet and live gates 
using side scatter and Zombie UV staining followed by exclusion of debris. The resulting ‘Cells’ gate is explored with: CD3 for T 
cells and subsequent CD8, CD4 and CD25 for CD4+, CD8+ and CD4+CD25 High T cells; CD19 for B cells; CD14 for monocytes 
and CD56 positive/CD3 negative for NK cells. (B) Intracellular staining strategy with initial singlet and live gates using side 
scatter and Zombie Aqua followed by T-cell identification with CD3 then CD4 and CD25 High staining to identify the CD25 High 
expressing CD4+T cells. The FOXP3 and CD127 expression was then explored in the CD39 positive and negative cells. NK, 
natural killer; APC, allophycocyanin; AF, Alexa-Fluor, B(U)V, brilliant (ultra) violet; FITC, fluorescein isothiocyanate; FSC, forward 
scatter; SSC, side scatter.
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HD microfluidics quantitative PCR system (BioTools). 
A 16 cycle pre-amplification process was used following 
a screen of pre-amplification conditions to yield data in 
the system’s dynamic range for quantification. Drawing 
on literature sources, we developed a panel of candi-
date transcripts whose protein products are known to 
be involved in MTX metabolism and/or that have been 
previously associated with MTX efficacy as detailed in 
online supplemental table S2 (TaqMan assays—Thermo 
Fisher). Gene expression data were extracted using 
the Fludigm Real-Time PCR analysis software (V.4.7.1) 
before normalisation and differential expression anal-
ysis in R (V.3.6.0) using arrayQualityMetrics (V.3.50.0), 
HTqPCR (V.1.48.0), sva (V.3.42.0) and limma (V.3.50.0) 
packages. Delta-CT values were determined relative to 
the geometric mean of the three most stable of the eight 
housekeeping genes acquired (namely, IPO8, SDHA and 
POLR2A).

Data analysis
Associations between baseline clinical data and remis-
sion were determined by forward stepwise logistic 
regression. Statistically significant clinical predictors (p 
value<0.05) were included as covariates together with 
flow cytometry or gene expression data. The differential 
gene expression analysis was performed using the limma 
package (V.3.50.0) in the R statistical software (V.3.6.0), 
by fitting linear mixed-effects models and applying 
moderated t-tests with a cut-off for unadjusted p values 
of <0.05 and minimum fold change of 1.5. Adjustments 

were performed for clinical covariates and for hidden 
unwanted variation by modelling baseline DAS28-CRP 
and three surrogate variables, detected using the sva 
package (V.3.42.0), as fixed effects. To account for the 
correlation between repeated measurements within 
patients, technical replication was modelled as a random 
effect by setting technical replicates as the blocking vari-
able in the duplicateCorrelation and lmFit functions in 
limma. For the longitudinal data, patient ID was added 
to the model as a fixed effect to account for the pairing 
of samples. The false discovery rate was subsequently 
controlled through a Benjamini-Hochberg multitest 
correction (MTC). The relative significance of these vari-
ables in the final model is expressed using logworth plots 
of the negative log10(p values) and the performance of 
the model cross-validated using fivefold cross-validation 
in the JMP Pro software (V.15). The effectiveness of the 
candidate models predicting DAS28-CRP remission were 
compared using the DeLong (1988) method for non-
parametric comparison of the area under the receiver 
operating characteristics curves for the models in JMP 
Pro (V.15).

RESULTS
Baseline DAS28-CRP is associated with remission
The baseline clinical and laboratory characteristics of the 
68 patients in the cohort are detailed in table 1. These 
show a typical early RA cohort with median age of 62, and 
seropositivity rate of approximately 50%. The median 

Table 1  Baseline demographics of recruited cohort by early methotrexate-induced remission status

Number of participants

Remission Non-remission

P value24 44

Patient age (years) 60 (50–70) 62(51–70) 0.857

Gender (male) 7 (29) 18 (41) 0.486

Active smoker 1 (4) 7 (16) 0.297

Symptom duration (weeks) 12 (8–25) 13 (9–21) 0.802

Early morning stiffness (minutes) 60 (19–180) 60 (30–120) 0.96

Baseline patient global health (0–100) 50 (29–63) 60 (48–76) 0.132

Baseline tender joint count (0–28) 2 (1–5) 4 (1–10) 0.155

Swollen joint count (0–28) 1 (0–3) 4 (1–11) 0.01

Baseline C reactive protein (mg/L) 7 (4–16) 12 (7–27) 0.108

Baseline ESR (mm/hr) 20 (8–31) 25 (9–41) 0.278

Anti-CCP antibody status 15 (62) 22 (50) 0.463

Rheumatoid factor (RF) status 16 (67) 20 (45) 0.155

Double antibody positive (CCP and RF) 15 (62) 18 (41) 0.147

Baseline DAS28-CRP 3.37 (2.93–4.28) 4.69 (3.41–5.26) 0.02

HAQ-DI 1.00 (0.69–1.55) 1.31 (1.03–2.09) 0.177

Baseline steroid given 19 (79) 40 (91) 0.322

Hydroxychloroquine co-therapy 4 (17) 12 (27) 0.493

CCP, Cyclic Citrullinated Peptide; DAS28-CRP, Disease Activity Score 28-C reactive protein; ESR, Erythrocyte Sedimentation Rate; HAQ-DI, 
Health Assessment Questionnaire - Disability Index.
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follow-up between MTX initiation and treatment response 
assessment was 5.2 months. All patients received MTX, 
with 87% receiving a baseline intramuscular steroid. 
24% were additionally prescribed hydroxychloroquine 
from baseline with no other DMARDs prescribed during 
follow-up. As expected, a lower baseline disease activity 
score associated with remission (p=0.02), but there were 
no other significant associations from the clinical data. 
This included co-prescription of hydroxychloroquine 
and intramuscular glucocorticoid use at baseline. Based 
on these findings baseline DAS28-CRP was used as a 
covariate in subsequent analyses.

Baseline clinical, serological and treatment information 
of the cohort. There was a statistically significant associ-
ation between lower baseline DAS28-CRP and remission 
driven principally by a difference in swollen joint count. 
Data expressed as absolute numbers (percentage of total) 
and median (IQR).

Baseline CD39 expression by regulatory CD4+ T cells predicts 
remission
The expression pattern of CD39 and CD73 across CD4, 
CD8 and B cells, natural killer (NK) cells and mono-
cytes is shown in figure 2. This shows distinct expression 
patterns, with T cells showing single expression of either 

CD39 or CD73, B cells showing predominantly co-expres-
sion, monocytes showing either CD39 alone or co-expres-
sion with CD73 but no CD73 expression alone, and NK 
cells showing low levels of CD39 alone. Including base-
line DAS28-CRP as a covariate, the percentage of CD39 
or CD73 expressing CD4 T cells did not differ between 
patients that subsequently achieved remission versus 
those who did not (figure 3A,B). In contrast, pretreatment 
surface expression of CD39 but not CD73 on CD4+T cells 
was significantly higher among those who subsequently 
achieved remission (MEF 587 vs 467, p=0.027; figure 3A).

We next examined CD39 and CD73 expression on the 
Treg subset of CD4+T cells, defined as CD4+CD25 High. 
This description of Treg cells was selected based on 
published data and chosen pragmatically due to the 
absence of routine CD127 on the cell surface staining 
panel for the samples.22–24 As with total CD4+T cells, the 
percentage of CD39 or CD73 expressing CD4+ T cells did 
not differ between patients that subsequently achieved 
remission versus those who did not (figure 3A,B). CD39 
but not CD73 expression was again higher among those 
who subsequently achieved remission compared with 
those that did not (MEF 1264 vs 847, p=0.007, figure 3A). 
Intracellular staining of a subset of these samples 

Figure 2  Ectonucleotidase expression on PBMC subsets. (A) Representative flow plots of CD39 and CD73 expression 
patterns. T cells (CD4+ and CD8+) show single expression of CD39 or CD73 but not both. B cells are predominantly double 
CD39/CD73 positive. NK cells are predominantly double negative. Monocytes show CD39 expression but variable CD73 
expression. (B) Dot and box plots representing baseline CD39 and CD73 expression of indicated PBMC subsets as percentage 
of cells single positive for CD39 (CD39+), CD73 (CD73+) or co-expressed (double+). APC, allophycocyanin; NK, natural killer; 
PBMC, peripheral blood mononuclear cell; PE-Cy7, phycoerythrin-cyanine7
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confirmed the CD39+CD25 hi CD4+T cells to be FoxP3hi, 
CD127lo Tregs, in contrast to their CD39− counterparts 
which had heterogeneous expression of both FoxP3 and 
CD127 (figure 3C–E).

Differential CD4+ T-cell expression of adenosine pathway 
components predicts remission
A volcano plot of pretreatment CD4+T cell expression of 
the selected candidate genes is shown in figure 4A. Only 
those involved in adenosine metabolism displayed differ-
ential expression between patients with RA who achieved 
remission and those who did not (p=0.01; hypergeometric 
test). Most strikingly, AMP deaminase gene expression 
(AMPD1) was 9.4-fold upregulated in those who achieved 
remission (raw p<0001; MTC p<0.01). The expression 

of genes encoding two adenosine receptors: ADORA2b 
and ADORA3 was also higher in remission patients (2.8-
fold for ADORA2b, raw p=0.039; 5.4-fold for ADORA3, 
raw p=0.047), although these findings were not robust 
to multiple test correction. The dynamic CD4+T cell 
expression of candidate genes during the first month 
of MTX treatment was next considered, in particular 
seeking longitudinal changes associated with subse-
quent remission. AMPD1 expression was observed to be 
differentially regulated in this way, being repressed among 
patients with RA who progressed to remission at the end 
of follow-up (0.1-fold expression at 1-month relative to 
baseline, figure  4B), but 3.3-fold induced among those 
who did not achieve remission (raw p=0.002 and 0.001, 

Figure 3  Pretreatment CD39 (A) and CD73 (B) expression on circulating CD4+ and CD4+CD25 High T cells and the FOXP3 
and CD127 expression on the CD39+CD4+CD25 High T cells (C, D, E). The expression of CD39 (A) and CD73 (B) are expressed 
as the percentage of cells positive for the marker determined by fluorescence minus one (FMO) controls (top plots) and as 
the magnitude of expression expressed as molecules of equivalent fluorescence (bottom plots). (C) Exemplar histogram 
of CD39 expression in CD4+CD25 High T cells with positive and negative cells gated using FMO. Exemplar pseudocolour 
plots of FOXP3 (D) and CD127 (E) expression in the CD39+CD4+ CD25 High T cells with boxplots of the medial fluorescence 
intensity of FOXP3 and CD127 split between CD39+ and CD39− CD4+CD25 High T cells for all samples. n=50 (A, B); n=9 (C, D, 
E); *p<0.05 (logistic regression using baseline DAS28-CRP as a covariate). DAS28-CRP, Disease Activity Score 28-C reactive 
protein; MFI, mean fluorescence intensity.
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respectively; both p<0.05 after multiple test correction, 
figure 4C). 1.6-fold upregulation of ADORA2b expression 
was also observed in the remission group (raw p=0.007, 
figure 4B), with 4.5-fold upregulation of ADORA3 in the 
non-remission group (raw p=0.042, figure  4C). Finally, 
downregulation of thymidylate synthetase gene expres-
sion following MTX initiation was seen to be common to 
both outcome groups (figure 4B,C).

Predictive metric for treatment response
Having identified biomarkers with potential predictive 
utility for DAS28-CRP remission, a mixed models anal-
ysis was undertaken to determine if a composite measure 
provided more utility than clinical data alone (ie, baseline 
disease activity). As shown in figure 5A, this indicated that, 
in combination, CD4+T cell AMPD1 and ADORA2b tran-
scription, baseline disease activity and CD39 expression 

Figure 4  Volcano plots of differentially expressed genes in circulating CD4+T cells. (A) Baseline time point, cross-sectional 
comparison: gene products significantly upregulated among patients in the early remission compared with non-remission group 
are depicted in red, and those downregulated in green. (B) Dynamic expression in early remission group: genes significantly 
upregulated with MTX during the first 4 weeks of treatment are depicted in red, and those downregulated in green. (C) Dynamic 
expression in non-remission group: genes significantly upregulated with MTX during the first 4 weeks of treatment are depicted 
in red, and those downregulated in green. The cut-off values for significance were <0.05 (unadjusted) and minimal fold change 
of >1.5. AMPD1 and TYMS differential expression was significant to multitest correction in all analyses (Benjamini-Hochberg). 
MTX, methotrexate; TYMS, thymidylate synthetase gene expression.
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on CD4+CD25 Hi T cells were significantly associated with 
DAS28-CRP remission (ADORA3 expression did not retain 
statistical significance in the model and was removed). 
The significance values of the different elements of the 
model (and baseline DAS28-CRP alone) are shown in 
figure 5B,C and these associations were robust following 
fivefold cross-validation. When the model was compared 
with baseline DAS28-CRP alone for prediction of subse-
quent DAS28-CRP remission (figure 5A) there was a statis-
tically significant improvement in predictive utility (area 
under the curve (AUC) combined model 0.922 (95% CI: 
0.810 to 0.971) versus AUC baseline DAS28-CRP 0.666 
(95% CI: 0.511 to 0.791); p=0.001).

DISCUSSION
This investigation sought to explore the mechanisms 
whereby MTX may lead to clinical remission in RA. The 
data presented strongly implicate a role for adenosine 
metabolism in remission induction.

The described cohort is broadly similar to that of 
other early RA cohorts and, as expected, baseline disease 
activity was a significant predictor of remission25; however, 
no other baseline clinical variables showed a significant 
association with outcome, including hydroxychloroquine 
co-therapy.

The cell surface protein adenosine ectonucleotidase 
CD39, which mediates ATP to AMP cleavage, was more 

highly expressed at baseline on CD4+T cells of patients 
achieving remission, particularly on Tregs. The role of 
CD39 and adenosine in Treg cells has been a focus of 
interest in relation to tolerance induction. In the mouse, 
CD25 High CD4 T cells ubiquitously express CD39 and 
also high levels of CD73.9 These cells show immuno-
suppressive qualities with CD39 knockouts and treat-
ment with adenosine receptor 2a blockade or adenosine 
deaminase abrogating these immunosuppressive effects. 
In humans, CD39 expression on CD4+T cells is largely 
restricted to a Treg population with little CD73 co-expres-
sion.26 As such, production of adenosine requires interac-
tion with CD73 expressing cells or exosomes.10 Given the 
multiple cell types present in the inflammatory pannus 
in RA this could be achieved by distinct CD73 expressing 
CD4+T cells or B cells. Furthermore, CD39 expression 
and adenosine signalling has been linked to polarisation 
of naïve T cells to Tregs, with patients expressing higher 
levels of CD39 showing more potent Treg induction 
than those with lower expression, with these difference 
in the low CD39 group being rescued by the addition of 
CD39 mimetics or ADORA2a agonists. In these studies, 
the differences in CD39 expression were driven by trans-
forming growth factor-β (TGF-β) signalling via CREB and 
SMAD.27 A similar finding of differential CD39 expres-
sion between MTX responders (DAS28<3.0) and non-
responders (>4.0) was identified previously, also showing 

Figure 5  Performance of the clinical and composite predictive metrics for early MTX induced remission outcome in the 
cohort. (A) Receiver operating characteristics curves comparing the predictive utility of the clinical model (baseline DAS28-
CRP only; red) and the composite metric (baseline DAS28-CRP, CD39 expression on CD4+CD25 Hi T cells, baseline AMPD1 
and ADORA2b expression in CD4+T cells; blue). The area under the curve (AUC) and 95% CIs are shown with a statistically 
significant difference in performance between the two models (p=0.001). (B) Logworth plots (−log10(p value)) of the clinical 
model and (C) logworth plots (−log10(p value)) of the individual components of the composite model showing their significance 
in the overall model (blue line indicates significance level of 0.01). DAS28-CRP, Disease Activity Score 28-C reactive protein; 
MTX, methotrexate.

 on M
arch 4, 2024 by guest. P

rotected by copyright.
http://rm

dopen.bm
j.com

/
R

M
D

 O
pen: first published as 10.1136/rm

dopen-2023-003858 on 17 F
ebruary 2024. D

ow
nloaded from

 

http://rmdopen.bmj.com/


9Brown PM, et al. RMD Open 2024;10:e003858. doi:10.1136/rmdopen-2023-003858

Inflammatory arthritisInflammatory arthritisInflammatory arthritis

lower adenosine concentrations in the supernatants of ex 
vivo Treg cultures from non-responders.11

Pretreatment bulk CD4+T cell RNA expression identi-
fied three transcripts involved in adenosine metabolism 
that were significantly associated with DAS28CRP remis-
sion—AMPD1, ADORA2b and ADORA3. The adenosine 
receptor most robustly associated with remission from 
our cohort was ADORA2b. A mouse model of endotoxin 
lung injury identified a role for ADORA2b signalling 
in Treg differentiation and an abrogated inflamma-
tory response.28 Furthermore, the effect of ADORA2b 
signalling on dendritic cells is to generate an immune 
suppressive phenotype, increasing interleukin-10 and 
TGF-β signalling, suppressing Th1 activity and inducing 
Treg activity akin to artificially generated tolerogenic 
dendritic cells.29 30 The increased ADORA2b expression 
in MTX-responsive patients in our study may therefore 
indicate an increased propensity for the induction of 
Tregs at the site of inflammation on exposure to the 
drug, and creation of a more immunotolerant envi-
ronment. Similar expression patterns of ADORA3 and 
treatment response have been shown from whole blood 
messenger RNA analysis previously, with higher expres-
sion in responders versus non-responders (EULAR 
response criteria) and upregulation over time with MTX 
treatment.31 The AMPD1 signal from our cohort shows 
a differential expression pattern, with enhanced expres-
sion in the remission group pretreatment and downreg-
ulation with treatment but upregulation with treatment 
from a lower baseline in the non-responder group. 
AMPD1 catalyses the conversion of AMP to inosine 
monophosphate and would therefore be expected to 
reduce AMP levels available for adenosine generation. 
AICAR (a purine intermediate compound that accumu-
lates due to MTX action) acts as an AMP mimetic and 
therefore the AMP status of immune cells may influence 
their ability to respond to MTX.32 Of candidate genes in 
MTX metabolism, AMPD1 showed the strongest associa-
tion with disease activity from a recent GWAS.33 We also 
examined expression of several other genes potentially 
associated with MTX pharmacokinetics and pharmacody-
namics (cellular importers and exporters, polyglutama-
tion enzymes, single carbon transfer pathways, histidine 
metabolism and a range of transcripts previously associ-
ated with treatment outcome) and it is remarkable that 
of these 36 transcripts, only those discussed above were 
associated with achievement of remission.

In combination the baseline DAS28-CRP, 
CD4+CD25 High T-cell CD39 expression and CD4+T cell 
expression of AMPD1 and ADORA2b contribute to a 
composite predictive ‘signature’, outperforming the clin-
ical variable alone in identifying patients with early RA 
who subsequently achieve remission with MTX. Remis-
sion is, in turn, associated with favourable long-term 
outcomes, and our findings therefore support a paradigm 
for biomarker-enhanced treatment decisions in early RA 
that prioritise more intensive, or alternative, therapeutic 
intervention for patients in whom timely remission on 

MTX is unlikely. They furthermore highlight T-cell medi-
ated mechanisms of MTX efficacy—in particular actions 
of adenosine—that warrant further investigation.

Our data, derived from a prospective study, suggest 
that those patients achieving the greatest benefit from 
MTX may do so by being ‘primed’ for an adenosine-
driven enhancement of Treg activity. From a clinical 
perspective the predictive ‘signature’ for DAS28-CRP 
demands replication in larger validation cohorts, with 
exploration of more scalable and clinically applicable 
analysis methods for CD4+T cell transcription such as 
flow cytometry and/or in situ hybridisation assays. From 
a mechanistic standpoint the intriguing possibility that, 
for a subset of patients with early RA, MTX represents a 
tolerising rather than merely anti-inflammatory therapy, 
remains to be determined. This is indeed consistent with 
the clinical observation that a proportion of patients with 
early RA prescribed MTX can subsequently achieve drug-
free remission.34 35
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