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A B S T R A C T

Background: Rheumatoid arthritis (RA) is an autoimmune, chronic inflammatory disease that mainly affects the 
joints and periarticular soft tissues. Although there have been significant advances in RA treatment over the past 
two decades, approximately 40% of patients do not respond to first-line biological disease-modifying anti-
rheumatic drugs (bDMARDs). Physicians often use an empirical, trial-and-error approach to select bDMARDs to 
treat patients with RA. This is inefficient and can be costly for healthcare systems which have limited resources. 
Unlike in oncology, where molecular pathology helps guide targeted therapies, reliable, predictive biomarkers 
for drug response in RA are yet to be identified. This narrative review aims to summarise current knowledge on 
novel biomarkers of disease activity and drug response in RA, with a particular focus on serum cytokine profiles 
and macrophage and fibroblast subsets in synovial tissue. We also highlight key areas of further research that 
could advance the development of targeted therapies for patients with RA.
Methods: We searched PubMed to identify studies pertaining to biomarkers of disease activity and drug response 
in the treatment of RA.
Results: We present a detailed overview of the key studies that have identified serum cytokine profiles and sy-
novial macrophage and fibroblast subsets as novel biomarkers of disease activity and drug response in RA.
Conclusion: A novel, evidence-based approach to precision medicine in RA, which involves tailoring treatment 
based on cytokine profiles and synovial tissue signatures, shows promise for improving patient care. However, 
more research is needed to identify biomarkers that predict drug response.

Background

Rheumatoid arthritis (RA) is an autoimmune, chronic inflammatory 
disease that mainly affects the joints and periarticular soft tissues [1]. 
Patients with RA have a substantially reduced quality of life [2], 
impaired physical functioning [3,4] and work capacity [5] and signifi-
cantly increased mortality [5–9] compared with the general population. 
In the early stages of RA, joint inflammation presents with pain, stiffness 
and swelling of joints. However, if left untreated, chronic joint inflam-
mation results in the formation of hypertrophic, inflamed synovial tissue 
that erodes adjacent joint cartilage and bone [1].

Prompt initiation of treatment with disease-modifying antirheumatic 
drugs (DMARDs) early in the disease course reduces structural damage, 

resulting in improved physical function and better long-term outcomes 
compared with when initiation of therapy is delayed [10,11]. This has 
led to the concept of an early ‘window of opportunity’ after diagnosis, 
during which treatment with DMARDs is more likely to prevent struc-
tural damage and disability than treatment initiated later in the disease 
course [12]. The American College of Rheumatology (ACR) and the 
European Alliance of Associations for Rheumatology both endorse a 
‘treat-to-target’ (T2T) strategy as a fundamental approach to the treat-
ment of RA [13]. A key unresolved challenge in the T2T approach is how 
to select the optimal therapeutic regimen for each patient using an 
evidence-based approach [13].

Three main categories of DMARDs are used to manage RA. Con-
ventional synthetic DMARDs (csDMARDs) are low molecular-weight, 
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chemically synthesised medications that may alter the course of disease 
[14]. Methotrexate remains the cornerstone of first-line csDMARD 
therapy for most patients [15,16]. Biological DMARDs (bDMARDs) are 
complex proteins produced in living cells with a range of immunosup-
pressive mechanisms of action, including tumour necrosis factor (TNF) 
inhibition, interleukin (IL)-6 receptor antagonism, blockade of T-cell 
co-stimulation and B-cell depletion [1]. Several bDMARDs are fusion 
proteins but most are monoclonal antibodies. Lastly, targeted synthetic 
DMARDs (tsDMARDs) are small chemically synthesised molecules, 
which target a particular aspect of the immune system involved in the 
pathogenesis of autoimmune diseases, such as inhibition of signal 
transduction of cytokine receptors by Janus kinases [17].

For bDMARDs that are no longer protected by patent, biosimilars 
have been approved as effective and safe alternatives to their reference 
products and are often less expensive than the originator biopharma-
ceutical [18]. The use of lower-cost biosimilars could benefit patients 
with RA by improving equity of access to bDMARDs, thereby facilitating 
earlier use of bDMARDs with earlier control of disease activity [19]. 
However, despite the major advances in RA treatment over the last two 
decades, and strong evidence that earlier, more aggressive pharmaco-
logical therapy improves outcomes compared with those achieved using 
standard care [20,21], approximately 40% of patients do not respond to 
the initial bDMARD [22,23]. In addition, Hyrich at al․ [23] reported that 
13% of patients who switched to a second bDMARD discontinued 
treatment because of inefficacy, and 14% discontinued because of an 
adverse event. Furthermore, around 5% of patients do not respond to 
treatment with at least three different classes of bDMARDs because of 
inefficacy and/or toxicity [22,23]. The current empirical trial-and-error 
approach employed by physicians after a patient with RA does not 
respond or is intolerant to first-line methotrexate is inefficient and 
associated with a huge cost burden in the USA, approaching $US17 
billion per year [24].

The mechanisms underlying inadequate response to bDMARDs are 
yet to be fully elucidated, although several factors have been implicated 
including female sex, older age (>55 years), obesity, current or past 
smoking status, poor functional status (Health Assessment Question-
naire >2), high disease activity (Disease Activity Score using a 28-joint 
count [DAS28] ≥3.2) and elevated erythrocyte sedimentation rate (ESR; 
>20 mm/h) [25–27]. In addition, it is well known that the formation of 
anti-drug antibodies can lead to neutralisation of bDMARDs and to 
subtherapeutic serum drug levels [28–30]. Inter-patient differences in 
the role of the innate versus adaptive immune system in the pathogen-
esis of RA have also been suggested to explain variability in bDMARD 
efficacy [22]. The use of combinations of bDMARDs resulted in signifi-
cant improvement in Patient Global Impression of Change scores in 50% 
of treated patients with immune-mediated inflammatory diseases, 
including RA (but predominantly inflammatory bowel disease and axial 
spondyloarthritis) [31]. However, unlike in oncology, where molecular 
pathology is routinely used to guide the administration of targeted 
therapies [32,33], there are no predictive biomarkers of drug response 
in RA.

In this narrative review, we provide an overview of studies that 
aimed to identify novel biomarkers to guide the selection of targeted 
therapies for patients with RA. We also discuss the novel paradigm of 
precision medicine in RA involving targeted treatment based on cyto-
kine profiles and synovial tissue signatures.

Biomarkers of disease activity and severity in current clinical 
practice and their limitations

T2T strategies require physicians to assess RA disease activity in a 
quantitative manner. Validated measures of disease activity include the 
Simplified Disease Activity Index (SDAI) and the DAS28 indices, each of 
which incorporates the acute phase reactants ESR or C-reactive protein 
(CRP) [34]. To use either of these disease activity measures, a patient 
must have blood drawn and assayed for the acute phase reactant before 

their clinic visit. In a study of 223 patients with RA reporting knee 
arthralgia, Orr et al. [35] reported statistically significant positive cor-
relations between CRP, ESR, and DAS28-CRP and the degree of synovial 
inflammation. However, an important limitation when using ESR or CRP 
as an individual biomarker of disease activity is that both have been 
found to be within the normal range in up to 58% of patients with RA 
and active joint inflammation [35–37]. The Clinical Disease Activity 
Index (CDAI) is more often used in clinical practice because it does not 
include an acute-phase reactant [34,38]. Another important measure of 
disease activity is power Doppler ultrasonography (PDUS), which can 
detect subclinical synovitis not identified by routine clinical or labora-
tory assessments [39]. Kawashiri et al. [40] showed that PDUS scores 
from 24 synovial sites in 22 patients with RA were correlated positively 
and significantly with DAS28, SDAI, CDAI and serum angiogenic factors. 
PDUS scores were also correlated with levels of the angiogenic markers 
Tie-2 mRNA, soluble vascular cell adhesion molecule-1 and angiostatin 
in another study conducted in 125 patients with established RA [41]. 
Imaging studies, such as plain radiographs and magnetic resonance 
imaging, are biomarkers of RA disease severity. Radiographic assess-
ment, employing the van der Heijde or Genant modifications of the 
Sharp score, or other radiographic scores, such as the Larsen or Ratingen 
score, is a well-established method of measuring progression of struc-
tural damage [42]. Magnetic resonance imaging is used in clinical trials 
to predict the effect of drug therapy on the development of erosions but 
is not widely used for this purpose in clinical practice.

Calprotectin, a member of the S100 protein family, has been impli-
cated in the pathogenesis of RA [43]. A 2015 systematic review of the 
utility of calprotectin as an indicator of disease activity reported that this 
protein was a significant and independent predictor of therapeutic 
response and progression of structural damage, particularly in patients 
who achieved responses to bDMARD treatment [44]. Several studies 
have found calprotectin levels to correlate with CRP levels [45,46], ul-
trasound global scores, PDUS and synovial hypertrophy and therefore 
have potential applicability as a good biomarker of disease activity in RA 
[47–50]. Standardisation of laboratory measurement and additional 
well-designed studies are needed to fully validate calprotectin as an RA 
biomarker before it can be used in routine clinical practice [44]. Other 
potential biomarkers of disease activity include angiogenic markers, 
particularly TIE2, a surrogate of active synovitis [41], and semaphorins, 
which have been shown to correlate with validated markers of inflam-
mation and angiogenesis [51].

The fundamental importance of proinflammatory cytokines, such as 
TNFα and IL-6, in the pathogenesis of RA is well established [52–54]. An 
overview of key cytokines implicated in the pathogenesis of RA is pre-
sented in Table 1. The applicability of cytokines as biomarkers of disease 
activity in RA is a promising avenue of research. Alex et al. [55] assessed 
the utility of cytokine scores based on array data to identify active joint 
disease in 1467 patients with RA. ‘Discordant’ patients (high tender 
and/or swollen joint counts with normal ESR and CRP levels) were 
stratified into low, medium and high disease activity groups. Overall, 
cytokine scores did not differ between the three subgroups, indicating 
that these scores did not differentiate between levels of disease activity 
in patients with RA and normal acute-phase reactant levels. Dissanayake 
et al. [56] quantified cytokine expression (TNF-α, IL-1β, IL-10 and 
IL-17A) in peripheral blood mononuclear cells (PBMCs) from patients 
with active RA and from healthy controls using the enzyme-linked 
immunosorbent spot assay and assessed the association between cyto-
kine levels and RA disease activity indices. The number of PBMCs that 
secreted IL-17A was significantly higher in DMARD-naïve patients with 
early RA than in healthy controls, but not in patients with established 
disease. The number of PBMCs secreting IL-17A also correlated 
moderately with five clinical measures of disease activity (DAS28, CDAI, 
joint pain-visual analogue scale, swollen and tender joint counts). In 
multivariate linear regression models, IL-17A was an important pre-
dictor of both DAS-28 and CDAI, suggesting that IL-17A has potential 
applicability as a biomarker of disease activity in RA.
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The multi-biomarker disease activity (MBDA) test measures 12 
serum biomarkers relevant to the pathophysiology of RA: CRP, 
epidermal growth factor, IL-6, leptin, matrix metalloproteinase (MMP)- 
1, MMP3, resistin, serum amyloid A, TNF receptor type I, vascular cell 
adhesion molecule 1, vascular endothelial growth factor A and cartilage 
glycoprotein. Using a validated proprietary algorithm, biomarker con-
centrations are combined to generate a score ranging between 1 and 100 
[57–59]. The MBDA score correlated with DAS28-CRP and other clinical 
measures of RA disease activity, including CDAI and the Health 
Assessment Questionnaire Disability Index in patients treated with TNF 
inhibitors (TNFis) [58,60,61]. However, the MBDA score reflects not 
only disease activity but also the mechanism of action of the medications 
used to treat the disease. Thus, despite very similar improvements in 
DAS28-CRP and other measures of disease activity (CDAI, SDAI and 
Routine Assessment of Patient Index Data 3) over 2 years among patients 
enrolled in the Abatacept vs Adalimumab Comparison in Biologic-Naïve 
RA Subjects with Background Methotrexate (AMPLE) trial, there was 
marked discordance between the mean change (improvement) in MBDA 
score from baseline over 2 years when patients treated with the T-cell 
co-stimulation modulator abatacept were compared with those treated 
with the TNFi adalimumab [62]. Although the change in MBDA scores 
reflected improvement in disease activity among patients treated with 
either abatacept or adalimumab in the AMPLE trial, the influence of the 
mechanism of action of a specific medication on the MBDA score does 
not allow use of this score to compare response of disease activity to 
different medications in a clinical trial. Overall, the MBDA data reflected 
the different mechanisms of action of the two drugs, which the other 
disease activity indices were not sensitive enough to detect. However, 
the MBDA can be used to support assessment of biosimilarity of a bio-
similar candidate to its reference product, which both share the same 
mechanism of action [63].

In another study, correlations of the MBDA with DAS28-CRP and 
agreement with low/moderate/high disease activity categories 
decreased over 24 weeks of treatment with tocilizumab, a monoclonal 
antibody targeted to the IL-6 receptor (IL-6R) [64]. These findings can 
be explained by the direct inhibition of CRP production by tocilizumab 
[65–67]. Thus, any disease activity measure that includes CRP (SDAI, 
DAS28-CRP or MBDA) will not accurately reflect changes in disease 
activity in patients treated with tocilizumab (or other IL-6R-targeted 
drugs).

Biomarkers of treatment response

Precision medicine in RA aims to use biomarkers and cellular/mo-
lecular pathways to stratify patients according to the likelihood of 
clinical response to DMARD therapy before treatment, paving the way 
for targeted treatment of RA and improved outcomes [68–70]. An 
important consideration in evaluating cytokine profiles as biomarkers of 
treatment response is the accuracy and reliability of measurements of 
cytokine levels in the serum, plasma and PBMC preparations [71–73]. A 
key limitation when quantifying serum cytokine levels is that cytokines 
often circulate as proteins bound to soluble receptors, inhibitors or 
carrier proteins, which may mask their detection by enzyme-linked 
immunosorbent assay (ELISA) or radioimmunoassay methodologies 
[74–76]. Furthermore, many cytokines are virtually undetectable in 
serum because they are produced locally and have a very short half-life. 
For example, the half-life of TNFα is 18.2 min [77]. Other cytokines have 
highly regulated and temporally orchestrated patterns of secretion [78]. 
A good example of this is the pleiotropic cytokine IL-6, which is secreted 
in a biphasic circadian pattern with two nadirs at about 08.00 and 21.00 
hours and two zeniths at about 19.00 and 05.00 hours [79]. Further 
limitations include data variability across different methodologies [80]. 
An additional unresolved issue is the optimal timing of these analyses. It 
is well known that the majority of bDMARDs, particularly TNFis, induce 
rapid improvement at both a clinical and molecular level as early as 48 
hours to 4 weeks after treatment initiation [81,82]. Thus, cytokine 
profiles probably should be evaluated early in the course of treatment 
during the ‘window of opportunity’ mentioned in Section 1 [12].

Given the central role of proinflammatory cytokines in the patho-
genesis of RA [53,54], a reasonable hypothesis is that variability in 
expression of disease-associated cytokine pathways could account, at 
least in part, for the variability in clinical response to bDMARDs. To 
date, the few studies that have tested this hypothesis have produced only 
weak supporting evidence. An analysis of biomarker samples and clin-
ical data from five phase III trials of tocilizumab found that baseline 
serum IL-6 levels were significantly, albeit weakly, associated with 
subsequent treatment response to tocilizumab. In addition, none of the 
tested single-nucleotide polymorphisms (SNPs) in IL-6 or IL-6R showed 
an association with treatment response to tocilizumab [83]. Osiri et al. 
[84] reported the results of a study in which serum samples from a 
cohort of 81 patients with long-standing RA treated with combined 
csDMARDs (methotrexate and at least one other csDMARD) or a 
bDMARD were measured for 12 cytokines. Overall, weak correlations 
between cytokine levels and RA disease activity were observed; the 

Table 1 
Cytokines implicated in rheumatoid arthritis pathogenesis [52–54,137].

Immunoregulatory cytokines
IL-10
TGFβ
IL-2

Proinflammatory cytokines
GM-CSF
IFN-γ
IL-1α/β
IL-6
IL-8
IL-12
IL-17A/F
IL-18
IL-21
IL-22
IL-23
TNFα

Regulators of angiogenesis
TIE-2
VCAM-1
VEGF

GM-CSF: granulocyte macrophage-colony stimulating factor, IFN: interferon, IL: interleukin, RA: rheumatoid arthritis, TGF: transforming growth factor, TIE-2: TEK 
receptor tyrosine kinase, TNF: tumour necrosis factor, VCAM: vascular cell adhesion molecule, VEGF: vascular endothelial growth factor.
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highest correlation coefficients observed were with levels of IL-6, IL-33 
and IL-8. Boyapati et al. [85] carried out a post hoc analysis of two phase 
III studies (MONARCH and MOBILITY) to investigate whether baseline 
IL-6 levels were predictive of sarilumab treatment responses. In MON-
ARCH, the magnitude of clinical improvement with sarilumab versus 
adalimumab was greater in patients with high baseline IL-6 levels 
(defined as ≥3 times the upper limit of normal) than in those with low 
IL-6 levels. In MOBILITY, compared with patients with low IL-6 levels, 
patients with high IL-6 levels exhibited greater clinical improvement 
when treated with sarilumab plus methotrexate than with placebo plus 
methotrexate. In another post hoc analysis of MONARCH trial data, 
Strand et al. [86] evaluated the potential of baseline IL-6 levels to 
differentially predict health-related quality of life improvements with 
sarilumab versus adalimumab. Patients with high baseline IL-6 levels 
reported better improvements in health-related quality of life with sar-
ilumab versus adalimumab than did patients with low IL-6 levels. In 
summary, some evidence indicates that patients with high IL-6 levels are 
more likely to benefit from sarilumab compared with adalimumab or 
methotrexate than are patients with low IL-6 levels. However, so far, the 
search for novel biomarkers of treatment response in peripheral blood or 
serum has been largely unsuccessful [87].

A recent study compared serum cytokine profiles (TNFα, IL-1β, IL-17, 
IL-6, interferon [IFN]-γ and IL-10) between methotrexate-treated and 
methotrexate-naïve patient groups using ELISA. The authors found that 
the methotrexate-treated group had significantly reduced serum levels 
of TNFα, IL-17 and IFNγ compared with the methotrexate-naïve group, 
consistent with the known anti-inflammatory effect of methotrexate in 
patients with RA [88].

Using Luminex technology and analysis of 17 potential biomarkers, 
Lesturgie-Talarek et al. [89] found that patients with RA (active [DAS28 
>3.2] refractory [resistance to ≥2 lines of targeted therapy], active 
non-refractory or non-active [DAS28 ≤3.2]) demonstrated a proin-
flammatory and proangiogenic profile compared with controls. How-
ever, the serum profile observed in active refractory RA closely 
resembled that seen in active non-refractory RA. Patients with active 
refractory RA exhibited a poor correlation profile, with only three as-
sociations between biomarkers and disease activity markers. In contrast, 
a rich correlation profile was detected in patients with active 
non-refractory RA, with positive correlations between CRP levels and 10 
circulating biomarkers and between the DAS28 and eight circulating 
biomarkers.

Several multiplex immunoassay approaches have been developed for 
serum biomarker discovery, including high-performance electro-
chemiluminescence [90], Luminex’s xMAP® Technology [91], the 
Proximity Extension Assay (Olink) method [92], the SomaLogic 
SOMAscan assay [93] and the CRISPR/Cas (Clustered Regularly Inter-
spaced Short Palindromic Repeats/CRISPR-associated proteins) bio-
sensing technology [94]. It remains to be determined which of these 
approaches is optimal for cytokine profiling in RA.

Molecular biomarkers

Autoantibodies against citrullinated peptides (ACPA) and rheuma-
toid factor (RF) appear years before the onset of RA [95–97] and are 
used as diagnostic and prognostic biomarkers in this disease [98]. The 
existence of these autoantibodies led researchers to explore B cells as a 
potential therapeutic target in RA. The efficacy of B-cell depletion 
therapy (BCDT) in treating RA highlighted the important role of B cells 
in the disease process [99,100]. Further studies revealed that patients 
who are seropositive for ACPA or RF tend to respond better to BCDT with 
rituximab [101–103] compared to those who are seronegative, sug-
gesting that these autoantibodies could be useful prognostic biomarkers 
for guiding treatment decisions [104,105].

In a study of 138 seropositive patients with RA undergoing rituximab 
treatment, Ferraccioli et al. [106] found that a higher percentage of 
patients who achieved a good response according to the European 

Alliance of Associations for Rheumatology (EULAR) response criteria 
tested positive for 3 to 5 of the autoantibodies studied (which included 
immunoglobulin [Ig]M-RF, IgA-RF, IgG-RF, IgG-ACPA, IgA-ACPA, 
IgM-ACPA, and anti-mutated citrullinated vimentin) compared to 
non-responders (84.8% vs 46.7%; p < 0.001). Logistic regression anal-
ysis revealed that factors such as the absence of corticosteroid therapy, a 
lymphocyte count below 1875/µL, RF-IgG levels above 52.1 IU/mL, and 
B-cell activating factor (BAFF) levels below 1011 pg/mL were inde-
pendent predictors of a good EULAR response to rituximab. Adlowitz 
et al. [107] conducted a longitudinal study on RA patients undergoing 
rituximab therapy to better understand the factors affecting B-cell 
depletion and reconstitution and to identify biomarkers predicting 
treatment response. Their study found that B-cell TNF production 
decreased after BCDT and B-cell reconstitution. The presence of acti-
vated memory B-cells after treatment correlated with a poor clinical 
response, while a higher ratio of transitional (naïve) to activated 
memory B-cells was associated with better outcomes. These findings 
suggest that the success of BCDT depends on the balance between pro-
tective and pathogenic B-cell subsets after treatment and B-cell recon-
stitution. Further research is needed to fully understand the mechanisms 
and biomarkers involved in response to BCDT for RA patients.

Chemokines play a key role in the pathogenesis of RA and may serve 
as potential biomarkers for predicting treatment response [108]. One 
study by Sellam et al. [109] found that C–C Motif Chemokine Ligand 19 
(CCL19) levels could predict a RA patient’s response to rituximab. 
However, this relationship was not significant after adjusting for auto-
antibody status. Other studies have shown that C-X-C motif chemokine 
ligand (CXCL) 13 (CXCL13) levels are associated with the response to 
TNFi in RA [110–112]. Additionally, a small study of 25 RA patients 
found that higher serum CXCL10 levels were associated with a better 
response to abatacept [113].

Dennis et al. [114] identified four major cell phenotypes in the RA 
synovium: lymphoid, myeloid, low inflammatory and fibroid. Each of 
these phenotypes has a unique chemokine gene expression signature. 
High baseline serum intercellular adhesion molecule 1 (sICAM1) levels 
were associated with the myeloid phenotype, while high baseline 
CXCL13 levels were associated with the lymphoid phenotype. The study 
also found that high sICAM1 with low CXCL13 levels predicted a better 
response to adalimumab, whereas low sICAM1 and high CXCL13 levels 
were associated with a better response to tocilizumab. Similarly, Zhao 
et al. [115] found that RA patients with high baseline sICAM1 levels had 
a significantly higher rate of response to TNFi therapy compared to those 
with low sICAM1 levels. They also found that sICAM-1 was an inde-
pendent predictor of TNFi response in patients who responded inade-
quately to treatment with csDMARDs. However, these results were not 
consistent with other studies that found no relationship between base-
line serum CXCL13 levels and TNFi response [115]. A systematic review 
examining CXCL13 as a biomarker for disease activity and treatment 
response in RA revealed conflicting evidence regarding its role in pre-
dicting treatment outcomes with bDMARDs [116]. In conclusion, while 
there is interest in using chemokines as a biomarkers for treatment 
response in RA, there is insufficient robust evidence to support their 
routine clinical use at this time.

PrismRA is a blood-based, molecular signature response classifier 
(MSRC) test that predicts inadequate response to TNFi therapy in 
bDMARD-naïve patients. It combines a patient’s unique molecular 
signature derived from 23 biomarkers involved in RA pathobiology (10 
SNPs, eight transcripts, two laboratory tests [CRP and ACPA] and three 
clinical metrics [sex, body mass index and patient disease assessment]) 
[117]. The MSRC test was validated clinically in blood samples from 391 
bDMARD-naïve and 113 TNFi-exposed patients with RA. Patients with 
an MSRC signal of TNFi inadequate response (based on ACR criteria 
improvement from baseline of 50%) showed a 4.1-fold lower likelihood 
of responding adequately to TNFi therapy (95% confidence interval 
2.0–8.3; p = 0.0001) [118]. Further work by Strand and colleagues 
showed that the responses to non-TNFi therapies of patients with a 
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molecular signature indicating TNFi inadequate response were signifi-
cantly better than their responses to TNFis [119,120]. Overall, these 
data suggest that the MSRC can stratify patients according to likelihood 
of inadequate response to TNFi therapy, thereby providing 
patient-specific data to guide choice of treatment for both bDMARD--
naïve and TNFi-exposed patients [118].

Novel synovial molecular signatures and effector cell states as predictors of 
treatment response

The development of clinical synovitis is widely accepted as one of the 
hallmarks of early-stage RA [1,121]. In recent years, investigators have 
turned to ultrasound-guided synovial biopsy techniques combined with 
transcriptomics to identify novel molecular signatures and effector cell 
states implicated in disease pathogenesis and treatment response. The 
key studies that have defined the field are summarised in Table 2.

Immune cell targets in the synovium
Zhang et al. [122] applied single-cell RNA sequencing (scRNA-seq), 

bulk RNA-seq, mass cytometry and flow cytometry to T cells, B cells, 
monocytes and fibroblasts from 51 samples of synovial tissue from pa-
tients with RA and osteoarthritis (OA). These analyses revealed the ex-
istence of expanded immune cell populations in RA synovia that are 
potentially key mediators of joint inflammation in RA: THY1+ HLA--
DRAhi sublining fibroblasts, IL1B+ proinflammatory monocytes, 
ITGAX+TBX21+ autoimmune-associated B cells and PDCD1+ periph-
eral T helper (Th) cells and follicular Th cells.

Alivernini et al. [123] used scRNA-seq to profile synovial tissue 
macrophages (STMs) (which had been previously shown to persist in 
patients in remission [124] in patients with early RA, patients with 
treatment-refractory RA and those in sustained remission. These ana-
lyses revealed two STM subpopulations (MerTK+TREM2high and 
MerTK+LYVE1+) predominant in the synovium of patients who expe-
rienced disease remission. These STMs contained unique remission 
transcriptomic signatures enriched for negative regulators of inflam-
mation. In addition, they induced the repair response of synovial fi-
broblasts in vitro. These findings suggest that therapeutic enhancement 
of MerTK+ STM-mediated synovial homeostasis could be a potential 
approach towards achieving sustained remission of disease activity.

Wang et al. [125] showed that, compared with nonresponders, re-
sponders to TNFis are characterised by baseline activation of inflam-
matory pathways in synovial tissue, including chemokine signalling, 
Th1/Th2 cell differentiation and Toll-like receptor signalling. In addi-
tion, lymphocyte, myeloid and fibroblast cell populations were elevated 
in the synovial tissue of responders relative to nonresponders. Overall, 
these data suggest that responders to TNFi therapies are characterised at 
baseline by activation of immune pathways.

Synovial fibroblast subsets. Zhang et al. [126] profiled the full spectrum 
of cells in 82 inflamed synovial tissue samples from 79 patients with RA 
(n = 70) or OA (n = 9) using multi-modal scRNA-seq and surface protein 
data. With this information, they developed a comprehensive single-cell 
atlas of RA synovial tissue. The tissues were stratified into six groups, 
each characterised by diverse selectively enriched cell states, that were 
associated with disease-relevant cell states, cytokines, risk genes, and 
histology and serology metrics, which could be used to predict treatment 
response.

Mizoguchi et al. [127] identified functional and transcriptional dif-
ferences between fibroblast subsets from human synovial tissues using 
scRNA-seq and bulk RNA-seq techniques. One fibroblast subset, char-
acterised by the expression of podoplanin, THY1 membrane glycopro-
tein and cadherin-11, was three-fold enriched in the synovium of 
patients with RA relative to patients with OA. These fibroblasts localised 
to the perivascular zone in inflamed synovium, secreted proin-
flammatory cytokines, and had an in vitro phenotype characteristic of 

Table 2 
Summary of synovial biomarker studies (ordered by year of publication).

Authors Objectives Sample 
size, n

Key findings

Mizoguchi 
et al. 2018 
[127]

To determine the 
functional and 
transcriptional 
characteristics of synovial 
fibroblast subsets in RA

4 A fibroblast subset 
characterised by the 
expression of podoplanin, 
THY1 membrane 
glycoprotein and 
cadherin-11 was three- 
fold expanded in the 
synovium of patients 
with RA relative to the 
synovium of patients 
with OA

Croft et al. 
2019 
[128]

To use scRNA-seq to 
identify distinct subsets of 
synovial fibroblasts 
responsible for mediating 
inflammation or tissue 
damage in the 
pathogenesis of RA

20 FAPα+ THY1+
fibroblasts were 
expanded in the 
synovium of patients 
with RA compared with 
the synovium of patients 
with OA

Zhang et al. 
2019 
[122]

To define the cell 
populations that drive 
joint inflammation in RA 
using scRNA-seq and 
mass cytometry in 
samples of synovial tissue 
from patients with RA or 
OA

51 Expanded cell 
populations exist in RA 
synovia that are 
potentially key mediators 
of joint inflammation in 
RA: THY1+ HLA-DRAhi 

sublining fibroblasts, IL- 
1B+ proinflammatory 
monocytes, ITGAX+
TBX21+ autoimmune- 
associated B cells and 
PDCD1+ peripheral Th 
cells and follicular Th 
cells

Alivernini 
et al. 2020 
[123]

To use scRNA-seq to 
explore the phenotypic 
and functional changes in 
STM subpopulations in 
patients with early/active 
RA, treatment-refractory/ 
active RA and RA in 
sustained remission

122 Two STM subpopulations 
(MerTK+ TREM2high and 
MerTK+ LYVE1+) 
predominant in the 
synovium of patients who 
achieved disease 
remission. These STMs 
contained unique 
remission transcriptomic 
signatures enriched for 
negative regulators of 
inflammation

Wei et al. 
2020 
[129]

To elucidate the 
transcriptional gradient 
that encodes synovial 
fibroblast identity and RA 
pathology

12 NOTCH3 and Notch 
target genes are markedly 
upregulated in synovial 
fibroblasts in active RA. 
In a mouse model of 
inflammatory arthritis, 
genetic deletion of the 
Notch3 gene or 
monoclonal antibody- 
blockade of NOTCH3 
signalling attenuated 
inflammation and 
prevented joint damage 
in inflammatory arthritis

Humby et al. 
2021 
[132]

To compare the effect of 
tocilizumab with 
rituximab in patients with 
RA who had an 
inadequate response to 
TNFi therapy stratified 
for synovial B-cell status 
(B-cell poor or rich)

164 In patients with synovial 
biopsies classified as B- 
cell poor with RNA 
sequencing, the 
tocilizumab group had a 
significantly higher 
response rate (CDAI 
≥50% improvement) 
than the rituximab group

Korsunsky 
et al. 2022 
[131]

To profile fibroblasts 
derived from inflamed 
and non-inflamed 
synovium, intestine, 
lungs and salivary glands 
from individuals with RA, 

74 Two clusters of 
proinflammatory 
fibroblast phenotypes 
were common to RA, IBD, 
ILD and Sjögren’s 
syndrome: CXCL10+

(continued on next page)
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proliferative and invasive cells, similar to those of pannus tissue.
Croft et al. [128] used scRNA-seq in synovial biopsies from patients 

with RA and murine models of arthritis to identify two anatomically and 
functionally distinct fibroblast subsets within the fibroblast activation 
protein-α (FAPα)+ population: FAPα+THY1+ immune effector fibro-
blasts located in the synovial sublining and FAPα+THY1- destructive 
fibroblasts restricted to the synovial lining layer. FAPα+ THY1+ fibro-
blasts had an immune effector profile with high expression of chemo-
kines and cytokines, including IL-6, IL-33 and IL-34. In contrast, FAPα+
THY1-expressing fibroblasts expressed high levels of chemokine ligand 9 
(CCL9) and TNF superfamily member 11, both potent inducers of oste-
oclast activity, as well as MMP3, MMP9 and MMP13, MMPs involved in 
cartilage degradation. Consistent with these findings, the authors iden-
tified an expanded population of FAPα+ THY1+ immune effector fi-
broblasts in the synovium of patients with RA and persistently inflamed 
joints, compared with the synovium of patients with OA. These findings 
suggest that the development of therapies that selectively target 
downregulation of FAPα+ THY1+ immune effector fibroblasts might be 
a promising approach to treating RA

Using scRNA-seq, Wei et al. [129] found that NOTCH3 and Notch 
target genes are markedly upregulated in synovial fibroblasts in active 
RA. In a mouse model of inflammatory arthritis, the authors showed that 
genetic deletion of Notch3 or monoclonal antibody blockade of NOTCH3 
signalling attenuated inflammation and prevented joint damage in in-
flammatory arthritis. These results identify NOTCH3 as a critical re-
ceptor in synovial fibroblast differentiation and pathologic expansion in 
RA and suggest NOTCH3 signalling as a potential therapeutic target in 
the treatment of RA. Using scRNA-seq and bulk RNA-seq, Zou et al. 
[130] identified that the transcription factor Arid5b was also involved in 
synovial fibroblast RA pathology; it played a dual role by both inhibiting 
fibroblast inflammatory activation and enhancing invasiveness.

Korsunsky et al. [131] used scRNA-seq to profile fibroblasts from the 
inflamed synovium, intestine, lungs and salivary glands of individuals 
with RA, inflammatory bowel disease, interstitial lung disease and 
Sjögren’s syndrome, respectively. The authors found two clusters of 
proinflammatory fibroblast phenotypes that were common to all four 
chronic inflammatory diseases: C-X-C motif chemokine ligand 10 
(CXCL10+) CCL19+ immune-interacting and SPARC+ COL3A1+
vascular-interacting fibroblasts. In the context of RA, it will be important 
to study how these fibroblast populations respond to DMARD-based 
therapy.

Synovial molecular biomarkers. In the R4RA randomised controlled trial 
of patients with RA who had responded inadequately to at least one 
TNFi, a low or absent synovial B-cell molecular signature was associated 
with a lower response rate to BCDT with rituximab compared with IL-6R 
inhibition by tocilizumab. However, it is important to note that the trial 
did not reach its primary endpoint (statistically significant difference of 
at least a 50% improvement in CDAI at Week 16) [132]. Further, 
detailed molecular analysis of the same synovial biopsies by Rivellese 
et al. [133] identified molecular predictors of treatment response to 

Table 2 (continued )

Authors Objectives Sample 
size, n 

Key findings

IBD, ILD and Sjögren’s 
syndrome, respectively, 
using scRNA-seq

CCL19+ immune- 
interacting and SPARC+
COL3A1+ vascular- 
interacting fibroblasts

Rivellese 
et al. 2022 
[133]

To investigate the 
mechanisms of response 
and inadequate response 
to rituximab and 
tocilizumab via 
histopathological and 
RNA-seq characterisation 
of synovial tissue at 
baseline and 
longitudinally in post- 
treatment biopsies at 16 
weeks

164 Molecular predictors of 
treatment response to 
each individual therapy 
were identified, together 
with a refractory 
stromal/fibroblast 
signature associated with 
resistance to both 
therapies

Wang et al. 
2022 
[125]

To understand the 
mechanistic basis of 
response to TNFi therapy 
and to determine whether 
transcriptomic changes in 
the synovium are 
reflected in peripheral 
protein markers

46 Compared with 
nonresponders to TNFis, 
responders are 
characterised by baseline 
activation of synovial 
tissue inflammatory 
pathways, including 
chemokine signalling, 
Th1/Th2 cell 
differentiation and Toll- 
like receptor signalling. 
In addition, lymphocyte, 
myeloid and fibroblast 
cell populations were 
elevated in the synovial 
tissue of responders 
relative to nonresponders

Rivellese 
et al. 2023 
[134]

A biopsy-driven trial to 
compare the response to 
rituximab, etanercept and 
tocilizumab in biologic- 
naïve patients with RA 
stratified for synovial B- 
cell status

226 The synovial B-cell-poor 
group did not have a 
significantly lower 
response to rituximab vs 
etanercept and 
tocilizumab, and 
therefore the 
dichotomous 
classification of synovial 
B-cell status did not 
predict treatment 
response to B-cell 
depletion with rituximab 
in bDMARD-naïve 
patients

Zhang et al. 
2023 
[126]

To provide a more 
granular understanding 
of cell states and synovial 
phenotypes in inflamed 
joints by profiling the full 
spectrum of cells in 
inflamed synovium from 
patients with RA using 
multi-modal scRNA-seq 
and surface protein data 
to develop a 
comprehensive single-cell 
atlas of RA synovial tissue

82 The tissues were 
stratified into six groups, 
each characterised by 
selectively enriched cell 
states. The groups 
demonstrated the 
diversity of synovial 
inflammation in RA, with 
samples showing 
enrichment for T and B 
cells and others largely 
lacking lymphocytes. 
Each group was 
associated with disease- 
relevant cell states, 
cytokines, risk genes, 
histology and serology 
metrics. The groups were 
dynamic and could be 
used to predict treatment 
response

Zou et al. 
2024 
[130]

To show that the 
transcription factor 
Arid5b is involved in the 
differential programming 
of pathologic synovial 
fibroblast phenotypes in 
RA

NR Arid5b played a dual role 
by both inhibiting 
fibroblast inflammatory 
activation and enhancing 
invasiveness

bDMARD: biologic disease-modifying antirheumatic drug, CCL19: chemokine 
(C–C motif) ligand 19, CDAI: Clinical Disease Activity Index, COL3A1: collagen 
type III alpha 1 chain, CXCL10: C-X-C motif chemokine ligand 10, FAP: fibro-
blast activation protein alpha, HLA-DRA: human leukocyte antigen, DR alpha 
chain, IBD: inflammatory bowel disease, IL: interleukin, ILD: interstitial lung 
disease, ITGAX: integrin subunit alpha X, LYVE1: lymphatic vessel endothelial 
hyaluronan receptor 1, MERTK: MER proto-oncogene: tyrosine kinase, NOTCH: 
neurogenic locus notch homolog protein, NR, not reported; OA: osteoarthritis, 
PDCD1: programmed cell death 1, RA: rheumatoid arthritis, RNA-seq: RNA 
sequencing, scRNA-seq: single-cell RNA sequencing, SPARC: secreted protein 
acidic and rich in cysteine, STM: synovial tissue macrophage, TBX21: T-box 
transcription factor 21, Th: T helper, TNFi: tumour necrosis factor inhibitor, 
THY1: Thy-1 cell surface antigen, TREM2: triggering receptor expressed on 
myeloid cells 2.
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each individual therapy, together with a refractory stromal/fibroblast 
signature associated with resistance to both rituximab and tocilizumab. 
This landmark study supports the idea that diverse molecular pathology 
pathways may account for the heterogeneity of observed clinical and 
treatment-response RA phenotypes. The authors highlighted the 
importance of integrating synovial molecular pathology signatures into 
existing clinical algorithms to optimise the selection of targeted thera-
pies and to inform the development of new drugs for patients with RA 
who are refractory to existing therapies.

Rivellese et al. [134] carried out the STRAP (Stratification of Bio-
logical Therapies for RA by Pathobiology) and STRAP-EU phase III 
clinical trials in bDMARD-naïve patients who responded inadequately to 
csDMARDs. In these open-label, biopsy-driven trials, B-cell-poor and 
-rich patients, based on the B-cell molecular signature identified in the 
R4RA trial discussed above, were randomly assigned to receive ritux-
imab, tocilizumab or etanercept (TNFi). These trials aimed to determine 
whether BCDT with rituximab would be associated with a worse 
response than that with etanercept and tocilizumab (as assessed by the 
primary endpoint: ACR criteria improvement from baseline of 20% at 
Week 16) in patients who were synovial B-cell poor. However, as with 
the R4RA trial [132], the primary endpoint was not reached, indicating 
that the synovial B-cell-poor group did not have a significantly lower 
response to rituximab than to etanercept or tocilizumab. Thus, the 
dichotomous classification of synovial B-cell status did not predict 
treatment response to B-cell depletion with rituximab in bDMARD-naïve 
patients.

Future perspectives

Predictive biomarkers of drug response in RA that can be used in 
routine clinical practice are yet to be identified. The clinical heteroge-
neity of disease manifestations and the variability among RA patients in 
their response to b/tsDMARDs may be related to variability in the 
expression of immunopathogenic cytokines and of synovial molecular 
signatures, predominantly of fibroblasts and B cells. A new precision 
medicine paradigm targeting specific cytokine profiles and subsets of 
fibroblasts and macrophages that modulate synovial tissue inflamma-
tion is needed. Clinical trials comparing the efficacy and safety of per-
sonalised treatments based on cytokine profiles and synovial fibroblast 
and macrophage molecular signatures with standard, empirical therapy 
based on physician choice are warranted. However, requiring patients to 
consent to undergo a synovial biopsy in a clinical trial may make it more 
challenging to enrol subjects into such trials.

Use of potentially lower-cost biosimilars of bDMARDs to treat RA 
could make it easier to initiate treatment with targeted therapies earlier, 
especially in healthcare systems with limited resources. There is a need 
to compare the cytokine profiles and the molecular signatures of syno-
vial fibroblasts and macrophages in treatment naïve patients with those 
in patients with established disease, particularly those who have 
responded inadequately to one or more DMARDs with different mech-
anisms of action. Significant efforts have been made to identify genetic 
biomarkers that predict responses to methotrexate and TNFis, the most 
commonly prescribed DMARDs. These investigations have focused pri-
marily on genome-wide association studies and gene variants involved 
in the molecular pathways of drug action and metabolism [135,136]. 
Additionally, transcriptomic studies are needed to identify genetic bio-
markers associated with response to methotrexate and bDMARDs, 
particularly those found in the synovium rather than in blood. A pro-
posed research agenda incorporating these concepts is presented in 
Table 3.

Funding sources

Medical writing assistance for this article was funded by Fresenius 
Kabi.

Table 3 
A proposed research agenda aimed at the identification of novel biomarkers for 
the prediction of disease progression and drug response in rheumatoid arthritis.

Objective Proposed research activities Expected outcomes

To identify and validate 
reliable biomarkers 
that can predict 
disease progression, 
treatment response 
and adverse events

Large-scale genome-wide 
association studies to 
identify genetic markers 
associated with RA 
Proteomic, transcriptomic 
and metabolomic profiling 
to discover protein, 
molecular and metabolite 
biomarkers 
Utilisation of existing serum 
biomarkers in combination 
with new findings 
Validation of identified 
biomarkers through 
longitudinal cohort studies 
and clinical trials 
Implementation of synovial 
biopsies to identify novel 
biomarkers directly from 
the affected tissue

A comprehensive list of 
validated biomarkers for 
RA, incorporating 
genetic biomarkers, as 
well as serum and 
synovial biopsy-derived 
biomarkers

To address the 
limitations associated 
with the quantitation 
of serum cytokine 
levels and enhance 
their reliability as 
biomarkers

Investigation of the impact 
of cytokine binding to 
soluble receptors, inhibitors 
or carrier proteins on 
cytokine detectability by 
ELISA or 
radioimmunoassay 
Development of methods to 
account for the short half- 
life and local production of 
cytokines 
Exploration of the temporal 
secretion patterns of 
cytokines 
Standardisation of 
methodologies to reduce 
data variability and account 
for patient-specific factors 
Determination of the 
optimal timing for cytokine 
analysis

Improved detection and 
interpretation of 
circulating cytokines, 
leading to more accurate 
biomarker-based 
treatment 
personalisation

To understand the 
biological 
mechanisms by which 
biomarkers influence 
RA pathogenesis and 
treatment responses

Investigation of the role of 
identified genetic, 
transcriptomic, proteomic 
and metabolomic 
biomarkers in immune 
response modulation 
Use of animal models, ex 
vivo and in vitro systems to 
study biomarker pathways 
and functions 
Collaboration between 
clinicians, researchers and 
computational biologists to 
model biomarker 
interactions and predict 
outcomes 
Study of the cellular and 
molecular pathways 
identified through synovial 
biopsies to understand 
tissue-specific mechanisms

Mechanistic insights that 
explain how biomarkers 
affect RA progression 
and treatment responses

To develop and validate 
algorithms that 
integrate biomarker 
data for personalised 
treatment plans

Development of algorithms 
that use biomarker profiles, 
including serum and 
synovial biopsy data, to 
recommend specific 
treatments 
Testing these algorithms in 
biomarker RCTs to compare 
biomarker-guided 
treatment versus standard 
care 

Effective treatment 
algorithms that improve 
patient outcomes 
through personalised 
medicine

(continued on next page)

J. Avouac et al.                                                                                                                                                                                                                                 Seminars in Arthritis and Rheumatism 73 (2025) 152740 

7 



CRediT authorship contribution statement
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Table 3 (continued )

Objective Proposed research activities Expected outcomes

Refine algorithms based on 
trial outcomes and integrate 
machine learning 
approaches

To facilitate the clinical 
adoption of 
biomarker-guided 
treatment strategies 
and monitor their 
long-term 
effectiveness

Development of guidelines 
and protocols for the use of 
biomarkers in clinical 
practice 
Training of healthcare 
professionals on biomarker 
interpretation and 
application 
Development of registries 
and RWE studies to monitor 
the long-term effectiveness 
and safety of biomarker- 
guided treatments 
Implementation of 
monitoring systems that 
utilise both serum 
biomarkers and synovial 
biopsy data for ongoing 
patient assessment

Standardised clinical 
protocols and evidence 
supporting the long-term 
benefits of personalised 
treatment in RA

To promote 
collaboration across 
disciplines and 
institutions to 
advance biomarker 
research in RA

Establishment of consortia 
and collaborative networks 
involving rheumatologists, 
immunologists, geneticists 
and data scientists 
Sharing of data and 
resources through 
centralised databases and 
biobanks 
Engagement with patient 
advocacy groups to 
incorporate patient 
perspectives and enhance 
recruitment for studies 
Foster collaborations 
between clinical and 
research institutions to 
facilitate synovial biopsy 
studies

Enhanced research 
productivity and 
innovation through 
collaborative efforts

ELISA: enzyme-linked immunosorbent assay, RA: rheumatoid arthritis, RCTs: 
randomised controlled trials, RWE: real-world evidence.
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