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Abstract
Purpose of Review Current technical advances enable the assessment of the complex changes in body fluid proteomes and thus
allow for the discovery of biomarker signatures rather than just following differences of a single marker. In this review, we aim to
summarize current approaches to discover and evaluate multi-biomarker panels for improved monitoring of chronic arthritis
disease activity.
Recent Findings Mass spectrometry and affinity proteomic methodologies have been used to identify biomarker panels in
synovial fluid, serum, plasma, or urine of pediatric and adult chronic arthritis patients. Notably, despite the numerous efforts
to develop new and better biomarker panels, very few have undergone extensive analytical and clinical validation and been
adopted into routine use for patient benefit.
Summary There remains a significant gap between discovery of chronic arthritis biomarker signatures and their validation for
clinical use.
Keywords Proteomics . Biomarkers . Proteins . Peptides . Disease activity . Discovery . Validation

Introduction
Currently, individual blood-based proteins are the most widespread diagnostic biomarkers used in medicine. Biological
processes that occur within and between cells and tissues are
commonly complex and regulated by multiple proteins, thus
to fully understand the dynamics of biological processes, it is
desirable to investigate whole proteomes. The “proteome” is a
term, coined by Marc Wilkins and first used by Wasinger et al.
in 1995, that defines the “total protein complement of a genome” at a given time [1]. It gave rise to the realization that
proteome analysis or “proteomics” afforded huge opportunities for new and greater understanding of the role of proteins
individually and as protein complexes and networks [2].
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Advances in the latest proteomic technologies, software
platforms and online repository databases have not only increased the capabilities of this field but also made them more
accessible to clinical researchers. Although genomic and
transcriptomic platforms are powerful alternatives, they are
not useful for providing data to predict downstream events.
More specifically, they cannot be used to predict what proteins
will actually be expressed in tissue or biofluid, nor can they
estimate at what levels. Finally, proteins are subject to a profusion of modifications, often requiring cleavage to become
biologically active as well as a plethora of post-translational
modifications. It is not possible to capture this information at
the genomic level, rather it is the gene products themselves,
i.e., proteins that provide the best clues into health and disease
[3].
It is now widely recognized that there is significant need to
develop tests that can be used in the (i) diagnosis, (ii) treatment, and (iii) management of arthritis and a common link
between these clinical demands is that they aim to facilitate
early and more appropriate intervention. Key to this is making
an early accurate diagnosis and the expectation is that new
protein biomarkers, measured in tissues or body fluids may
support such diagnoses. It is also anticipated that given the
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heterogeneity of the disease and inter-individual differences, a
panel (or signature) of proteins is more likely to be effective as
a biomarker test [4].
An increasing number of biomarkers have been identified
in what are termed “discovery” experiments but few if any
have been translated to biomarker tests in routine clinical
use [5]. The reasons for this lack of success are manifold
and variable and now well described [6–9]. They range from
inadequate discovery experiments which are poorly designed
[10], the selection of incorrect candidates (from the many
available) for further evaluation and the challenges in
conducting appropriate analytically robust validation studies
which provide convincing evidence of clinical utility [8, 10,
11]. When these challenges are combined with the difficulties
associated with getting potential new tests used by the relevant
clinical communities and perhaps more significantly finding
routes for the adequate re-imbursement for new tests, it is
perhaps not overly surprising that few new tests have
emerged. This review summarizes recent advances in the use
of proteomic technologies for protein biomarker panel discovery and validation and the translation of such proteome knowledge into applicable tools for the care of patients with chronic
arthritis.

Protein Biomarker Discovery, Evaluation,
and Validation
The starting point for many protein biomarker discovery experiments has been the application of proteomics—in its various forms—with the use of unbiased mass spectrometrybased approaches for protein identification and quantification
having dominated to date. The emergence of novel protein
discovery approaches such as the use of aptamer libraries,
multiplexing of antibody-based methods, and the emergence
of highly sensitive assays has offered additional hope for the
discovery of new candidate biomarkers. However, with the
exception of the impressive efforts to develop well characterized assays to several thousand proteins [10, 12], in many
instances, these newer approaches have again focused on the
measurement of relatively modest panels of previously wellstudied proteins.
The biomarker development process can be divided into
phases as schematically illustrated in Fig. 1 and as noted previously, a commonly recognized reason for “biomarker failure” is poor study design [4, 10, 11]. In general, data from
observational studies is considered inferior, as results are often
influenced by confounding factors. On the other hand, evidence derived from well-designed prospective cohort studies
that follow patients longitudinally and in which cofounding
factors may be considered and controlled for is notoriously
difficult and expensive to execute [13–16]. Another factor that
has limited biomarker test development is the choice of
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biological sample used in the discovery phase. It is well recognized that if biomarkers are to be adopted into routine clinical practice, the process used for their analysis should be
minimally invasive. Ideally, a test should be based on an easily
accessible biological sample such as blood (serum or plasma)
that can be obtained following standardized operating procedures. Although in the context of rheumatology, synovial fluid
and synovial tissue represent attractive samples to examine
(since they are taken from the site of disease), they are less
than ideal as routine test samples as they require more invasive
collection procedures. It is for this practical reason that many
of the new biomarkers reported in literature are not likely to
reach clinical utility.

Proteomic Methodologies for Biomarker
Discovery and Validation
Affinity Proteomics
The evaluation of biomarkers has classically relied on the
development of antibody-based assays. Enzyme-linked immunosorbent assays (ELISAs) are one of the most widely
used methods for clinical diagnostic protein biomarker measurements. ELISA is a singleplex assay that employs two
antibodies for the capture and detection of a protein in a test
sample. This immune assay concept is widely implemented in
many clinical laboratory routines. ELISAs still remain the
gold standard for the affinity-based detection/measurement
of single analytes including in patients’ body fluids. The recently introduced digital ELISA represents the latest evolutionary step of this assay concept and achieves a 1000-fold
increase in sensitivity compared to conventional ELISAs [17,
18•]. While ELISAs are highly valuable for the validation of
selected single biomarkers, they are far less suitable during
initial discovery or screening phases. Impressive efforts have
been made to multiplex “ELISA” and in particular, the
Luminex approach in which antibodies are covalently attached to fluorescent beads has achieved significant use for
the measurement of multiplexed panels of candidate protein
biomarkers. An alternative approach that has attracted significant attention and application particularly for measurement of
proteins in biofluids such as serum or plasma involves the use
of antibody, protein, or peptide arrays. In contrast to beadbased assays such as Luminex which rely on size and/or
color-coded beads coated with analyte-specific capture reagents (antibodies, peptides), such arrays are set up in a planar
formate where analyte-specific capture reagents (antibodies,
peptides, and aptamers) are immobilized on a solid-phase surface (glass slides, microtiter plate wells). Both bead-based as
well as planar arrays can provide the simultaneous
(multiplexed) and rapid high-throughput measurement of
multiple analytes in very little sample (μl amounts).
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Fig. 1 Exemplary schematic work flow of the development of a biomarker panel for clinical application in rheumatology

In spite of the advantages associated with these techniques,
a wide variety of factors are known to affect the performance
of antibodies or ligands used in these assays including temperature, pH, incubation times, and particularly cross-reactivity. More recent approaches as aptamer-based technologies
(SOMAscan) or proximity ligation assays (PLA) are meant
to mitigate cross-reactivity in multiplexed assay formats.
Gold and colleagues developed DNA-based binders called
aptamers that integrate chemically modified bases
(SOMAmers) to optimize affinity and generate a greater binding diversity. The SOMAscan technology is capable of
targeting up to 1129 proteins spanning 10 orders of magnitude
[19]. The proximity ligation assay (PLA) or proximity elongation assay (PEA) aim to molecularly discriminate specific
from unspecific binding [20, 21]. Each target requires to be
bound by two antibodies tagged with DNA strands. The antibodies recognize distinct epitopes in close proximity to each
other and upon simultaneous binding enable ligation of DNA
strands, either assisted by a connector oligonucleotide or directly hybridized to each other by complementary sequences.
After elongation, the newly formed DNA strands are amplified by PCR and transduced into a measurable signal [20, 21].

Mass Spectrometry
Mass spectrometry (MS) is a complex and versatile tool that
can be used in combination with separation techniques for

protein characterization. Liquid chromatography coupled to
mass spectrometry (LC-MS/MS) is the most commonly used
technique to support “shotgun proteomics” or “bottom up
proteomics”—an approach where complex mixtures of proteins are first enzymatically cleaved into peptides which are
then separated based on chemical or physical properties and
analyzed using a mass spectrometer.
A major drawback associated with LC-MS/MS is that this
technique can have limited sensitivity when investigations are
carried out in highly complex samples, such as human serum.
Serum is a biofluid of choice in clinical proteomics since it is
(i) readily available and (ii) a rich source of biomarkers (containing proteins that are synthesized, secreted, shed, or lost
from cells and tissues throughout the body). The complexity
of the serum proteome exceeds the analytical capacity of even
the most sensitive mass spectrometers [22]. Furthermore, serum presents additional analytical challenges as (i) approximately 96% of the total protein content of the fluid is represented by just 14 abundant proteins, which dominate in LCMS/MS-based analysis of the fluid and (ii) the remaining proteins span a huge (> 12 orders of magnitude) dynamic range in
their concentrations. The presence of a limited number of high
abundant proteins interferes with the identification and quantification of low abundant proteins. It is estimated that up to
10,000 proteins may be present in serum, most of which are
present in relatively low abundance [23] and may represent
important markers of disease.
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LC-MS/MS has also emerged as powerful tool for the identification of post-translational modifications on serum or plasma proteins as, i.e., phosphorylation, glycosylation or—relevant in rheumatology—citrullination [24]. However, despite
the potential of proteomics to measure post-translationally
modified proteins and the justified interest in identifying diagnostic biomarkers represented by such, there has also been
very limited success in converting newly identified candidates
to diagnostic tests. The difficulties associated with developing
post-translationally modified proteins as biomarkers are
compounded by the additional challenges associated with
the pre-analytical stability of such modifications and the
added difficulty in generating suitable protocols and reagents
either to isolate the post-translationally modified form of the
protein and/or in developing assays of requisite specificity
[25].
Once candidate proteins have been identified, it has been
common to continue their evaluation using assays for the individual proteins based on the use of antibodies. Given the
time and cost of developing antibodies to “new” protein, this
antibody-based evaluation of candidate biomarker proteins
has, in practice, been biased towards candidates for which
there may already be antibodies or assays available. Clearly,
the disconnection between identifying large numbers of new
candidate biomarkers by mass spectrometry-based approaches
and subsequently evaluating them by conventional antibodybased approaches has represented a significant bottleneck in
progressing new candidates to potential validated biomarker
tests. The recent availability of a targeted mass spectrometrybased approach to simultaneously measure a relatively large
number of proteins offers a solution to this significant bottleneck in the biomarker development process. This technique is
called Multiple Reaction Monitoring (MRM). Importantly,
MRM has several significant advantages:
i)
ii)
iii)

It supports simultaneous, robust, and specific analysis
of hundreds of proteins (spanning 5 orders of magnitude) in a complex sample
It is relatively inexpensive to develop of MRM assays
to 10’s if not 100’s of proteins (compared with the cost
of developing antibody-based assays)
Assays can be developed and optimized rapidly (in
days) when compared to the long times (months) taken
to develop antibody-based assays

Taken together, these suggest that MRM represents an
ideal tool for supporting large-scale multi-protein biomarker evaluation studies to demonstrate biomarker clinical validity. With a growing list of potentially important new biomarkers being discovered and now evaluated by mass spectrometry, it is tempting to suggest that ultimately MRM
maybe a useful tool for translating these candidates into
clinical utility.
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Clinical Application of Proteomics in Chronic
Arthritides
Affinity proteomics as well as different mass spectrometry
platforms have been used for screening of serum, plasma, or
urine samples for distinct protein and metabolite signatures or
autoantibody responses both in pediatric as well as adult rheumatology (Table 1). One prominent focus in investigating
chronic arthritis in adults using affinity proteomics is on the
understanding of cyto- and chemokine patterns that are specifically associated with clinical disease onset [26–28] or certain serological subtypes [26, 29, 30•]. Further, multiplexed
assay platforms have been employed to study autoantibody
specificities and epitope spreading [29, 31–33]. Finally, both
autoantibody as well as cyto- and chemokine signatures have
been assessed to better distinguish between diseases with similar clinical phenotypes [30, 34, 35]. Similarly, different mass
spectrometry approaches have been used to identify disease
specific signatures [36–40] or patterns associated with response to therapy [41, 42].
Affinity proteomic approaches in pediatric rheumatology
appear targeted at characterizing cyto- and chemokine patterns
to acquire better understanding of potential pathological pathways [43, 44, 45••] and predict disease-related complications
[45••, 46]. To date, we could identify only two studies
performing mass spectrometry to identify proteomic signatures in context with chronic arthritis in children [47, 48••].
Overall, proteomic studies published in context with chronic arthritis in children or adults reveal a pronounced imbalance
between discovery and validation (Table 1); compared to reported discovery of new markers and signatures that are meant
to predict [26–29, 30, 31–33, 41, 42, 45••, 46], follow-up
[43••, 44, 45••, 47], or discriminate disease [30, 34–40]; there
are very few studies that actually validate findings [36,
48••–50].
This is particularly relevant as the complexity and amount
of variables in affinity proteomic assays requires extensive
validation. Assay result confounding variables are:
i)

ii)
iii)

Arthritis patients’ biological therapies can have profound, eventually unexpected effects on respective cytokine levels. In these lines, the IL-6 receptor antagonizing antibody tocilizumab has been shown to strongly
increase circulating IL-6 levels [51], which requires
very careful interpretation of previously set assay
thresholds and clinical outcome prediction in
tocilizumab-treated patients [48••].
The type of clinical sample, quality, and storage can all
significantly influence study outcome [52].
Finally, as already mentioned above, the quality and
sensitivity of detection ligands (antibodies, peptides,
etc.) is an absolutely critical issue in affinity proteomics. For commercial multiplexed immune assays, it
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Proteomic approaches to identify biomarker panels for assessment of chronic arthritis in children and adults

Disease Platform

Main results, identified/validated analytes

RA

ELISA
Bead array assay
(Luminex)

Multi-biomarker disease activity (MBDA) test:
D (27, 28) + V(48••, 49,
Prediction of TJC28 and SJC28: YKL40, IL-6, Leptin, TNF-RI, VEGF-A, EGF, VCAM-1,
58, 59••, 73, 74)
SAA, and CRP to predict TJC28 and SJC28

Antibody array
(Meso Scale)
Antibody array
(Vectra DA)
ELISA
Bead array assay
(Luminex)

Prediction of PG: IL-6, Leptin, TNF-RI, VEGF-A, EGF, VCAM-1, SAA, CRP, MMP-1,
MMP-3, and Resistin

RA

Time-dependent expansion of ACPA specificity with the number of ACPA subtypes
Autoantibodies very early target several innate immune ligands

Discovery (D) and/or
validation (V)

D (29)

RA

Bead array assay
(Luminex)

Expansion of ACPA response predicted elevation of serum TNFα, IL-6, IL-12p70, and IFNγ
Elevated before disease onset: IL-1, IL-2, IL-6, IL-1Ra, TNFα, IFNγ, IL-12, IL-4, eotaxin, D (26)
IL-10, IL-7, GM-CSF, G-CSF,MCP1, and MIP1a
Levels particularly increased in ACPA-positive patients

RA

Peptide array

IL-17 higher before than after disease onset
Anti-citrullinated peptide response is initially restricted but expands with time
D (31, 32•)
Antibodies against citrullinated enolase, fibrinogen, and filaggrin increasing prior to clinical
onset

RA

Antibody arrays,
Bead array assay
(Luminex)

RA

Bead array assay
(Luminex)
Antibody/Peptide
arrays,
Bead array assay
(Luminex),
Turbidimetric
assays
Antibody array

RA
PsA
AK

RA
PsA

RA
ELISA
RA-ILD Bead array assay
(Luminex)
RA
Mass spec

RA

RA
PsA

RA

ELISA
Mass spec

Mass spec
Bead array assay
(Luminex)
SOMAscan
Mass spec

RA
OA

Mass spec

RA

Mass spec

RA

Mass spec

ACPA fine specificities vary with ethnicity
Multiplexed cytokine detection was significantly confounded by RF or other heterophilic
antibodies
Removing or blocking RF suppressed this erroneous signal amplification

V (50)

Pathogenic antibodies recognize a shared collagen type II and XI epitope in mice and RA
D (33)
patients
RA, PsA and AK are distinguishable based on distinct cytokine and autoantibody profiles
D (30)
RF- and CCP-positive RA generate distinct cytokine and autoantibody profiles
A 5-plex assay based on peptides derived from histone 2B/e, vimentin, fibrinogen, COMP as
well as RF-IgA was sufficient for diagnosis of RA

PsA patients revealed lower serum levels of proinflammatory and angiogenic cytokines than D (34)
RA patients in remission
RA patients in remission had similar levels to those of active RA patients
Patients with active synovitis had significantly higher levels of IL-6, IL-20, PIGF, and SDF1
MMP-7 and IP-10 (CXCL10) were identified as potential biomarkers to distinguish RA-ILD D + V (35)
from RA
12 proteins were significantly increased in RA patients with proinflammatory high-density D + V (36)
lipoprotein (HDL) vs RA patients with antiinflammatory HDL
4 of these proteins were validated in a second RA cohort
A calculated score from concentrations of aspartic acid, threonine and tryptophan and
D (37)
subtracted by concentrations of histidine and phenylalanine offered strongest correlation
with pain joint count, swollen joint count and DAS28
Combined serum data from these techniques gave reproducible quantification of 1501 serum D (72)
proteins.
42 (LC-MS/MS), 3 (Luminex xMAP), and 127 (SOMAscan) proteins were found to be
differentially expressed between PsA and RA
Apolipoprotein A-II, Haptoglobin-α1 and -α2 and vitamin D-binding protein were identified
to be expressed at significantly higher levels (P < 0.05) in etanercept responder sera
A diagnostic algorithm combining plasma/serum citrullinated protein (CP), anti-cyclic CP
antibody, and hydroxyproline gave specific and sensitive detection and discrimination of
early OA from early RA, other non-RA inflammatory joint diseases and healthy controls
Algorithm-based evaluation of five identified candidate biomarkers provides a powerful and
reliable diagnostic method for RA with high 86.7% sensitivity and 90.0% specificity
Six plasma biomarkers are characterized, enabling the detection of patient response to
infliximab with sensitivity and specificity to over 97% when combined

D (41)
D (38)

D (39)
D (42)
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Table 1 (continued)
Disease Platform

Main results, identified/validated analytes

PsA
Ps

Mass spec
ELISA

JIA

Bead array assay
(Luminex)

15 biomarkers candidates were identified
D (40)
4 individual parameters and 11 combinations significantly discriminated between patient and
control groups
TNFα, MIF, CCL2, CCL3, CCL11, CCL22 and CXCL9 are elevated in JIA compared to
D (43)
controls
IL-6, IL-15, CCL2, CCL3, CXCL8, CXCL9 and CXCL10 are higher in synovial fluid vs
paired serum

sJIA

Bead array assay
(Luminex)

IFNγ, CXCL-9, CXCL-10, and CXCL-11 are significantly elevated during MAS
IFNγ, CXCL-9 correlate with ferritin, alanine transferase levels, neutrophil and platelet
counts during MAS

D (45)

sJIA

Bead array assay
(Luminex)
Mass spec
Antibody array

S100A12, IL-6, IL-18, and IL-17 are significantly elevated during active disease

D (44)

Identification of a urine peptide signature discriminating sJIA disease states
Identification of an sJIA plasma flare signature consisting of TIMP1, IL-18, RANTES,
P-Selectin, MMP9, and L-Selectin
Distinctive synovial proteome expression patterns segregate patient subgroups

D (46)

sJIA

JIA

Mass spec

frequently remains unclear which specific capture and
detection antibody pairs are in use. This can significantly impact assay reproducibility between different suppliers. While assays results for a given set of samples
may still partly correlate [53], absolute measured
values may differ dramatically which makes it extremely difficult to introduce universal cut-offs or critical
thresholds for example to predict clinical disease onset.
Sophisticated buffer recipes have been introduced to
minimize matrix effects and undesired capture/
detection ligand cross-reactivities within samples.
Still, in diseases with high antibody titers such as rheumatoid arthritis (RA), multiplexed cytokine detection
has been shown to be significantly confounded by
rheumatoid factor (RF) or other heterophilic antibodies
[49, 54].
Currently, in adult rheumatology, the Vectra DA disease
activity test is the only multi-analyte platform that has been
extensively evaluated in multiple studies for clinical use.
From a set of 396 candidate biomarkers, a panel of 12
analytes (Table 1) was selected [27, 28]. Based on quantification of these markers by planar antibody array, a multibiomarker disease activity (MBDA) score is calculated,
which proved to correlate significantly with the 28-joint
count disease activity score including erythrocyte sedimentation rate (DAS28-ESR) [55] or C-reactive protein
(DAS28-CRP) [56] and served as independent predictor
of disease activity [56] or radiographic progression in early
RA patients [57]. MBDA improved the prediction of relapses in patients with RA in stable remission undergoing
DMARD tapering. If combined with testing for anti-

Discovery (D) and/or
validation (V)

D (47)

citrullinated protein antibodies (ACPAs), the MBDA score
further allowed prediction of relapse in more than 80% of
the patients [58]. Prediction of response to second-line therapy after methotrexate failure or to different TNFαblocking drugs yielded less definite results [59••, 60].
For assessment of arthritis activity or prediction of disease
progression in children, there are currently no comparable
multi-parametric tools or validated biomarkers derived from
unbiased proteomic approaches. However, independently of
this and extensively reviewed elsewhere [61, 62], the
phagocyte-specific S100 proteins S100A8/A9 and S100A12
proved as reliable markers of disease activity and for monitoring response to therapy in juvenile idiopathic arthritis (JIA)
[63–67].
Meanwhile, local overexpression of these markers in inflamed joints has also been evaluated using mass spectrometry
and suggested to distinguish RA from miscellaneous inflammatory arthritis [68]. Similarly, serum interleukin (IL) 18 has
been shown distinguish sJIA from other febrile diseases [69]
and to predicting the development of macrophage activation
syndrome in systemic juvenile idiopathic arthritis [70].
Elevated IL-18 in systemic juvenile idiopathic arthritis
(sJIA) compared to oligo- and polyarticular disease as well
as S100A12 has also been identified as part of bead array
immune assays [43••, 44] and is currently evaluated as part
of a multi-marker panel for improved sJIA diagnosis (full
paper in preparation [71]).
Finally, from all already referenced studies, one stood out
in that it was dedicated to compare the use of two different
affinity proteomics platforms (Luminex, SOMAscan) and
mass spectrometry to identify candidate biomarkers that have
the potential to distinguish between patients with psoriatic
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arthritis (PsA) or rheumatoid arthritis (RA) and explore the
value of combining different protein discovery platforms for
the development of a multiplexed protein biomarker panel.
The study identified 324 proteins differentiating PsA and
RA using label-free LC-MS, while Luminex targeted 48 proteins and SOMAscan supported the measurement of 1129
markers. By combining the data from these techniques, it
was possible to reproducibly quantify a total of 1501 proteins.
Importantly, while there was some overlap in the proteins
measured by the three platforms, there was no overlap in the
proteins that were shown to be differentially expressed proteins between PsA and RA by all three platforms. This demonstrates how challenging it may be to conclude from an unbiased broad screen performed with one technology to a
targeted applicable assay in a finally user-friendly format for
clinical application [72••].

Conclusion
In addition to the challenges, physicians are facing with the
requirement to establish an early diagnosis of rheumatic diseases, there is an unmet need to stratify patients with chronic
arthritis according to the nature of their disease with regard to
disease extension and prognosis. It is a key task to identify
patients who will develop complications such as the extension
of the disease, which is a hallmark of patients who suffer from
the progression of chronic inflammation. In addition, with
rapidly improving therapeutic options, there is a strong need
to monitor the effectiveness of treatment and, ideally, to find
the right medication for the individual patient. Precision medicine and personalized or at least stratified therapeutic interventions are only achievable if molecular markers help identifying disease processes. Protein biomarkers have the potential to provide an objective measure of arthritic processes and
the responses to a pharmacological intervention. They serve
an objective molecular indicator or surrogate of pathological
processes that possess diagnostic, prognostic, or predictive
utility. Hence, they provide an added value to clinical markers
that rely on physical variables or symptoms such as joint
count, pain assessment, or radiological findings.
The development of new biomarkers for commercialization relies on robust data on the pathophysiological role of
potential marker targets in the processes of chronic inflammation. In other words, it is meaningful to focus efforts of biomarker development on those factors that clearly have a molecular role in the initiation, progression, or modulation of the
disease processes in arthritis. A number of potential biomarkers have been reported, but few, if any, have been
adopted in routine practice. The Vectra DA test is an example
of a multiplexed biomarker test that has made it into the clinical routine in the care of patients with RA [73, 74]. Especially
in juvenile arthritis patients, single markers such as IL-18 or
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S100/DAMP-proteins proofed useful, e.g., for identifying patients with systemic arthritis or for monitoring subclinical disease activity. There is, however, no dispute that improved
multi-parametric tools are urgently required for both objective
diagnosis and optimal management.
Despite the advances in technologies, well-designed studies focusing on protein biomarkers for chronic arthritis are still
key for the translation of improved knowledge into applicable
tools. Recent advances summarized in this review are encouraging. However, with the exception of a few examples, the list
of truly valuable tools in clinical routine is disappointingly
small. Thus, there remains an unmet need for future scientific
efforts, and the importance of protein biomarker research
needs to be emphasized. With regard to the increased interest
in treat-to-target therapeutic strategies, it is rather surprising
that biomarker research is still underused. Future controlled
trials and cohort studies should include strategic plans for
proteomic analyses aiming at the discovery and validation of
improved biomarkers that would allow precision medicine.
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