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Rheumatoid arthritis (RA) is a chronic systemic inflammatory disease targeting the joints.

Current treatment strategies are based on clinical, biological and radiological features,

yet still fail to reach the goal of early low disease activity in a significant number of cases.

Hence, there is a need for refining current treatment algorithms, using accurate markers

of response to therapy. Because RA induces histological and molecular alterations in the

synovium even before apparition of clinical symptoms, synovial biopsies are a promising

tool in the search of such new biomarkers. Histological and molecular characteristics

of RA synovitis are heterogeneous. Variations in synovial lining layer hyperplasia, in

cellular infiltration of the sublining by immune cells of myeloid and lymphoid lineages,

and in molecular triggers of these features are currently categorized using well-defined

pathotypes: myeloid, lymphoid, fibroid and pauci-immune. Here, we first bring the

plasticity of RA synovitis under scrutiny, i.e., how variations in synovial characteristics

are associated with relevant clinical features (disease duration, disease activity, effects

of therapies, disease severity). Primary response to a specific drug could be, at least

theoretically, related to the representation of the molecular pathway targeted by the drug

in the synovium. Alternatively, absence of primary response to a specific agent could

be due to disease severity, i.e., overrepresentation of all synovial molecular pathways

driving disease activity overwhelming the capacity of any drug to block them. Using

this theoretical frame, we will highlight how the findings of previous studies trying to link

response to therapy with synovial changes provide promising perspectives on bridging

the gap to personalized medicine in RA.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory disease affecting mostly joints. RA diagnosis
using the ACR/EULAR 2010 criteria relies on clinical and biological criteria (1, 2), resulting in
early diagnosis and differentiation from other conditions. Yet, making a diagnosis of RA is not
informative about the strong clinical heterogeneity that prevails regarding many aspects of the
disease such as disease severity, development of erosions, functional impact, and last but not
least, response to therapy. Several features at diagnosis are classically associated with more severe
disease: elevated serum CRP, presence of anti-citrullinated peptides antibodies, x-ray erosions at
baseline (3). Yet, these features perform poorly at the individual level and do not allow any accurate
prediction regarding outcomes and response to treatment.
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Treatment strategies in RA changed dramatically over the last
decades. First, the development of biological or targeted synthetic
Disease Modifying Anti-Rheumatic Drugs (b or tsDMARDS)
provided physicians with new powerful targeted drugs. Second,
the growing body of evidence underlining the importance of early
disease control led to the current consensus on treat-to-target
therapy. Yet, the current recommendations are built on a trial and
error approach despite the inclusion of clinical, biological and
radiological prognostic factors (4). Therefore, failure to achieve
early low disease activity is not uncommon using the current
treatment strategies (5, 6).

There is a strong rationale in refining treatment strategies
in RA in order to tackle the heterogeneity in treatment
responses and reach the goal of early disease control in a
majority of patients. In a single patient perspective, the question
is simple: what drug from our large arsenal should this
particular patient receive to reach early disease control? Within
a broader perspective, can rheumatology enter a new era of
precision medicine?

Besides the clinical benefit urging us to choose the drug with
the highest probability of resulting in low disease activity or
remission, some other factors make this choice critical. First,
preventing patient from exposition to inefficient, yet potentially
toxic, medication is a must. In addition, one cannot overlook the
economic considerations raised by these new drugs.

Analysis of synovial tissue in RA seems a promising approach
to search for markers of disease severity and response to
therapy. However, as opposed to other medical specialists,
rheumatologists did not systematically harvest synovial biopsies
in clinical practice, and their use long remained limited to
research areas, despite the development of safe, non-invasive
procedures (7–10).

As a consequence, the biology of RA synovitis did not unveil
all its secrets, to say the least. In fact, out of the evidence available
until now, it appears that heterogeneity is probably the most
appropriate attribute to characterize RA synovitis, both from a
histological and from a molecular point of view. Although the
observation of such heterogeneous patterns holds promises in the
search for correlations with heterogeneous clinical outcomes, our
understanding of the in- or extrinsic factors driving the observed
variations in synovial features is still limited, partly because most
studies were performed on retrospective material, collected in
small numbers of patients, resulting in significantmethodological
issues regarding patients’ stratification. Despite these limitations,
several intelligible patterns have emerged, which we will describe
in the paragraphs below, with a particular focus on the use of gene
expression profiling in RA synovitis in order to predict response
to therapy.

SYNOVIAL PATHOTYPES IN RA

RA is characterized by distinct changes in synovial architecture:
proliferation of lining cells (macrophage and fibroblasts),
proliferation of blood vessels in the sub-lining and infiltration
by mononuclear cells (macrophages, T and B lymphocytes)
(11). These changes are not specific to RA, but are also found

in other rheumatic conditions, albeit with different amplitudes
[e.g., higher grades of synovial hyperplasia or mononuclear
cell infiltration in RA (12), increased hypervascularity in
spondyloarthropathies (13, 14)]. Conversely, histological
markers of synovitis vary significantly within the same condition.
Ulfgren et al. reported back in 2000 that the degree of immune
cell infiltration in RA synovitis can range from highly infiltrated
to a low inflammatory pattern (15).

In 2014, Dennis et al. (16) introduced the concept of synovial
pathotypes in RA according to the cellular and molecular
composition of the synovium, and proposed a subdivision in
4 categories: lymphoid, myeloid, fibroid and pauci-immune.
Thus, hierarchical clustering of microarray gene expression data
led to the identification of these 4 subgroups of RA synovitis
in a cohort of 49 patients based on gene expression profiles,
and this corresponded to immunohistochemical evidence of T
and B cell enrichment in the lymphoid subgroup, proportional
enrichment of macrophages in the myeloid subgroup and a
relative higher proportion of fibroblasts in the fibroid subgroup.
Of interest was the increase in synovial myeloid scores (i.e.,
a quantitated evaluation of the overall expression of myeloid-
associated transcripts in the synovium) in good-responders to
TNF blockade, while lymphoid scores were equally distributed in
non-, moderate-, or good-responders to these drugs.

Of note, the samples used in this study were obtained from
RA patients with established disease undergoing arthroplasty
or synoviectomy, treated with conventional synthetic or
bDMARDs, and we will see below how these factors impact
synovial features in RA. However, the concept that intrinsically
distinct pathotypes underpin the organization of RA synovitis is
a potential breakthrough, and deserves further discussion (17).

Identification of a lymphoid pattern characterized by a strong
synovial enrichment in T and B cells is reminiscent of previous
work related to the presence of lymphoid aggregates in RA
synovitis. Ectopic lymphoid neogenesis occurs in 25% of RA
synovial samples, and results in some cases in the formation
of follicular dendritic cell-positive germinal centers (18–20).
In previous studies, the presence of lymphoid aggregates was
associated with disease severity, i.e., the risk of developing
x-ray erosions (21). However, these results were not confirmed
in later studies, performed on larger numbers of patients, in
which no association was found between synovial lymphoid
aggregates and clinical outcomes such as the development of
erosions or increased disease activity (19, 22). In addition, these
studies showed that lymphoid aggregates are also present in the
synovium of other inflammatory diseases and correlated with the
degree of overall synovial infiltration by inflammatory cells.

Positive correlations between the presence of synovial
lymphoid cells and overall synovial inflammation suggest that
synovial lymphoid and myeloid scores might be inter-dependent,
rather than mutually exclusive. Using the scores developed by
Dennis et al. (16), we mined high-throughput transcriptomic
data generated in two series of 20 RA biopsies, and found
a strong correlation between both scores, with very few
outliers displaying a preferential myeloid or lymphoid signature
(Figure 1), indicating that activated myeloid and lymphoid cells
in RA synovitis are part of a coordinated inflammatory response.
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FIGURE 1 | Correlations between myeloid and lymphoid scores in RA

synovitis. Lymphoid and myeloid gene scores were calculated in 2 sets of 20

biopsies from patients with active RA, based on gene lists used by Dennis

et al. (16), downloaded from https://arthritisresearch.biomedcentral.com/

articles/10.1186/ar4555#MOESM3. Gene scores are the median values of the

log2- transformed fold changes of each transcript belonging to the score

compared to a reference group of 4 OA samples. Data set 1: synovial samples

from RA patients with early disease, published in Ducreux et al. (23). Data Set

2: unpublished set of synovial samples, from RA patients with established

disease. The characteristics of the patients in both data sets are displayed in

Supplementary Table 1. Spearman correlation coefficient r = 0.7801.

Yet, it remains plausible that differential activation of specific
lymphoid cell subsets in RA synovitis is associated with relevant
clinical outcomes. In this perspective, it should be stressed that
transcriptomic studies performed on whole synovial biopsies
might easily miss signals generated by rare cell populations,
and do not always allow to differentiate between differential
cell activation vs. representation across samples (24). The
results of single synovial cells RNA sequencing studies (25)
will obviously increase our ability to understand associations
between specific synovial cell subsets and clinical phenotypes.
For example, previous descriptive and functional approaches
suggested an association between synovial B cell enrichment
and early development of erosions in RA (26). Synovial B
cells undergo affinity maturation and clonal selection in ectopic
lymphoid structures (27, 28), especially in early disease. They
locally produce ACPA (29) that have the known ability to activate
osteoclasts (30). In addition, synovial B cells activate T cells
(31), display an antigen-presenting cell phenotype (32), directly
activate osteoclasts through production of RANKL (33), and are
involved in the production of various cytokines (34).

Regarding high and low inflammatory synovitis, it is unclear
how both patterns relate to each other. Two main hypotheses
are currently proposed to explain this variability. First,
intensity of synovial inflammation and disease activity could
be linked. Second, high and low inflammatory synovitis could
represent distinct entities driven by different physiopathological
mechanisms. To address this issue, one main question arises: do
high and low inflammatory synovitis differ in terms of clinical
phenotype (disease activity) or biological mechanisms? In a

recent study (35), Orr et al. used a semi-quantitative score of
inflammation to evaluate synovial biopsies obtained from 189
RA patients. They showed a significant, albeit weak, correlation
(r = 0.23) between inflammatory scores and DAS28-CRP. The
correlation with serum CRP was significant as well, and stronger
(r = 0.43), suggesting that synovial tissue infiltration by immune
cells could be related to global disease activity.

By contrast, in a study performed on 39 synovial samples
from patients with longstanding RA (36), global RNA sequencing
results divided patients in 3 subgroups according to their
gene expression profiles: high, medium and low inflammatory
subtypes. Deconvolution algorithms indicated that the 3 subtypes
displayed small but significant variation in terms of inferred
immune cell subsets. Of note, the 3 subtypes differed in markers
of systemic inflammation (CRP, ESR) but not clinical markers
(swollen joint count, tender joint count) and treatment, and it is
therefore unclear whether the level of synovial inflammation was
or not an independent variable in this group of samples.

Finally, in another study (37), Kasperkovitz et al. studied
gene expression profiles in both whole synovial biopsies and
cultured fibroblast-like synovial cells (FLS) from 10 RA patients.
Intriguingly, they found that cultured FLS from high and low
inflammatory synovitis kept distinct gene expression profiles
in vitro, thereby suggesting that the differences between these
conditions could be driven internally by a stable phenotypical
trait in non-autoimmune synovial cells.

Additional work is needed in order to assess whether synovial
pathotypes, in particular low- vs. high-inflammatory synovitis,
are associated with different underlying pathogenic mechanisms,
hence require differential diagnostic and therapeutic approaches.
From the evidence accumulated thus far, synovial phenotypes
display a high level of plasticity. As expected, extrinsic factors,
in particular disease activity, display a significant influence on
synovial phenotype, and this is further illustrated in the following
paragraphs describing variations in synovial gene expression
profiles in different clinical situations. Yet, evidence suggests
that a pauci-immune, by opposition to a high-inflammatory,
pathotype is found in RA synovial biopsies as an intrinsic
presentation of the disease, independently of disease activity.
How this observation translates in clinically relevant decisions
further needs to be evaluated.

FACTORS CONTRIBUTING TO SYNOVIAL
HETEROGENEITY IN RA

Diagnosis and Stage
Not surprisingly, gene expression profiles in the synovium
are dependent on the underlying disorder. Thus, Nzeusseu
Toukap et al. compared gene expression patterns in synovial
biopsies from patients with systemic lupus erythematosus
(SLE), RA, osteoarthritis (OA), psoriatic arthritis and gout
(12). SLE biopsies were characterized by the spontaneous
overexpression of interferon-induced genes. RA biopsies had
a typical lymphoid signature (overexpression of T- and B
cell activation-associated transcripts) and OA samples were
characterized by the overexpression of transcripts associated with
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extracellular matrix turnover. Because it is a hallmark of synovial
inflammation, a dominant myeloid signature was not found in
any of these conditions, thereby also demonstrating how the
choice of the comparator impacts the results of ex vivo studies.

Patients with longstanding RA display joint modifications
associated with secondary or primaryOA, which probably impact
the results of synovial gene expression profiling experiments,
although the evidence is scarce, and not always concordant.
Thus, comparison of 10 patients with end-stage destructive
disease undergoing joint replacement to 13 RA patients also with
established disease, but active synovitis showed higher numbers
of macrophages in the lining and sublining of patients with
active synovitis, whereas differences in B and T cells were not
significant (38). By contrast, Baeten et al. did not evidence any
difference in histological features and immune cell proportions
between early and longstanding RA synovial samples (13). Using
10,000 probes cDNA microarrays, Lequerré et al. compared
gene expression profiles between 4 early and 4 longstanding
RA synovial samples (39). Early RA synovitis was enriched
in transcripts involved in the following processes: immunity
and host defenses, stress responses, T cell-mediated immunity,
and tumor suppressor and major histocompatibility complex
(MHC) class II-mediated immunity whereas longstanding RA
was enriched in cell cycle, cell surface receptor-mediated
signal transduction, cell cycle control, ligand-mediated signaling,
apoptosis inhibition, and granulocyte-mediated immunity. By
contrast, Tsubaki et al., using 23,040-probes cDNA microarrays,
studied synovial biopsies from early (n = 12) vs. longstanding
(n = 4) RA undergoing arthroplasty, and did not evidence
significant transcriptomic and histological differences between
both groups (40). Overall, these results are compatible with
the presence of a lower inflammatory load in longstanding
RA synovitis. However, they also demonstrate how complex
the interpretation of synovial biopsy studies might be when
performed on low numbers of samples or retrospective material,
in which interfering variables such as disease activity, ACPA
status, or therapies potentially play a confounding role.

Whether patients with undifferentiated arthritis (UA)
display RA-like synovial gene expression patterns before they
progress to full-blown RA is also a question requiring large
prospective studies to be addressed properly. Using a set of 100
transcripts, based on their ability to discriminate RA from other
inflammatory disorders in synovial tissue, we found that an
accurate diagnosis of RA could be predicted in UA patients only
when a combination of synovial transcriptomic and clinical data
were combined, in line with the hypothesis that synovial samples
rather display an undifferentiated synovial gene expression
pattern when they originate from UA patients (41).

ACPA Status
van Oosterhout et al. compared synovial histological and
immunohistological features in 34 ACPA+ vs. 23 ACPA– RA
patients with established disease (average disease duration: 9.2
years). Expression of CD3 and CD8 was significantly higher
in ACPA+ compared to ACPA– patients, while there was
no difference in expression of CD4, CD19, or CD68. Semi-
quantitative evaluation of synovial lining layer thickness and

synovial fibrosis were higher in ACPA– patients (42). Similarly,
Orr et al. compared synovial biopsies from 78 ACPA+ vs. 45
ACPA– patients, and found increased expression of CD3, CD8,
and CD19 and more B cell aggregates in ACPA+ compared
to ACPA patients (but not CD4 nor CD68) (26). In both
cases however, disease activity scores were significantly higher
in ACPA+ patients, which introduced a potential bias in the
analyses, underscoring again the need for extensive patients’
stratification in synovial biopsy studies.

Clinical Disease Activity
We discussed previously the link between disease activity
and histological signs of inflammation in synovial tissue. Not
surprisingly, variations in disease activity also translate in
variations in transcriptomic signatures observed in synovial
biopsies from RA patients. van Baarsen et al. studied 17
RA synovial biopsy samples (43). Unsupervised hierarchical
clustering divided them in 2 groups characterized by high vs.
low inflammatory molecular signatures. The high inflammatory
group was enriched in transcripts involved in the following
biological processes: T-cell mediated immunity, cytokine-
and chemokine-mediated signaling pathway and B-cell-
and antibody-mediated immunity. Conversely, the low
inflammatory group overexpressed genes associated with
developmental processes, ectoderm development, and signal
transduction. Disease activity (DAS28, TJC, ESR, CRP)
was higher and disease duration was shorter in the high
inflammatory group.

We looked at the link between synovial transcriptomic profiles
and disease activity (DAS28CRP, CDAI, SDAI) in a series of
65 RA synovial biopsies (44) and found a strong correlation
between all 3 measures and transcripts associated with an
overwhelming lymphoid, but also, to a lesser extent, myeloid
(TNFα-dependent) signature. Of note, the samples used in this
study were obtained from untreated patients, but also from
patients treated with methotrexate, tocilizumab and rituximab,
drugs that preferentially down-regulate lymphoid transcripts in
RA synovitis (see below). Because these drugs also decrease
disease activity, correlations between disease activity and gene
expression patterns using such samples necessarily increase
the weight of lymphoid transcripts. Restricting the analyses to
the 21 samples obtained from untreated patients restored the
balance between lymphoid- and myeloid-associated transcripts
in the correlation study with disease activity. These results
point to an important link between clinical disease activity
and synovial molecular signatures, thereby opening stimulating
questions about the mechanisms driving disease activity in RA.
Clinical disease activity measures the global burden of disease,
and is based on the integration of systemic variables: number
of tender/swollen joints, acute phase reactants and patient’s,
sometimes physician’s, assessment of global disease activity. The
meaning of the link between such global measures and gene
expression profiles in a single joint remains to be elucidated.
Is synovial gene expression the reflection of a disseminated
systemic inflammation or is systemic disease activity driven by
locally-initiated inflammatory processes? Finally, these results
also demonstrate how clinical parameters (in this case therapies)
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affect the results of synovial gene expression studies, hence need
to be tightly controlled.

Effect of Therapies
RA drugs display significant effects on synovial cell populations
and transcriptomic profiles, as evidenced by several longitudinal
studies in which synovial biopsies were collected prospectively
before and after administration of therapy. These results
were determining in the identification of synovial molecular
pathways correlating with response to therapy, and contributed
to a better understanding of the mechanisms driving synovial
inflammation. They also opened new perspectives in terms of
personalized medicine and prediction of response to therapy, as
discussed below.

Immunohistochemistry studies showed differences in cell
populations before and after administration of effective drugs.
As expected, proportions of all infiltrating inflammatory cells
decreased in response to therapy, although the amplitude of
the changes observed in specific cell populations were different
according to the modes of action of the drugs. Thus, 3 months
after initiation of tocilizumab (an anti-IL6R antibody) therapy in
early RA patients (23), a relatively stronger decrease in infiltrating
CD3 positive T cells was observed compared to other cell types,
in line with the known T cell growth factor properties of IL6.
By contrast, adalimumab (a TNFα-blocking antibody) displayed
relatively stronger effects on proportions of CD68 positive cells
compared to other synovial cell populations, 3 months after
administration of the drug to methotrexate-resistant RA patients
(45). We also investigated the effects of rituximab (anti-CD20
antibody) therapy on synovial cell populations before and 3
months after therapy (46). We found that B cells were depleted in
the majority (18/20) of the samples, but the drug also displayed
a significant effect on IL17 producing T cells (47), thereby
supporting the hypothesis that B cells also play a role as antigen-
presenting cells in RA synovitis. Differential responses of synovial
cell populations to rituximab vs. TNF-blocking agents is also
apparent from observations reported by other groups (48–51).

Interestingly, Bresnihan et al. (52, 53) found a correlation
between the overall effects of several drugs (prednisolone,
methotrexate, gold salts, leflunomide, infliximab, and rituximab)
on disease activity in groups of patients and the decrease in CD68
positive macrophages in the sublining: the stronger the overall
decrease in disease activity, the stronger the decrease in sublining
CD68 positive cells in response to a given drug. It is not clear
whether the association holds at the individual level, but these
observations are of interest from a pathogenic point of view,
as they support the role of synovial macrophages as a common
mediator of disease activity in RA.

In several studies, the global molecular effects of therapies in
RA synovitis were also investigated. Most of these studies were
performed on low numbers of patients, yet delivered interesting
clues on the modes of actions of these drugs. Lindberg et al. (54)
performed transcriptomic studies on synovial biopsies from 10
RA patients before and 9 weeks after administration of infliximab
therapy. A positive TNFα stain was detected at baseline in 4 of
them, in whom the infliximab-induced molecular changes were
the most striking, i.e., differential expression of 1,058 transcripts

involved in immune responses, cell communication, signal
transduction and chemotaxis. Similar patterns of differential
gene expression were found in the subgroup of patients who
were good-responders.

Our group carried out gene expression profiling of synovial
biopsies from 12 patients before and 3 months after adalimumab
therapy (45). In good responders (n = 6), adalimumab induced
the down-regulation of 632 transcripts that were mainly
involved in regulation of inflammatory responses (production of
chemokines and cytokines) and cell division.

Both studies showed a good overlap of the biological themes
affected by TNF inhibitors in RA synovitis. By contrast, we
observed very different results when the molecular effects of
other drugs were evaluated. Thus, we performed pathway
analyses of differentially expressed genes in the synovium
of TNF inhibitor-resistant patients prior to and 3 months
administration of rituximab therapy (46) (n = 12 patients).
In these samples, rituximab induced the downregulation of
transcripts involved in immune responses, chemotaxis, T cell
activation and immunoglobulins. In addition, rituximab led to
upregulation of genes involved in wound healing. A similar
study (23) was performed on synovial biopsies obtained from 12
early RA patients before and 3 months after administration of
tocilizumab therapy. Pathway analyses of differentially expressed
indicated a downregulation of transcripts involved in T cell
activation and chemokines and an induction of transcripts
involved in healing processes. A very similar pattern of molecular
changes was observed in the synovium of early RA patients in
response to methotrexate therapy, although the amplitude of the
effects was lower.

When comparing the transcriptomic effects of the drugs
reported in the previous paragraphs, we found a striking overlap
between the effects of tocilizumab, rituximab and methotrexate
(23). A transcript down- or upregulated by one of these drugs
had a high probability to be similarly up- or downregulated
by another drug. By contrast, there was no common ground
between the molecular effects of adalimumab and the three other
drugs. These observations lend further support to the concept
that molecular pathways in RA synovitis are built along two
axes: a lymphoid axis (T cell activation, chemokines) targeted
by drugs such as tocilizumab, rituximab or methotrexate, and
a myeloid axis (inflammation, cell division) targeted by TNF
blocking agents.

It is important to keep in mind that changes in transcriptomic
profiles in RA synovitis in these studies are influenced by
changes in cell populations before and after administration of
the drug. The results of single cell RNA sequencing studies will
make it easier to understand how specific drugs interfere with
dysregulated cellular pathways in the disease. This is for example
the case regarding the induction of transcripts involved in wound
healing pathways in response to several drugs (23, 46), an effect
in which increased representation of resident cells (following a
decrease in the presence of inflammatory cells) could play a role.
Nevertheless, such description of the global effects of these drugs
in the synovium provided clinicians and researchers with unique
tools, leading to new research hypotheses on e.g., potential drug
interactions in the treatment of RA (drugs that do not share the
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same molecular effects might have additive or synergistic effects)
and response to therapy.

Gene Expression Profiling in RA Synovitis
and Prediction of Response to Therapy
Response to therapy in RA follows a prototypical pattern,
common to all drugs used in the disease: 30–40% good response,
30–40% moderate response, and 30–40% poor response (6).
Response to therapy is usually assessed after 3 months (55)
(although some drugs, such as methotrexate, may still improve
their therapeutic effect after a longer period of time). However,
in the context of a treat-to-target strategy aiming at achieving
early remission, clinical care of RA patients would be improved
if response to therapy could be predicted prior to initiation of
therapy, using accurate markers.

Response to therapy as such is a complex phenotype. Whether
ACR or EULAR response criteria (56, 57) are used, response to
therapy is a composite score that integrates changes in objective
(acute phase reactants, swollen and tender joint counts) and
more subjective (patient’s or physician’s global assessment of
disease activity) variables that do not necessarily overlap. For
example, searching for clinical measures correlating with the
expression of TNFα-induced transcripts in RA synovitis (44), we
found a very poor correlation with patient’s global assessment
of disease activity, while the best correlation was found with
physician’s global assessment, indicating that both variables do
not reflect similar features. It is therefore important to keep in
mind that response to therapy is not a homogeneous variable,
which strongly affects the ability to predict it accurately.

Theoretically, absence of adequate clinical response to a
specific drug could be due to synovial underrepresentation
of the pathway targeted by the drug. Alternatively, disease
severity could drive poor response to therapy, through synovial
overexpression of several (if not all) molecular pathways driving
disease activity in the synovium, overwhelming the capacity of
the drug to inhibit any of them (a situation that could characterize
patients failing one drug after the other). Finally, secondary loss
of response to therapy due to the development of anti-drug
antibodies (58, 59) is a situation very different from primary lack
of response, which is discussed in the following paragraphs.

Several studies were performed in order to find associations
between synovial molecular patterns at baseline and response to
several drugs, in particular TNF-blocking agents (Table 1). In
2008, Van der Pouw Kraan et al. (61) compared baseline synovial
gene expression profiles in 12 responders (defined based on a
DAS28 reduction>or = 1.2 at 4 months) vs. 6 non-responders
to infliximab therapy. Molecular pathways upregulated in
responders included: T-cell mediated immunity, cell surface
receptor mediated transduction, MHCII mediated immunity,
cell adhesion, cytokine and chemokine mediated signaling
pathway, cell adhesion mediated pathway, signal transduction,
macrophage mediated immunity. In 2010, Lindberg et al.
(54) obtained synovial biopsies from 62 methotrexate-resistant
patients prior to initiation of infliximab therapy, and compared
gene expression profiles in 18 good- vs. 14 poor-responders
according to EULAR response criteria. At first, they also found

a slight enrichment in transcripts involved in chemotaxis,
inflammatory responses and leukocyte activation in good-
responders. However, they observed that these molecular
patterns were rather associated with the presence of lymphoid
aggregates in synovial tissue, found more often in good-
responders in this group of patients. It was however unclear
whether the overrepresentation of lymphoid aggregates positive
patients in good responders was a confounding factor or reflected
a real biological difference. After stratification of the samples for
the presence and size of lymphoid aggregates, they could not
observe any robust gene expression differences between good-
and poor-responders to the drug. In this context, it is noteworthy
that presence of synovial lymphoid aggregates was associated
with a better response to infliximab in histological study on 97
methotrexate-resistant RA patients (63).

As discussed previously, Dennis et al. (16) mined a set
of transcriptomic data generated from 49 synovial biopsies
before administration of infliximab therapy. They found a
higher myeloid score in good- compared to moderate- or
non-responders to infliximab therapy, while lymphoid scores
were not different across the three groups. Interestingly, they
further investigated the concept by measuring serum biomarkers
correlating with synovial myeloid (sICAM1) or lymphoid
(CXCL13) scores in an additional cohort of 198 patients prior
to administration of tocilizumab vs. adalimumab [ADACTA trial
(64)]. In line with their synovial transcriptomic data, they found
a positive association between the relative levels of both serum
markers and response to infliximab or tocilizumab. Thus, high
ICAM1/low CXCL13 patients had a 42% probability of reaching
a ACR50 response to adalimumab vs. 13% in low ICAM1/high
CXCL13 patients. Conversely, 69% low ICAM1/high CXCL13
patients reached a ACR50 response after administration of
tocilizumab vs. 20% of the high ICAM1/low CXCL13 patients.
Overall, the accuracy of these serum markers in predicting
response to therapy was rather low. However, the experimental
approach adopted by the authors was highly rational, and
highlighted how synovial biopsy studies could lead to the
development of useful biomarkers in daily clinical practice.

Using synovial biopsies (45) obtained at baseline in 25
methotrexate-resistant RA patients prior to administration
of adalimumab therapy, we reported contrasting results in
comparison to the previous observations. Thus, we found that
transcripts overexpressed in poor-responders to adalimumab
therapy were induced by TNFα itself or by IL1β (or by a
combination of both cytokines) in cultured FLS, and confirmed
these results by immunohistochemistry on the same samples.
IL7R was one of the transcripts most overexpressed in poor-
responders, and this observation led us to identify how the
soluble form of the receptor (sIL7R) is produced by stromal
cells in response to inflammatory cytokines and secreted in
the serum. Hence, serum sIL7R measurements are a marker
of tissue (instead of systemic) inflammation in RA, high
serum concentrations being indicative of high concentrations
of inflammatory cytokines (TNFα, IL1β) in the synovium. We
measured sIL7R serum concentrations in sera from DMARD-
resistant RA patients prior to initiation of infliximab therapy
(65), and found significantly higher concentrations in 18 poor-
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compared to 57 good- and moderate-responders (predictive
positive and predictive negative values in predicting response
to therapy were 87 and 71%, respectively). These observations
support the hypothesis that non-response to TNF blockade
in these two groups of RA patients was driven by higher
disease severity, resulting in higher synovial expression of
pro-inflammatory cytokines, not adequately blocked by the
administered antibodies. These results are not necessarily in
contradiction with the ones reported in the previous paragraphs,
but they do not intuitively point at the same concepts. In one
case, response to TNF blocking agents requires the presence of a
TNF signature to be blocked. In the other case, toomuch synovial
impregnation in TNFα opposes the effect of TNF blocking
agents. If anything, these results demonstrate the need for large
scale prospective trials on large numbers of patients, in order
to reconcile all observations and identify accurate markers of
response to TNF blocking agents in RA.

We also performed transcriptomic and
immunohistochemistry studies in synovial biopsies obtained
in early RA patients (44), in order to identify markers of poor
response to first line therapies. GADD45B stains (GADD45B
is induced in macrophages upon stimulation with TNFα) were
carried out in synovial samples obtained in two different groups
(n = 46 and n = 35) of patients before initiation of first-line
therapies, in particular methotrexate (n = 17 and n = 35).
We observed that GADD45B expression in synovial tissue was
significantly higher in non-responders to methotrexate or to
any first line therapy in both groups, thereby supporting the
hypothesis that higher levels of synovial inflammatory cytokines
drive poor response to any therapy in RA, in line with the
concept linking higher disease severity and treatment responses.

In 2012, Hogan et al. (62) performed qPCR studies on
synovial biopsies from 20 RA patients resistant to TNF blockade
prior to administration of rituximab therapy in order to study
correlations between gene expression at baseline and short- (3
months) or long-term (21 months) response to therapy. When
computed in a gene score, 16 out of the 125 genes tested were
found to correlate with decrease in DAS scores over time. Genes
associated with response to therapy were mostly involved in
macrophage- and T-cell biology whereas genes associated with
absence of response were involved in bone remodeling and IFNα

response. The link between IFN signature and poor response to
rituximab in RA is still elusive. It was however confirmed by
studies performed on PBMC from patients with RA, in which
a similar association between type 1 IFN signature and poor-
response to the drug was found (66, 67).

CONCLUSION

Synovial tissue in RA is heterogeneous from a cellular and
molecular point of view. However, it seems that at least some part
of this heterogeneity is explained by clinically relevant variables
such as disease duration, disease activity and effects of therapies.
Although numerous therapies are available to treat RA, it appears

from their molecular effects in synovial tissue that they mainly
target two major pathways in the synovium, associated with
activation of myeloid vs. lymphoid cells. Whether these pathways
define distinct RA subgroups or pathotypes, in addition to a low
inflammatory pathotype, or whether RA synovitis is a molecular
and cellular continuum, is a pending issue. It is also unclear at this
stage whether enrichment of selected pathways in the synovium
is associated with a preferential response to selected drugs. In
some studies, evidence also links absence of response to therapy
to RA drugs with the presence of markers of disease severity in
the synovium rather than markers of response to a specific agent.

Most of the studies addressing these questions were performed
on small number of samples. Comparing studies is a difficult
endeavor not only because of the heterogeneity of the analytical
techniques used by different groups, but evenmore because of the
heterogeneity of the patients’ populations included in these trials,
in terms of disease duration, exposure to previous therapeutic
agents, disease activity, and disease severity, all variables known
to influence molecular patterns in synovitis.

Large-scale, multi-centric trials are ongoing, and will
undoubtedly cast new lights on many uncertain matters
raised in this review article. Homogenization of the pre-
processing and analytical steps, in addition to international
agreements on minimal reporting requirements in synovial
biopsy studies are also highly expected outcomes of
ongoing multi-centric initiatives in the field (68, 69).
Finally, technological [single cell RNA sequencing (70)]
and analytical [machine learning (36)] developments will
undoubtedly enable us to capture meaningful patterns in
RA synovial tissue, in order to help clinicians tailor their
clinical decisions according to the individual characteristics of
their patients.

DATA AVAILABILITY

Publicly available datasets were analyzed in this study. This data
can be found here: https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE45867.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

Both authors are funded part-time by the Fond National de la
Recherche Scientifique (Communauté française de Belgique).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.
2019.00046/full#supplementary-material

Frontiers in Medicine | www.frontiersin.org 9 March 2019 | Volume 6 | Article 46

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE45867
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE45867
https://www.frontiersin.org/articles/10.3389/fmed.2019.00046/full#supplementary-material
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Triaille and Lauwerys Synovial Markers of Response to Therapy

REFERENCES

1. Aletaha D, Neogi T, Silman A, Funovits J, Felson D, Bingham C, et al.

2010 rheumatoid arthritis classification criteria: an American College

of Rheumatology/European League Against Rheumatism collaborative

initiative. Arthritis Rheum. (2010) 62:2569–81. doi: 10.1002/art.27584

2. Aletaha D, Neogi T, Silman A, Funovits J, Felson D, Bingham C, et al.

2010 rheumatoid arthritis classification criteria: an American College

of Rheumatology/European League Against Rheumatism collaborative

initiative. Ann Rheum Dis. (2010) 69:1580–8. doi: 10.1136/ard.2010.138461.

3. Visser K, Goekoop-Ruiterman Y, de Vries-Bouwstra J, Ronday H, Seys P,

Kerstens P, et al. A matrix risk model for the prediction of rapid radiographic

progression in patients with rheumatoid arthritis receiving different dynamic

treatment strategies: post hoc analyses from the BeSt study. Ann Rheum Dis.

(2010) 69:1333–7. doi: 10.1136/ard.2009.121160

4. Smolen J, Landewe R, Bijlsma J, Burmester G, Chatzidionysiou K,

Dougados M, et al. EULAR recommendations for the management

of rheumatoid arthritis with synthetic and biological disease-modifying

antirheumatic drugs: 2016 update. Ann Rheum Dis. (2017) 76:960–77.

doi: 10.1136/annrheumdis-2016-210715

5. Nam J, Takase-Minegishi K, Ramiro S, Chatzidionysiou K, Smolen J, van

der Heijde D, et al. Efficacy of biological disease-modifying antirheumatic

drugs: a systematic literature review informing the 2016 update of the EULAR

recommendations for the management of rheumatoid arthritis. Ann Rheum

Dis. (2017) 76:1113–36. doi: 10.1136/annrheumdis-2016-210713

6. Aletaha D, Smolen J. Diagnosis and management of rheumatoid arthritis: a

review. JAMA. (2018) 320:1360–72. doi: 10.1001/jama.2018.13103

7. Kelly S, Humby F, Filer A, Ng N, Di Cicco M, Hands R, et al.

Ultrasound-guided synovial biopsy: a safe, well-tolerated and reliable

technique for obtaining high-quality synovial tissue from both large and

small joints in early arthritis patients. Ann Rheum Dis. (2015) 74:611–7.

doi: 10.1136/annrheumdis-2013-204603

8. Baeten D, Van den Bosch F, Elewaut D, Stuer A, Veys E, De Keyser F. Needle

arthroscopy of the knee with synovial biopsy sampling: technical experience

in 150 patients. Clin Rheumatol. (1999) 18:434–41.

9. Najm A, Orr C, Heymann M, Bart G, Veale D, Le Goff B. Success rate and

utility of ultrasound-guided synovial biopsies in clinical practice. J Rheumatol.

(2016) 43: 2113–9. doi: 10.3899/jrheum.151441

10. Orr C, Vieira-Sousa E, Boyle D, Buch M, Buckley C, Canete J, et al. Synovial

tissue research: a state-of-the-art review. Nat Rev Rheumatol. (2017) 13:463–

75. doi: 10.1038/nrrheum.2017.115

11. Krenn V, Morawietz L, Burmester G, Kinne R, Mueller-Ladner U,

Muller B, et al. Synovitis score: discrimination between chronic low-

grade and high-grade synovitis. Histopathology. (2006) 49:358–64.

doi: 10.1111/j.1365-2559.2006.02508.x

12. Nzeusseu Toukap A, Galant C, Theate I, Maudoux AL, Lories RJ, Houssiau

FA, et al. Identification of distinct gene expression profiles in the synovium of

patients with systemic lupus erythematosus.Arthritis Rheum. (2007) 56:1579–

88. doi: 10.1002/art.22578

13. Baeten D, Demetter P, Cuvelier C, Van den Bosch F, Kruithof E, Van

Damme N, et al. Comparative study of the synovial histology in rheumatoid

arthritis, spondyloarthropathy, and osteoarthritis- influence of disease

duration and activity. Ann Rheum Dis. (2000) 59:945–53. doi: 10.1136/ard.5

9.12.945

14. Kruithof E, Baeten D, De Rycke L, Vandooren B, Foell D, Roth J, et al. Synovial

histopathology of psoriatic arthritis, both oligo- and polyarticular, resembles

spondyloarthropathy more than it does rheumatoid arthritis. Arthritis Res

Ther. (2005) 7:R569–80. doi: 10.1186/ar1698

15. Ulfgren AK, Gröndal L, Lindblad S, Khademi M, Johnell O, Klareskog L, et al.

Interindividual and intra-articular variation of proinflammatory cytokines in

patients with rheumatoid arthritis- potential implications for treatment. Ann

Rheum Dis. (2000) 59:439–47. doi: 10.1136/ard.59.6.439

16. Dennis G, Holweg C, Kummerfeld S, Choy D, Setiadi F, Hackney J, et al.

Synovial phenotypes in rheumatoid arthritis correlate with response to

biologic therapeutics. Arthritis Res Ther. (2014) 16:R90. doi: 10.1186/ar4555

17. Pitzalis C, Kelly S, Humby F. New learnings on the pathophysiology

of RA from synovial biopsies. Curr Opin Rheumatol. (2013) 25:334–44.

doi: 10.1097/BOR.0b013e32835fd8eb

18. Takemura S, Braun A, Crowson C , Kurtin P, Cofield R, O’Fallon W, et al.

Lymphoid neogenesis in rheumatoid synovitis. J Immunol. (2001) 167:1072–

80. doi: 10.4049/jimmunol.167.2.1072

19. van de Sande M, Thurlings R, Boumans M, Wijbrandts C, Modesti M, Gerlag

D, et al. Presence of lymphocyte aggregates in the synovium of patients with

early arthritis in relationship to diagnosis and outcome: is it a constant feature

over time? Ann Rheum Dis. (2011) 70:700–3. doi: 10.1136/ard.2010.139287

20. Canete J, Celis R, Moll C, Izquierdo E, Marsal S, Sanmarti R, et al. Clinical

significance of synovial lymphoid neogenesis and its reversal after anti-

tumor necrosis alpha therapy in rheumatoid arthritis. Ann Rheum Dis. (2009)

68:751–6. doi:10.1136/ard.2008.089284

21. Klimiuk P, Sierakowski S, Latosiewicz R, Skowronski J, Cylwik J, Cylwik B,

et al. Histological patterns of synovitis and serum chemokines in patients

with rheumatoid arthritis. J Rheumatol. (2005) 32:1666–72. Available online

at: http://www.jrheum.org/content/32/9/1666

22. Thurlings R, Wijbrandts C, Mebius R, Cantaert T, Dinant H, van der Pouw-

Kraan T, et al. Synovial lymphoid neogenesis does not define a specific

clinical rheumatoid arthritis phenotype. Arthritis Rheum. (2008) 58:1582–9.

doi: 10.1002/art.23505

23. Ducreux J, Durez P, Galant C, Nzeusseu Toukap A, Van den Eynde

B, Houssiau FA, et al. Global molecular effects of tocilizumab therapy

in rheumatoid arthritis synovium. Arthritis Rheumatol. (2014) 66:15–23.

doi: 10.1002/art.38202

24. Shen-Orr S, Gaujoux R. Computational deconvolution: extracting cell type-

specific information from heterogeneous samples.Curr Opin Immunol. (2013)

25:571–8. doi: 10.1016/j.coi.2013.09.015

25. Papalexi E, Satija R. Single-cell RNA sequencing to explore immune cell

heterogeneity. Nat Rev Immunol. (2018) 18:35–45. doi: 10.1038/nri.2017.76

26. Orr C, Najm A, Biniecka M, McGarry T, Ng CT, Young F, et al. Synovial

immunophenotype and anti-citrullinated peptide antibodies in rheumatoid

arthritis patients: relationship to treatment response and radiologic prognosis.

Arthritis Rheumatol. (2017) 69:2114–23. doi: 10.1002/art.40218

27. Humby F, Bombardieri M, Manzo A, Kelly S, Blades MC, Kirkham B,

et al. Ectopic lymphoid structures support ongoing production of class-

switched autoantibodies in rheumatoid synovium. PLoS Med. (2009) 6:e1.

doi: 10.1371/journal.pmed.0060001

28. Doorenspleet M, Klarenbeek P, de Hair M, van Schaik B, Esveldt R, van

Kampen A, et al. Rheumatoid arthritis synovial tissue harbours dominant B-

cell and plasma-cell clones associated with autoreactivity. Ann Rheum Dis.

(2014) 73:756–62. doi: 10.1136/annrheumdis-2012-202861

29. Kerkman P, Kempers A, van der Voort E, van Oosterhout M, Huizinga T,

Toes R, et al. Synovial fluid mononuclear cells provide an environment for

long-term survival of antibody-secreting cells and promote the spontaneous

production of anti-citrullinated protein antibodies. Ann Rheum Dis. (2016)

75:2201–7. doi: 10.1136/annrheumdis-2015-208554

30. Harre U, Georgess D, Bang H, Bozec A, Axmann R, Ossipova E, et al.

Induction of osteoclastogenesis and bone loss by human autoantibodies

against citrullinated vimentin. J Clin Invest. (2012) 122:1791–802.

doi: 10.1172/JCI60975

31. Takemura S, Klimiuk P, Braun A, Goronzy J, and,Weyand C. T Cell Activation

in rheumatoid synovium is B cell dependent. J Immunol. (2001) 167:4710–8.

doi: 10.4049/jimmunol.167.8.4710

32. Armas-González E, Diaz-Martin A, Domínguez-Luis M, Arce-Franco M,

Herrera-Garcia A, Hernández-Hernández M, et al. Differential antigen-

presenting B cell phenotypes from synovial microenvironment of patients

with rheumatoid and psoriatic arthritis. J Rheumatol. (2015) 42:1825–34.

doi: 10.3899/jrheum.141577

33. Meednu N, Zhang H, Owen T, Sun W, Wang V, Cistrone C, et al.

Production of RANKL by memory B cells: a link between B cells and

bone erosion in rheumatoid arthritis. Arthritis Rheumatol. (2016) 68:805–16.

doi: 10.1002/art.39489

34. Yeo L, Toellner K, Salmon M, Filer A, Buckley C, Raza K, et al.

Cytokine mRNA profiling identifies B cells as a major source of RANKL in

rheumatoid arthritis. Ann Rheum Dis. (2011) 70:2022–8. doi: 10.1136/ard.

2011.153312

35. Orr C, Najm A, Young F, McGarry T, Biniecka M, Fearon U, et al. The utility

and limitations of CRP, ESR and DAS28-CRP in appraising disease activity in

rheumatoid arthritis. Front Med. (2018) 5:185. doi: 10.3389/fmed.2018.00185

Frontiers in Medicine | www.frontiersin.org 10 March 2019 | Volume 6 | Article 46

https://doi.org/10.1002/art.27584
https://doi.org/10.1136/ard.2010.138461.
https://doi.org/10.1136/ard.2009.121160
https://doi.org/10.1136/annrheumdis-2016-210715
https://doi.org/10.1136/annrheumdis-2016-210713
https://doi.org/10.1001/jama.2018.13103
https://doi.org/10.1136/annrheumdis-2013-204603
https://doi.org/10.3899/jrheum.151441
https://doi.org/10.1038/nrrheum.2017.115
https://doi.org/10.1111/j.1365-2559.2006.02508.x
https://doi.org/10.1002/art.22578
https://doi.org/10.1136/ard.59.12.945
https://doi.org/10.1186/ar1698
https://doi.org/10.1136/ard.59.6.439
https://doi.org/10.1186/ar4555
https://doi.org/10.1097/BOR.0b013e32835fd8eb
https://doi.org/10.4049/jimmunol.167.2.1072
https://doi.org/10.1136/ard.2010.139287
http://www.jrheum.org/content/32/9/1666
https://doi.org/10.1002/art.23505
https://doi.org/10.1002/art.38202
https://doi.org/10.1016/j.coi.2013.09.015
https://doi.org/10.1038/nri.2017.76
https://doi.org/10.1002/art.40218
https://doi.org/10.1371/journal.pmed.0060001
https://doi.org/10.1136/annrheumdis-2012-202861
https://doi.org/10.1136/annrheumdis-2015-208554
https://doi.org/10.1172/JCI60975
https://doi.org/10.4049/jimmunol.167.8.4710
https://doi.org/10.3899/jrheum.141577
https://doi.org/10.1002/art.39489
https://doi.org/10.1136/ard.2011.153312
https://doi.org/10.3389/fmed.2018.00185
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Triaille and Lauwerys Synovial Markers of Response to Therapy

36. Orange D, Agius P, DiCarlo E, Robine N, Geiger H, Szymonifka J, et al.

Identification of three rheumatoid arthritis disease subtypes by machine

learning integration of synovial histologic features and RNA sequencing data.

Arthritis Rheumatol. (2018) 70:690–701. doi: 10.1002/art.40428

37. Kasperkovitz P, Timmer T, Smeets T, Verbeet N, Tak P, van Baarsen L,

et al. Fibroblast-like synoviocytes derived from patients with rheumatoid

arthritis show the imprint of synovial tissue heterogeneity: evidence of

a link between an increased myofibroblast-like phenotype and high-

inflammation synovitis. Arthritis Rheum. (2005) 52:430–41. doi: 10.1002/ar

t.20811

38. Smeets T, Barg E, Kraan M, Smith M, Breedveld F, Tak P. Analysis

of the cell infiltrate and expression of proinflammatory cytokines and

matrix metalloproteinases in arthroscopic synovial biopsies- comparison

with synovial samples from patients with end stage, destructive

rheumatoid arthritis. Ann Rheum Dis. (2003) 62:635–8. doi: 10.1136/ard.6

2.7.635

39. Lequerré T, Bansard C, Vittecoq O, Derambure C, Hiron M, Daveau M, et al.

Early and long-standing rheumatoid arthritis: distinct molecular signatures

identified by gene-expression profiling in synovia. Arthritis Res Ther. (2009)

11:R99. doi: 10.1186/ar2744

40. Tsubaki T, Arita N, Kawakami T, Shiratsuchi T, Yamamoto H, Takubo N, et al.

Characterization of histopathology and gene-expression profiles of synovitis

in early rheumatoid arthritis using targeted biopsy specimens. Arthritis Res

Ther. (2005) 7:R825–36. doi: 10.1186/ar1751

41. Lauwerys B, Hernandez-Lobato D, Gramme P, Ducreux J, Dessy A,

Focant I, et al. Heterogeneity of synovial molecular patterns in patients

with arthritis. PLoS ONE. (2015) 10:e0122104. doi: 10.1371/journal.pone.01

22104

42. van Oosterhout M, Bajema I, Levarht E, Toes R, Huizinga T and

van Laar J. Differences in synovial tissue infiltrates between anti-

cyclic citrullinated peptide-positive rheumatoid arthritis and anti-cyclic

citrullinated peptide-negative rheumatoid arthritis. Arthritis Rheum. (2008)

58:53–60. doi: 10.1002/art.23148

43. van Baarsen L, Wijbrandts C, Timmer T, van der Pouw Kraan T, Tak P,

Verweij C. Synovial tissue heterogeneity in rheumatoid arthritis in relation to

disease activity and biomarkers in peripheral blood. Arthritis Rheum. (2010)

62:1602–7. doi: 10.1002/art.27415

44. De Groof A, Ducreux J, Humby F, Nzeusseu Toukap A, Badot V, Pitzalis

C, et al. Higher expression of TNFalpha-induced genes in the synovium of

patients with early rheumatoid arthritis correlates with disease activity, and

predicts absence of response to first line therapy. Arthritis Res Ther. (2016)

18:19. doi: 10.1186/s13075-016-0919-z

45. Badot V, Galant C, Nzeusseu Toukap A, Theate I, Maudoux A, Van den

Eynde B, et al. Gene expression profiling in the synovium identifies a

predictive signature of absence of response to adalimumab therapy in

rheumatoid arthritis. Arthritis Res Ther. (2009) 11:R57. doi: 10.1186/a

r2678

46. Gutierrez-Roelens I, Galant C, Theate I, Lories R, Durez P, Nzeusseu-Toukap

A, et al. Rituximab treatment induces the expression of genes involved in

healing processes in the rheumatoid arthritis synovium. Arthritis Rheum.

(2011) 63:1246–54. doi: 10.1002/art.30292

47. van de Veerdonk F, Lauwerys B, Marijnijssen R, Timmermans K, Di Padova

F, Koenders M, et al. The anti-CD20 antibody rituximab reduces the

Th17 cell response. Arthritis Rheum. (2011) 63:1507–16. doi: 10.1002/art

30314

48. Vos K, Thurlings R, Wijbrandts C, van Schaardenburg D, Gerlag D, Tak

P. Early effects of Rituximab on the synovial cell infiltrate in patients

with rheumatoid arthritis. Arhritis Rheum. (2007) 56:772–8.doi: 10.1002/art.

22400

49. Teng Y, Levarht E, Hashemi M, Bajema I, Toes R, Huizinga T, et al.

Immunohistochemical analysis as a means to predict responsiveness

to rituximab treatment. Arthritis Rheum. (2007) 56:3909–18.

doi: 10.1002/art22967

50. Kavanaugh A, Rosengren S, Lee S, Hammaker D, Firestein G, Kalunian K,

et al. Assessment of Rituximab’s immunomodulatory synovial effects (ARISE

trial).1 clinical and synovial biomarker results. Ann Rheum Dis. (2008)

67:402–8. doi: 10.1136/ard.2007.074229

51. Smeets T, KraanM, van LoonM, Tak P. Tumor necrosis factor alpha blockade

reduces the synovial infiltrate early after initiation of treatment, but apparently

not by induction of apoptosis in synovial tissue. Arthritis Rheum. (2003)

48:2155–62. doi: 10.1002/art11098

52. Bresnihan B, Pontifex E, Thurlings R, Vinkenoog M, El-Gabalawy H,

Fearon U, et al. Synovial tissue sublining CD68 expression is a biomarker

of therapeutic response in rheumatoid arthritis clinical trials: consistency

across centers. J Rheumatol. (2009) 36:1800-2. doi: 10.3899/jrheum.0

90348

53. Bresnihan B, Gerlag D, Rooney T, Smeets T, Wijbrandts C, Boyle D, et al.

Synovial macrophages as a biomarker of response to therapeutic intervention

in rheumatoid arthritis- standardization and consistency across centers. J

Rheumatol. (2007) 34:620–2. Available online at: http://www.jrheum.org/

content/34/3/620.long

54. Lindberg J, Wijbrandts C, van Baarsen L, Nader G, Klareskog L, Catrina A,

et al. The gene expression profile in the synovium as a predictor of the clinical

response to infliximab treatment in rheumatoid arthritis. PLoS ONE. (2010)

5:e11310. doi: 10.1371/journal.pone.0011310

55. Aletaha D, Funovits J, Keystone E, Smolen J. Disease activity early in the

course of treatment predicts response to therapy after one year in rheumatoid

arthritis patients. Arthritis Rheum. (2007) 56:3226–35. doi: 10.1002/ar

t.22943

56. Felson D, Anderson J, Boers M, Bombardier C, Furst D, Goldsmith

C, et al. American college of rheumatology preliminary definition

of improvement in rheumatoid arthritis. Arthritis Rheum. (1995)

68:727–35.

57. van Gestel A, PrevooM, van ’t HofM, van RijswijkM, van De Putte L, van Riel

P. Development and validation of the european league against rheumastime

response criteria for rheumatoid arthritis. Arthritis Rheum. (1996)

39:39–40.

58. Wolbink G, Vis M, Lems W, Voskuyl A, de Groot E, Nurmohamed M,

et al. Development of antiinfliximab antibodies and relationship to clinical

response in patients with rheumatoid arthritis. Arthritis Rheum. (2006)

54:711–5. doi: 10.1002/art.21671

59. Bartelds G, Wijbrandts C, Nurmohamed M, Stapel S, Lems F, Aarden

L, et al. Clinical response to adalimumab: relationship to anti-

adalimumab antibodies and serum adalimumab concentrations in

rheumatoid arthritis. Ann Rheum Dis. (2007) 66:921–6. doi: 10.1136/ard.

2006.065615

60. Lindberg J, af Klint E, Catrina AI, Nilsson P, Klareskog L, Ulfgren

AK, et al. Effect of infliximab on mRNA expression profiles in synovial

tissue of rheumatoid arthritis patients. Arthritis Res Ther. (2006) 8:R179.

doi: 10.1186/ar2090

61. van der Pouw Kraan T, Wijbrandts C, van Baarsen L, Rustenburg F, Baggen

J, Verweij C, et al. Responsiveness to anti-tumour necrosis factor alpha

therapy is related to pre-treatment tissue inflammation levels in rheumatoid

arthritis patients. Ann Rheum Dis. (2008) 67:563–6. doi: 10.1136/ard.2007.0

81950

62. Hogan V, Holweg C, Choy D, Kummerfeld S, Hackney J, Teng Y, et al.

Pretreatment synovial transcriptional profile is associated with early and late

clinical response in rheumatoid arthritis patients treated with rituximab.

Ann Rheum Dis. (2012) 71:1888–94. doi: 10.1136/annrheumdis-2011-2

01115

63. Klaasen R, Thurlings R, Wijbrandts C, van Kuijk A, Baeten D, Gerlag D

et al. The relationship between synovial aggregates and the clinical response

to infliximab in rheumatoid arthritis: a prospective study. Arthritis Rheum.

(2009) 60:3217–24. doi: 10.1002/art.24913

64. Gabay C, Emery P, van Vollenhoven R, Dikranian A, Alten R, Pavelka

K, et al. Tocilizumab monotherapy versus adalimumab monotherapy

for treatment of rheumatoid arthritis (ADACTA)- a randomised,

double-blind, controlled phase 4 trial. Lancet. (2013) 381:1541–50.

doi: 10.1016/S0140-6736(13)60250-0

65. Badot V, Durez P, Van den Eynde B, Nzeusseu-Toukap A, Houssiau F,

Lauwerys B. Rheumatoid arthritis synovial fibroblasts produce a soluble

form of the interleukin-7 receptor in response to pro-inflammatory

cytokines. J Cell Mol Med. (2011) 15:2335–42. doi: 10.1111/j.1582-4934.2010.0

1228.x

Frontiers in Medicine | www.frontiersin.org 11 March 2019 | Volume 6 | Article 46

https://doi.org/10.1002/art.40428
https://doi.org/10.1002/art.20811
https://doi.org/10.1136/ard.62.7.635
https://doi.org/10.1186/ar2744
https://doi.org/10.1186/ar1751
https://doi.org/10.1371/journal.pone.0122104
https://doi.org/10.1002/art.23148
https://doi.org/10.1002/art.27415
https://doi.org/10.1186/s13075-016-0919-z
https://doi.org/10.1186/ar2678
https://doi.org/10.1002/art.30292
https://doi.org/10.1002/art30314
https://doi.org/10.1002/art.22400
https://doi.org/10.1002/art22967
https://doi.org/10.1136/ard.2007.074229
https://doi.org/10.1002/art11098
https://doi.org/10.3899/jrheum.090348
http://www.jrheum.org/content/34/3/620.long
http://www.jrheum.org/content/34/3/620.long
https://doi.org/10.1371/journal.pone.0011310
https://doi.org/10.1002/art.22943
https://doi.org/10.1002/art.21671
https://doi.org/10.1136/ard.2006.065615
https://doi.org/10.1186/ar2090
https://doi.org/10.1136/ard.2007.081950
https://doi.org/10.1136/annrheumdis-2011-201115
https://doi.org/10.1002/art.24913
https://doi.org/10.1016/S0140-6736(13)60250-0
https://doi.org/10.1111/j.1582-4934.2010.01228.x
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Triaille and Lauwerys Synovial Markers of Response to Therapy

66. Raterman H, Vosslamber S, de Ridder S, Nurmohamed M, LemsW, Boers M,

et al. The interferon type I signature towards prediction of non-response to

rituximab in rheumatoid arthritis patients. Arthritis Res Ther. (2012) 14:R95.

doi: 10.1186/ar3819

67. Thurlings R, Boumans M, Tekstra J, van Roon J, Vos K, van Westing D,

et al. Relationship between the type I interferon signature and the response to

rituximab in rheumatoid arthritis patients. Arthritis Rheum. (2010) 62:3607–

14. doi: 10.1002/art.27702

68. Humby F, Kelly S, Bugatti S, Manzo A, Filer A, Mahto A, et al. Evaluation

of minimally invasive, ultrasound-guided synovial biopsy techniques by the

OMERACT filter–determining validation requirements. J Rheumatol. (2016)

43:208–13. doi: 10.3899/jrheum.141199

69. van de Sande M, Gerlag D, Lodde B, van Baarsen L, Alivernini S, Codullo

V, et al. Evaluating antirheumatic treatments using synovial biopsy: a

recommendation for standardisation to be used in clinical trials. Ann Rheum

Dis. (2011) 70:423–7. doi: 10.1136/ard.2010.139550

70. Stephenson W, Donlin L, Butler A, Rozo C, Bracken B, Rashidfarrokhi

A, et al. Single-cell RNA-seq of rheumatoid arthritis synovial tissue

using low-cost microfluidic instrumentation. Nat Commun. (2018) 9:791.

doi: 10.1038/s41467-017-02659-x

Conflict of Interest Statement: BL holds shares (<e15,000) of DNALytics.

The reviewer AM declared a past co-authorship with one of the authors BL

to the handling Editor.

The remaining author declares that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2019 Triaille and Lauwerys. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org 12 March 2019 | Volume 6 | Article 46

https://doi.org/10.1186/ar3819
https://doi.org/10.1002/art.27702
https://doi.org/10.3899/jrheum.141199
https://doi.org/10.1136/ard.2010.139550
https://doi.org/10.1038/s41467-017-02659-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Synovial Tissue: Turning the Page to Precision Medicine in Arthritis
	Introduction
	Synovial pathotypes in RA
	Factors Contributing to Synovial Heterogeneity in RA
	Diagnosis and Stage
	ACPA Status
	Clinical Disease Activity
	Effect of Therapies
	Gene Expression Profiling in RA Synovitis and Prediction of Response to Therapy

	Conclusion
	Data Availability
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


