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Abstract 

 

Background: Previous work has shown subtle infiltration of synovial T cells in the absence of 

overt synovial inflammation in individuals at risk of developing rheumatoid arthritis (RA). 

Objective: To study the molecular changes in synovium preceding arthritis development in at risk 

individuals.  

Materials and methods: We included sixty-seven individuals with arthralgia who were IgM 

rheumatoid factor (RF) and/or anti-citrullinated protein antibody (ACPA) positive and without any 

evidence of arthritis. All individuals underwent mini-arthroscopic synovial tissue sampling of a knee 

joint at baseline and were followed prospectively. An explorative genome-wide transcriptional 

profiling study was performed on synovial tissue using Agilent arrays (discovery cohort). Survival 

analysis was used to identify transcripts associated with arthritis after follow up. Expression levels 

of differentially expressed genes were validated using quantitative real-time PCR (qPCR). 

Immunohistochemistry was used to study gene candidates at the protein level in situ.  

Results: In the discovery cohort, 6 of the 13 at risk individuals developed RA after a median 

follow-up time of 20 months (IQR 2 – 44; pre-RA). The 7 individuals who did not develop RA had 

a median follow-up time of 85 months (IQR 69 – 86). Using a False Discovery Rate of <5% we 

found increased expression of 3,151 transcripts correlating with a higher risk of arthritis 

development, whereas increased expression of 2,437 transcripts correlated with a lower risk. 

Gene set enrichment analysis revealed that synovial biopsies of pre-RA individuals display higher 

expression of genes involved in several immune response-related pathways compared with 

biopsies of individuals who did not develop RA. In contrast, lower expression was observed for 

genes involved in extracellular matrix receptor interaction, Wnt-mediated signal transduction and 

lipid metabolism. Two-way hierarchical cluster analysis of 27 genes measured by qPCR classified 

the synovial biopsies of 61 individuals into two groups, where pre-RA individuals (n=16) showed 

a preference to cluster together. Synovial tissue from pre-RA individuals were more likely to show 

podoplanin positive cells and lower lipid staining compared with synovial tissue from individuals 

who did not develop RA.  

Conclusion: Molecular changes can be detected in synovial tissues before clinical onset of 

arthritis. Alterations in the immune response genes and lipid metabolism are associated with 

development of arthritis.  
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Introduction 

Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease which primarily affects 

the synovial joints and is characterized by chronic synovial inflammation (1). While current 

treatment options can suppress synovial inflammation and progression of joint destruction in many 

patients, continued treatment is usually required to prevent relapse (2-6).The ultimate goal of 

future treatment should be disease remission without the need for continued treatment, in other 

words cure. Furthermore, insights into the earliest phases of the disease, before the development 

of clinical signs and symptoms of arthritis, may facilitate the development of preventative 

approaches (7, 8).  

The earliest stages of autoantibody positive RA are characterized by the presence of RA-specific 

autoantibodies including rheumatoid factor (RF) and/or anti-citrullinated protein antibodies (ACPA) 

(9, 10). The autoantibodies can be present in the peripheral blood years before clinical 

manifestation of the disease (11-13). The presence of these autoantibodies indicates systemic 

autoimmunity and many autoantibody-positive individuals develop RA after follow up (9, 11-14). It 

has been shown  by detailed studies using both immunohistochemistry and MRI that the presence 

of circulating autoantibodies precedes overt synovial tissue inflammation during the at risk phase 

of RA (9, 10). However, it has been suggested that there might be subtle T cell infiltration in the 

synovium during the at risk phase  (10).  

It is important to identify additional risk factors beyond RF and ACPA in this multifactorial disease, 

to be able to improve algorithms predictive of which individual will develop clinically manifest RA 

over time. Previously recognized risk factors include the presence of dominant B cell receptor 

clones in peripheral blood (15), musculoskeletal symptoms like arthralgia (16), having been a 

smoker, obesity (17) and decreased vagus nerve tone (18). In this context, we conducted a 

prospective study and performed explorative genome-wide transcriptional profiling of synovial 

tissue obtained during the preclinical stage of RA. In the discovery cohort we compared synovial 

gene signatures of at risk individuals who later developed RA (pre-RA) with those who did not 

develop RA after a follow-up time of at least two years. Next we used real-time PCR to validate 

the expression levels and immunohistochemistry was used to study protein expression in situ.  

Together, we were able to identify molecular changes in the synovial tissue obtained at baseline 

associated with arthritis development after follow-up. If confirmed in future independent studies, 

these synovial data may contribute to the identification of novel targets for preventive treatment. 
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Materials and methods 

Study subjects and mini-arthroscopy 

Individuals with arthralgia and/or a family history of RA who were positive for IgM-RF and/or 

ACPAs (detected by the anti–cyclic citrullinated peptide [anti–CCP] antibody test)  but without any 

evidence of arthritis upon thorough physical examination, were included in the study (10). These 

individuals were considered to be at risk of developing RA, a status characterized by the presence 

of systemic autoimmunity associated with RA (19) without clinical arthritis (defined as phase c+d, 

according to EULAR recommendations (19)). IgM-RF was measured as previously described (10). 

The study subjects were recruited either via the outpatient clinic of the Department of Clinical 

Immunology and Rheumatology at the Academic Medical Center, Amsterdam, via referral from 

the rheumatology outpatient clinic of Reade, Amsterdam, or via testing family members of RA 

patients in the outpatient clinic or at public fairs across the Netherlands. The study was performed 

according to the principles of the Declaration of Helsinki (20), approved by the Institutional Review 

Board of the Academic Medical Center and all study subjects gave their written informed consent.  

All study subjects underwent mini-arthroscopic synovial tissue sampling of a knee joint at baseline 

(21). To correct for sampling error, 6–8 synovial tissue samples are analyzed together, as 

described previously (21). Immediately after collection, synovial tissue samples were snap-frozen 

for RNA extraction or snap-frozen after embedding in Tissue-Tek OCT compound (Miles) for 

immunohistochemistry analyses. Samples were stored in liquid nitrogen until further processing.  

 
RNA extraction 

Total RNA was extracted from synovial tissue using RNA STAT-60TM (Isotex Diagnostics, 

Friendswood, TX) followed by a cleanup using the RNeasy Mini kit from Qiagen (Venlo, the 

Netherlands). First, synovial tissue was quickly homogenized on ice in 1 ml STAT-60TM solution 

using an IKA T10 basic homogenizer (S 10 N 5-G probe; 3304000, Cole-Parmer, USA). The 

homogenized tissue suspension was transferred to a clean RNAse-free tube and incubated at 

room temperature (RT) for 5 minutes. After adding 200 µl chloroform, the tube was inverted 

several times to ensure mixing, rested for 3 minutes at RT and centrifuged for 15 minutes at 12,000 

g at 4 degrees Celsius. The resulting upper aqueous layer containing RNA was transferred to a 

new tube and 500 µl isopropanol was added. After 5-10 minutes incubation at RT, tubes were 

centrifuged allowing RNA precipitation. After washing the pelleted RNA in 1 ml 75% ethanol, RNA 

was dissolved in 30 µl RNase-free water and stored until further use at -80 degrees Celsius. For 

RNA cleanup the remaining RNA volume was adjusted to a total volume of 100 µl in RNase free 

water after which 350 µl of RTL buffer from the Qiagen kit was added and mixed by pipetting. 

Next, 250 µl 96-100% ethanol was added and sample was mixed by pipetting before transferring 

the sample to a RNeasy Mini spin column. Further RNA extraction was performed according to 

the manufacturer’s instructions including an on-column DNase digestion using the RNase-Free 

DNase Set (Qiagen). RNA purity and quantity was measured using the Nanodrop (Nanodrop 

Technologies, Wilmington, USA) with ND1000 V3.8.1 software (ND1000, Isogen Life Science, 

Utrecht, the Netherlands). Cleaned RNA was stored at -80 degrees Celsius until further use. 
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Microarray analyses 

T7-based linear RNA amplification, Cy-dye labelling and hybridization to Agilent High Definition 

4x44k array (Agilent technologies, Amstelveen, the Netherlands) was performed as described 

previously (22). Samples were analyzed against the Stratagene Universal Human Reference 

(Agilent). Raw fluorescence intensities were quantified and normalized (Lowess normalization) 

using Agilent Feature Extraction software v9.5 (Agilent, Santa Clara, CA) according to the 

manufacturer's protocols. Log10-ratios (sample/reference) were used for downstream statistical 

analyses.  

Survival analysis within the software package Significance Analysis of Microarrays (SAM) was 

used to identify transcripts with a significant association with arthritis development (23). Cluster 

analysis was used to define clusters of coordinately expressed genes and to classify patients 

according to their transcriptome profile (24). Cluster diagrams were visualized using Treeview 

(JAM software GmbH, Trier, Germany). 

 

Quantitative real-time PCR 

RNA (500 ng) was reverse transcribed into cDNA using the RevertAid H-minus cDNA synthesis 

kit (MBI Fermentas, St. Leon-Rot, Germany) according to the manufacturers’ instructions. 

Quantitative real-time PCR (qPCR) was performed using a Step One Plus detection system 

(Applied Biosystems, Life technologies, the Netherlands) using Taqman assays (Applied 

Biosystems) for 18S RNA (Hs99999901_s1), ADIPOQ (Hs00605917_m1), AR 

(Hs00171172_m1), BRCA2 (Hs01037421_m1), CRYAB (Hs00157107_m1), CXCL3 

(Hs00171061_m1), CXCL12 (Hs00171022_m1),  CD55 (Hs00892618_m1), CXCR4 

(Hs00237052_m1), DGAT2 (Hs01045913_m1), FGF1 (Hs00265254_m1), FLT3 

(Hs00174690_m1), FOXC1 (Hs00559473_s1), IL7 (Hs00174202_m1),  IL23A (Hs00900828_g1), 

IRF8 (Hs00175238_m1), KLB (Hs00545621_m1), LPL (Hs00173425_m1), MAL2 

(Hs00294541_m1), NAMPT (Hs00237184_m1), PDGFRA (Hs00998018_m1), PDPN 

(Hs00366766_m1), PPARγ (Hs01115513_m1), RARRES2 (Hs00414615_g1), RORc 

(Hs01076122_m1), TGFb1 (Hs00998133_m1), TGFbR1 (Hs00610320_m1) and TNF 

(Hs99999043_m1). Expression levels of target genes were expressed relative to 18S RNA. An 

arbitrary cDNA sample was used on each qPCR plate for normalization between different 

experimental runs.  

 

Immunohistochemistry 

Synovial tissue sections were stained using antibodies against CXCL12 (Monoclonal Mouse IgG1, 

Clone #79018,Catalog Number: MAB350, R&D Systems, Abingdon, UK), CXCR4 (Monoclonal 

Mouse IgG2B, Clone #44716; Catalog Number: MAB172, R&D Systems), BRCA2 (Mouse 

monoclonal IgG1, Clone #5F6, Catalog Number: GTX70123, GeneTex, Irvine, CA) and 

podoplanin (Monoclonal Rat IgG2a, Clone #NZ-1, Catalog Number: 11-009; Angio Bio, San Diego, 

CA). The following isotype antibodies were used; isotype mouse IgG1 (Clone #DAK-GO1, Catalog 

Number: X0931, Dako Cytomation, Glostrup, Denmark) for CXCL12 and BRCA2 stainings, 

isotype mouse IgG2b (Clone #20116, Catalog Number: MAB004, R&D systems) for CXCR4 

staining and isotype rat IgG2a (Clone # eBR2a, Catalog Number: 14-4321, eBioscience) for 

podoplanin.  
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Sections (5 µm each) were cut and mounted on StarFrost adhesive glass slides (Knittelgläser, 

Braunschweig, Germany). Sealed slides were stored at -80°C until further use. 

Immunohistochemistry was performed using either a two-step (BRCA2 and podoplanin) or three-

step (CXCL12 and CXCR4) immunoperoxidase method. Sealed slides containing frozen sections 

were thawed at room temperature (RT) for 30 minutes, unpacked and air dried for another 20 

minutes. Subsequently, sections were fixed in acetone and endogenous peroxidase activity was 

blocked with 0.3% H2O2 in 0.1% sodium azide in phosphate buffered saline (PBS) for 20 minutes. 

After washing in PBS, primary antibodies were incubated overnight at 4 degrees Celsius. As 

negative control, irrelevant isotype-matched immunoglobulins were applied to the sections instead 

of the primary antibody. Next day sections were stained using a goat anti-mouse-horseradish 

peroxidase (HRP)-conjugated antibody (Dako) for BRCA2 and goat anti-rat-HRP-conjugated 

antibody (Southern Biotech, Birmingham, AL) for podoplanin. For the three-step protocol sections 

were stained using a goat anti-mouse IgG1-HRP-conjugated antibody (Southern Biotech) for 

CXCL12 and goat anti-mouse IgG2b-HRP-conjugated antibody (Southern Biotech) after which the 

intensity was enhanced using a tertiary rabbit anti-goat HRP-conjugated antibody (Southern 

Biotech). AEC (3-Amino-9-EthylCarbazole; Vector Laboratories, Burlingame, CA) was used as 

chromogen. Slides were counterstained with Gill’s hematoxylin (Klinipath, Duiven, the 

Netherlands) and mounted in Kaiser’s glycerol gelatin (Merck, Darmstadt, Germany). Staining was 

evaluated by microscopy (Leica, Cambridge, UK). Synovial tissue sections collected from patients 

with early unclassified arthritis (UA), early RA and spondyloarthritis (SpA) patients were used as 

positive controls for stainings (25). Intensity of staining was analyzed by semi-quantitative image 

analysis in a blinded fashion by two independent observers.  

 

For the detection of lipid droplets synovial tissue sections were stained using BODIPY 493/503 

reagent (4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diaza-s-Indacene, Molecular Probes). 

Sealed slides containing frozen sections were thawed at RT for 30 minutes, unpacked and air 

dried for another 20 minutes. Subsequently, sections were fixed in 4% paraformaldehyde and 

slides were stained one hour at RT with BODIPY (10mg/ml). Slides were counterstained and 

mounted with VECTASHIELD HardSet Antifade Mounting Medium with DAPI (4',6-diamidino-2-

phenylindole, Vector Laboratories). Staining was evaluated by confocal microscopy (TCS SP8 X, 

Leica). Per donor, five images were taken using the 20 times oil immersion lens, at 1024x1024 

dpi, keeping all settings constant between donors, and images were stored (LIF). Stored images 

were used for the quantification of BODIPY staining with the full Leica LAS AF software (v2.6.3). 

The BODIPY signal was converted to a binary signal to allow the calculation of percentage of 

staining. This was done by setting an arbitrary threshold at 20 gray, resulting in all pixels with an 

intensity below 20 gray being black (0 gray) and all pixels of 20 gray or higher being fluorescent 

(255 gray). Only the area of the image representing tissue (based on DAPI staining) was selected 

for analysis. Of each image the area occupied by tissue (µM2), mean value (gray) and maximum 

value (gray) of BODIPY staining in the tissue area were noted. To calculate the total number of 

positive pixels and therefore the percentage of staining, the mean value was divided by the 

maximum value and the resulting value multiplied by 100. Finally by using the area of tissue, the 

percentage of staining per 100’000 µM2 was calculated. The mean value per 100’000 µM2 of the 

five images per donor was used for statistical analysis. 
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Statistical analysis 

GraphPad Prism Software (V.8.3.0, GraphPad Software, La Jolla, CA) and Statistical Package for 

the Social Sciences (SPSS) version 26.0 (SPSS, Chicago, IL) were used for statistical analysis. 

Not normally distributed data are presented as median with IQR. Differences between study 

groups were analyzed using a Mann Whitney U-test. Categorical data are presented as the 

number (percent) of subjects and differences between groups were analyzed using the Fisher’s 

exact test. Cox proportional hazards regression analysis was performed to investigate 

associations between synovial gene expression profiles and onset of arthritis. Follow-up duration 

was defined as the time between inclusion in the cohort and the onset of clinically manifest arthritis, 

or between inclusion and censoring date (for individuals who did not develop arthritis). Due to the 

low number of events in the Cox proportional hazards analyses, we considered P<0.1 as relevant. 

Otherwise P values below 0.05 were considered statistically significant. 
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Results 

Synovial biopsies were collected from in total 67 at risk individuals of whom 17 (25%) developed 
arthritis after a median follow up time of 15 months. Eventually, 16 at risk individuals developed 
RA and 1 at risk individual developed osteoarthritis (OA). Demographics of included at risk 
individuals are listed in Table 1. 
 

Table 1: Baseline characteristics of at risk individuals 
 

Discovery cohort 
N=13 

(Agilent arrays) 

Total cohort 
N=67 

(IHC and/or qPCR*) 

Sex, female (n (%)) 9 (69) 48 (72) 

Age (years) (median (IQR)) 48 (43 - 53) 48 (37 – 53) 

IgM-RF positive (n (%)) 11 (85) 37 (55) 

ACPA positive (n (%)) 8 (62) 40 (60) 

ACPA level ** (kAU/L) (median (IQR)) 847 (298-2202) 431 (139 – 1230) 

IgM-RF and ACPA both pos. (n (%)) 6 (75) 13 (19) 

ESR (mm/hr) (median (IQR)) 18.0 (8.0-30.5) 8.5 (2.8 – 18.0)1 

CRP (mg/L) (median (IQR)) 4.2 (1.8-10.9) 2.2 (1.0 – 5.9) 

68 TJC (n) (median (IQR)) 5 (2-7) 2 (0 – 8) 

66 SJC (n) (median (IQR)) 0 0 

Developed arthritis (n (%)) 
   Follow up time (months) (median (IQR)) 

6 (46) 
20 (2 – 44) 

17 (25)2 

15 (7 – 35) 

No arthritis group:  
   Follow up time (months) (median (IQR)) 

 
85 (69 - 86) 

 
55 (30 – 75) 

Categorical variables: n (%). Continuous variables (data not normally distributed): median (IQR).  
ACPA, anticitrullinated protein antibodies; ESR, erythrocyte sedimentation rate; CRP, C-reactive 
protein; IgM-RF, IgM rheumatoid factor; 68 TJC, tender joint count of 68 joints; 66 SJC, swollen 
joint count of 66 joints. *IHC n=67, qPCR n=61, due to quality of RNA. 1one missing value. 216 
individuals developed RA and 1 individual developed OA. 
 

Microarray profiling reveals gene signatures associated with arthritis development 

An explorative genome-wide transcriptional profiling study was performed using synovial tissue 

obtained from 13 at risk individuals of whom 6 developed RA after a median follow up time of 20 

months (IQR 2 – 44). The 7 individuals who did not develop RA had a median follow up time of 85 

months (IQR 69 – 86). We used survival analysis to compute the Cox score test for arthritis 

development for each transcript. Using a False Discovery Rate (FDR) of less than 5% we found 

that increased expression of 3,151 transcripts correlated with a higher risk of arthritis development, 

and increased expression of 2,437 transcripts correlated with a lower risk of arthritis development 

(Supplementary Table 1). Next, two-way hierarchical cluster analyses was used to visualize these 
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significantly differential expressed transcripts between at risk individuals (Figure 1). Except for 1 

individual, all pre-RA individuals clustered into the right arm of the dendogram. To interpret the 

biological relevance of this large list of significantly differentially expressed transcripts we used 

GSEA analysis to classify these transcripts into canonical pathways (Figure 1). This analysis 

revealed that higher expressed genes in synovial tissue of pre-RA individuals are involved in 

several immune response related pathways e.g. T cell and B cell receptor pathways, cytokine and 

chemokine signaling and antigen processing and presentation. In contrast, a lower expression 

was observed for genes involved in e.g. extracellular matrix receptor interaction, Wnt-mediated 

signal transduction and lipid metabolism.  

 
Analyses of genes associated with arthritis development in a larger cohort of at risk individuals 

Next we aimed to validate our findings in the total cohort of at risk individuals. From 61 at risk 

individuals (n=16 pre-RA, 1 donor developed OA) high quality RNA could be isolated from synovial 

biopsies for qPCR analyses. The pre-RA individuals developed arthritis after a median follow time 

of 15 months (IQR 7 – 35). The remaining 45 at risk individuals had not developed arthritis after a 

median follow time of 55 months (IQR 30 – 75). From the gene expression profiling study we 

selected 27 genes whose synovial expression level was significantly associated with arthritis 

development and whose function has been described to play a role in inflammation or RA. 

Expression levels of the 27 selected genes were measured by qPCR and their expression levels 

were used in a two-way hierarchical cluster analysis to visualize association with arthritis 

development (Figure 2). This cluster diagram classified the at risk individuals into two groups, 

where pre-RA individuals showed a tendency to cluster together in the left arm of the dendogram 

(Fisher’s exact test p<0.05). Cox regression analysis was used to test per gene for association 

with arthritis development. The mRNA expression levels of BRCA2, IRF8, CXCL12, PDGFRA and 

FLT3 were significantly associated with arthritis development (see Supplementary Table 2). Taken 

together, differential expression of genes associated with arthritis development could be confirmed 

in synovial tissues in the total cohort using qPCR analyses.        

 

Detection of CXCL12, CXCR4, BRCA2 and podoplanin in synovial tissues before onset of 

disease 

The results of the GSEA indicates that genes involved in immune responses and 

cytokine/chemokine signaling are higher expressed in pre-RA synovial tissue, including genes 

involved in CXCR4-mediated signaling. Using immunohistochemistry we next evaluated in at risk 

synovial tissues the protein levels for CXCR4 and its ligand CXCL12,  BRCA2, a protein involved 

in cell proliferation (26-28) and podoplanin, described to be expressed on synovial stromal cells 

(29, 30). The staining intensities for CXCR4 and CXCL12 correlated with each other and although 

their staining patterns were highly variable between at risk individuals (Figure 3A and 3B), semi-

quantitative analyses revealed no significant association with arthritis development (data not 

shown). BRCA2 staining patterns in synovial tissue from at risk individuals were similar to stainings 

in synovial tissue from RA patients (Figure 3C) and synovial tissue from pre-RA individuals was 

more likely to show a positive podoplanin staining in the lining layer compared to synovial tissue 

from individuals who did not develop RA (Figure 3D). However, semi-quantitative analyses did not 

show a significant association with arthritis development (data not shown).  
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Differences in lipid droplet formation in synovial tissues 

Finally we investigated one of the pathways found to be significantly downregulated in synovial 

tissue from pre-RA individuals, namely lipid metabolism, as we previously showed an association 

between increased BMI and arthritis development in this cohort (17). The qPCR analyses already 

confirmed the downregulated expression of several lipid associated genes: DGAT2, PPARg, 

RARRES2, ADIPOQ and LPL, in synovial tissues of pre-RA individuals (Figure 2). To visualize 

and quantify the presence of lipids in the at risk synovium (n=51 of which n=15 pre-RA) we used 

BODIPY staining which detects lipid droplets. In non-adipocytes, lipid droplets have a protective 

role as they store fatty acids and convert them into neutral lipids to protect cells from lipotoxicity 

(31, 32). The observed BODIPY staining pattern was highly variable between synovial tissues as 

well as within different areas of the synovial tissue sections. Small as well as large lipid droplets 

could be detected within the synovium (Figure 4A). When we quantified the percentage of BODIPY 

staining and corrected for synovial tissue volume, we observed a non-significant decrease in lipid 

droplet formation (P = 0.134) in the pre-RA individuals confirming the microarray data (Figure 4B). 

Accordingly, at risk individuals with a high (IQR >75) BODIPY staining had a better arthritis-free 

survival than those with a low (IQR <75) BODIPY staining (Figure 4C; hazard ratio 4.9, 95% 

confidence interval [95% CI] 0.64-37.10; P = 0.126). 
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Discussion 

This unique study was set up to investigate if molecular changes are present in the otherwise 

normal and non-inflammatory synovium of a prospectively followed cohort of individuals at risk of 

developing RA. Synovial tissues were analyzed using gene expression profiling and microscopy 

and findings were compared between pre-RA individuals and at risk individuals who did not 

develop RA after a follow-up of at least 2 years. Results of the explorative expression profiling 

study revealed gene signatures associated with risk of arthritis development indicating apparent 

molecular synovial changes before onset of RA.  

Previous cross-sectional and prospective studies of autoantibody-positive individuals revealed 

that systemic autoimmunity, characterized by the presence of disease-specific autoantibodies, 

precedes the development of clinical arthritis and even synovitis (9, 10). Immunohistochemical 

analyses of synovial tissue from the same cohort of individuals at risk of developing RA showed 

that mainly the expression of CD3 and CD8 was associated with arthritis development (10). Our 

microarray data revealed that synovial tissue of pre-RA individuals display higher expression of 

genes involved in several immune response-related pathways (e.g. T cell and B cell receptor 

pathways, cytokine and chemokine signaling and antigen processing and presentation) compared 

with biopsies of individuals who did not develop RA. In contrast, lower expression was observed 

for genes involved in e.g. extracellular matrix receptor interaction, Wnt-mediated signal 

transduction and lipid metabolism. As no overt cellular infiltration is observed during the preclinical 

phase of RA, these data may reflect changes in resident synovial tissue cells.    

The expression levels of 27 differentially expressed genes associated with arthritis development 

were analyzed in the total cohort of at risk individuals. Two-way hierarchical cluster analysis 

classified the individuals into two groups, where pre-RA individuals showed a preference to cluster 

together. GSEA suggests that genes involved in CXCR4-mediated signaling were associated with 

arthritis development. Immunohistochemistry analyses showed an abundant expression of 

CXCL12 and CXCR4 in synovial tissues of almost all at risk individuals. CXCR4-CXCL12 binding 

causes chemokine attraction resulting in the activation and migration of leukocytes during immune 

and inflammatory responses (33). Our data extends previous studies which show that the number 

of CXCR4 positive memory T cells in synovial tissue significantly correlate with disease severity 

(34) and that CXCL12 production by fibroblast-like synoviocytes (FLS) is increased in the 

synovium of RA patients (35, 36). Our findings suggest that the CXCL12-CXCR4 axis might be 

activated already during pre-RA. As we previously found no overt cellular infiltration in this 

preclinical phase of disease (10), the CXCL12 may be derived from stromal cells thereby activating 

tissue resident T cells. Future functional studies using isolated synovial stromal cells and T cells 

are needed to address this further.   

 

Interestingly, the mRNA expression level of synovial BRCA2 was significantly associated with 

arthritis development. Despite abundant presence, we could not confirm this association on 

protein level. This breast cancer associated gene is mainly detected in proliferating cells (28) and 

has to our knowledge, not yet been described in synovial tissue. Although the function of BRCA2 

is not yet completely defined, BRCA2 is involved in the activation of double-stranded DNA break 

repair through homologous recombination (37-39) as well as rapidly dividing cells (26-28). 
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Previous research on synovial tissue and cultured FLS from RA patients showed abundant p53 

expression, a tumor suppressor gene activated in response to DNA damage (40). Synovial BRCA2 

expression may therefore reflect DNA repair and cellular proliferation in this early phase of RA. 

Additional research is needed to confirm if genomic instability is already present during pre-RA 

and if BRCA2 is linked to increased synovial cell proliferation.  

Our data suggest an increase in podoplanin expression in synovial tissue before onset of RA. 

Podoplanin is well-studied in RA and previous studies have shown that it is highly expressed by 

FLS in synovial tissue of RA patients (29, 41). Research on fibroblast subsets showed that 

podoplanin expression varies between subsets (30, 42) and that expression on mesenchymal 

stromal cells can be regulated by inflammatory mediators (42, 43). Furthermore, several studies 

suggest that podoplanin plays a role in epithelial-to-mesenchymal transition and cellular migration 

(44-47) and overexpression might be related to a migratory/invasive phenotype of epithelial cells 

in oral squamous cell carcinomas (44). Overall, our data may suggest that resident mesenchymal 

stromal cells of pre-RA individuals have an activated phenotype with potentially an increased 

migratory capacity. This should be explored in future studies.   

 

An unexpected finding was the downregulation of genes involved in lipid metabolism in pre-RA 

individuals as well as the lower presence of lipid droplets in the synovium. Lipid droplets are 

important for tissue homeostasis as they store fatty acids to protect non-adipocytes from 

lipotoxicity (32). Recently, it was shown that lipid metabolism is also important for IL-10 production 

in T cells (48). The current synovial dataset was used to show that mRNA levels of key enzymes 

of the cholesterol biosynthesis pathway are significantly associated with arthritis development in 

at risk individuals suggesting dysregulated IL-10 production (48). In a collagen-induced arthritis 

mouse model, the inflammatory profile of arthritic mice was linked to defective lipid metabolism 

(49). In line with our findings, they showed decreased expression of multiple genes related to lipid 

metabolism including DGAT2, ADIPOQ and LPL (49). Therefore, our data may suggest that lower 

lipid metabolism is associated with disease progression. In contrast, another study showed 

accumulation of lipid droplets in synovial T cells of RA patients (50). Further research is needed 

to investigate the role of synovial cholesterol and lipid metabolism in the pathogenesis of RA.  

 

Unfortunately, the relatively low number of at risk individuals in this study makes it hard to achieve 

statistical significance. A possible limitation of our study is that biopsies were taken from knee 

joints, whereas RA usually affects the smaller joints of the hands or feet. However, it is extremely 

difficult to obtain sufficient synovial tissue from uninflamed synovium from small joints to allow 

reliable analysis. Nonetheless, studying synovial tissue biopsies from smaller joints may have 

given similar findings because RA is a systemic and symmetrical disease and it has been 

demonstrated earlier that synovial inflammation of one joint is usually representative for all 

inflamed joints (51).  

This study describes an exploration of molecular pathways that may help the further understanding 

of the pathogenesis of RA. Based on these initial data, further research studies to elucidate the 

importance and role of these pathways in the progression from systemic autoimmunity to the 

diagnosis of RA can be initiated. As technologies evolve quickly these days, a more 

comprehensive method to investigate molecular pathways involved in disease progression of RA 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 28, 2021. ; https://doi.org/10.1101/2021.04.27.440770doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.27.440770
http://creativecommons.org/licenses/by-nc-nd/4.0/


13 
 

is single cell RNA-sequencing (scRNA sequencing) although the overall gene coverage per cell is 

poor. The first studies analyzing RA synovium using scRNA sequencing have been published and 

revealed that it is possible to distinguish different stages of RA based on single cell gene 

signatures (52, 53). Using such emerging technologies on synovial tissue samples from at risk 

individuals would be an interesting next step, though challenging due to the limited number of cells 

in these uninflamed synovial joints.   

In conclusion, our data distinctly shows molecular changes in synovial tissue before clinical 

manifestation of disease in absence of increased synovial cellular infiltration. Specifically, 

preclinical synovial changes in immune response genes and lipid metabolism were associated 

with arthritis development. Validation of the exact role of these pathways in RA may aid the 

development of preventive RA therapy.  
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Figure legends 

Figure 1. Transcriptional profiles associated with arthritis development 

Two-way hierarchical cluster diagram of 5,588 transcripts whose expression levels in synovial 

tissue were significantly associated with the risk of arthritis development in autoantibody positive 

arthralgia patients. The cluster diagram is visualized by Treeview. * pre-RA individuals in red lines. 

Each column represents the data of one array/sample and each row shows the relative expression 

level of a single transcript for all samples. Red color indicates a relatively higher expression, green 

color stands for a relatively lower expression and black color indicates that the expression level is 

equal to the median expression level across all samples. GSEA was used to classify the 

transcripts into canonical pathways as indicated at the right side of the diagram (showing the top 

20 pathways with a FDR<5%). 

Figure 2. Genes associated with arthritis development confirmed in the total cohort of at 

risk individuals 

Cluster diagram visualizing the expression levels of 27 genes measured using real-time qPCR. 

Genes in Italic are significantly differential expressed between pre-RA individuals and those who 

did not develop RA (Mann-Whitney U test P<0.05). Genes in bold are associated with arthritis 

development (Cox regression analyses P<0.1). A significant higher proportion of pre-RA 

individuals is present in the left cluster (Fisher’s exact test P<0.05). 

Figure 3. Immunohistochemical analyses of at risk synovium 

Detection of CXCR4, 40x magnification (A); CXCL12, 40x magnification (B); BRCA2, 40x 

magnification (C) and podoplanin, 20x magnification (D) in synovium of pre-RA individuals 

compared with individuals who did not develop RA. As control, synovium from arthritis patients 

was stained for CXCR4, CXCL12, BRCA2, podoplanin and isotype controls.  

Figure 4. Lipid droplet formation in synovial tissues 

Representative BODIPY staining of lipid droplets in the synovium of an at risk individual (A). 

Quantification of BODIPY staining intensity of synovial tissues of pre-RA individuals and 

individuals who did not develop arthritis after follow-up (B). Survival curve of at risk individuals with 

high (IQR>75) synovial BODIPY staining and at risk individuals with low (IQR<75) synovial 

BODIPY staining (C). 
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GSEA analysis top 20 gene sets (FDR<5%):
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Figure 2. 
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Figure 3.

CXCR4
at risk – no arthritis

CXCR4
at risk – pre-RA 

CXCR4 – arthritis Isotype control – arthritis

CXCL12
at risk – no arthritis

CXCL12
at risk – pre-RA

CXCL12 – arthritis Isotype control – arthritis

BRCA2
at risk – no arthritis

BRCA2
at risk – pre-RA

BRCA2 – arthritis Isotype control – arthritis

Podoplanin
at risk – no arthritis

Podoplanin
at risk – pre-RA

Podoplanin – arthritis Isotype control – arthritis

A) B) C) D)

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 28, 2021. ; https://doi.org/10.1101/2021.04.27.440770doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.27.440770
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 4.
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