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IntroductIon and scope of the thesIs

IntRoDuctIon
Rheumatoid arthritis and preclinical disease
Rheumatoid arthritis (RA) is a chronic (auto)inflammatory disease of the synovial joints, mainly the 

small joints of hands and feet, leading to joint destruction and functional disability. RA affects 

0.5-1% of the population worldwide with a prevalence of females. The etiology of the disease 

is not known, however, genetic and environmental factors play a role in RA development1. 

Phenotypically, development of RA is characterized by a dramatic infiltration of immune cells into 

the synovial tissue and by changes in the main population of resident stromal cells, the fibroblast-

like synoviocytes (FLS)2. Angiogenesis, the development of new blood vessels within the inflamed 

synovium, further facilitates the chronicity of the disease. Appearance of rheumatoid factor (RF) 

and/or anti-cyclic citrullinated peptide (ACPA) antibodies in blood years before the onset of 

disease3 points towards a break of tolerance and activation of an adaptive immune response. 

This break of tolerance might occur due to environmental factors that trigger the innate immune 

system, such as obesity or cigarette smoking4. Due to the complexity of the disease, it is currently 

not possible to predict which individuals with RF or ACPA eventually will develop the disease, 

even if all risk factors are taken into account. A recent follow-up study comparing synovial tissue 

biopsies from preclinical RA patients (RF- and/or ACPA-positive) at baseline from individuals who 

developed RA or did not over time demonstrated no apparent changes in the synovium5, except 

for a trend towards increased CD3+ T-cell numbers. In line herewith, flow-cytometric analysis of 

lymph node tissue biopsies from early RA patients and preclinical RA showed increased numbers 

of T cell expressing IL-17, IL-10 and FoxP36. It is not clear how the imbalance between different 

subsets of T cells promotes disease development and vice versa, which factors promote T-cell 

differentiation into different subsets during disease development. Stromal cells are reported to 

play not only a structural role in secondary lymphoid organs, but are crucial for the promotion 

of T-cell self-tolerance7. Consequently, changes in the stromal cell compartment might contribute 

to breaking this tolerance. Therefore, biomarkers related to the stromal cells in synovial tissue or 

lymph nodes might help to identify disease progression versus self-limitation at an early stage.

The current treatment of RA includes non-steroidal anti-inflammatory drugs (NSAIDs), 

glucocorticoids and disease-modifying anti-rheumatic drugs (DMARDs). In recent years, treatment 

options for RA largely improved with the appearance of a novel class of DMARDs, called biologicals 

and including tumor necrosis factor (TNF) inhibitors, B cell-depleting antibodies and interleukin 

(IL)-6 receptor antibodies8. Anti-TNF drugs are highly effective, however, some patients do not 

respond adequately. In this case, therapies with a different mechanism of action are needed, yet 

availability of such alternatives is limited9. Of note, since the etiology of RA is unclear, current 

therapies cure the symptoms without eliminating the disease-initiating agent. New insights into 

the mechanisms underlying the development of RA are therefore of critical importance.

fibroblast-like synoviocytes are resident stromal cells of the synovial 
tissue
FLS form the synovial membrane, which encapsulates cartilage surfaces of the joints (Figure 1) 

and produces constituents of the synovial fluid that lubricate the joints10. In normal synovial 

tissue, the synovial membrane consists of two layers: a continuous surface layer of cells (the 
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chapter 1

intimal lining) and the underlying tissue (the sublining). The intimal lining is usually more compact 

than the sublining and consists of 2-3 layers of FLS. In RA, the intima increases markedly in 

cellularity and can comprise up to 15 cell layers11. In contrast to healthy synovium, macrophages 

accumulate in the intimal lining in RA. They enter the tissue as circulating monocytes and display 

a highly activated phenotype, producing various chemokines, cytokines and growth factors. 

These products in turn promote FLS of the intimal lining to express cytokines, chemokines, 

matrix-metalloproteinases (MMPs) and other enzymes that cause cartilage destruction in the 

joint. Thus, FLS actively participate in arthritis development by providing a niche for infiltrating 

immune cells and by producing inflammatory mediators, finally resulting in chronicity of 

the disease12. 

Expansion of FLS in vivo has been related to a transformed phenotype. Evidence suggests 

that FLS resemble cancer cells in some respect. For example, mutations in the p53 suppressor 

gene are regularly found in RA FLS13. Moreover, RA FLS lack contact inhibition when growing in 

vitro14 and in vivo, in the SCID mouse model, they migrate from one implanted piece of human 

cartilage to another15. 

Synovial hyperplasia is due not only to enhanced proliferation of FLS but also to resistance 

against apoptosis. Programmed cell death (apoptosis) can be induced either through the intrinsic 

mitochondrial pathway or by triggering cell surface TNF receptor family members (extrinsic 

pathway). FLS have been demonstrated to express a variety of these receptors, however, they 

are resistant against FasL-induced apoptosis16. This can be explained by increased expression of 

soluble Fas (sFas) in synovial fluid of RA patients17. For the intrinsic apoptotic pathway, the balance 

between pro- and anti-apoptotic proteins is of critical importance. In RA FLS, the anti-apoptotic 

proteins Bcl-2 and Mcl-1 are upregulated18, whereas expression of the pro-apoptotic proteins 

Puma and Noxa is surprisingly low19. Downregulation of Mcl-1 or upregulation of Puma can be 

used to break FLS resistance to apoptosis18, 19.

Figure 1. Schematic view of a healthy and an arthritic knee joint. Notice the difference in the 
organization of the synovial membrane consisting of a thin cell layer of FLS in the normal knee joint (left) 
and a thick FLS layer forming projections into the synovial cavity (villi) in RA. Adapted from (12).
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For experimental usage, primary FLS are obtained by digestion of synovial biopsies with an 

enzyme mix20. The adherent cell fraction consists of two populations: macrophages and FLS. 

However, after few weeks in culture, only cells of non-hematopoietic origin survive. This FLS 

population allows conducting experiments in vitro (Figure 2). FLS share common features with 

other fibroblasts, such as a spin-like shape and the expression of collagens, CD90 and VCAM-1, 

however, despite of these similarities, FLS are a unique cell type19. 

As a model for studying the whole spectrum of specific FLS characteristics, 3-dimentional 

(3D) micromass organ cultures have been established in a Matrigel matrix21 (Figure 2). Firstly, in 

contrast to skin fibroblasts, FLS grown in 3D are able to accumulate and compact at the micromass 

surface, resembling the intimal lining in synovial tissue. Secondly, they express characteristic 

proteins of synovial lining FLS, such as lubricin21, an important component of synovial fluid, 

and cadherin-1122, which facilitates homotypic adhesion between the cells. Thirdly, FLS support 

cocompaction of primary monocytes into the micromass lining layer. In the absence of FLS or 

upon replacement of FLS by skin fibroblasts, monocytes do not survive. Finally, FLS in micromass 

cultures are able to expand in response to inflammatory stimuli, such as TNF, and they express 

MMPs, cytokines and chemokines.

Modes and consequences of fibroblast-like synoviocyte activation
There are several pathways of FLS activation within the joint. Activation can occur through 

soluble chemokines or cytokines, such as IL-1β and TNF, via cell-to-cell interactions, such as 

CD40-CD40 ligand23, and, finally, via binding of various danger- and pathogen-associated 

molecular patterns (DAMPs and PAMPs). In synovial tissue, different molecules can serve as 

DAMPs, for example, degradation products in the of synovial fluid can activate various extra- 

Figure 2. Overview of synovial tissue analysis techniques applied in this study. After a biopsy is taken 
(shown is a microphotograph inside the joint cavity), the tissue can be processed for immunohistochemistry 
(provided here is a CD55 immunofluorescent staining) or digested with an enzyme mix to obtain FLS. FLS can 
be used further for in vitro experiments, followed by qPCR analysis of gene expression or by Western blot 
(WB), immunohistochemical and flow-cytometric analysis of protein expression. Furthermore, 3D synovial 
organ cultures can be established.
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and intracellular sensors24. However, the relative importance of these activation modes in vivo is 

difficult to explore. In vitro studies with cultured FLS can help to understand the consequences 

of FLS stimulation. For example, TLR3, a sensor for dsRNA has been studied extensively. Upon 

recognition of dsRNA, TLR3 recruits the adaptor molecule TRIF leading to activation of the 

transcription factors NF-κB and interferon (IFN)-regulatory factors (IRFs), which results in the 

production of various pro-inflammatory cytokines, type I IFNs and IFN-response genes (IRGs)25. 

The main result of TLR signaling is cell activation and attraction of other innate immune cells into 

the site of inflammation. When dsRNA accumulates intracellularly, e.g. during a viral infection, 

cytosolic dsRNA sensors (helicases) through type I IFNs evoke the production of a wide range 

of IRGs, which causes dramatic changes in the cell. If this response does not result in clearance 

of the virus, cells may undergo apoptosis. In vitro, to mimic a viral infection, artificial dsRNAs 

are used. Poly(I:C) can be recognized by TLR3 if delivered extracellular25 or by MDA5 if provided 

with a transfection reagent26. 3pRNA upon transfection is recognized by RIG-I27. The ability of 

intracellular dsRNA to induce apoptosis has been used to diminish the growth of cancer cells 

both in vivo and in vitro28, 29 and to decrease inflammation of the central nervous system in a 

mouse model of multiple sclerosis30. In these studies, poly(I:C) or 3pRNA was applied systemically, 

therefore cells in the blood stream were activated first. In vitro studies of non-transformed 

cells, such as primary tubular epithelial cells of the kidney, showed that intracellular application 

of poly(I:C) or 3pRNA is not sufficient to induce apoptosis but requires an additional extrinsic 

stimulus, such as FasL31. These results may indicate therapeutic possibilities for inducing apoptosis 

through application of dsRNAs. However, it is important to first pinpoint the molecular pathway 

of recognition and cell death induction.

cD55 and other markers for fibroblast-like synoviocytes
The abundant expression of CD55 in RA synovial tissue is appreciated for some time now. First 

studies by Stevens at al., Edwards & Wilkinson and our laboratory showed highly specific staining 

of synovial lining layer fibroblasts with monoclonal antibodies directed against CD5532-34. Due to 

the unusually high expression in the intimal lining of synovial tissue, CD55 is now widely used 

as FLS marker19. However, the mechanism and possible functional implications of its expression 

have remained elusive. CD55 is a well-established complement regulator. It binds to C3b (and 

C5b) and prevents accumulation of complement on the cell surface by facilitating their decay 

(an alternative name of CD55 is DAF, decay accelerating factor)35. Moreover, our group showed 

that CD55 is a binding partner of CD97, a non-classical G protein-coupled receptor (GPCR)36, 37. 

CD97 is present on synovial macrophages, which are in close contact with lining layer FLS34. 

Affinity of CD55 interaction with CD97 is rather low and CD55 is likely to bind C3b and CD97 

through different protein domains38, 39. Interestingly, Cd55-/- mice are more susceptible to 

various autoimmune diseases40, 41; however, lack of CD55 rather had a mild protective effect in 

experimental models of RA42. The dual function of CD55 as complement regulator and binding 

partner for CD97 may result in different and potentially opposing roles in the pathogenesis of 

RA (Figure 3).

There are several other fibroblast markers, which are present on FLS in synovial tissue. CD248 

(endosialin) is a molecule expressed by perivascular cells and fibroblasts in the intimal lining layer 

of synovial tissue43. CD248 is a highly sialylated cell surface antigen that comprises an N-terminal 
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C-type lectin-like domain, a Sushi domain, 3 epidermal growth factor (EGF)-like repeats, a 

mucin-like region, a single transmembrane segment and a short cytoplasmic tail44. Due to the 

complex structure of CD248, different domains may be involved in regulating inflammation. 

CD248 on lymph node stromal cells participates in lymph nodes expansion after immunization 

via increasing the proliferative and migratory capacity of stromal cells45. Podoplanin (gp38) is 

a small mucin-type transmembrane glycoprotein expressed on human lymphatic endothelia, 

follicular dendritic cells and fibroblastic reticular cells of lymphoid organs46. The physiological 

function of podoplanin during embryonic development is to separate blood and lymph vessels47. 

Mice lacking podoplanin die shortly after birth as a result of respiratory failure and generalized 

lymphoedema46. After embryonic development, podoplanin expressed by fibroblastic reticular 

cells in lymph nodes allows dendritic cells to enter the lymphatics and migrate within lymph 

nodes48. Expression of podoplanin was also reported in human cancers and has been associated 

with tumor cell invasion49. In RA synovial tissue, podoplanin is expressed in the intimal lining 

layer where its presence coincides with the expression of α-smooth muscle actin (α-sma) 

Figure 3. Schematic overview of CD55 structure and interactions. CD55 is a GPI-linked molecule 
possessing four Sushi domains. CD55 binds C3b or C5b via domains 2 and 3, whereas CD97 binds to domains 
1 and 2 of CD55. In case of RA, CD55 may play a dual role either by recruiting CD97+ inflammatory immune 
cells or by preventing complement activation at the cell membrane.
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and might be involved in epithelial-mesenchymal transition of RA-FLS into myofibroblasts50. 

Fibroblast activation protein (FAP) is a peptidase with two enzymatic activities, a dipeptydil- 

and endopeptidase, that allows it to cleave after a proline residue two amino acids or more 

(respectively) off the N-terminus of a protein51. One of known substrates for FAP is collagen I, an 

important component of the extracellular matrix. FAP is hardly present in healthy adult tissues, 

however it is greatly upregulated in sites of tissue remodeling, such as liver fibrosis52, arthritis53, 

tumors54 and embryonic tissues55.

cD97 is an adhesion class G protein-coupled receptor regulated by cD55
Seven-span transmembrane (7TM) are the largest superfamily of receptors regulating crucial 

cellular processes such as perception (vision, odor and taste) as well as the responses to 

hormones, chemokines, peptides and ions. Binding of a ligand induces changes in the 

conformation of 7TM receptor, which leads to the dissociation of receptor-associated G-proteins 

into subunits that initiate intracellular signal cascades56. Accordingly, 7TM receptors are often 

called GPCRs (G protein-coupled receptors). According to the current nomenclature, GPCRs are 

divided into five major classes: Glutamate, Rhodopsin, Adhesion, Frizzled/Taste and Secretin57. 

Adhesion-GPCRs have unique characteristics that set them apart from all other GPCRs58. 

Firstly, Adhesion-GPCRs are present on the cell surface as non-covalently bound heterodimers, 

consisting of an extracellular N-terminal fragment and a 7TM/cytoplasmic C-terminal fragment, 

that arise from intramolecular processing at a GPCR-proteolytic site (GPS) (Figure 3). Recently 

it became clear that the GPS motif is a part of a much larger (about 320 residues) GPCR 

autoproteolysis-inducing (GAIN) domain59. Secondly, most Adhesion-GPCRs have an extended 

extracellular region containing various domains, which might be involved in cell-cell or cell-

matrix interactions. Thirdly, unlike in classical GPCRs, G-protein activation upon ligand binding 

has been reported so far only for two Adhesion-GPCR, namely latrophilin60 and GPR5661. 

Fourthly, most Adhesion-GPCRs are still orphan receptors57, neither functions nor ligands are 

known. CD97 is an archetypical Adhesion-GPCR; it’s ability to interact with CD55 has been 

demonstrated by our group36. Later, other binding partners, such as dermatan sulfate62, α5β1 

integrin63 and CD9064 have been identified. CD97 is broadly expressed by hematopoietic and 

non-hematopoietic cells65, however, its function is not fully defined. Cd97-/- mice are overall 

healthy66 but, similar to Cd55-/- mice, develop a mild granulocytosis67. Whether phenocopies 

found in CD55 and CD97 knockout mice are indeed due to a functional link between the 

molecules requires further investigation. Moreover, studying consequences of the interaction 

between the Adhesion-GPCR CD97 and its interacting partner CD55 might help to understand 

the biology of Adhesion-GPCRs in general.

The research described in this thesis aimed to explore the role CD55 in the biology of the 

synovial tissue as well as in the pathogenesis of RA, thereby considering its ability to interact 

with both, C3/C5 convertases and the Adhesion-GPCR CD97. Applying in vitro and in vivo 

approaches, including cell culture systems and gene-deficient mice, we formally confirmed 

the interaction of CD55 with CD97 in vivo, unraveled the molecular basis of its abundant 

presence in the synovial lining and described a protective role related to immune complex-

meditated arthritis.
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scope of this thesis
In chapter 2, we showed how expression of CD97 is regulated by its interacting partner CD55. 

Cd55-/- mice have a higher expression of CD97 on all blood cells, and expression levels are 

reversibly regulated by CD55 on stromal and hematopoietic cells. Regulation in vivo occured 

within minutes after transfer of Cd55-/- cells into wild-type mice. We found that CD97 regulation 

in vitro and in vivo occurred only when shear stress, mimicking the situation in the circulation, 

was applied. Our data suggest that continuous downregulation of CD97 in the blood stream 

might prevent leukocyte clustering via CD55-CD97 interaction.

In chapter 3, we tested the induction of CD55 expression in FLS using various pro-inflammatory 

cytokines and DAMPs, which might become available during the course of chronic inflammation 

in the synovial tissue. We found that TLR3 triggering and, to a lesser extent, ligation cytosolic 

helicases induces upregulation of CD55. Unexpectedly, we observed that higher concentrations 

of intracellular poly(I:C), but not 3pRNA, induced FLS cell death.

In chapter 4, we explored the mechanism of FLS cell death after intracellular poly(I:C) 

application and demonstrate using gene silencing and pharmacological inhibitors that FLS do 

not recognize intracellular poly(I:C) through the helicase MDA5, the adaptor proteins IPS, TRIF or 

STING and the kinase TBK1. We propose the existence of another – yet to be identified – dsRNA 

sensor, which senses intracellular poly(I:C) in FLS. 

In chapter 5, we explained the discrepancy between high CD55 expression locally in the 

intimal lining of synovial tissue and moderate CD55 expression in cultured FLS. We demonstrate 

that in RA synovial tissue, CD55 is deposited on collagen fibers. In a 3D FLS organ culture model, 

expression of CD55 appeared together with an extracellular collagenous network. Using K/BxN 

serum transfer, an immune complex-mediated model of arthritis, we showed that absence of 

CD55 did not enhance disease activity, but further exaggerated arthritis in Fcgr2b-/- mice. Using 

bone marrow chimeras, we confirmed a protective role of stromal CD55. 

In chapter 6, we quantified expression of the stromal cell markers CD248, podoplanin, CD55 

and fibroblast activation protein (FAP) on synovial tissue biopsies of patients included in two 

independent early arthritis cohorts. In both cohorts, we observed higher expression of podoplanin 

and FAP when comparing self-limiting or persistent arthritis with non-inflammatory controls. 

Significantly greater expression of FAP was found in ACPA-negative RA patients compared to 

patients developing resolving disease. This suggests synovial fibroblast activation in the early 

phase of RA and implies that these markers (in combination with the ACPA status) may allow to 

distinguish between persistent and resolving courses of arthritis. 

In chapter 7, we discuss the findings of this thesis in relation to Adhesion-GPCR biology 

and RA pathology.

15



chapter 1

RefeRences
1. Arend,W.P. & Firestein,G.S. Pre-rheumatoid arthritis: predisposition and transition to clinical synovitis. 

Nat. Rev. Rheumatol. 8, 573-586 (2012).

2. Tak,P.P. & Bresnihan,B. The pathogenesis and prevention of joint damage in rheumatoid arthritis: advances 
from synovial biopsy and tissue analysis. Arthritis Rheum. 43, 2619-2633 (2000).

3. Nielen,M.M. et al. Specific autoantibodies precede the symptoms of rheumatoid arthritis: a study of serial 
measurements in blood donors. Arthritis Rheum. 50, 380-386 (2004).

4. de Hair,M.J. et al. Smoking and overweight determine the likelihood of developing rheumatoid arthritis. 
Ann. Rheum. Dis. 72, 1654-1658 (2013).

5. de Hair,M.J. et al. Features of the synovium of individuals at risk of developing rheumatoid arthritis: 
Implications for understanding preclinical rheumatoid arthritis. Arthritis Rheum.(2013).

6. Ramwadhdoebe,T.H. et al. A1.32 An imbalance between inflammatory and regulatory T-cell subsets in 
LYMPH node biopsies during the earliest phases of rheumatoid arthritis. Ann. Rheum. Dis. 73 suppl 1, 
A13 (2014).

7. Malhotra,D., Fletcher,A.L., & Turley,S.J. Stromal and hematopoietic cells in secondary lymphoid organs: 
partners in immunity. Immunol. Rev. 251, 160-176 (2013).

8. Tak,P.P. & Kalden,J.R. Advances in rheumatology: new targeted therapeutics. Arthritis Res. Ther. 13 
suppl 1, S5 (2011).

9. Atzeni,F. et al. Different effects of biological drugs in rheumatoid arthritis. Autoimmun. Rev. 12, 575-
579 (2013).

10. Smith,M.D. The normal synovium. Open. Rheumatol. J. 5, 100-106 (2011).

11. Smith,M.D. et al. Microarchitecture and protective mechanisms in synovial tissue from clinically and 
arthroscopically normal knee joints. Ann. Rheum. Dis. 62, 303-307 (2003).

12. Choy,E.H. & Panayi,G.S. Cytokine pathways and joint inflammation in rheumatoid arthritis. N. Engl. J. 
Med. 344, 907-916 (2001).

13. Reme,T. et al. Mutations of the p53 tumour suppressor gene in erosive rheumatoid synovial tissue. Clin. 
Exp. Immunol. 111, 353-358 (1998).

14. Lafyatis,R. et al. Anchorage-independent growth of synoviocytes from arthritic and normal joints. 
Stimulation by exogenous platelet-derived growth factor and inhibition by transforming growth factor-
beta and retinoids. J. Clin. Invest 83, 1267-1276 (1989).

15. Lefevre,S. et al. Synovial fibroblasts spread rheumatoid arthritis to unaffected joints. Nat. Med. 15, 1414-
1420 (2009).

16. Baier,A., Meineckel,I., Gay,S., & Pap,T. Apoptosis in rheumatoid arthritis. Curr. Opin. Rheumatol. 15, 
274-279 (2003).

17. Hasunuma,T. et al. Accumulation of soluble Fas in inflamed joints of patients with rheumatoid arthritis. 
Arthritis Rheum. 40, 80-86 (1997).

18. Niedermeier,M., Pap,T., & Korb,A. Therapeutic opportunities in fibroblasts in inflammatory arthritis. Best. 
Pract. Res. Clin. Rheumatol. 24, 527-540 (2010).

19. Bartok,B. & Firestein,G.S. Fibroblast-like synoviocytes: key effector cells in rheumatoid arthritis. Immunol. 
Rev. 233, 233-255 (2010).

20. Rosengren,S., Boyle,D.L., & Firestein,G.S. Acquisition, culture, and phenotyping of synovial fibroblasts. 
Methods Mol. Med. 135, 365-375 (2007).

21. Kiener,H.P. et al. Synovial fibroblasts self-direct multicellular lining architecture and synthetic function in 
three-dimensional organ culture. Arthritis Rheum. 62, 742-752 (2010).

22. Kiener,H.P., Lee,D.M., Agarwal,S.K., & Brenner,M.B. Cadherin-11 induces rheumatoid arthritis fibroblast-
like synoviocytes to form lining layers in vitro. Am. J. Pathol. 168, 1486-1499 (2006).

23. Cho,C.S. et al. CD40 engagement on synovial fibroblast up-regulates production of vascular endothelial 
growth factor. J. Immunol. 164, 5055-5061 (2000).

16



1

2

5

4

3

6

7

&

IntroductIon and scope of the thesIs

24. Brentano,F., Kyburz,D., Schorr,O., Gay,R., & Gay,S. The role of Toll-like receptor signalling in the 
pathogenesis of arthritis. Cell Immunol. 233, 90-96 (2005).

25. Alexopoulou,L., Holt,A.C., Medzhitov,R., & Flavell,R.A. Recognition of double-stranded RNA and 
activation of NF-kappaB by Toll-like receptor 3. Nature 413, 732-738 (2001).

26. Kato,H. et al. Differential roles of MDA5 and RIG-I helicases in the recognition of RNA viruses. Nature 
441, 101-105 (2006).

27. Hornung,V. et al. 5’-Triphosphate RNA is the ligand for RIG-I. Science 314, 994-997 (2006).

28. Besch,R. et al. Proapoptotic signaling induced by RIG-I and MDA-5 results in type I interferon-independent 
apoptosis in human melanoma cells. J. Clin. Invest 119, 2399-2411 (2009).

29. Tormo,D. et al. Targeted activation of innate immunity for therapeutic induction of autophagy and 
apoptosis in melanoma cells. Cancer Cell 16, 103-114 (2009).

30. Dann,A. et al. Cytosolic RIG-I-like helicases act as negative regulators of sterile inflammation in the CNS. 
Nat. Neurosci. 15, 98-106 (2012).

31. Heutinck,K.M. et al. Viral double-stranded RNA sensors induce antiviral, pro-inflammatory, and pro-
apoptotic responses in human renal tubular epithelial cells. Kidney Int. 82, 664-675 (2012).

32. Stevens,C.R., Mapp,P.I., & Revell,P.A. A monoclonal antibody (Mab 67) marks type B synoviocytes. 
Rheumatol. Int. 10, 103-106 (1990).

33. Edwards,J.C. & Wilkinson,L.S. Distribution in human tissues of the synovial lining-associated epitope 
recognised by monoclonal antibody 67. J. Anat. 188 ( Pt 1), 119-127 (1996).

34. Hamann,J. et al. Expression of the activation antigen CD97 and its ligand CD55 in rheumatoid synovial 
tissue. Arthritis Rheum. 42, 650-658 (1999).

35. Lublin,D.M. & Atkinson,J.P. Decay-accelerating factor: biochemistry, molecular biology, and function. 
Annu. Rev. Immunol. 7, 35-58 (1989).

36. Hamann,J., Vogel,B., van Schijndel,G.M., & van Lier,R.A. The seven-span transmembrane receptor CD97 
has a cellular ligand (CD55, DAF). J. Exp. Med. 184, 1185-1189 (1996).

37. Kop,E.N. et al. Identification of the epidermal growth factor-TM7 receptor EMR2 and its ligand dermatan 
sulfate in rheumatoid synovial tissue. Arthritis Rheum. 52, 442-450 (2005).

38. Abbott,R.J. et al. Structural and functional characterization of a novel T cell receptor co-regulatory protein 
complex, CD97-CD55. J. Biol. Chem. 282, 22023-22032 (2007).

39. Lukacik,P. et al. Complement regulation at the molecular level: the structure of decay-accelerating factor. 
Proc. Natl. Acad. Sci. U. S. A 101, 1279-1284 (2004).

40. Miwa,T. et al. Deletion of decay-accelerating factor (CD55) exacerbates autoimmune disease development 
in MRL/lpr mice. Am. J. Pathol. 161, 1077-1086 (2002).

41. Sogabe,H. et al. Increased susceptibility of decay-accelerating factor deficient mice to anti-glomerular 
basement membrane glomerulonephritis. J. Immunol. 167, 2791-2797 (2001).

42. Hoek,R.M. et al. Deletion of either CD55 or CD97 ameliorates arthritis in mouse models. Arthritis Rheum. 
62, 1036-1042 (2010).

43. Maia,M. et al. CD248 and its cytoplasmic domain: a therapeutic target for arthritis. Arthritis Rheum. 62, 
3595-3606 (2010).

44. Christian,S. et al. Molecular cloning and characterization of endosialin, a C-type lectin-like cell surface 
receptor of tumor endothelium. J. Biol. Chem. 276, 7408-7414 (2001).

45. Lax,S. et al. The pericyte and stromal cell marker CD248 (endosialin) is required for efficient lymph node 
expansion. Eur. J. Immunol. 40, 1884-1889 (2010).

46. Schacht,V. et al. T1alpha/podoplanin deficiency disrupts normal lymphatic vasculature formation and 
causes lymphedema. EMBO J. 22, 3546-3556 (2003).

47. Bertozzi,C.C. et al. Platelets regulate lymphatic vascular development through CLEC-2-SLP-76 signaling. 
Blood 116, 661-670 (2010).

48. Acton,S.E. et al. Podoplanin-rich stromal networks induce dendritic cell motility via activation of the C-
type lectin receptor CLEC-2. Immunity. 37, 276-289 (2012).

49. Wicki,A. & Christofori,G. The potential role of podoplanin in tumour invasion. Br. J. Cancer 96, 1-5 (2007).

17



chapter 1

50. Ekwall,A.K. et al. The tumour-associated glycoprotein podoplanin is expressed in fibroblast-like 
synoviocytes of the hyperplastic synovial lining layer in rheumatoid arthritis. Arthritis Res. Ther. 13, R40 
(2011).

51. Hamson,E.J., Keane,F.M., Tholen,S., Schilling,O., & Gorrell,M.D. Understanding fibroblast activation protein 
(FAP): Substrates, activities, expression and targeting for cancer therapy. Proteomics. Clin. Appl.(2014).

52. Levy,M.T. et al. Fibroblast activation protein: a cell surface dipeptidyl peptidase and gelatinase expressed 
by stellate cells at the tissue remodelling interface in human cirrhosis. Hepatology 29, 1768-1778 (1999).

53. Bauer,S. et al. Fibroblast activation protein is expressed by rheumatoid myofibroblast-like synoviocytes. 
Arthritis Res. Ther. 8, R171 (2006).

54. Garin-Chesa,P., Old,L.J., & Rettig,W.J. Cell surface glycoprotein of reactive stromal fibroblasts as a 
potential antibody target in human epithelial cancers. Proc. Natl. Acad. Sci. U. S. A 87, 7235-7239 (1990).

55. Niedermeyer,J. et al. Expression of the fibroblast activation protein during mouse embryo development. 
Int. J. Dev. Biol. 45, 445-447 (2001).

56. Oldham,W.M. & Hamm,H.E. Heterotrimeric G protein activation by G-protein-coupled receptors. Nat. 
Rev. Mol. Cell Biol. 9, 60-71 (2008).

57. Lagerstrom,M.C. & Schioth,H.B. Structural diversity of G protein-coupled receptors and significance for 
drug discovery. Nat. Rev. Drug Discov. 7, 339-357 (2008).

58. Langenhan,T., Aust,G., & Hamann,J. Sticky signaling--adhesion class g protein-coupled receptors take 
the stage. Sci. Signal. 6, re3 (2013).

59. Arac,D. et al. A novel evolutionarily conserved domain of cell-adhesion GPCRs mediates autoproteolysis. 
EMBO J. 31, 1364-1378 (2012).

60. Lelianova,V.G. et al. Alpha-latrotoxin receptor, latrophilin, is a novel member of the secretin family of G 
protein-coupled receptors. J. Biol. Chem. 272, 21504-21508 (1997).

61. Iguchi,T. et al. Orphan G protein-coupled receptor GPR56 regulates neural progenitor cell migration via 
a G alpha 12/13 and Rho pathway. J. Biol. Chem. 283, 14469-14478 (2008).

62. Stacey,M. et al. The epidermal growth factor-like domains of the human EMR2 receptor mediate cell 
attachment through chondroitin sulfate glycosaminoglycans. Blood 102, 2916-2924 (2003).

63. Wang,T. et al. CD97, an adhesion receptor on inflammatory cells, stimulates angiogenesis through binding 
integrin counterreceptors on endothelial cells. Blood 105, 2836-2844 (2005).

64. Wandel,E., Saalbach,A., Sittig,D., Gebhardt,C., & Aust,G. Thy-1 (CD90) is an interacting partner for CD97 
on activated endothelial cells. J. Immunol. 188, 1442-1450 (2012).

65. Eichler,W., Hamann,J., & Aust,G. Expression characteristics of the human CD97 antigen. Tissue Antigens 
50, 429-438 (1997).

66. Veninga,H. et al. Analysis of CD97 expression and manipulation: antibody treatment but not gene 
targeting curtails granulocyte migration. J. Immunol. 181, 6574-6583 (2008).

67. Veninga,H. et al. A novel role for CD55 in granulocyte homeostasis and anti-bacterial host defense. PLoS. 
One. 6, e24431 (2011).

18





1Department of Experimental Immunology, Academic Medical Center, University of Amsterdam, 
Amsterdam, The Netherlands, 2Department of Molecular Cell Biology, Sanquin Research and 
Landsteiner Laboratory, Academic Medical Center, University of Amsterdam, Amsterdam, The 
Netherlands, 3Biological Soft Matter group, FOM Institute AMOLF, Amsterdam, The Netherlands, 
4Department of Biomedical Engineering and Physics, Academic Medical Center, University of 
Amsterdam, Amsterdam, The Netherlands, and 5Institute of Pathology, Case Western Reserve 
University, Cleveland, OH 44106, USA

*These authors contributed equally



sheaR stRess-DePenDent DownReGulatIon 
of the aDhesIon-GPcR cD97 on cIRculatInG 

leukocytes uPon contact wIth Its lIGanD cD55

Olga N. Karpus1*, Henrike Veninga1*, Robert M. Hoek1, Dennis Flierman1,  
Jaap D. van Buul2, Corianne C. van den Akker3, Ed vanBavel4, 

M. Edward Medof5, René A.W. van Lier1, Kris A. Reedquist1, and Jörg Hamann1

J Immunol. 2013 Apr 1;190(7):3740-8

CHAPTER 2



chapter 2

abstRact
Adhesion class G protein-coupled receptors (aGPCRs) are two-subunit molecules, consisting of 

an adhesive extracellular α subunit that non-covalently couples to a seven-transmembrane β 

subunit. The cooperation between the two subunits and the impact of endogenous ligands on the 

functioning of aGPCRs is poorly understood. We here investigated the interaction between the 

pan-leukocyte aGPCR CD97 and its ligand CD55. We found that leukocytes from CD55-deficient 

mice express significantly increased levels of cell surface CD97 that normalized after transfer into 

wild-type mice due to contact with CD55 on both leukocytes and stromal cells. Downregulation 

of both CD97 subunits occurred within minutes after first contact with CD55 in vivo, which 

correlated with an increase in plasma levels of soluble CD97. In vitro, downregulation of CD97 

on CD55-deficient leukocytes, cocultured with wild-type blood cells was strictly dependent on 

shear stress. In vivo, CD55-mediated downregulation of CD97 required an intact circulation and 

was not observed on cells that lack contact with the blood stream, such as microglia. Notably, 

de novo ligation of CD97 did not activate signaling molecules constitutively engaged by CD97 

in cancer cells, such as ERK and protein kinase B/Akt. We conclude that CD55 downregulates 

CD97 surface expression on circulating leukocytes by a process that requires physical forces, 

but based on current evidence, does not induce receptor signaling. This regulation may restrict 

CD97–CD55-mediated cell adhesion to tissue sites.
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IntRoDuctIon 
The adhesion class is one of the five classes of G protein-coupled receptors (GPCRs) 1. The human 

genome encodes 33 adhesion GPCRs (aGPCRs), which are broadly expressed in embryonic and larval 

cells, cells of the reproductive tract, neurons, leukocytes, and a variety of tumors 2. Most notable is the 

molecular structure that sets aGPCRs apart from other GPCRs. Intramolecular processing at a GPCR-

proteolytic site (GPS) proximal to the first transmembrane helix gives rise to a seven-transmembrane 

and an extracellular subunit, which subsequently reassociate non-covalently 3. Only recently, it became 

clear that the GPS motif is part of a much larger ~320-residue GPCR autoproteolysis-inducing (GAIN) 

domain that forms a tightly associated heterodimer upon proteolysis 4.

The extracellular subunits of aGPCRs can be exceptionally long and contain a variety of 

structural domains that are known for their ability to facilitate cell-cell and cell-matrix interactions. 

The first ligand identified was CD55, a widely distributed cell surface molecule regulating 

complement activity (decay-accelerating factor) 5. CD55 interacts with the N-terminal epidermal 

growth factor (EGF)-like domains of CD97 6-8, an aGPCR broadly expressed by hematopoietic 

and non-hematopoietic cells 9-11. Subsequently identified aGPCR ligands were dermatan sulfate, 

α5β1 integrin, tissue transglutaminase 2, phosphatidylserine, lipopolysaccharide, C1q, lasso/

teneurin-2, collagen III, and Thy-1/CD90 12-20. Evidence was obtained that aGPCRs have a role in 

cell positioning and tissue organization in various organ systems 21, 22. Yet, in sensu stricto, aGPCRs 

are still ‘functional orphans’. The main problem is a lack of understanding of how these atypical 

GPCRs are activated. For classical GPCRs, ligand binding results in the formation of a transient 

high-affinity complex of agonist, activated receptor, and G protein. As a consequence, GDP is 

released from the G protein and replaced by GTP, leading to dissociation of the G protein into 

an α subunit and a βγ dimer, which both activate several effectors 23. For aGPCRs, the agonistic 

potential of most ligands is uncertain. Studies on signal transduction have been done almost 

exclusively in the absence of agonists and have not unveiled a general mechanism of action 2. 

This uncertainty has fostered the idea that aGPCRs may function in a principally different manner 

from classical GPCRs (5th Workshop on Adhesion-GPCRs, Leipzig 2010).

In this study, we used the CD97–CD55 interaction as a paradigm to explore the consequences 

of ligation of an aGPCR both in vivo and in vitro. We demonstrate that CD55 contact leads to a 

continuous downregulation of CD97 on circulating leukocytes that is dependent on physical shear 

stress and may serve to restrict CD97-mediated cell adhesion to tissue sites. De novo contact 

of CD97+ leukocytes with CD55 did not appear to induce signaling pathways that were recently 

shown to be constitutively activated by CD97 in cancers cells 24. Our findings demonstrate for the 

first time interaction of an aGPCR with an endogenous ligand in vivo and support the hypothesis 

that facilitating adhesive contacts may be a prime activity of the extracellular modules of aGPCRs.

MateRIals anD MethoDs
Mice
Mice deficient for CD55 (Cd55-/-, synonym: Daf1-/-) and CD97 (Cd97-/-) have been generated 

previously by us 25, 26 and backcrossed to C57BL/6 for at least eight generations. Wild-type mice 

were littermates or were purchased from Charles River (Maastricht, The Netherlands). Congenic 
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mice expressed Cd45.1 in the B6.SJL strain. All mice used in this study were matched for age and 

sex and kept under specific pathogen-free conditions. Experiments were approved by the Animal 

Ethics Committee of the Academic Medical Center (Amsterdam, The Netherlands).

adoptive transfer
The equivalent of 25 x 106 congenic wild-type (Cd45.1) or Cd55-/- (Cd45.2) leukocytes, obtained 

by mashing the spleens under aseptic conditions in sterile PBS through a 70-μm cell strainer, 

were injected into the tail vein of Cd55-/- or congenic wild-type recipient mice, respectively. To 

allow tracing of Cd55-/- splenocytes transferred into Cd55-/- mice, cells were labeled prior to the 

injection with 1 μM 5,6-carboxyfluorescein succinimidyl ester (CFSE; Molecular Probes Europe BV, 

Leiden, The Netherlands) for 10 min at 37°C. To block coagulation in vivo, 20 units/ml heparin 

(LEO Pharma, Breda, The Netherlands) in PBS was injected into the tail vein of mice 5 min before 

the injection of Cd55-/- splenocytes. At various time points, blood and spleen from recipient 

mice were collected and analyzed by flow cytometry and Western blotting for CD97 expression 

on leukocytes. For Western blot analysis, CFSE-positive transferred leukocytes were sorted on a 

FACSAria (BD Biosciences, San Jose, CA, USA) into PBS.

bone marrow-chimeric mice
Congenic wild-type (Cd45.1) and Cd55-/- (Cd45.2) recipient mice were γ-irradiated with 5.1 Gy and 

reconstituted with 10 x 106 Cd55-/- or congenic wild-type bone marrow-derived hematopoietic 

cells, respectively, via tail vein injection. Mice were housed in individually ventilated cages and 

obtained drinking water containing neomycin during the experiment. After 5 weeks, blood was 

collected in heparin via heart puncture and analyzed by flow cytometry for CD97 expression 

on leukocytes.

coculture assays
To mimic shear stress in vitro, 100 μl congenic wild-type or Cd55-/- whole blood was added to 2.5 

x 106 Cd55-/- or wild-type splenocytes in polypropylene tubes and shaken at RT at 900 rpm or left 

unagitated. At indicated time points, cells were harvested and analyzed by flow cytometry for 

CD97 expression. Alternatively, 500 μl congenic wild-type whole blood was mixed with 12.5 x 

106 Cd55-/- splenocytes and exposed at 25ºC to shear stresses of 1 dynes/cm2, resembling capillary 

levels 27,  or 40 dynes/cm2, representative for arterial shear stresses in mice 28, imposed by a 

rheometer (MCR 501; Anton Paar, Graz, Austria). After 1 h, cells were harvested and analyzed 

by flow cytometry for CD97 expression.

To study potential signaling after de novo ligation of CD97 by its ligand CD55, 10 x 106 

Cd55-/- or wild-type splenocytes were mixed with a leukocyte-free fraction of Cd55-/- or 

wild-type erythrocytes, obtained by filtering wild-type whole blood diluted in PBS through a 

filter, containing 2 layers of pre-filter material (#S3AT0006) and 3 layers of intermediate material 

(#2210) (Fresenius Kabi, Isola della Scala, Italy). After applying shear stress to the mixed cells for 

0, 5, 15 or 30 min, erythrocytes were lysed with a buffer containing 155 mM NH4Cl, 10 mM 

KHCO3, and 1 mM EDTA and the remaining splenocytes were washed in PBS and collected in RIPA 

buffer (Cell Signaling, Beverly, MA, USA) for biochemical analysis. Cd55-/- splenocytes stimulated 

with 100 ng/ml phorbol myristate acetate (PMA) for 5 or 15 min were used as positive controls.
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Immunological reagents
For flow cytometry, a hamster monoclonal antibody (mAb) against the first EGF domain of 

CD97 (clone 1B2 29, 30) was used, together with an irrelevant hamster control mAb (clone 3C7). 

Antibodies were biotinylated in house and used in combination with streptavidin-conjugated 

PeCy7 or APC, and FITC-, PE-, PerCP-Cy5.5-, PeCy7-, APC-, or biotin-conjugated mAbs specific for 

CD3, CD11b, CD45, CD45.1, CD45.2, CD62L, B220, F4/80, Gr-1, Ly6C, NK1.1 (all eBioscience, San 

Diego, CA, USA), Ly6G (BD Biosciences), annexinV (IQ Products BV, Groningen, The Netherlands). 

For Western blot analysis, we used polyclonal antibodies against the α chain of CD97 (R&D 

Systems, Wiesbaden, Germany), the β chain of CD97 26, phospho-ERK, ERK, phospho-Akt, and 

actin (all Cell Signaling).

flow cytometry
Bone marrow cells were harvested from dissected femurs by flushing the bone marrow plug 

with PBS/0.5% bovine serum albumin (BSA). Peripheral blood was collected in heparin by heart 

puncture. Single cell suspensions of spleen were obtained as described above. Erythrocytes in 

all cell preparations were lysed as described above.

For microglia isolation 31, brains were transferred to ice-cold glucose-potassium-sodium buffer 

(GKN; 8 g/l NaCl, 0.4 g/l KCl, 1.77 g/l Na2HPO4.2H2O, 0.69 g/l NaH2PO4.H2O, 2 g/l D-(+)-glucose, 

pH 7.4) with 0.3% BSA and minced through a 70-μm cell strainer. Cells were washed and 

resuspended in 20 ml of isotonic Percoll (GE Healthcare, Zeist, The Netherlands), diluted in GKN/

BSA to a density (ρ) of 1.03 g/ml, then underlain with 10 ml Percoll of ρ = 1.095, overlain with 

5 ml GKN-BSA buffer, and centrifuged for 35 min at 2,500 rpm (1,335 x g) and 4ºC with slow 

acceleration and no brake. After discarding of the myelin layer on top of the ρ = 1.03 Percoll 

phase, cells were collected from the interface, washed, and resuspended in GKN/BSA buffer.

50 μl whole blood, 5 x 105 bone marrow or spleen cells, or all microglial cells isolated from 

one brain were used per staining. Non-specific binding of mAbs was blocked by adding 10% 

normal mouse serum and 2.5 μg/ml anti-CD16/32 (clone 2.4G2; BD Biosciences), together with 

the appropriately diluted mAbs in PBS containing 0.5% BSA. Cells were incubated for 30 min at 

4ºC, followed (where appropriate) by a second incubation step with streptavidin-FITC, -PeCy7, 

or -APC. For measuring viability, cells were washed in calcium buffer (10 mM HEPES, 150 mM 

NaCl, 5 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2) and stained for annexinV in combination with 

subset-specific cell markers. Flow cytometric analysis was performed using a FACSCalibur (BD 

Biosciences) and the FlowJo software package (Tree Star, Ashland, OR, USA).

western blot analysis
Immune cells from spleen and blood or CFSE-positive transferred cells from blood were isolated 

as described above and solubilized in a lysis buffer consisting of 2% Triton X-100 in PBS, 

supplemented with Complete Protease Inhibitor Mix (Roche, Mannheim, Germany). Lysates 

were made by agitation for 30 min at 4°C, after which insoluble material was removed by 

centrifugation in a microfuge at 16,100 x g for 15 min. The resulting supernatant was used for 

SDS-PAGE. Approximately 3 x 106 cell equivalents were loaded on a protein gel and blotted to 

an Immobiolon-FL polyvinylidene fluoride (PVDF) membrane (Millipore, Bedford, MA, USA) by 

semi-dry blotting. Membranes were stained overnight using antibodies specific for the CD97 α 

25



chapter 2

and β chain, phospho-ERK, ERK, phospho-Akt, and actin. For detection, IRDye-tagged secondary 

antibodies (LI-COR Biotechnology, Lincoln, NE, USA) were used. Analysis and quantification was 

performed on an Odyssey Infrared Imaging system (LI-COR).

soluble cD97 elIsa
sCD97 in plasma was measured using a recently developed ELISA 32 based on 1B2 as capture 

antibody, biotinylated 1A2 as detection antibody, and streptavidin-conjugated HRP (horseradish 

peroxidase) as enzyme. Blood from untreated wild-type, Cd55-/-, and Cd97-/- mice or from recipient 

wild-type and Cd55-/- mice, 10 min after transfer of Cd55-/- immune cells, was collected in heparin, 

and plasma was obtained by centrifugation for 10 min at 16,200 x g at 4°C. ELISA plates were 

coated overnight with 1 μg/ml 1B2 in PBS. Blocking was performed in 5% fetal calf serum (FCS) 

and 0.01% Tween20 in PBS. 50-μl plasma samples were added to the wells and incubated 

overnight at 4°C. Subsequently, wells were incubated with biotinylated 1A2 and streptavidin-

conjugated HRP for 1 h at room temperature. After each step, samples were washed with 0.05% 

Tween20 in PBS. Finally, tetramethylbenzidine was added as substrate, and the reaction was 

stopped with 2 N H2SO4. Absorbance was measured at 450 nm using 655 nm as a reference 

wavelength. Levels of sCD97 in plasma were calculated from a standard of recombinant mouse 

sCD97(EGF1,2,4)-mFc fusion protein 32 that was included on each plate. 

Real-time quantitative PcR
Total RNA was extracted from peripheral blood leukocytes (PBL) and transcribed into first strand 

cDNA using Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA). Real-time 

quantitative PCR was performed with the ABI Prism 7300 Sequence Detection System (Applied 

Biosystems, Foster City, CA, USA) using SYBR Green Master Mix (Applied Biosystems) with 

an input of cDNA equal to 10 ng initial total RNA per reaction. Analysis was performed 

with Sequence Detection Software (SDS) v 1.2.3 (Applied Biosystems). RNA expression of 

CD97 (forward primer 5’-CTGCCTCACCACAGCTACT-3’, reverse primer 5’-CTCAAGGGCTCT 

TCCCTTTGT-3’) was normalized to hypoxanthine phosphoribosyl-transferase (HPRT; forward 

primer 5’-ATGGGAGGCCATCACATTGT-3’, reverse primer 5’-ATGTAATCCAGCAGGTCAGCAA-3’).

statistical analysis
Differences between groups were calculated by unpaired t-test or Mann-Whitney U test. Values 

are expressed as mean ± SD. A two-tailed p value of less than 0.05 was considered to represent 

a significant difference.

Results
cD97 expression on immune cells is increased in Cd55-/- mice
Expression analysis by flow cytometry in wild-type mice revealed a broad distribution of CD97 

on almost all leukocytes with, like in humans 33, highest expression levels found on myeloid cells 

(Figure 1A). Notably, in mice lacking a functional Cd55 gene, CD97 was significantly upregulated 

on all leukocytes with the most prominent increase found on cells in the periphery (Figure 1A). This 

finding suggested that cell surface expression of CD97 is regulated by interaction with its ligand CD55.
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Since flow cytometry only allowed detection of the extracellular part of CD97, the question 

arose whether expression differences observed in the absence of CD55 affects the whole receptor 

or only the α chain. For instance, it is conceivable that ligand binding induces release of the α 

chain specifically, leaving expression of the membrane spanning β chain intact. Western blot 

analysis with antibodies specific for the α and the β chain of CD97 revealed that expression levels 

of both chains were increased in Cd55-/- mice (Figure 1B, upper panel). Quantification of the bands 

on the immunoblot showed that the α and β subunits of CD97 in Cd55-/- mice were upregulated 

four times in peripheral blood leukocytes (PBL) and two times in splenocytes as compared to 

wild-type mice (Figure 1B, lower panel). These data imply that CD97 is predominantly expressed 

Figure 1. Lack of CD55 increases cell surface expression of both the α and β chain of CD97 on 
leukocytes. (A) Immune cells obtained from bone marrow, blood, and spleen of wild-type and Cd55-/- mice 
were incubated with CD97 mAb 1B2 and analyzed by flow cytometry. Indicated is the mean and SD of the 
geometric mean fluorescence intensity (MFI) of CD97 expression on total cells, neutrophils (Neu), eosinophils 
(Eo), monocytes (Mono), macrophages (Mφ), B cells, T cells, and NK cells (n = 6-19 mice). (B) Immune cells from 
blood and spleen were isolated from wild-type, Cd97-/-, and Cd55-/- mice. Western blot analysis of cell lysates 
using antibodies specific for CD97 α and β chain was performed together with an actin control (upper panel). 
Bands on immunoblot shown were quantified using Odyssey Imaging software (lower panel). Shown is the 
relative protein expression of CD97 compared to wild-type cells. (C) Real-time quantitative PCR for CD97 on 
cDNA samples of PBL of wild-type and Cd55-/- mice. Indicated is the mean and SD of CD97 transcript levels 
relative to HPRT (n = 4). (D) CD11b+CD45dim microglia from brain were analyzed for CD97 expression as in 
panel A (n = 5 mice). ns, not significant, *, p < 0.05, and **, p < 0.005 
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at the cell surface as a dimeric receptor, comprising both the α and the β chain. We next tested 

if CD55 deficiency leads to increased transcript levels of CD97. By quantitative PCR, we found 

comparable Cd97 transcription in wild-type and Cd55-/- leukocytes, indicating that modulation 

of CD97 protein expression through CD55 is regulated at the protein level (Figure 1C).

Immune cell cD97 is reversibly regulated by cD55 expressed on 
stromal and hematopoietic cells
To corroborate the observation that CD55 regulates CD97 cell surface expression, we performed 

adoptive transfer experiments by intravenous (i.v.) injection of CD55-deficient splenocytes into 

wild-type recipients and vice versa. One day after the transfer, we assessed the cell surface 

expression of CD97 on the transferred cells present in blood (Figure 2A) and spleen (data not 

shown). Wild-type immune cells that had been transferred into Cd55-/- mice showed an upregulation 

of CD97 expression within 24 h to levels comparable with CD55-deficient leukocytes. Conversely, 

when cells from CD55-deficient mice were transferred into an environment where CD55 is 

present, expression of CD97 on these leukocytes was downregulated to a level comparable 

to wild-type cells. Thus, surface expression of CD97 is reversibly regulated by the presence of 

CD55 in vivo.

Because CD55 is expressed widely throughout the body 34, we generated bone marrow-

chimeric mice to study the role of CD55 on hematopoietic versus non-hematopoietic cells 

in regulating CD97 expression. Congenic wild-type and Cd55-/- recipient mice were lethally 

irradiated, followed by i.v. injection with Cd55-/- or wild-type bone marrow cells, respectively. 

Five weeks after reconstitution of the hematopoietic compartment, we analyzed the expression 

level of CD97 on PBL of recipient mice. Levels of CD97 were comparable to wild-type mice in all 

Figure 2. CD97 expression on leukocytes is reversibly regulated by CD55 on hematopoietic and non-
hematopoietic cells. (A) Splenocytes from congenic wild-type and Cd55-/- mice were adoptively transferred 
to Cd55-/- and congenic wild-type recipients, respectively. PBL were obtained 24 h after transfer and analyzed 
by flow cytometry for CD45.1, CD45.2, and CD97 expression. Shown are representative histograms and the 
mean and SD of the geometric mean fluorescence intensity (MFI) of CD97 expression on total donor leukocytes 
in blood of recipient mice as compared to total leukocytes in wild-type and Cd55-/- mice (n = 3 mice). One 
of two independent experiments is shown. (B) Cd55-/- and congenic wild-type mice were lethally irradiated 
and reconstituted with 10 x 106 bone marrow-derived hematopoietic cells (HC) from congenic wild-type and 
Cd55-/- mice, respectively. Five weeks after reconstitution, PBL were analyzed by flow cytometry for CD45.1, 
CD45.2, and CD97 expression. Indicated is the mean and SD of the geometric mean fluorescence intensity of 
CD97 expression on donor-derived total leukocytes (n = 3-5 mice). *, p < 0.05 and ***, p < 0.0005
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conditions where CD55 was present (Figure 2B). We concluded that CD55 of hematopoietic as 

well as stromal origin can regulate CD97 expression on immune cells.

De novo contact with cD55 leads to shedding of the α chain and rapid 
downregulation of the β chain cD97 from the cell surface in vivo
In order to assess the kinetics of CD97 downregulation after ligation by CD55, we measured 

the expression of CD97 on Cd55-/- leukocytes at various time points after transfer to congenic 

wild-type mice. Within 5 min after the initial contact with wild-type cells bearing CD55 in circulation, 

expression of CD97 on Cd55-/- leukocytes was already reduced by about 50% (Figure 3A). At 20 min 

after transfer, CD97 expression was normalized to levels found on wild-type leukocytes (Figure 3A).

To examine the fate of both the α and β chain of CD97 after ligation by CD55, we sorted 

transferred Cd55-/- cells from blood of both Cd55-/- and wild-type recipients 10 min after transfer. 

Western blot analysis with CD97 α and β chain-specific antibodies revealed downregulation of 

both subunits after de novo contact with CD55. Quantification of the immunoblot confirmed an 

almost equal, three-fold reduction in the amount of both chains, indicating that the two subunits 

of CD97 disappear after ligation with comparable kinetics (Figure 3B).

Due to the two-subunit structure of CD97 and the presence of sCD97 in serum of wild-type 

mice 32, we wondered whether the α chain is shed after ligation by CD55, followed by subsequent 

internalization and degradation of the β chain. To test this possibility, we collected plasma of 

both Cd55-/- and wild-type recipients 10 min after transfer of Cd55-/- leukocytes into these mice. 

Using a sCD97-specific ELISA 32, we detected a low concentration of sCD97 in wild-type mice 

Figure 3. Ligation by CD55 in vivo results in CD97 α chain shedding and β chain downregulation. 
(A) Splenocytes from Cd55-/- mice were transferred into congenic wild-type mice by injection into the tail vein. 
At indicated time points, blood was collected from recipient mice, and CD97 expression was measured on 
transferred (CD45.2+) and recipient (CD45.1+) cells by flow cytometry. Indicated is the relative expression of 
CD97 on transferred cells compared to host cells in the same mouse. One of three independent experiments 
is shown. (B) Splenocytes from Cd55-/- mice were labeled with CFSE and injected into the tail vein of Cd55-/- 
and wild-type mice. 10 min after transfer, blood was collected, erythrocytes were lysed, and CFSE+ cells 
were sorted. Lysates of sorted cells from 9 mice, derived from 3 experiments, were pooled and analyzed by 
Western blot using antibodies specific for CD97 α and β chain together with an actin control (left panel). 
Bands on immunoblot shown were quantified using Odyssey Imaging software (right panel). Shown is the 
relative protein expression of CD97 on cells transferred into Cd55-/- mice compared to cells transferred into 
wild-type mice. (C) Splenocytes from Cd55-/- mice were injected into the tail vein of Cd55-/- and wild-type 
mice. 10 min after transfer, blood was collected, and sCD97 was detected in plasma using a sandwich ELISA. 
Plasma levels of sCD97 in wild-type and Cd55-/- was analyzed for comparison. Shown is the mean ± SD of 
the amount of sCD97 in one of two independent experiments (n = 3 mice). nd, not detectable, *, p < 0.05
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at steady state (Figure 3C). Transfer of Cd55-/- leukocytes into wild-type recipients resulted in 

a significant increase in levels of circulating sCD97, indicating shedding of the α subunit after 

ligation of CD97 by CD55. In Cd55-/- mice, the level of sCD97 was below the detection limit and 

remained undetectable after transfer of Cd55-/- cells, further supporting the idea that ligation by 

CD55 is needed to process CD97.  

cD55-induced downregulation of cD97 requires shear stress in vitro 
and in vivo
To further study the mechanism by which CD55 is regulating CD97 cell surface expression, we 

tried to set up an in vitro system. We previously demonstrated physical interaction between CD97 

and CD55 in coculture systems 5, 6, 29. Surprisingly, when studying Cd55-/- leukocytes cocultured 

with congenic wild-type blood cells, we observed no downregulation of CD97. We cocultured 

Cd55-/- leukocytes from spleen or blood with wild-type leukocytes or erythrocytes in different 

ratios and in the presence or absence of wild-type or Cd55-/- serum for 30 min up till 48 h, but in 

none of these conditions was CD97 expression downregulated (data not shown). We concluded 

that the circumstances needed to regulate CD97 were not recapitulated properly in vitro. The 

difference could perhaps lie in the circulatory action of the blood, causing shear stress in vivo; 

this could trigger a conformational change, resulting in CD55-mediated downregulation of CD97.

To test whether this shear stress model is viable, we attempted to recapitulate similar conditions 

in vitro. We cocultured CD55-deficient splenocytes with wild-type blood while shaking at high 

speed. Shear stress in this model is heterogeneous, and for the current settings was in the order of 

Figure 4. In vitro regulation of CD97 cell surface expression requires shear stress. (A) Splenocytes 
from Cd55-/- or congenic wild-type mice were cocultured for 4 h at RT with Cd55-/- or wild-type whole blood, 
applying rigorous agitation (white and black bars, shear around 30 dynes/cm2) or not (grey bar). Immediately 
afterwards, cells were analyzed for CD45.1, CD45.2, and CD97 expression by flow cytometry. Provided is the 
mean and SD of the relative expression of CD97 on the splenocytes, compared to wild-type splenocytes (0 h) 
or to CD45.1+ wild-type PBL (4 h) (n = 3). (B) Splenocytes from congenic Cd55-/- mice were cocultured at RT 
with wild-type whole blood, applying shear stress as in panel A. At indicated time points, splenocytes were 
analyzed for CD97 expression, depicted here as mean and SD of relative expression compared to wild-type 
PBL (n = 3-5). (C) Congenic wild-type whole blood was mixed with Cd55-/- splenocytes and exposed to a 
constant shear stress of 1 dynes/cm2 or 40 dynes/cm2 imposed by a rheometer. After 1 h, cells were harvested 
and analyzed by flow cytometry as described in panel A. One of two comparable experiments is shown. **, 
p < 0.005 and ***, p < 0.0005
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30 dynes/cm2 35. After 4 h, CD97 expression on Cd55-/- cells was strongly reduced and comparable 

to that on wild-type leukocytes (Figure 4A). Transferred Cd55-/- splenocytes were viable, but 

slightly activated, as demonstrated by lower CD62L expression on transferred CD45.2+ cells (data 

not shown). We previously showed that activated leukocytes express higher CD97 levels 36. Thus, 

cell activation should not have downregulated CD97 in our experiments. Analysis at earlier time 

points revealed that although somewhat slower than in vivo, CD97 was downregulated on Cd55-/- 

immune cells upon contact with wild-type blood cells within 1-2 h (Figure 4B). 

To corroborate our findings in a better-defined experimental setting, we used a MCR 501 

Couette-type rheometer, where a nearly homogeneous shear stress field occurs in the fluid 

between two concentric cylinders, generated by their relative movement. We mixed Cd55-/- 

splenocytes with wild-type blood and applied a constant shear stress for 1 h. A shear stress of 

1 dynes/cm2, found in capillaries, was not sufficient to induce downregulation of CD97. In contrast 

at a shear stress of 40 dynes/cm2, representative for arteries, we observed that CD97 expression 

on transferred Cd55-/- cells was efficiently downregulated to wild-type levels (Figure 4C). 

Figure 5. In vivo downregulation of CD97 upon CD55 contact requires blood circulation. One group 
of congenic wild-type mice was injected with Cd55-/- splenocytes by injection into the tail vein, followed 
by blood collection after 5 or 20 min. Another group of wild-type mice was administered with heparin, 
injected with Cd55-/- splenocytes, and sacrificed immediately thereafter. Blood was collected 5 and 20 min 
post mortem. CD97 expression was measured on transferred (CD45.2+) and recipient (CD45.1+) leukocytes 
by flow cytometry. Provided is the treatment scheme (upper panel) and the mean and SD of the relative 
expression of CD97 on transferred cells compared to host cells in the same mouse (lower panel). Data was 
pooled from 3 independent experiments (n = 6 mice). *, p < 0.05
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We next investigated whether CD97 downregulation upon de novo ligation requires an intact 

circulation in vivo. As shown in Figure 3A, Cd55-/- leukocytes rapidly downregulated CD97 after 

transfer into wild-type mice. To study regulation of CD97 expression in the absence of circulation, 

we pretreated wild-type recipient mice with heparin in order to prevent coagulation and sacrificed 

them immediately after adoptive transfer of Cd55-/- leukocytes, followed by cardiac puncture after 

5 or 20 min. Under these conditions, we found no reduction of CD97 cell surface expression even 

after 20 min (Figure 5). Erythrocytes express high levels of CD55, ensuring direct contact of CD97 

on Cd55-/- leukocytes with its ligand even though there is no circulation. Treatment with heparin 

by itself did not affect downregulation of CD97 expression on Cd55-/- leukocytes transferred into 

wild-type mice (data not shown). Together, these findings indicated that shear stress is necessary 

for the effective processing of CD97 by its ligand CD55. Consistent with this idea, we found that 

microglia in the brain that neither circulate nor are in contact with circulating blood cells have 

comparable levels of CD97 surface expression in wild-type and Cd55-/- mice (Figure 1D). 

De novo ligation of cD97 by its ligand cD55 does not induce eRk or 
Pkb/akt signaling
In the classical model of agonist-selective desensitization, internalization of GPCRs results from 

effective receptor activation 37. Recent studies demonstrated that ectopic overexpression of CD97 

in fibroblasts and epithelial cells, and constitutive expression of CD97 in prostate cancer cells 

stimulates ERK, protein kinase B (PKB)/Akt, and RhoA activation 22, 24. To explore the possibility 

that interaction with its ligand CD55 activates CD97 in leukocytes, we incubated CD55-deficient 

splenocytes with wild-type erythrocytes under rigorous agitation as described above. At 0, 5, 15, 

and 30 min, we harvested cells and probed lysates for ERK and PKB/Akt activation. We found 

no phosphorylation of ERK and PKB/Akt in splenocytes that had experienced CD97 ligation 

Figure 6. De novo interaction of CD97 with its ligand CD55 does not induce ERK or PKB/Akt 
signaling. (A) Cd55-/- and wild-type splenocytes were mixed with either Cd55-/- or wild-type erythrocytes 
and shaken for 0, 5, 15, or 30 min. After erythrocyte lysis, splenocytes were collected in sample buffer and 
analyzed by Western blot with antibodies specific for phosphorylated ERK and PKB/Akt. Full ERK or actin was 
analyzed for comparison of loading. As positive control for ERK phosphorylation, splenocytes in the same 
experiment were stimulated with 100 ng/ml PMA. As a positive control for the pAkt Western blotting, lysate 
of platelet-derived growth factor (PDGF)-stimulated synovial fibroblasts was used. One of two independent 
experiments is shown.
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(Figure 6). Moreover, RhoA was not activated upon de novo ligation of CD97 (data not shown). 

Thus, CD97 signaling pathways previously identified in tumor cells were not triggered by CD55 

binding in leukocytes.

DIscussIon
The identification of CD55 as binding partner of CD97 in 1996 5 demonstrated for the first time 

the ability of aGPCRs to interact with cellular ligands. Specificity and affinity of CD97 for CD55 

is closely regulated by composition of the EGF domain region 6, 7, 29 and by individual amino acids 

that prevent CD55 binding by EMR2, a homolog of CD97 with 97% amino acid identity in the 

EGF domain region 7, 38. In spite of cellular and molecular assays proving interaction between 

CD97 and CD55 in humans and mice 5, 7, 29, evidence that the two molecules interact in vivo has 

been difficult to obtain. Importantly, EGF domain-specific antibodies and recombinant CD55 do 

not activate known mediators of GPCR signaling 39. Only recently, studies with gene-deficient 

mice functionally linked CD97 and CD55. Firstly, mice lacking either CD97 or CD55 had a higher 

granulopoietic activity, resulting in increased numbers of circulating granulocytes 26, 40, 41. Secondly, 

absence of CD97 or CD55 reduced disease activity in two experimental models of arthritis 42. In 

both cases, CD97 and CD55 knockout mice developed a highly similar phenotype. Yet, by their 

nature, these studies could only establish association but not prove causation. Our finding that 

CD97 surface expression on circulating leukocytes is continuously regulated by contact with 

CD55 provides the first direct evidence of an aGPCR interacting with its binding partner in vivo.

The physiological function of the CD97–CD55 interaction presumably relates to the 

engagement of adhesive contacts between CD97+ immune cells and CD55+ stromal cells. It 

seems possible that CD97–CD55 contacts mediate the retention of leukocytes at specific tissue 

sites. For example, CD55high synovial lining fibroblasts of rheumatoid arthritis synovial tissue are 

able to bind CD97-coupled fluorescent beads 43. A role of CD97 as receiver of local stromal and 

matrix adhesive codes would fit with its ability to engage with various ligands at low affinity. 

Besides CD55, CD97 binds the glycosaminoglycan dermatan sulfate, the integrin α5β1, and 

Thy-1/CD90 through different sites within the extracellular subunit 12, 13, 20. Similar characteristics 

have been reported for GPR56, an aGPCR expressed by neurons, various malignant cells, 

and cytotoxic lymphocytes 2, 44. GPR56 binds different ligands in man and mouse, including 

tissue transglutaminase 2 and collagen III 14, 19, 45. Defective expression of GPR56 on neurons 

disturbs the integrity of the pial basement membrane and the migration of developing neurons, 

resulting in a severe human brain malformation called bilateral frontoparietal polymicrogyria 

(BFPP) 46, 47. Intriguingly, all BFPP-associated missense mutations identified to date are located 

at the extracellular region of GPR56 46. Other examples of aGPCRs with a role in cell adhesion 

are Flamingo and Latrophilin, which coordinate cell orientation and tissue polarity in Drosophila 

and C. elegans, respectively 48-51. The picture that arises from these studies is that aGPCRs 

facilitate the proper positioning of developing and motile cells in various organ systems via their 

extracellular modules.

CD97 and CD55 are abundantly expressed by all types of leukocytes 33, 52. Moreover, many 

epithelial cells express CD97, and CD55 is found on erythrocytes, endothelial cells, and stromal 
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cells 11, 26, 53. This wide distribution raised the question how uncontrolled clustering of leukocytes 

due to homo- or heterotypic cellular CD97–CD55 contacts is prevented. Our data suggest that 

continuous downregulation of CD97 on circulating leukocytes upon contact with CD55, together 

with the rather low affinity of their interaction (KD of 86 μM 7), may prevent clustering or 

inappropriate binding to the endothelium. In line with this, we previously showed that CD97 

and CD55 are dispensable for the extravasation of leukocytes from the blood stream 26, 36. Once 

inside the tissue, CD97 expression may increase and facilitate adhesion events through interaction 

with CD55. A unique aspect of the regulation of CD97 expression upon CD55 contact is the 

dependency on shear stress, both in vitro and in vivo. To our knowledge, this mechanism of 

regulation of expression of a GPCR is without precedent (Figure 7). Whether it relates to the 

unique two-subunit structure, resulting from autocatalytic processing and reassociation of the 

protein precursor to almost unchanged appearance at the cell surface, which is a hallmark of 

most aGPCRs 3, 4, remains to be shown. Based on our findings, it seems possible that the cleavage 

site functions as molecular mechanical fracture device that confers a mechanism to terminate 

activity of the receptor.

It has been proposed that the two-subunit structure of aGPCRs functionally separates the 

adhesive extracellular subunit from the signaling seven-transmembrane subunit. Recent in vitro 

and in vivo studies with epithelial cells overexpressing CD97 have started to shed light on the 

signaling properties of the receptor. Firstly, Aust and coworkers demonstrated an increase in 

membrane-associated β-catenin due to PKB/Akt–GSK-3β signaling in transgenic Villin-Cd97 mice 

that overexpress CD97 in intestinal epithelial cells 22. Secondly, Kelly and colleagues showed that 

in prostate cancer cells, CD97 signals through ERK, PKB/Akt, and RhoA activation 24. Notably, 

signaling has not been attributed to receptor ligation in these studies, and the Kelly laboratory 

demonstrated that CD97 in a ligand-independent manner regulates signaling of lysophosphatidic 

acid receptor 1 (LPAR-1) 24, 54. We tested whether de novo ligation by CD55 would stimulate 

CD97 signaling, but found no evidence that ERK, PKB/Akt, or RhoA are activated, even though 

Figure 7. Consequences of the CD97–CD55 interaction in vivo. (A) In tissue, contacts between the 
aGPCR CD97 and the glycosylphosphatidylinositol-linked cell surface molecule CD55 may facilitate cell 
adhesion in situ. (B) In the circulation, CD97 expression is constantly downregulated by contact with CD55 
on blood and stromal cells. For details on the model depicted here, see the Discussion.
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our in vitro experimental settings mimic in vivo events closely. While our experiments do not 

exclude signaling, perhaps mediated by signaling molecules other than the ones tested, it also 

seems possible that CD55 binding not at all triggers CD97 signaling but solely mediates adhesive 

contacts. This question will need to be addressed in future studies using robust and specific 

readouts for CD97 signaling.

As a consequence of the two-subunit structure of aGPCRs, the two chains can behave as 

independent proteins as has been shown by studies with transfected cell lines for latrophilin and 

EMR2 55, 56. We here failed to demonstrate an independent existence of the transmembrane β 

chain of CD97 after dissociation from the extracellular α chain. Upon CD55-induced shedding 

of the α chain in vivo, the β chain was downregulated within minutes to the same extent, 

most likely via internalization and subsequent degradation. How this process is orchestrated 

remains to be addressed and may further inform us about the underlying working mechanism 

of aGPCRs.

Another question relates to the possible roles of the CD97 α chain in the circulation. Shedded 

ectodomains of transmembrane proteins can remain stable and active in solution, thereby 

regulating various biological processes 57. Interestingly, the α chain of human CD97 can act as a 

potent chemoattractant for human endothelial cells and as a pro-angiogenic factor 13, manifesting 

its potential biological activity at distant sites. Lack of sCD97 in CD55 knockout mice suggests 

that CD55 contact-mediated release is the major source of CD97 α chain present in plasma. 

In summary, we show here that ligation of the aGPCR CD97 on circulating blood cells results 

in rapid downregulation of the receptor, probably to restrict cell adhesion to tissue sites. The de 

novo ligation model that we present can facilitate further studies on the working mechanism 

of aGPCRs.
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abstRact
background
CD55 (decay-accelerating factor) is a complement-regulatory protein highly expressed on 

fibroblast-like synoviocytes (FLS). CD55 is also a ligand for CD97, an adhesion-type G protein-

coupled receptor abundantly present on leukocytes. Little is known regarding the regulation of 

CD55 expression in FLS.

Methods
FLS isolated from arthritis patients were stimulated with pro-inflammatory cytokines and 

Toll-like receptor (TLR) ligands. Transfection with polyinosinic-polycytidylic acid (poly(I:C)) and 

5’-triphosphate RNA were used to activate the cytoplasmic double-stranded (ds)RNA sensors 

melanoma differentiation-associated gene 5 (MDA5) and retinoic acid-inducible gene-I 

(RIG-I). CD55 expression, cell viability, and binding of CD97-loaded beads were quantified by 

flow cytometry.

Results
CD55 was expressed at equal levels on FLS isolated from patients with rheumatoid arthritis 

(RA), osteoarthritis, psoriatic arthritis and spondyloarthritis. CD55 expression in RA FLS was 

significantly induced by IL-1β and especially by the TLR3 ligand poly(I:C). Activation of MDA5 and 

RIG-I also enhanced CD55 expression. Notably, activation of MDA5 dose-dependently induced 

cell death, while triggering of TLR3 or RIG-I had a minor effect on viability. Upregulation of 

CD55 enhanced the binding capacity of FLS to CD97-loaded beads, which could be blocked by 

antibodies against CD55.

conclusions
Activation of dsRNA sensors enhances the expression of CD55 in cultured FLS, which increases 

the binding to CD97. Our findings suggest that dsRNA promotes the interaction between FLS 

and CD97-expressing leukocytes.
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IntRoDuctIon
Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease of the joints that is 

characterized by a marked thickening of the synovium due to neovascularization, fibroblast 

proliferation, and the recruitment of macrophages and other immune cells [1]. The local production 

of enzymes and cytokines, and the activation of osteoclasts cause cartilage degradation and 

bone erosion, finally leading to joint destruction and functional disability.

Fibroblast-like synoviocytes (FLS) are unique cells of mesenchymal origin that constitute 

the intimal lining, which comprises 2-3 cell layers in normal conditions but can increase up to 

15 layers in RA [2–4]. Due to the border position between synovial tissue and synovial fluid, 

FLS obtain signals from both compartments and affect synovial tissue homeostasis in many 

ways. Moreover, it is increasingly appreciated that FLS contribute to the pathogenesis of RA by 

regulating inflammatory processes and, more directly, by eroding cartilage. A cell surface marker 

that defines FLS is CD55. The presence of CD55 in the intimal lining was initially reported by 

Medof et al. [5]. Later work by Stevens et al. and Edwards and Wilkinson identified CD55 as a 

marker with an apparent specificity for intimal fibroblasts in synovial disease [6,7]. 

CD55, also known as decay-accelerating factor (DAF), is a broadly expressed cell surface 

molecule that protects cells from self-inflicted damage mediated by complement activation. 

CD55 controls complement by accelerating the decay of C3/C5 convertases [8]. In line with 

this well-established function, CD55-deficient mice develop increased complement-mediated 

autoimmunity in a variety of antibody-driven models [9]. Next to its role as a complement 

regulator, CD55 is a binding partner of CD97, an adhesion-type G protein-coupled receptor 

(GPCR) abundantly expressed on almost all leukocytes [10–13]. Adhesion-GPCRs are nonclassical 

heptahelical receptors that facilitate cell and matrix interactions of various cell types [14]. CD97-

positive macrophages closely associate with CD55-expressing FLS in the synovial intima [15]. 

Using CD97-specific multivalent fluorescent probes, we previously demonstrated the ability of 

CD97 to interact with CD55 on FLS in RA synovium [16]. Based on the site-specific expression 

of CD55 and CD97, and the finding that CD97 facilitates leukocyte adhesion in vitro [11], we 

postulated that the interaction of CD97+ intimal macrophages with CD55+ FLS might facilitate 

the accumulation of inflammatory cells in the synovial tissue of RA patients. Using gene-deficient 

mice, we recently demonstrated that lack of both CD55 and CD97 indeed ameliorates disease 

activity in collagen-induced and K/BxN serum transfer models of RA [17].

The high and cell type-specific expression of CD55 raises the question how CD55 expression 

is triggered in FLS. FLS can be activated by cytokines and molecular patterns, originating from 

damaged cells, present in the synovial fluid [2–4]. We therefore tested the ability of a range of 

pro-inflammatory cytokines and Toll-like receptor (TLR) ligands to induce CD55 expression in 

cultured FLS. We show that CD55 was strongly upregulated by triggering of TLR3, an endosomal 

pattern recognition receptor involved in the detection of double-stranded (ds)RNA. Stimulation 

of the cytoplasmic dsRNA sensors melanoma differentiation-associated gene 5 (MDA5) and 

retinoic acid-inducible gene-I (RIG-I) induced CD55 expression as well. Notably, activation of 

MDA5, but hardly TLR3 or RIG-I triggering, caused cell death in cultured FLS. Finally, we show 

that TLR3 activation enhanced the binding of CD97-loaded beads in FLS in a CD55-dependent 

manner, suggesting that dsRNA increases the interaction of FLS with CD97-positive leukocytes. 
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MateRIals anD MethoDs
Isolation and culture of fls and dermal fibroblasts
Synovial tissue samples were obtained by needle arthroscopy from patients with different forms 

of arthritis [18]. RA patients fulfilled the American College of Rheumatology (ACR) criteria [19], 

non-psoriatic spondylarthritis (SpA) patients fulfilled European Spondylarthropathy Study Group 

(ESSG) criteria [20], patients with psoriatic arthritis (PsA) fulfilled the Classification Criteria of 

Psoriatic Arthritis (CASPAR) study group criteria [21], and patients with inflammatory osteoarthritis 

(OA) fulfilled established criteria [22] and had a joint effusion in the absence of rheumatic disease 

other than OA. Clinical data on patients and medication are presented in Table 1. The study was 

approved by the Medical Ethics Committee of the Academic Medical Center, and all patients 

gave written informed consent.

Single cell suspensions were generated by finely mincing freshly isolated synovial tissue, 

followed by treatment with 0.5 mg/ml collagenase type VIII (Sigma-Aldrich, Zwijndrecht, The 

Netherlands) for 2 h at 37ºC. The obtained cell suspension was cultured in Dulbecco’s Eagle’s 

medium (DMEM; 1 g/l D-glucose) supplemented with 10% heat inactivated fetal calf serum (FCS), 

L-glutamine, HEPES, and antibiotics (penicillin, gentamicin, and streptomycin) (Gibco, Breda, The 

Netherlands). Non-adherent cells were removed after 24 h, and adhering cells were grown to sub-

confluence (80%) and subsequently split (1:3) by trypsinization. Synovial fibroblasts were used 

for experiments from passage 3 until passage 9; at that time cultures were free of macrophages 

and non-fibroblasts.

Primary dermal fibroblasts, obtained from biopsy samples of normal skin, were kindly 

provided by Dr. Marcel Teunissen (AMC, Amsterdam, The Netherlands). The cells were cultured 

in Ham’s F-12 medium (Gibco) with 10% FCS and used for experiments between passage 3 

and 5. 

Table 1. Clinical features and treatment of RA, OA, PsA, and SpA patients included in the study 

Ra patients 
n=12

oa patients 
n=5

Psa patients 
n=4

spa patients 
n=5

Sex, no. males/females 2/10 2/3 4/0 1/4

Age, years median (range) 62 (49-80) 63 (50-67) 41 (36-54) 41 (33-57)

DoD, months median (range) 90 (2-414) 24 (12-100) 85 (2-180) 288 (0-384)

IgM-RF, no. positive/negative 9/3 n/a n/a 5/0

ACPA, no. positive/negative 11/1 n/a n/a 5/0

No medication, no. 0 3 2 2

NSAIDs, no. 8 2 2 0

MTX, no. 11 0 0 3

DMARDs, no. 7 0 0 2

No.= number of patients; DoD = duration of disease; IgM-RF = immunoglobulin M-rheumatoid factor; ACPA 
= anti-citrullinated peptide antibodies; MTX = Methotrexate; NSAIDs = non-steroidal anti-inflammatory drugs; 
DMARDs: disease-modifying anti-rheumatic drugs; n/a = not available
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Reagents and stimulation assays
Synovial and dermal fibroblasts were cultured in 6-well plates and allowed to grow to 70-90% 

confluence. After serum starvation over night in DMEM containing 1% FCS, the cells were 

stimulated for 48 h with the following agents: tumor necrosis factor α (TNFα; 100 ng/ml; 

BioSource International, Camarillo, CA, USA), interferon α (IFNα2a; 100 or 1000 U/ml; PBL 

Biomedical Laboratories, Piscataway, NJ, USA), IFNβ (100 or 1000 U/ml; Peprotech, Rocky Hill, NJ, 

USA), interleukin 1β (IL-1β; 100 ng/ml), IL-6 (1 ng/ml) (both Invitrogen, Breda, The Netherlands), 

IFNγ (100 ng/ml), lipoteichoic acid from Staphylococcus aureus (LTA; 100 µg/ml), polyinosinic-

polycytidylic acid (poly(I:C); from 0.01-250 µg/ml), lipopolysaccharide from Escherichia coli 

K-235 (LPS; 10 µg/ml), imiquimod (100 µg/ml) (all Sigma-Aldrich), and CpG oligonucleotides 

(10 µg/ml; Invivogen, San Diego, CA, USA). When indicated, hydroxychloroquine (HCQ; 2-5 µg/ml; 

Sigma-Aldrich) was added to the cultures 2 h prior to stimulation with poly(I:C). For intracellular 

delivery of poly(I:C) and 5’-triphosphate RNA (3pRNA; kindly provided by Prof. G. Hartmann 

and Dr. M. Schlee, University Hospital Bonn, Germany) transfection reagent Fugene HD (Roche, 

Mannheim, Germany) was used according to the manufacturer’s protocol.

flow cytometry 
For measurement of CD55, CD46, and CD59 surface expression, FLS were detached from 12-well 

plates with TrypLETM (Gibco), washed with PBS/0.5% bovine serum albumine (BSA), and incubated 

for 30 min at 4°C with the following monoclonal antibodies: CD55-APC (1:50; BD Biosciences, 

Franklin Lakes, NJ), CD46-FITC (1:50; AbD Serotec; Raleigh, NC, USA), and CD59-PE (1:100; 

eBiosciences, San Diego, CA, USA) or isotype control antibodies: IgG2a-APC (1:50), IgG1-FITC 

(1:50), and IgG2a-PE (1:100) (all BD, Breda, The Netherlands).

To study the expression and accessibility of particular short consensus repeats (SCR) of CD55, 

cells were incubated with monoclonal antibodies LA1 (anti-SCR1), LA2 (anti-SCR3), LA4 (anti-

SCR4), LA5 (anti-stalk) (all kindly provided by Prof. Lucien Aarden, Sanquin Research, Amsterdam, 

The Netherlands), and BRIC110 (anti-SCR2; IBGRL, Filton, Bristol, UK) or with control mouse IgG 

(all 5 µg/ml). After washing, cells were incubated with APC-labeled goat-anti-mouse antibody 

(1:300; BD Biosciences).

To quantify cell death, cells were incubated with Annexin-V-FITC (1:100; IQ Products, 

Groningen, The Netherlands) for 30 min at 4°C in calcium buffer. Before measurement, propidium 

iodide (5 ng/ml; Sigma) was added.

All stainings were visualized by flow cytometry on a FACSCalibur (Becton Dickinson, San Jose, 

CA, USA), and results were analyzed using the FlowJo software package (Tree Stars, Ashland, 

OR, USA).

Quantitative and semi-quantitative PcR
FLS were detached from 6-wells plates as described above, and RNA was isolated using the 

Invisorb spin cell RNA mini kit (Westburg, Leusden, The Netherlands). RNA quantity and purity 

was measured on a NanoDrop (ND-1000; NanoDrop Technologies, Rockland, DE, USA). Reverse 

transcription was performed with random hexamer primer and SuperScript II RNase H-reverse 

transcriptase kit (Invitrogen) according to manufacturer’s protocol. Transcript levels of dsRNA 

sensors (TLR3, MDA5, RIG-I) were analyzed by quantitative PCR with the StepOnePlus Real-Time 
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PCR system using Fast SYBR® Green Master Mix (Applied Biosystems, Carlsbad, CA, USA). Gene 

transcription was normalized to 18S rRNA (ΔCt). The relative expression ratios were calculated 

using the 2-ΔΔCt method. Transcript levels of cytokines (IFNβ, IP10, TNFα) were analyzed by semi-

quantitative PCR using Salsa polymerase (MRC Holland, Amsterdam, The Netherlands) and the 

Bio-Rad C1000 Thermal cycler (Bio-Rad laboratories, Veenendaal, The Netherlands). PCR products 

were visualized in agarose gels. Primer sequences and annealing temperatures for all PCRs are 

depicted in Table S1.

cD97-binding assay
Cell-binding assays using biotinylated Fc-proteins coupled to fluorescent beads were performed 

as described previously [23]. Briefly, 10 µl avidin-coated fluorescent beads (Spherotech, 

Libertyville, IL, USA) were washed and incubated with saturating amounts (> 1 µg) of 

biotinylated recombinant protein (CD97-3EGF or EMR2-2EGF; kindly provided by Organon-

Schering Plough, Cambridge, MA). After 1 h, non-binding protein was removed, and the 

bead-protein complexes were sonicated immediately before addition to poly(I:C)-stimulated 

or unstimulated FLS for 1 h. For blocking studies, cells were preincubated for 30 min with 

CLB-CD97L/1 ascitis (1:2000, anti-CD55). Adherence of beads to the cells was analyzed by 

flow cytometry (FACSCalibur).

statistical analysis
Statistical analyses were performed in SPSS (version 16.0; SPSS, Chicago, IL, USA) and Graph 

Pad Prism (version 5; GraphPad software, La Jolla, CA, USA). Protein expression, mRNA levels 

and amount of apoptotic cells on stimulated synovial fibroblasts were compared to unstimulated 

cells with two-tailed paired T-test. Expression on synovial fibroblasts of different arthritides was 

compared using two-tailed Mann Whitney U tests. A two-tailed unpaired T-test was used to 

compare the levels of fluorescent bead binding. 

Results
cultured fls express the complement regulators cD55, cD46, and cD59
We studied the expression levels of CD55 on FLS from patients with different forms of arthritis 

by flow-cytometric analysis. CD55 expression levels did not differ between cells from RA, OA, 

PsA, or SpA (Figure 1A). We also analyzed the expression levels of CD46 and CD59, two other 

established complement regulators, but found no differences between FLS of different arthritides 

(Figure 1B and C).

Poly(I:c) induces cD55 expression on fls through tlR3
To address the regulation of CD55 in FLS, we stimulated cells with various inflammatory cytokines 

and TLR ligands. IL-1β and especially poly(I:C) significantly enhanced CD55 expression in FLS from 

RA (Figure 2A, Figure S1) and OA (data not shown). In contrast, CD55 was not upregulated in 

dermal fibroblasts by any of the tested stimuli (Figure 2B). Moreover, we did not observe induction 

of CD46 and CD59 in stimulated RA FLS (Figure 2C and D), suggesting specific regulation of 

CD55 expression in FLS.
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Figure 1. Expression of complement regulatory proteins on cultured FLS of patients with different 
forms of arthritis. CD55, CD46, and CD59 expression was measured by flow cytometry on cultured FLS 
from patients with RA, OA, PsA, and SpA. Indicated is the fold difference in mean fluorescence intensity 
(MFI) over respective isotype control Ig (cMFI) (mean, n = 4-5).

Figure 2. CD55 is upregulated by poly(I:C) and IL-1β on synovial fibroblasts. RA-derived synovial 
fibroblasts (A, C-F) and dermal fibroblasts (B) were starved overnight and subsequently stimulated for 2 days 
with 100 ng/ml TNFα, 100 ng/ml IFNγ, 100 ng/ml IL-1β, 1 ng/ml IL-6, 100 U/ml IFNα, 100 μg/ml LTA (TLR2 
ligand), 100 μg/ml poly(I:C) (TLR3 ligand), 10 μg/ml LPS (TLR4 ligand), 100 μg/ml imiquimod (TLR7 ligand), 
or 10 μg/ml CpG oligonucleotides (TLR9 ligand). Expression of CD55 (A and B), CD46 (C) and CD59 (D) was 
studied by flow cytometry. E, Upregulation of CD55 in response to increasing concentrations of poly(I:C). F, 
Inhibition of CD55 upregulation by chloroquine (HCQ), an inhibitor of endosomal acidification, added prior 
to poly(I:C) stimulation. Indicated is the relative protein expression as percentage of the medium control 
(mean ± SD, n = 6 (A) and 3-5 (B-F)). *, p < 0.05; **, p < 0.005

Poly(I:C) is an analog for dsRNA of viral origin that dose-dependently induced expression 

of CD55 on protein (Figure 2E) and mRNA level (data not shown). A specific sensor for poly(I:C) 

expressed in the endosomal compartment is TLR3 [2,24]. Chloroquine (HCQ) inhibits endosomal 
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acidification, thereby preventing TLR3 signaling. We found that chloroquine reduced the 

upregulation of CD55 (Figure 2F), implying that poly(I:C)-induced CD55 expression was mediated 

by TLR3. Complete inhibition was not accomplished, since the inhibitor was toxic to cultured FLS 

at concentrations above 5 µg/ml (data not shown).

TLR3 is known to mediate the production of type I IFNs, which subsequently, upon binding 

to the IFNα/β receptor, can turn on the transcription of a large set of interferon-stimulated genes 

(ISGs). To test whether type I IFNs regulate CD55 expression, we stimulated FLS with IFNα and 

IFNβ. Even at high concentrations of 1000 U/ml, expression levels of CD55 were hardly affected 

(data not shown), indicating that signaling through type I IFN receptors is not sufficient to induce 

CD55 expression in RA-FLS. 

stimulation of the cytoplasmic dsRna receptors MDa5 and RIG-I in 
fls causes cD55 upregulation and, through MDa5, cell death
In addition to TLR3, most cell types express the cytoplasmic helicases MDA5 and RIG-I, which 

sense dsRNA formed during viral replication in infected cells [24]. Activation of MDA5 and 

RIG-I can be accomplished in vitro by transfection of the dsRNA analogs poly(I:C) and 3pRNA, 

respectively. The expression of TLR3, MDA5, and RIG-I was analyzed in FLS stimulated with these 

dsRNA mimics, since it is known that receptors expression can be induced by their ligands [25–27]. 

Figure 3A shows that both extra- and intracellular stimulation with poly(I:C) and intracellular 

stimulation with 3pRNA upregulated transcription of TLR3, MDA5, and RIG-I. Moreover, activation 

with dsRNA induced transcription of the anti-viral and pro-inflammatory response genes IFNβ, 

IP-10 (CXCL10), and TNFα (Figure 3B). Thus, FLS are equipped with functional endosomal and 

cytoplasmic dsRNA sensors.

Next, we tested whether triggering of MDA5 and RIG-I would promote CD55 expression, like 

TLR3 signaling does. Protein levels of CD55 were indeed elevated in FLS after stimulation of MDA5 

or RIG-I (Figure 4A). Notably, transfection with poly(I:C) already at the intermediate concentration 

of 0.1 µg/ml induced significant cell death. After transfection of 1 µg/ml poly(I:C), about 60% 

Figure 3. FLS express functional cytoplasmic dsRNA sensors. RA-derived synovial fibroblasts were 
stimulated for 16 h with the indicated concentrations (μg/ml) of poly(I:C), poly(I:C) with fugene, or 3pRNA 
with fugene to trigger, respectively, TLR3, MDA5, and RIG-I. Transcription levels of (A) TLR3, MDA5, and RIG-I, 
and (B) the anti-viral/pro-inflammatory response genes IFN β, IP-10, and TNFα was measured by quantitative 
and semiquantitative PCR, respectively. Depicted is the fold change gene expression compared to medium 
control (mean ± SD, n = 4) (A) or representative photographs (B). *, p < 0.05, **, p < 0.005
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of cells died, whereas high concentrations of extracellular poly(I:C) and 3pRNA caused death in 

up to 20% of cells (Figure 4B and C). Treatment with the pan-caspase inhibitor QVD reduced 

cell death at a concentration of poly(I:C) of 1 µg/ml, but had no effect at 0.1 µg/ml, indicating 

that MDA5-induced cell death in cultured FLS is partially caspase-dependent (Figure 4D). CD55 

induction was not influenced by QVD treatment (Figure 4E). We concluded that activation of 

cytoplasmic dsRNA receptors not only promoted the expression of CD55, but MDA5 signaling 

also caused cell death in cultured FLS.

upregulation of cD55 on fls increases the binding capacity for cD97
CD55 interacts with CD97 by binding of the SCRs 1, 2, and 3 of the adhesion-GPCR [11,13]. To 

study whether synovial fibroblasts of arthritis patients express the CD55 domains involved in 

CD97 binding, we stained the cells with antibodies recognizing individual SCRs. Flow-cytometric 

analysis confirmed that FLS of RA, OA, SpA, and PsA patients express full-length CD55 possessing 

all four SCRs (Figure S2).

Figure 4. Stimulation of cytoplasmic dsRNA receptors in FLS upregulates CD55 expression and, 
through MDA5, induces cell death. RA-derived synovial fibroblasts were stimulated for 2 days with 
the indicated concentrations (μg/ml) of poly(I:C), poly(I:C) with fugene, or 3pRNA with fugene to trigger, 
respectively, TLR3, MDA5, and RIG-I. A, Expression of CD55 analyzed by flow cytometry (mean ± SD, n = 6). 
B, Representative flow cytometry plots of annexin V and propidium iodide staining. C, Percentages of annexin 
V and/or propidium iodide-positive cells analyzed by flow cytometry (mean ± SD, n = 6). D, E, Effect of the 
pan-caspase inhibitor QVD on cell death and CD55 expression induced by intracellular delivery of poly(I:C) 
(mean ± SD, n = 3). *, p < 0.05; **, p < 0.005; ***, p < 0.001
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We then tested whether induction of CD55 on RA-derived FLS enhanced their binding 

capacity for CD97 by incubating the cells with fluorescent CD97-loaded beads. Indeed, we 

observed a significant increase in binding of CD97-loaded beads after TLR3-mediated CD55 

upregulation, which was blocked entirely by antibodies against CD55 (Figure 5). 

DIscussIon
We here show that cultured FLS derived from RA patients express CD55 and that the amount 

of membrane-bound CD55 is increased by the triggering of dsRNA sensors in these cells. We 

demonstrate that CD55 induction enhanced the binding of CD97-loaded beads to RA-derived 

FLS, suggesting that dsRNA promotes the interaction of FLS with CD97-bearing leukocytes. 

Finally, we report that stimulation of the cytoplasmic dsRNA receptor MDA5 initiates cell death 

in cultured FLS.

CD55 is an established histological marker for FLS in the intimal lining layer of the synovium 

in arthritis patients [3,15]. We previously demonstrated that immunohistochemical staining for 

CD55 in the intimal lining layer tends to be higher in RA as compared to OA [15]. Currently, it 

is not known how CD55 expression is regulated in FLS. In other cell types, expression of CD55 

is enhanced by cytokines such as TNFα [28,29], which are highly present in the synovium of 

RA patients [30]. We observed that in cultured RA FLS, CD55 was not induced by TNFα, yet 

Figure 5. Poly(I:C)-induced upregulation of CD55 on synovial fibroblasts increases the binding 
capacity for CD97. Synovial fibroblasts were stimulated for 2 days with 100 μg/ml poly(I:C). Affinity for 
CD97 was measured with multivalent fluorescent probes loaded with recombinant CD97-3EGF or EMR2-2EGF 
(control). To confirm specificity, cells were preincubated with mAb CLB-CD97L/1, directed against the first 
SCR of CD55. On top, representative histogram plots are shown. The bars represent the fold difference in 
mean fluorescence intensity (MFI) for CD97-3EGF over EMR2-2EGF (mean ± SD, n = 3). *, p < 0.05
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the pro-inflammatory cytokine IL-1β enhanced its expression by about two-fold. Others have 

demonstrated that IL-1β also promotes CD55 expression in articular chondrocytes, hepatoma 

cells, and intestinal epithelial cells [31–33]. In contrast to some of these cell types [31,33], 

expression of two other complement regulators (CD46 and CD59) was not enhanced by pro-

inflammatory cytokines in cultured RA FLS. Furthermore, we observed that none of the tested 

cytokines or TLR ligands enhanced CD55 expression in dermal fibroblasts, which express 

functional TLRs [34]. Thus, selective regulation of CD55 expression in FLS is specific for this 

cell type.

Activation of the dsRNA sensors TLR3, MDA5, and RIG-I robustly enhanced the expression of 

CD55 in FLS in a dose-dependent manner. Previous studies have shown that FLS express TLR3, 

MDA5, and RIG-I [35–39]. Moreover, these studies demonstrated that TLR3 and RIG-I triggering 

induces the expression of type I IFNs, cytokines, chemokines, and matrix metalloproteinases and 

proved activation of the transcription factors activator protein 1 (AP-1), NF-κB, and interferon-

regulating factor (IRF) 3 and 7, which are crucially involved in dsRNA sensor-mediated gene 

expression [24]. We here confirm and extend these findings, and show that also MDA-5 is 

functional in cultured FLS. In agreement with the well-known ability of dsRNA sensors to induce 

their own expression [25–27], we found that transcription levels of TLR3, MDA5, and RIG-I in 

cultured RA FLS were upregulated in response to any form of stimulation with dsRNAs. Moreover, 

triggering of TLR3, MDA5, and RIG-I induced the expression of IFNβ, IP-10, TNFα, and, as 

shown here, CD55, further demonstrating the functionality of these signaling paths in synovial 

fibroblasts. The inability of pro-inflammatory cytokines and synovial fluid (data not shown) to 

upregulate CD55 suggests that CD55 expression is regulated rather by IRF3 and/or IRF7 than by 

NF-κB or AP-1. IRFs are known to induce the production of type I IFNs, which in turn can trigger 

interferon-stimulated genes (ISGs) after binding to the IFNα/β receptor. However, IFNα and IFNβ 

did not induce CD55 expression, indicating that dsRNA-induced CD55 upregulation is not the 

result of a type I IFN feed-forward loop.

An unexpected finding of this study was the observation that intracellularly delivered poly(I:C) 

initiates cell death in cultured FLS. Recent studies have shown that dsRNA receptor activation 

can promote apoptosis in malignant cells [40–43]. In many non-malignant cells, dsRNA is not 

inducing cell death directly but can activate a pro-apoptotic program that renders cells susceptible 

to other apoptotic stimuli [42–45]. We observed that in cultured RA FLS, activation of MDA5 

directly induced cell death, which was only partly caspase-dependent. It is known that triggering 

of MDA5 can induce expression of the pro-apoptotic BH3-only protein Noxa, leading to activation 

of the mitochondrial apoptosis pathway [27,42,45,46]. Notably, another pro-apoptotic BH3-only 

protein, Puma, has been identified as a rapid and potent inducer of apoptosis in FLS [47] and can 

be induced by dsRNA sensor activation as well [27,42,45]. Others found that MDA5 triggering 

induces autophagy and death in melanoma cells [44]. Whether the same mechanisms play a role 

in FLS remains to be identified. In addition, it needs to be investigated whether the initiation of 

cell death upon MDA5 triggering relates to the neoplastic phenotype that has been described 

for FLS in RA [3]. Beyond the initial scope of our study, the observation that triggering of MDA5 

effectively induces death in synovial fibroblasts, raises the possibility that MDA5 might be a 

therapeutic target for the reduction of intimal hyperplasia in RA.
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An important question relates to the possible source of the stimuli that trigger CD55 expression 

in cultured FLS. IL-1β is a critical cytokine in autoinflammatory diseases that is released upon 

caspase-1-dependent and independent processing [48]. Moreover, both IL-1β and dsRNA become 

available during viral infection [24]. While dsRNA represents the genome of some viruses and is 

an intermediate formed by many viruses during their replication, the role of viruses in the etiology 

and pathology of RA is uncertain [49–51]. Next to viral dsRNA, TLR3 has been shown to recognize 

endogenous RNA released from necrotic cells [35,52–54]; however, our attempts to induce CD55 

with either synovial fluid or necrotic FLS failed (data not shown). Interestingly, extracellular RNA 

is abundantly present in the synovial lining [55], and it remains to be shown whether chemical 

modifications that protect endogenous RNAs from enzymatic degradation can generate de novo 

ligands that are able trigger dsRNA sensors in FLS. In line herewith, recent evidence suggests that 

RIG-I-like helicases are modifiers of sterile inflammation in the mouse colon and brain [56,57].

Together, our data indicate that inflammatory and viral cues in synovial tissue may upregulate 

CD55 on FLS, which can facilitate the interaction with CD97+ leukocytes. As growing evidence 

suggests that CD55 is part of the stromal address code that directs the retention and survival of 

inflammatory immune cells in the synovium [16,58], it will be important to study the expression 

of CD55 in early arthritis and in various forms of established arthritis.
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suPPleMentaRy MateRIals

Figure S1. CD55 is upregulated by IL-1β and poly(I:C) on synovial fibroblasts.  RA derived synovial 
fibroblasts were stimulated for two days with 100 ng/ml IL1β or 100 μg/ml poly(I:C). CD55 expression on 
synovial fibroblasts was analysed by flow cytometry. Representative scatter plot and histograms are shown. 

Figure S2. Synovial fibroblasts express full-length CD55. Synovial fibroblasts of rheumatoid arthritis 
(RA), osteoarthritis (OA), psoriatic arthritis (PsA), and spondyloarthritis (SpA) patients were analyzed by flow 
cytometry with domain-specific antibodies recognizing either the stalk or individual short consensus repeats 
(SCR) 1 to 4 and the stalk region of CD55. Representative histograms of 3 experiments are shown. 
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Table S1. PCR primer specification.
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abstRact
objective
Fibroblast-like synoviocytes (FLS) express functional membranous and cytoplasmic sensors for 

double-stranded RNA (dsRNA). Notably, FLS undergo apoptosis upon transfection with the 

synthetic dsRNA analog poly(I:C). We here studied the mechanism of intracellular poly(I:C) 

recognition and subsequent cell death in FLS.

Methods
FLS from patients with rheumatoid arthritis were transfected with poly(I:C) or 3pRNA, complexed 

with Fugene. Knockdown of dsRNA sensors (MDA5, RIG-I), adaptor proteins (IPS, STING, TRIF), 

and interferon receptor (IFNAR) was performed using SMART pool siRNAs. TBK1 was blocked 

using the inhibitor BX795. Induction of the interferon response genes MDA5, RIG-I, and CXCL10 

was measured by RT-PCR. Cell death was detected by flow-cytometry, Western blot, and 

TUNEL assay.

Results
FLS responded similarly to poly(I:C) or 3pRNA transfection, however only intracellular delivery of 

poly(I:C) induced significant cell death, accompanied by upregulation of pro-apoptotic proteins 

Puma and Noxa, caspase 3 cleavage, and nuclear segregation. Knockdown of the DExD/H-box 

helicase MDA5 did not affect the response to intracellular poly(I:C); in contrast, knockdown of 

RIG-I abrogated the response to 3pRNA. Knockdown of the downstream adaptor proteins IPS, 

STING, and TRIF or inhibition of TBK1 did not affect the response to intracellular poly(I:C), while 

knockdown of IFNAR blocked intracellular poly(I:C)-mediated signaling and cell death.

conclusions
A so far unknown intracellular sensor recognizes dsRNA and induces apoptosis in FLS.
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IntRoDuctIon
Fibroblast-like synoviocytes (FLS) are a unique type of stromal cells, which line and organize 

the synovial tissue, and produce components of the synovial fluid. The synovium of healthy 

individuals comprises a few layers of FLS, which build the intimal lining. In chronic inflammatory 

conditions, such as rheumatoid arthritis (RA), the amount of these cells increases dramatically 

due to higher proliferation and less susceptibility to apoptosis1. Activated FLS are responsible for 

cartilage degradation and bone erosion2. Moreover, they attract and activate leukocytes from 

the circulation, causing a viscous cycle of synovial tissue inflammation.

Like other cell types, FLS are equipped with various molecules sensing molecular patterns, 

associated with evading pathogens or damage to the tissue. Others and we previously showed 

that FLS from RA synovial tissue express functional dsRNA sensors TLR3, MDA5, and RIG-I3-5. 

Membranous TLR3 recognizes extracellular dsRNA, including the synthetic analog poly(I:C)6. MDA5 

and RIG-I are cytoplasmic DExD/H-box helicases with specificity for linear and 5’-triphosphated 

dsRNA (3pRNA), respectively. However, recent reports showed that different cell types may engage 

other DExD/H-box helicases than MDA5 to sense dsRNAs of different length7. DExD/H-box helicases 

belong to a family of proteins with RNA-binding and -remodeling functions8, yet, the exact role 

of many of these proteins is still unknown. By means of their two caspase-recruitment domains 

(CARD), MDA5 and RIG-I interact with the adaptor protein IPS-1, also known as MAVS, VISA, or 

CARDIF9. Engagement of IPS-1 by activated MDA5 or RIG-I leads to formation of a TBK1-IKKε 
complex10 that phosphorylates the transcription factors IRF-3 and IRF-711. Phosphorylated IRFs 

migrate into the nucleus where they induce production of IFNα/β, which upon secretion bind to 

the type I IFN receptor (IFNAR), thereby initiating expression of a plethora of IFN-response genes 

(IRGs). Notably, triggering of dsRNA sensors can also directly lead to apoptosis. Intracellular delivery 

of 3pRNA and poly(I:C) has been shown to induce cell death of melanoma cells in vitro and in 

vivo12, 13, and of dendritic cells in an animal model of multiple sclerosis14.

Lining FLS are known for their resistance to apoptosis in situ15. Remarkably, we recently found 

that transfection with poly(I:C), but not with 3pRNA, induces cell death in FLS5. In the current 

study, we further explored this finding. We show that FLS upregulate IRGs upon transfection with 

both, poly(I:C) and 3pRNA. However, in contrast to other cell types, FLS neither required MDA5 for 

the recognition of intracellular poly(I:C) nor did they need the known adaptor proteins IPS, STING, 

and TRIF or the TBK1-IKKε complex. The type I IFN receptor was required for both intracellular 

poly(I:C)-mediated signaling and cell death. We conclude that another, to be identified dsRNA 

sensor facilitates the recognition of intracellular poly(I:C) that causes cell death in FLS.

MateRIals anD MethoDs
Isolation and culture of fls
Synovial tissue was obtained by needle arthroscopy from patients with RA16. The Medical Ethics 

Committee of the Academic Medical Center approved this study, and all patients gave written 

informed consent. Single cell suspensions were generated by finely mincing freshly isolated 

tissue, followed by treatment with 0.5 mg/ml collagenase type VIII (Sigma-Aldrich, Zwijndrecht, 

Netherlands) for 2 h at 37°C. The obtained cell suspension was cultured in Dulbecco’s Eagle’s 
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medium (DMEM; 1 g/l D-glucose, Invitrogen, Bleiswijk, Netherlands), supplemented with 10% 

heat inactivated fetal calf serum (FCS; GE Healthcare, Colbe, Germany), L-glutamine, HEPES, 

and antibiotics (penicillin, gentamicin, and streptomycin; all from Gibco, Breda, netherlands). 

Non-adherent cells were removed after 24 h, and adhering cells were grown to sub-confluence 

and splitted subsequently (1:3) by trypsinization. Cells were expanded in 6-well plates to 70-90% 

confluence and used for experiments from passage 3 until passage 9; at that time, cultures were 

free of macrophages and other non-fibroblasts.

Delivery of dsRna
For intracellular delivery, 0.1–1 µg/ml of high molecular weight (HMW) poly(I:C) (Invivogen, 

Toulouse, France) or 0.1–1 µg/ml 3pRNA (kindly provided by Prof. G. Hartmann and Dr. M. Schlee, 

University Hospital Bonn, Germany) were mixed with the transfection reagent Fugene HD (Roche, 

Mannheim, Germany), according to the manufacturer’s protocol, and added to the culture 

medium. For extracellular delivery, 10 µg/ml poly(I:C) was added to the medium without Fugene.

siRna knockdown
For transient siRNA transfection, SMART Pool siRNAs targeting the dsRNA sensors MDA5 and 

RIG-I, the adaptor molecules IPS, STING, and TRIF, the IFN-α/β receptor (IFNAR), and a non-target 

control (NT) were purchased from Thermo Scientific (Darmstadt, Germany). Transfection was 

performed according to the manufacturer’s protocol. The optimal concentrations of siRNA and 

transfection reagent were determined by testing a range of 5–100 nM siRNA and 0.5–2.5 µl/ml 

transfection reagent Dharmafect 2 (DF2). With 5 nM of specific siRNA and 0.5 µl/ml DF2, we 

obtained efficient knockdown without affecting cell survival. 48 h after siRNA delivery, FLS were 

transfected with poly(I:C) or 3pRNA; 18 h later, knockdown efficiency and expression of response 

genes were evaluated.

Pharmacological inhibition
To block TLR3 signaling and TBK1 complex formation, 20 µM chloroquine (inhibitor of endosomal 

acidification; Invivogen) or 200 nM BX795 (TBK1 inhibitor; Invivogen) were added to the medium 

1 h prior to dsRNA delivery.

lentiviral knockdown
Lentiviral plasmids containing shRNA against human MDA5 and control shRNA (Mission 

shRNA; Sigma) were transfected into 293T cells using FuGene6 (Roche). Transfected cells were 

cultured in DMEM containing 10% fetal bovine serum, 100 U/ml penicillin, and 100 µg/ml 

streptomycin. Culture media containing lentiviral particles were collected after 2 days and added 

2 ml supplemented with 8 μg/ml polybrene  to 30 x 105 FLS cultured in 6-well plates. Cells 

were selected over 14 days with 1 μg/ml puromycin, transfected with poly(I:C), and tested for 

knockdown efficiency and expression of response genes as described above.

Real time PcR
Total RNA was isolated using the Qiagen RNA extraction kit (Qiagen, Venlo, Netherlands) and 

quantified on a Nanodrop (Thermo Scientific). 100 ng total RNA was reverse transcribed using 

oligo(dT), random hexamers, and M-MuLV reverse transcriptase from First Strand cDNA Synthesis 

62



1

2

5

4

3

6

7

&

Apoptosis of fLs viA An unknown dsRnA sensoR

kit (Thermo Scientific) according to manufacturer’s protocol. Transcript levels of the dsRNA 

sensors MDA5 and RIG-I, the adaptor proteins IPS, STING, and TRIF, and the response genes 

TNF, IFNβ, and CXCL10 (IP10) were analyzed by quantitative PCR with the StepOnePlus Real-Time 

PCR system using Fast SYBR Green Master Mix (Applied Biosystems, Carlsbad, CA, USA). Primer 

sequences are depicted in Supplementary Table 1. Gene transcription was normalized to 18S 

rRNA (ΔCt). Fold change expression was calculated using the 2-ΔΔCt method.

analysis of apoptosis by flow cytometry
Cell death of FLS transfected with poly(I:C) or 3pRNA was quantified by collecting floating 

and attached cells 48 h after transfection. To block apoptosis or necroptosis, the pan-caspase 

inhibitor QVD or necrostatin-1 were added 30 min before transfection with poly(I:C). Attached 

cells were washed with PBS, detached using trypsin-EDTA (Gibco), washed with PBA (PBS/0.5% 

bovine serum albumin (BSA)), pooled with washed cells from supernatant, and incubated with 

annexin-V-FITC (1:100; IQ Products, Groningen, Netherlands) for 30 min at 4°C in calcium buffer. 

Before measurement, 5 ng/ml propidium iodide (PI; Sigma) was added. Cells were analyzed on 

a FACSCalibur (BD), and results were analyzed using FlowJo software (Tree Stars, Ashland, OR, 

USA). Annexin V+, annexin V+PI+, and annexin V-PI+ cells were considered as dead/apoptotic cells.

analysis of apoptosis and knockdown efficiency by western blot
FLS, plated in 6-well plates and transfected with siRNAs for 48 h and/or poly(I:C) or 3pRNA for 

24 h, were washed with PBS and collected directly in a 1 x NuPAGE sample buffer (Invitrogen), 

supplemented with 5% β-mercaptoethanol (Sigma). Lysates were separated by SDS-PAGE, using 

approximately 3 x 104 cells per lane, and blotted on a Immobiolon-FL polyvinylidene fluoride 

(PVDF) membrane (Millipore, Bedford, MA, USA) by wet transfer. For analysis of apoptosis, 

membranes were stained overnight using antibodies specific for caspase 3 (#9662; Cell Signaling/

Bioke, Leiden, Netherlands), caspase 8 (clone 5F7; MBL/SanBio BV Biologicals, Uden, Netherlands), 

Bid (#2002; Cell Signaling), Puma (#4976; Cell Signaling), or Noxa (IMG-349A; Imgenex, San 

Diego, CA, USA). For analysis of siRNA knockdown, membranes were stained overnight with 

antibodies specific for RIG-I (clone Alme-1; Enzo Life Sciences, Lausen, Switzerland) or MDA5 

(#5321; Cell Signaling). For detection, HRP-conjugated secondary antibodies (Dako, Heverlee, 

Belgium) and chemiluminescent substrate (Roche) were used. Analysis was performed by digital 

imaging with a charge-coupled device (CCD) camera-based imager (GE Healthcare).

celltracker and tunel assay
To visualize the cytoplasm, FLS were mixed with CellTracker Green (Invitrogen), according to 

manufacturer’s protocol, cultured on chamber slides to 70-90% confluence, and transfected 

with 1 µg/ml poly(I:C) or 3pRNA. 48 h later, adherent cells were fixed in acetone, washed and 

mounted with Vectashield containing 4’,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, 

Amsterdam, Netherlands). For TUNEL assay, FLS cultured on chamber slides and transfected 

with poly(I:C) or 3pRNA as above were fixed after 48 h in 4% paraformaldehyde. Sections were 

permeabilized with 0.2% TritonX in PBS, pre-incubated in 1 x Reaction Buffer, and incubated with 

4 pmol/µl Biotin-11-dUTP and 3.2 U/ml of TdT (all Fermentas) for 90 min at 37°C. Biotin-11-dUTP 

incorporation was visualized by streptavidin-Alexa 594 and nuclei were co-stained with DAPI. 
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Images were obtained using a fluorescence microscope (DMRA; Leica, Rijswijk, Netherlands) and 

Image Pro Plus software (Media Cybernetics, Rockville, MD, USA).

statistical analysis
Differences between groups were calculated by paired t-test. Values are expressed as mean ± 

SEM. A two-tailed p value of less than 0.05 was considered to represent a significant difference.

Results
transfection of fls with the dsRna analogs poly(I:c) or 3pRna 
induces a similar immune response, but only intracellular poly(I:c) 
triggers apoptosis
Previous studies showed that the DExD/H-box helicases MDA5 and RIG-I, which sense poly(I:C) 

and 3pRNA, respectively, are present and functional in FLS4, 5. To test whether FLS respond 

differently to these synthetic dsRNA analogs, we transfected primary human RA FLS with 0.1 

µg/ml poly(I:C) or 3pRNA for 4 h and 18 h, and measured the induction of known IRGs and DNA 

sensors by qPCR. Both, poly(I:C) and 3pRNA, had a similar effect (Figure 1 and Supplemental 

Figure S1B).

Figure 1. Transfection with poly(I:C) or 3pRNA evokes similar induction of IRGs in FLS. RA-derived 
FLS were stimulated for 4 h or 16 h with 0.1 μg/ml poly(I:C) or 3pRNA, complexed with fugene (FG). Transcript 
levels of response genes were quantified by qPCR, using 18S rRNA as reference gene (mean ± SEM, n=3-4).
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In line with our previous observations5, FLS detached 48 h after transfection with poly(I:C), 

but not 3pRNA, indicating a loss in viability. To quantify the differences in cell death induced 

by poly(I:C) or 3pRNA, we stained the cells with annexin V and PI. Poly(I:C) at 1 μg/ml induced 

significantly more cell death (up to 75%) in comparison to 3pRNA (up to 20%) (Figure 2A), which 

was inhibited by the pan-caspase inhibitor QVD, but not by the necroptosis inhibitor necrostatin-1 

(Figure 2B). In line herewith, cleavage of caspase 3 was detectable after transfection of FLS with 

0.1 or 1 μg/ml poly(I:C), but not 3pRNA (Figure 2C/D). Pretreatment of the cells with QVD reduced 

the amount of cleaved caspase 3 (Figure 2D). To test whether cell death occurred due to extrinsic 

apoptosis, we analyzed caspase 8 and BID cleavage, which was not affected by transfection with 

poly(I:C) (Figure 2C). Caspase activation via the intrinsic, mitochondrial pathway of apoptosis is 

preceded by upregulation of proapoptotic BH3-only proteins, such as Noxa and Puma17. We found 

upregulation of Puma and Noxa after transfection with poly(I:C), but not 3pRNA (Figure 2C).

Alternatively, apoptosis of FLS after poly(I:C) transfection was demonstrated by TUNEL 

staining, showing segregated nuclei with incorporated label (Figure 2E, upper panel). When we 

Figure 2. Transfection with poly(I:C), but not with 3pRNA, induces apoptosis in FLS. RA-derived FLS 
were stimulated for 48 h (A, B, E) or 24 h (C, D) with the indicated concentrations (μg/ml) of poly(I:C) or 3pRNA, 
complexed with fugene (FG). (A) Quantification of annexin V+ and/or PI+ dead cells by flow cytometry (mean 
± SEM, n³5). (B) Quantification of annexin V+ and/or PI+ dead cells after pre-incubation with the pan-caspase 
inhibitor QVD (20 μM) or the necroptosis inhibitor necrostatin-1 (20 μM) (mean ± SEM, n=3-4). (C) Western 
blot analysis of caspase 3 and 8, and the pro-apoptotic proteins BID, Noxa, and Puma. Cleaved caspases are 
indicated with arrows. MDA5 was used as an IFN response control. One representative out of three experiments 
is shown. (D) Analysis of caspase 3 cleavage after pre-incubation of cells with QVD. One representative 
experiment is shown. (E) TUNEL (upper panel) and CellTracker (lower panel) staining demonstrates nuclear 
segregation in apoptotic cells after poly(I:C), but not 3pRNA, treatment. *, p<0.05; ***, p<0.001
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stained cells with CellTracker and co-stained nuclei with DAPI, we observed the same segregated 

nuclei that appeared only after transfection with poly(I:C), but not 3pRNA (Figure 2E, lower panel).

fls do not recognize intracellular poly(I:c) through MDa5
To determine whether FLS recognize intracellular poly(I:C) through MDA5, we applied siRNA 

knockdown. At 25 nM, siRNA against MDA5 (siMDA5) and a non-target sequence (siNT) reduced 

viability of FLS and increased expression of CXCL10 (Supplemental Figure S2A/C). At a reduced 

Figure 3. Knockdown of dsRNA sensor MDA5 or TLR3 in FLS does not abrogate the response of FLS 
to intracellular poly(I:C). (A, B) Knockdown of MDA5 with 5 nM siRNA in RA-derived FLS was performed 
for 48 h, prior to stimulating cells for 18 h (A) or 24 h (B) with 0.1 μg/ml poly(I:C), complexed with fugene 
(FG). Knockdown of MDA5 and expression of RIG-I and CXCL10 mRNA (A; mean ± SEM, n=4) and MDA5 and 
RIG-I protein (B shows one representative out of four experiments) was analyzed by qPCR and Western blot 
analysis, respectively. (C, D) RA-FLS were pretreated with 10 μM chloroquine; 1 h later, cells were stimulated 
for 18 h (C) or 24 h (D) with poly(I:C), complexed with FG. 10 μg/ml extracellular poly(I:C), a TLR3 ligand, was 
used as positive control. Expression of RIG-I, MDA5, and CXCL10 mRNA (C; mean ± SEM, n=3) and MDA5 
protein (D shows one representative out of two experiments) was analyzed. (E, F) Knockdown of RIG-I with 
5 nM siRNA in RA-derived FLS was performed for 48 h, prior to stimulating cells for 18 h (E) or 24 h (F) with 
0.1 μg/ml 3pRNA, complexed with FG. Knockdown of RIG-I and expression of MDA5 and CXCL10 mRNA (E; 
mean ± SEM, n=6) and MDA5 and RIG-I protein (F shows one representative out of four experiments) was 
analyzed. *, p<0.05; ***, p<0.005
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concentration of 5 nM, these side effects disappeared (Supplemental Figure S2B and Figure 3A); 

therefore, in all further experiments, we used 5 nM siRNA.

Knockdown of MDA5 was confirmed at mRNA level (Figure 3A). However, after silencing MDA5 

and transfecting cells with poly(I:C), we still observed upregulation of the IRGs RIG-I and CXCL10 

(Figure 3A). Knockdown of MDA5 and upregulation of RIG-I upon transfection with poly(I:C) 

were confirmed at protein level (Figure 3B). In line with the preserved responsiveness, knockdown 

of MDA5 did not rescue cells from poly(I:C)-induced apoptosis (Supplemental Figure S2B). To 

exclude involvement of TLR3 in sensing intracellular poly(I:C), we blocked TLR3 function with 

chloroquine, an inhibitor of endosomal acidification. Chloroquine treatment did not affect signaling 

after transfection with poly(I:C) either (Figure 3C/D), suggesting a TLR3-independent route of 

intracellular poly(I:C) recognition. As a positive control, we knocked down RIG-I, confirmed at 

Figure 4. Knockdown of adaptor proteins IPS, STING, and TRIF or inhibition of TBK1 does not 
abrogate the response of FLS to intracellular poly(I:C). (A–D) Knockdown of IPS, STING, and TRIF with 
5 nM siRNA in RA-derived FLS was performed for 48 h, prior to stimulating cells for 18 h (A–C) or 24 h (D) 
with 0.1 μg/ml poly(I:C), complexed with fugene (FG). Knockdown of adaptor proteins and expression of 
MDA5 and CXCL10 mRNA (A-C; mean ± SEM, n=4-5), and MDA5 protein (D shows one representative out 
of two experiments) was analyzed by qPCR and Western blot analysis, respectively. siRNA against IFNAR 
was used as a positive control. (E) RA-FLS were pretreated with the TBK1 inhibitor BX795 (200 nM), 1 h 
later, cells were stimulated for 24 h with poly(I:C), complexed with FG. 10 μg/ml extracellular poly(I:C) was 
used as a positive control. Shown is one representative out of two experiments. (F) Knockdown of TRIF and 
IFNAR with 5 nM siRNA for 48 h or inhibition of TBK1 with 200 nM BX795 for 1 h was performed prior 
stimulation of cells with 0.1 μg/ml poly(I:C), complexed with FG. 48 h later, annexin V+ and/or PI+ dead cells 
were quantified by flow cytometry (mean ± SEM, n=4). *, p<0.05
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mRNA (Figure 3E) and protein (Figure 3F) level. After silencing RIG-I and transfecting cells with 

3pRNA, upregulation of MDA5 (Figure 3E/F) and CXCL10 (Figure 3E) was diminished.

To further validate the observation that MDA5 is not the principal sensor for intracellular 

poly(I:C) in FLS, we silenced the gene using lentiviral shRNAs. Efficient knockdown of MDA5 

did not abrogate the induction of the IRGs RIG-I and CXCL10 upon intracellular poly(I:C) 

(Supplemental Figure S2D/E).

the response of fls to intracellular poly(I:c) is independent of the 
adaptor proteins IPs, stInG, and tRIf or tbk1 complex
dsRNA sensors signal through the adaptor proteins IPS, STING, and TRIF 18. To test the 

contribution of these molecules to the intracellular recognition of poly(I:C), we knocked them 

down individually and in combination using siRNAs. Knockdown efficacy was confirmed at mRNA 

level (Figure 4A-C). Silencing of IPS, STING, and TRIF did not change the response to intracellular 

poly(I:C), as indicated by induction of the IRGs MDA5 and CXCL10 (Figure 4A-C). Only silencing 

TRIF slightly reduced the induction of CXCL10 (Figure 4C). We also did not observe changes in 

the response to intracellular poly(I:C) after combined knockdown of STING and IPS, or TRIF and 

IPS (Supplemental Figure S3A/B). Western blot analysis confirmed these findings (Figure 4D). In 

contrast, knockdown of IFNAR (IFNα/β receptor) blocked the induction of MDA5, indicating that 

the recognition of intracellular poly(I:C) initiates a type I IFN loop, upregulating IRGs (Figure 4D).

Adapter proteins downstream of dsRNA sensors commonly trigger the formation of a 

TBK1-IKKε complex that phosphorylates transcription factors IRF3 and IRF7 10, 11. Blockade of this 

complex using the TBK1 inhibitor BX795 blocked the TLR3-dependent response to extracellular 

poly(I:C), but did not inhibit the response to intracellular poly(I:C) (Figure 4E). We concluded that 

the cellular response of FLS to intracellular poly(I:C) does not require MDA5, the adaptor proteins 

IPS, STING, or TRIF, and the formation of a TBK1-IKKε complex.

In line with the observation that intracellular poly(I:C) does not signal through known dsRNA 

sensors in FLS, cell death was still induced in the knock-down settings tested in this study 

(Figure 4F and Supplementary Figure 2B). Notably, silencing IFNAR and, to a lower extend, TRIF 

reduced apoptosis, indicating a role of type IFN signaling in the induction of cell death.

DIscussIon
RA FLS are remarkably resistant to apoptosis, which has been linked to deficiencies in extrinsic 

and intrinsic pathways15. These blockages can be bypassed in vitro by forced expression of pro-

apoptotic Puma19. On the other hand, transfection of primary FLS with recombinant DNA or RNA 

induces cell death and, therefore, is difficult to achieve; the mechanism underlying this restriction 

is fairly unknown. We here show that upon transfection with the dsRNA analog poly(I:C), FLS 

undergo apoptosis, associated with upregulation of the BH3-only proteins Puma and Noxa, and 

caspase-3 cleavage. We also show that the initiation of cell death by intracellular poly(I:C) is 

independent of the well-established sensor MDA5.

There are several possibilities how poly(I:C) signaling may induce apoptosis. Firstly, transcription 

factors downstream of the receptor for poly(I:C) may cause cell death directly. IRF-3 and IRF-7 are 

known transcription factors downstream of several dsRNA and dsDNA sensors18; however, other 
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IRFs also may play a role. In gastric cancer cells, IRF-1 induces transcription of pro-apoptotic Puma, 

which results in apoptosis 20. Moreover, in genetically modified mice and human cell lines, IRF-3 

was shown to interact with the pro-apoptotic protein Bax, translocate it to the mitochondria, and 

induce the intrinsic apoptotic pathway21. Therefore, IRF-3 has two activities upon activation: it 

translocates to the nucleus to induce transcription of IFNα/β, and it migrates to the mitochondria 

to induce apoptosis. Secondly, IRGs, induced upon type I IFN receptor engagement, may trigger 

FLS apoptosis. There are more than a hundred genes upregulated in response to type I IFNs22. In 

dendritic cells, type I IFNs induce apoptosis through BH3-only proteins, involving Bim and either 

Puma, Noxa, or Bid23. Two other IRGs that might be of interest are RNA-dependent protein 

kinase R (PKR) and 2’, 5’-oligoadenylatesynthetase (OAS). Both require binding to dsRNA for their 

function, upon which they evoke cell effects directly without further signaling24. PKR (also known 

as eIF2 kinase) autophosphorylates and forms homodimers25, which are able to phosphorylate 

various cellular substrates and block initiation of translation or induce apoptosis26. OAS activates 

the endoribonuclease RNAse L27, which is able to degrade cellular RNAs and induce apoptosis28. 

Thirdly, recently reported MDA5-independent inflammasome activation29 by intracellular poly(I:C) 

might influence cell viability of FLS. However, IL-1β, the product of inflammasome activation, 

increases metabolic activity of FLS30. 

The specific induction of FLS apoptosis by intracellular poly(I:C), but not 3pRNA, likely is due 

to interaction with an as yet unknown dsRNA sensor. Our data indicate that neither the adaptor 

proteins IPS and STING nor the downstream TBK1 complex are involved in the recognition of 

poly(I:C) in FLS. The concept of MDA5 as the only signaling receptor for intracellular poly(I:C) has 

been challenged recently by the discovery of other protein complexes, recognizing long-form 

poly(I:C). Liu and colleagues showed that the helicases DDX1, DDX21, DHX9, and DHX36 form 

complexes with IPS and TRIF to sense dsRNA in myeloid cells7, 31. While FLS express several of 

these helicases, our data indicate that the central adapter IPS is not required for cytosolic poly(I:C) 

sensing in FLS. Moreover, we found, for the first time to our knowledge, that MDA5 is not 

involved in the recognition of intracellular poly(I:C). Our data are not fully conclusive regarding the 

adapter TRIF. TRIF knockdown moderately affected intracellular poly(I:C)-induced upregulation 

of CXCL10, but not MDA5, and it reduced cell death. TRIF was reported to be involved in 

the formation of a caspase 8-RIP1 signaling complex, a ripoptosome, which, depending on 

its composition, can activate apoptosis and/or necroptosis32. A TRIF-dependent mechanism of 

sensing cytosolic poly(I:C) in FLS therefore cannot be excluded and warrants further investigation.

Cell apoptosis after poly(I:C) transfection is commonly seen in various cancers33, but not 

in non-malignant cells, which often require a second, apoptosis-inducing stimulus, such as 

ligation of FAS34. FLS possess certain features of transformed cells, such as invasive behavior 

and overexpression of oncogenes1. Susceptibility of FLS to poly(I:C)-induced apoptosis through a 

cell type-specific mechanism may open up novel therapeutic possibilities, aiming at the reduction 

of hyperplasia of the intimal lining in RA.
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suPPleMentaRy MateRIals

Figure S1. Constitutive and induced expression of RNA and dsDNA sensors in FLS. (A) Expression 
of RNA and dsDNA sensors in non-stimulated RA-derived FLS analyzed by PCR. (B) RA-derived FLS were 
stimulated for 16 h with 0.1 μg/ml poly(I:C) or 3pRNA, complexed with fugene (FG). Transcript levels of dsDNA 
sensors were quantified by qPCR, using 18S rRNA as reference gene (mean ± SEM, n=3-4).
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Figure S2. siRNA- and shRNA-mediated knockdown of MDA5 in FLS does not abrogate the response 
to intracellular poly(I:C). (A–C) Knockdown of MDA5 with 25 nM (A, C) or 5 nM of siRNA (B) in RA-
derived FLS was performed for 48 h, prior to stimulation of cells for 48 h (A, B) or 18 h (C) with the indicated 
concentrations of poly(I:C), complexed with fugene (FG). Annexin V+ and/or PI+ dead cells were quantified 
by flow cytometry (A, B; mean ± SEM, n=3). In cells treated with 25 nM siRNA, knockdown of MDA5 and 
expression of RIG-I and CXCL10 mRNA was analyzed by qPCR (C; mean ± SEM, n=3). (D, E) Knockdown of 
MDA5 with lentiviral shRNAs in RA-derived FLS was performed. Cells were stimulated for 18 h (D) or 24 h 
(E) with poly(I:C) complexed FG. Knockdown of MDA5 and expression of RIG-I and CXCL10 mRNA (D) and 
MDA5 and RIG-1 protein (E), the latter by Western blot, was analyzed. *, p<0.05
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Figure S3. Double knockdown of adaptor proteins IPS and STING or IPS and TRIF, and inhibition of 
TBK1 does not abrogate the response of FLS to intracellular poly(I:C). (A, B) Knockdown of IPS and 
STING or IPS and TRIF with each 5 nM siRNA in RA-derived FLS was performed for 48 h, prior to stimulation 
of cells for 18 h with 0.1 μg/ml poly(I:C), complexed with fugene (FG). Knockdown of adaptor proteins 
and expression of MDA5 and CXCL10 mRNA was analyzed by qPCR (mean ± SEM, n=3). (C) RA-FLS were 
pretreated with the TBK1 inhibitor BX795 (200 nM). 1 h later, cells were stimulated for 4 h with poly(I:C), 
complexed FG. 10 μg/ml extracellular poly(I:C) was used as a positive control. Expression of IFNβ and CXCL10 
mRNA was analyzed (mean ± SEM, n=3). *, p<0.05; **, p<0.01
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Supplemental Table 1. Sequences of primers used for real-time qPCR.

Gene Forward Reverse

MDA5 TGGTCTCGTCACCAATGAAA CTCCTGAACCACTGTGAGCA

RIG-I ATCCCAGTGTATGAACAGCAG GCCTGTAACTCTATACCCATGTC

IPS TCAGGAGCAGGACACAGAAC TGGAAGGAGACAGATGGAGA

STING CCGGACACTTGAGGACATC TCATCTGCAGGTTCCTGGTA

TRIF TATTCTGGAGCCGGTCAAA ACGGCTTGGTATTTGGAGAG

TNF CCCATGTTGTAGCAAACCCT TGAGGTACAGGCCCTCTGAT

IFNβ TCCAAATTGCTCTCCTGTTG GCAGTATTCAAGCCTCCCAT

CXCL10 CAGACATCTCTTCTCACCCTTCTTT TGAAATTATTCCTGCAAGCCAA

TREX1 GACCCTCTCAGACAGTCGAA GTGTGTGAGTGCCCAGTGTT

LGP2 CACAGGGAGCACGTCACTAA ATACCCCGAGGGCTGTTAGA

LRRFIP1 CAGCTGGCTGAATCTAGGCG TGTGGGCGTGTTTTTCCCTT

IFI16 GTCCGAGGAACAGACTCAGC CCACTGTTTTCGGGTTCTCA

DDX41 GACTCATCATCTGCCCCTCG TGTGTACACCGTGTCGGATG

DHX36 TGTTCTGCTGCTTAGACCCAG CTCTTCCCAGCCCTCAAACG

ZBP1 CCAACAACGGGAGGAAGACAT TTGAGGCTGACTTTGCTCTTCT

Ku70 TCATGGCAACTCCAGAGCAG AACCTTGGGCAATGTCAGGT

AIM2 ACGTCTTCAGGAGGAGAAGGA GTTCAGGCTTAACATGAGGAGAG

18S rRNA GGACAACAAGCTCCGTGAAGA CAGAAGTGACGCAGCCCTCTA
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abstRact 

objective
CD55, a glycosylphosphatidylinositol-anchored, complement-regulating protein (decay-

accelerating factor), is expressed by fibroblast-like synoviocytes (FLS) with high local abundance in 

the intimal lining layer. We here explored the basis and consequences of this uncommon presence.

Methods
Synovial tissue, primary FLS cultures, and 3-dimensional (3D) FLS micromasses were analyzed. 

CD55 expression was assessed by quantitative PCR, in situ hybridization, flow cytometry, and 

immunohistochemistry. Reticular fibers were visualized by Gomori staining and colocalization 

of CD55 with extracellular matrix (ECM) proteins by confocal microscopy. Membrane-bound 

CD55 was released from synovial tissue with phospholipase C. Functional consequences of 

CD55 expression were studied in the K/BxN serum transfer model of arthritis using mice that in 

addition to CD55 also lack FcγRIIB (CD32), increasing susceptibility for immune complex-mediated 

pathology.

Results
Abundant CD55 expression seen in FLS of the intimal lining layer was associated with linearly 

oriented reticular fibers and was resistant to phospholipase C treatment. Expression of CD55 

colocalized with collagen type I and III as well as with complement C3. A comparable distribution 

of CD55 was established in 3D micromasses after ≥3 weeks culture together with the ECM. 

CD55 deficiency did not enhance K/BxN serum-induced arthritis, but further exaggerated disease 

activity in Fcgr2b-/- mice. 

conclusions
CD55 is produced by FLS and deposited on the local collagen fiber meshwork, where it protects 

the synovial tissue against immune complex-mediated arthritis.
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IntRoDuctIon
Rheumatoid arthritis (RA) is a chronic, inflammatory disease of primarily the peripheral joints. The 

development of RA is characterized by transformation of the synovial tissue due to infiltration 

by reactive immune cells and profound changes in the resident synovial cells giving rise to 

inflammation, neovascularization, and hyperplasia, and leading finally to cartilage destruction, 

bone erosion, and functional impairment 1. A unique cellular constituent of the synovial tissue 

is the fibroblast-like synoviocyte (FLS), a cell of mesenchymal origin that is closely connected to 

another synovial cell type of hematopoietic origin, known as the intimal macrophage 2, 3. FLS and 

intimal macrophages constitute the intimal lining layer of the joint. The healthy synovium comprises 

of 2-3 cell layers, which can increase up to 15 layers in RA. Subverting aberrant FLS proliferation, 

activation, and functional transformation 3 is at the basis of the intensive effort to treat the disease.

Recent studies using FLS placed into a preformed matrix and cultured as a floating sphere 

established that a large part of the behavior of these versatile cells is dependent on their 

3-dimensional (3D) organization, but independent of the presence of other mesenchymal or 

bone marrow-derived cell lineages 4, 5. Indeed, FLS micromasses develop a characteristic lining–

sublining organization, synthesize lubricin, critical to the lubricating ability of the synovial fluid, 

and organize a basement membrane-like extracellular matrix (ECM), capable of supporting 

monocyte survival and compaction into the lining. When exposed to inflammatory stimuli, lining 

hyperplasia and remodeling occurs, thus, recapitulating pathologic features of RA 5.

Our group and others previously described a highly abundant expression of CD55 by FLS in the 

intimal lining layer 6, 7. CD55 is a 70-kDa glycosylphosphatidylinositol (GPI)-anchored membrane 

protein possessing four short consensus repeat domains 8. It is traditionally known to regulate 

activation of the immune system by facilitating the decay of the convertases that generate C3b 

and C5b (decay-accelerating factor), thereby protecting cells from the deleterious effects of 

complement activation 8. In line with this well-established function, mice lacking CD55 are more 

susceptible to antibody-driven models of inflammatory diseases 9. Another function of CD55 is 

its ability to bind the adhesion-G protein-coupled receptor (GPCR) CD97 10. Adhesion-GPCRs 

mediate cell-cell and cell-matrix interactions, and facilitate cell adhesion, orientation, migration 

and positioning in various developmental processes, in immunity, and in tumorigenesis 11. We 

previously demonstrated that CD97, expressed by immune cells, binds CD55 in the intimal lining, 

implying a potential role in the infiltration of these cells 12. Possible related to the interaction of 

CD55 with CD97, we found amelioration of collagen-induced arthritis and a trend towards less 

severe K/BxN serum transfer arthritis in mice that lack CD55 or CD97 13.

Its abundance and functional diversity has focused interest in the role of CD55 in synovial 

tissue. We recently tested the ability of pro-inflammatory cytokines and pathogen-associated 

molecular patterns to enhance CD55 expression in cultured FLS and found only a rather moderate 

upregulation by synthetic double-stranded RNAs 14. Applying in-depth analysis of synovial tissue, 

3D FLS micromasses, and the K/BxN serum-induced experimental model of arthritis, we here 

explored the basis and the consequences of the enhanced presence of CD55 in the intimal lining 

layer. We demonstrate deposition of CD55 on a collagen fiber network that compacts the FLS 

and describe a supportive role of CD55 in protection from immune complex-mediated K/BxN 

serum transfer arthritis. 
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MethoDs
collection and processing of synovial tissue
Synovial tissue samples were obtained by needle arthroscopy from patients with RA 15 who 

fulfilled the American College of Rheumatology criteria (www.rheumatology.org). The Medical 

Ethics Committees of Academic Medical Center and Medical University of Vienna approved 

the study, and all patients gave written informed consent. Biopsy samples were snap-frozen 

in Tissue-Tek OCT (Miles, Elkhart, IN, USA) immediately after collection. Cryostat sections (5 

μm) were cut and stored at –80°C. Alternatively, synovial tissue obtained from synovectomy 

or joint replacement surgery was fixed in 4% paraformaldehyde in phosphate buffered saline 

(PBS), dehydrated, paraffin-embedded, sectioned at 4-µm thickness, and stored at room 

temperature.

To remove GPI-linked proteins, thawed sections were washed two times in PBS and treated 

with 1 U/ml GPI-specific phospholipase C (Invitrogen, Bleiswijk, Netherlands) for 45 min at 37°C. 

Then, sections were fixed in acetone, washed with PBS, and stained as described below.

Isolation, culture, and analysis of fls
Single cell suspensions were generated by finely mincing freshly isolated synovial tissue samples, 

followed by treatment with 0.5 mg/ml collagenase type VIII (Sigma-Aldrich, Zwijndrecht, 

Netherlands) for 2 h at 37°C. The obtained cell suspension was cultured in Dulbecco’s modified 

Eagle medium (DMEM, 1 g/l D-glucose; Invitrogen), supplemented with 10% fetal calf 

serum (FCS; GE Healthcare, Colbe, Germany), L-glutamine, HEPES, and antibiotics. Adhering 

cells were grown to sub-confluence and splitted subsequently by trypsinization. Cells were 

used for experiments from passage 3 until passage 9 at 70-90% confluence. To generate 

hypoxic conditions, cells were cultured for 48 h at 1% O2. Control plates were incubated with 

20% O2 (normoxia).

For flow-cytometric analysis, cells were incubated for 30 min with anti-CD55-APC (clone IA10) 

or isotype control IgG2a-APC and analyzed on a FACSCalibur (all BD Biosciences, San Jose, CA, 

USA). Results were analyzed using FlowJo software (Tree Stars, Ashland, OR, USA).

For real-time PCR analysis, total RNA was isolated using the Qiagen RNA extraction kit 

(Qiagen, Venlo, Netherlands). 100 ng total RNA was reverse transcribed using oligo(dT), random 

hexamers, and M-MuLV reverse transcriptase from First Strand cDNA Synthesis kit (Thermo 

Scientific). Transcript levels of the hypoxia-regulated genes VEGF (vascular endothelial growth 

factor), LEP (leptin), and ANGPTL4 (angiopoietin-like 4) 16 were analyzed by quantitative PCR 

with the StepOnePlus Real-Time PCR system using Fast SYBR Green Master Mix (Applied 

Biosystems, Carlsbad, CA, USA). The following primer pairs (forward and reverse) were 

used: VEGF 5’-CTTGCCTTGCTGCTCTACCT-3’ and 5’-CTGCATGGTGATGTTGGACT-3’; LEP 

5’-GGCTTTGGCCCTATCTTTTC-3’ and 5’-GGAATGAAGTCCAAACCGGTG-3’; ANGPTL4 

5’-CCACTTGGGACCAGGATCAC-3’ and 5’-CGGAAGTACTGGCCGTTGAG-3’; 18S rRNA 

5’-CGGCTACCACATCCAAGGAA-3’ and 5’-GCTGGAATTACCGCGGCT-3’. Gene transcription 

was normalized to 18S rRNA (ΔCt). The relative expression ratios were calculated using the 

2-ΔΔCt method.
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Preparation of 3D micromass cultures
Micromass organ cultures were constructed as described elsewhere 4, 5. Briefly, FLS were released 

from the culture dish by trypsination and resuspended in ice-cold Matrigel matrix (BD) at a 

density of 3-5 x 106 cells/ml. Droplets of the cell suspension (25 μl) were placed onto 12-well 

culture dishes, coated with poly-2-hydroxyethyl methacrylate (poly-HEMA; Aldrich, Milwaukee, 

WI, USA) to prevent attachment of cells to the culture dish. Gelation was allowed for 30 min at 

37°C. Thereafter, the FLS gel was overlaid with basal culture medium (DMEM with 10% FCS). 

The floating 3D cultures were maintained for 6 weeks; the medium was routinely replaced twice 

weekly. For immunohistochemistry, all micromasses were fixed with 4% paraformaldehyde in 

PBS and embedded in paraffin.

For stimulation experiments, FLS-containing micromasses were cultured in basal medium or 

in basal medium containing 10 ng/ml tumor necrosis factor (TNF) (R&D Systems, Minneapolis, 

MN, USA) for the 14- to 28-day experimental course.

histology and immunohistochemistry
For (immune)histochemical staining, paraffin sections were deparaffinized, rehydrated, and 

subjected to antigen retrieval by immersing them in sodium citrate buffer, pH 6.0, inside an 86°C-

water bath. Endogenous peroxidase activity was blocked with 1% H2O2. Slides were incubated 

for 1 h with a primary anti-CD55 (clone 143-30; LifeSpan BioSciences, Seattle, WA, USA) or 

anti-collagen III antibody (clone III-53; ACRIS Antibodies, Herford, Germany), washed, incubated 

with a secondary biotinylated goat-anti-mouse antibody (Vector Laboratories, Burlingame, CA, 

USA), and developed using a horseradish peroxidase detection kit (VECTASTAIN Elite ABC Kit 

and DAB substrate; Vector). Images were captured with an Axioscope 2 light microscope (Zeiss, 

Jena, Germany) and processed using CellF software (Olympus Soft Imaging Solutions, Münster, 

Germany). Gomori’s silver impregnation was performed as described previously 4, 5.

For immunofluorescent staining, frozen slides were thawed, fixed in acetone, washed in 

PBS, and blocked with 10% normal human serum. Sections were incubated with primary FITC-

labeled anti-CD55 antibody (clone IA10; BD) overnight at 4°C, washed, and analyzed by confocal 

microscopy. To visualize colocalization of CD55 with other stromal/extracellular matrix markers, 

FITC-conjugated mouse anti-CD55 was combined with rat anti-ER-TR7 (Abcam, Uithoorn, 

Netherlands) or biotinylated rabbit anti-collagen I (Abcam) or biotinylated rabbit anti-collagen III 

(Abcam), or biotinylated mouse anti-CD90 (clone 5E10; Biolegend, Uithoorn, Netherlands). From 

every section, 3 to 6 confocal microscope images were taken. Localization of C3b was detected 

using FITC-conjugated rabbit anti-human C3c (Dako, Heverlee, Belgium), which recognizes 

deposited C3b in tissue. After washing in PBS, tissue sections were stained with secondary 

fluorescent-labeled antibodies. All sections were mounted with Vectashield containing DAPI 

(Vector). Photographs were taken with a TCS SP8 X confocal microscope, using X Pro imaging 

software (both from Leica Geosystems, Munich, Germany). Image processing was done using 

Photoshop software (Adobe Systems, San Jose, CA, USA).

In situ hybridization
In situ hybridization for CD55 was performed in paraffin sections of synovial tissue using a 

5’-fluorescein-labeled 19-mer locked nucleic acid (LNA) antisense oligonucleotide containing 
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LNAs (capital letters) and 2’-O-methyl-RNAs (small letters): 5’-FAM-TauGccAccTggTacAucA-3’ 

(Ribotask ApS, Odense, Denmark). Sections were deparaffinized, boiled in 10 mM citrate buffer 

(pH 6) for 10 min, and hybridized at 60°C for 30 min in 50% (v/v) deionized formamide, 600 

mM NaCl, 10 mM HEPES buffer (pH 7.5), 1 mM EDTA, 5 x Denhardt’s reagent, and 200 ug/ml 

denaturated herring sperm with 100 nM of CD55 oligonucleotide. After hybridization, tissue 

sections were washed for 5 min each in 2 x, 0.5 x, and 0.2 x standard saline citrate at 60°C. 

Hybridized oligonucleotides were detected by incubation for 1 h with 1:2000 dilution of AP-

labeled anti-5’-fluorescein Fab fragments (Roche, Woerden, Netherlands) and visualization using 

Alkaline Phosphatase Substrate kit III (Vector) and Nuclear Fast Red (Sigma) counterstaining.

Mice and generation of bone marrow-chimeras
Fcgr2b-/- mice generated using C57BL/6 embryonic stem (ES) cells were previously described 

by us 17. The generation of Cd55-/- mice using C57BL/6 ES cells will be described elsewhere. 

Cd55-/- mice were crossed with Fcgr2b-/- mice in order to obtain Fcgr2b-/- x Cd55-/- mice. All animal 

experiments were approved by the Animal Experiment Committee (DEC) of Leiden University 

Medical Center (LUMC).

Bone marrow chimeras were generated by lethal irradiation of recipient mice with 8 Gy for 

10 min, followed by retro-orbital injection with 8 x 106 nucleated donor bone marrow cells 6 h 

later. Injection of Fcgr2b-/- mice with bone marrow cells from Fcgr2b-/- mice resulted in Fcgr2b-/- x 

Cd55host+/+BM+/+ mice, injection of Fcgr2b-/- mice with bone marrow cells from Fcgr2b-/- x Cd55-/- 

mice resulted in Fcgr2b-/- x Cd55host+/+BM-/- mice, and injection of Fcgr2b-/- x Cd55-/- mice with bone 

marrow cells from Fcgr2b-/- mice resulted in Fcgr2b-/- x Cd55host-/-BM+/+ mice. During 4 weeks after 

bone marrow transplantation, mice received drinking water containing antibiotics. To confirm 

bone marrow reconstitution, a few drops of blood were collected from the tail vein after 5 weeks 

and analyzed by flow cytometry for CD55 expression on T, B, and myeloid cells. All cells were 

confirmed to be of donor origin.

k/bxn serum transfer model and evaluation of arthritis development
Serum was harvested from 5-6-weeks old K/BxN arthritic mice and stored at -80°C until usage. 

Arthritis was induced in recipient animals by i.p. injection (12.5 µl serum/g body weight) on 

day 0 and day 2. Disease development was evaluated over 10 days using an extended scoring 

protocol 18. In short, arthritic toes and knuckles were scored as 1, arthritic ankles or mid paws 

were evaluated on a scale from 1 to 5; so, each limb obtained a score between 0 and 15. Each 

mouse therefore could reach a total score of 60. Ankle thickness of each hind paw was measured 

using a caliper (Mitutoyo, Aurora, IL, USA) and compared with ankle thickness of the same hind 

paw at day 0.

Mice were sacrificed on day 10. Right hind paws were dissected, fixed in 4% buffered formalin 

for 1 day, demineralized with Osteosoft (Merck, Darmstadt, Germany) for 21 days, and embedded 

in paraffin. Sagittal 5-µm tissue sections were stained with H&E to evaluate level of inflammation 

and with toluidine blue to evaluate loss of proteoglycans from cartilage matrix. The severity of 

joint inflammation was determined in a blinded manner by two independent observers using 

an arbitrary score (0 to 3, where 0 = no cells; 1 = mild cellularity; 2 = moderate cellularity; 3 = 

maximal cellularity). The cartilage destruction was measured as proteoglycan loss (% destained 
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of total cartilage) using Image J software (http://rsb.info.nih.gov/ij/). Image processing was done 

using Photoshop.

Preparation of single cell suspensions and flow cytometry
A few drops of blood were collected from the tail vein into heparin. Erythrocytes were lysed with 

a buffer containing 155 mM NH4Cl, 10 mM KHCO3, and 1 mM EDTA, and the remaining cells 

were washed in PBA. Synovial tissue was isolated from the left knee by medial patellar ligament 

incision. Single cell suspensions were obtained by digestion with Liberase TM (0.4 mg/ml; 

Roche) and DNAse I (1 mg/ml; Roche) for 15 min, followed by mashing the remaining tissue in 

RPMI/10% FCS through a 70-μm cell strainer. After enzymatic treatment, cells were washed 

with PBA and stained directly. Non-specific binding of antibodies was blocked by adding 10% 

normal mouse serum and 2.5 μg/ml anti-CD16/32 (clone 2.4G2; BD) for 30 min at 4°C. Cells 

were stained with fluorescent-labeled antibodies to CD3, CD4, CD8, Ly-6G, CD11b, CD19 (all 

eBiosciences), and CD55 (BD) for 30 min at 4°C. Viable cells were gated by forward and side 

scatter pattern. Flow-cytometric analysis was performed using a FACSCanto (BD) and the 

FlowJo software package.

statistics
Differences between more than two groups of mice after arthritis induction were evaluated 

with repeated measures ANOVA with Bonferonni post-test. P values ≤0.05 were considered to 

be statistically significant.

Results
abundant presence of cD55 is an in-situ characteristic of the intimal 
lining layer of the synovium
Immunofluorescence staining of RA synovial tissue revealed the characteristic, marked presence 

of CD55 in the intimal lining layer (Figure 1A). A strong staining was obtained with a FITC-

labeled CD55 antibody without further signal amplification, closely matching results obtained 

with immunohistochemistry (Figure 1B). In-situ hybridization with a CD55-specific antisense LNA 

oligomer generated a corresponding pattern, confirming that lining cells, previously identified 

as FLS 7, are the primary source of CD55 gene expression in synovial tissue (Figure 1C). The 

hybridization signal of CD55 in the synovial sublining was weaker, yet detectable, which fits its 

wide cellular distribution, including most immune cells 19.

FLS, obtained from synovial tissue by enzymatic digestion, are widely used to study pathogenic 

mechanisms in RA. Notably, cultured FLS expressed rather moderate levels of CD55 mRNA, 

corresponding with quantities in peripheral blood mononuclear cells (Supplemental Figure S1A). 

We have recently tested the ability of pro-inflammatory cytokines and pathogen-associated 

molecular patterns to upregulate CD55 on cultured FLS and found that only double-stranded 

RNAs moderately enhanced its expression 14, not explaining the prominent presence in the intimal 

lining layer. CD55 is a hypoxia-induced gene in epithelial cells 20, and we reasoned that hypoxic 

conditions in the synovium 21 might contribute to its high intimal expression. However, culture 

of FLS at hypoxic conditions (1% O2) did not cause upregulation of CD55 mRNA or protein in FLS 
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(Supplemental Figure S1B/C). We concluded that abundant expression of CD55 is a characteristic 

of the synovial intima that is not preserved in primary FLS cultures.

expression of cD55 in the intimal lining layer coincides with 
collagenous fibers
Microscopy of synovial tissue revealed a distinct fibrillar staining pattern of CD55 (Figure 1A/B) 

indicating a possible extracellular distribution. To test this hypothesis, we stained paraffin sections 

of synovial tissue first with a CD55 or collagen III antibody and subsequently with Gomori’s silver 

technique, which visualizes reticular collagenous fibers 22, 23. The silver impregnation revealed a 

meshwork of fibers, a pattern closely matching the distribution of collagen III at both the intimal 

lining layer and the synovial sublining area (Figure 2A/B). At the intimal lining layer, CD55 staining 

coincided with these fibers (Figure 2C/D), suggesting localization of CD55 with collagenous 

fibers, specifically at the intima.

3D micromasses, grown from FLS, mimic phenotypic characteristics of the normal and the 

hyperplastic intimal lining layer 5. When staining 3D micromasses, we detected a CD55 signal 

after about 3 to 4 weeks of culture that was not visible at earlier time points (Figure 3A/E). As in 

synovial tissue, CD55 staining appeared as a fibrillar pattern within and at the basis of the intimal 

lining layer. Gomori silver staining of micromasses confirmed the development of reticular fibers 

within time (Figure 3B/F). Addition of TNF caused hyperplasia of the lining 5, coinciding with an 

intensified CD55 signal (Figure 3C/G) and more refined collagenous fibers visualized by Gomori 

silver staining and collagen III immunohistochemistry (Figure 3D/H and Supplemental Figure S2). 

Thus, 3D FLS micromasses develop over time the characteristic fibrillar CD55 expression pattern 

found in the intimal lining layer and in parallel a collagenous meshwork.

Cellular CD55 is attached to the plasma membrane by a GPI anchor, accessible to cleavage 

by phospholipase C 24. ECM-attached CD55, in contrast, is not sensitive to phospholipase C 

cleavage 25, 26. Tissue sections treated with phospholipase C prior to immunofluorescent staining 

Figure 1. CD55 is expressed in the intimal lining layer of RA synovial tissue. (A) Sections of RA synovial 
tissue were stained with a FITC-labeled CD55 antibody (clone IA10) and analyzed by confocal microscopy. 
Note the fibrillar appearance of the fluorescent signal; magnification 20 x. (B) RA synovial tissue sections were 
stained with a CD55 antibody (clone 143-30), and visualized by immunhistochemistry and light microscopy; 
magnification 20 x. (C) In-situ hybridization using an antisense locked nucleic (LNA) oligomer detects CD55 
transcripts primarily in the synovial lining. Representative images are shown; magnification 10 x.
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Figure 2. Expression pattern of CD55 and collagen III coincides with collagenous structures in 
RA synovial tissue. Sections of RA synovial tissue first were stained with (A) anti-collagen antibody or 
(C) anti-CD55 antibody and then processed to (B/D) Gomori silver impregnation. Red arrowheads indicate 
localization of CD55 to collagenous fibers. Shown are representative stainings derived by light microscopy; 
magnification 20 x.
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Figure 3. Expression pattern of CD55 coincides with collagenous structures in 3D FLS micromasses. 
(A, B, E, F) Sections of 3D FLS micromasses were stained with anti-CD55 antibody at day 14 (A) and day 28 
(E) and then processed to Gomori silver impregnation (B and F, respectively). (C, D, G, H) Sections of 3D FLS 
micromasses, which were cultured with 10 ng/ml TNF, were stained with anti-CD55 antibody at day 14 (C) 
and day 28 (G) and then processed to Gomori silver impregnation (D and H, respectively). Red arrowheads 
indicate a similar distribution of CD55 and collagenous fibers. Shown are representative stainings derived 
by light microscopy; magnification 40 x.
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Figure 4. CD55 colocalizes with collagen I and collagen III, but not with ER-TR7 or CD90 in RA 
synovial tissue. Sections of RA synovial tissue were costained for CD55 (green) and (A) collagen I, (B) 
collagen III (C) CD90, or (D) ER-TR7 (all red, overlay yellow) and analyzed by confocal microscopy. Shown are 
representative stainings, magnification 63 x.
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Figure 5. CD55 either on immune or stromal cells protects from K/BxN serum transfer-induced 
arthritis in the absence of FcγRIIB. Mice were injected at day 0 with 12.5 µl/g K/BxN serum and followed 
for disease development. At day 10, animals were sacrificed for further analysis, provided here for Fcgr2b-/- 
and Fcgr2b-/- x Cd55-/- mice. (A) Development of arthritis evaluated by measuring clinical scores and ankle 
thickness. Depicted are mean ± SEM of 5 animals per group. ***, p<0.001; **, p<0.01; *, P<0.05; (B) 
Histological evaluation of knee joints. Left panels show toluidine blue and hematoxylin/eosin (H&E) stainings. 
Right panels show quantification of proteoglycan loss and cell infiltration per group. Joint structures are 
labeled as F, femur; M, meniscus; S, synovium, and T, tibia. (C) Flow cytometry plots of isolated synovial tissue 
cells stained with antibodies against CD11b and Gr-1. The right panel shows quantification of percentage of 
CD11b+Gr1+ granulocytes per group. (D) Bone marrow-chimeric mice were generated as described in Material 
and Methods. Development of arthritis was evaluated by measuring clinical scores and ankle thickness in 
mice that lacked CD55 on stromal cells (Fcgr2b-/- x Cd55host-/-BM+/+, depicted as dark green line), on immune 
cells (Fcgr2b-/- x Cd55host+/+BM-/-, depicted as light green line), or on none of the two compartments (Fcgr2b-/- 
x Cd55host+/+BM+/+, depicted as red line). Depicted are mean ± SEM values of 5 animals per group. (E) Flow 
cytometry plots of isolated synovial tissue cells stained with antibodies against CD11b and Gr-1. The right 
panel shows quantification of percentage of CD11b+Gr1+ granulocytes per group. (B, C, E) The stainings 
representative of the highest and the lowest clinical score at day 10 are provided. Quantifications show 
individual mice (dots) with a horizontal line indicating the mean per group (n=5).
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retained the signal for CD55, but not for CD90 (Thy-1), which also is a GPI-anchored molecule 

(Supplemental Figure S3). Therefore, we concluded that the majority of CD55 in the synovial 

tissue is deposited extracellularly.

Molecular composition of cD55+ collagenous fibers
Silver impregnation techniques, like Gomori’s method, are widely used to detect reticular fibers. 

However, they have no biochemical definition and cannot be used as staining techniques for 

reticulin or different types of collagen 27. We therefore performed immunofluorescent double 

staining of CD55 together with collagen I and III, CD90, and ER-TR7 on RA synovial tissue 

sections. We detected a clear colocalization of CD55 with collagen I and collagen III in the 

intimal lining layer, but not the vasculature, localized in the synovial sublining (Figure 4A/B and 

Supplemental Figure S4A/C). The latter was confirmed by costaining CD55 with CD90, a marker 

expressed by endothelial cells (Figure 4C).

Collagens are constituents of collagen fibers; however, collagen III also builds the core of 

reticular fibers 22, 23. ER-TR7 is an antigen of unknown origin expressed by fibroblast-like reticular 

cells 28 and used commonly to visualize the reticular network in lymph nodes 29, 30. We found an 

ER-TR7+ network in the synovial sublining that did not overlap with the CD55+ collagenous fibers 

in the lining (Figure 4D and Supplemental Figure S4B). Thus, deposition of CD55 is a distinct 

characteristic of collagenous fibers in the intimal lining layer, but not of the ER-TR7+ network in 

the sublining.

The unique localization of CD55 at the edge of the synovial tissue, conjugated to collagenous 

fibers, implied a possible role of CD55 in protecting the synovial tissue from attack by complement. 

Confirming previous reports 31, 32, we detected C3b in the intimal lining layer with a distribution 

similar to CD55 (Supplemental Figure S5).

cD55 cooperates with fcγRIIb in protecting against immune complex-
mediated arthritis
To address the possibility that CD55 protects the synovial tissue from complement-mediated 

immune activation in vivo, we studied the K/BxN serum transfer model of arthritis. The K/BxN 

model is driven by immune-complexes and depends on complement, Fc receptors, and innate 

immune cells, mainly neutrophils 33-35. Notably, we previously reported a slight protection of mice 

lacking CD55 in this model, which mirrored a similar phenotype in mice lacking the CD55 interacting 

partner CD97 13. In the current study, we used less potent K/BxN serum to have a higher threshold 

for disease development. In this setting, mice lacking CD55, like wild-type mice, did not develop 

arthritis (Figure 5A). In contrast, mice lacking FcγRIIB (Fcgr2b-/-) were susceptible, which fits with the 

crucial role of this inhibitory receptor in the control of immune complex-mediated inflammation 17. 

When we crossed Cd55-/- mice with Fcgr2b-/- mice, compound animals developed significantly more 

severe disease than mice that only lack FcyRIIB (Figure 5A). Corresponding herewith, Fcgr2b-/- x 

Cd55-/- mice showed a trend towards enhanced cartilage destruction and immune cell infiltration 

(Figure 5B) with more Gr1+CD11b+ granulocytes present locally in the synovial tissue (Figure 5C). 

Thus, combined absence of FcγRIIB receptor and CD55 deteriorates K/BxN serum-induced arthritis.

CD55 is widely expressed by endothelial, immune, and stromal cells 8, 17. To explore the role of 

stromal CD55 in arthritis development, as an extrapolation to human CD55 abundantly expressed 
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by FLS, we generated bone marrow-chimeric mice expressing CD55 on either immune or non-

immune cells. We found that Fcgr2b-/- x Cd55host+/+BM-/- and Fcgr2b-/- x Cd55host-/-BM+/+ mice were 

equally susceptible to K/BxN serum transfer arthritis compared to Fcgr2b-/- x Cd55host+/+BM+/+ mice 

(Figure 5D) with a tendency towards slightly higher disease scores and granulocytes infiltration 

in synovial tissue (Figure 5D/E). We concluded that CD55 on both immune and stromal cells is 

contributing to protection against immune-complexes mediated arthritis in susceptible mice.

DIscussIon
We here report that CD55, produced by FLS, is deposited at large amounts at a collagenous 

fiber network within and at the basis of the intimal lining layer. Fiber networks building the 

ECM provide structural support for organs and tissues, for cell layers in the form of basement 

membranes and for individual cells as substrates for migration. Moreover, they are essential for the 

binding, transport, and presentation of growth factors, inflammatory signals, chemoattractants, 

and soluble antigens that govern the differentiation, proliferation, survival, polarity, and migration 

of immune cells 36. The synovial tissue comprises various ECM structures 37, which are synthesized 

by FLS. More recent studies with 3D micromasses unveiled that FLS are capable of autonomously 

establishing a complex basement membrane-like structure that enables the intimal lining layer–

synovial sublining architecture as well as fibrilliar meshworks in lining and sublining 5.

Deposition of CD55 on structures of the ECM was first reported by Medof and coworkers, 

who noted a prominent fibrillar staining in fibrous sheaths surrounding myocardial muscle 

bundles, in interstitium underlying the endocardium, and in connective tissue adjacent to the 

synovium 38. Later studies confirmed and extended these findings by describing CD55 attached 

to subendothelial collagenous fibers underneath the vasculature 25 and various epithelia 39, as well 

as to elastic fibers surrounding nerve plexuses of the enteric nervous system 26. Notable is the 

expression of CD55 in the stroma of various tumors. Niehans and colleagues described deposition 

of large amounts of CD55 in stroma surrounding infiltrating (adeno)carcinoma of the breast, 

colon, kidney, and lung, while normal tissue stroma showed only small, localized deposits 39. In 

line herewith, CD55 overexpression has been a target for intestinal tumor imaging, conferring 

with a poor prognosis in colorectal cancer patients 40. Together, these findings suggest that 

abnormal expression of CD55 in the human body, as seen in tumors and the arthritic intimal 

lining layer, coincides with its deposition on ECM structures.

The collagenous ECM system comprises different meshworks 22, 23. By studying RA synovial 

tissue and 3D RA FLS micromasses, we here show that CD55 in synovial tissue is deposited on 

collagen type I+/III+ fibers, which are restricted to and established along with the intimal lining, 

where FLS are compacted. Despite visualization of these fibers by silver impregnation, they did 

not stain for ER-TR7, a marker widely used to identify reticular networks 22, 23. Notably, ER-TR7 

antibody generated a widespread staining pattern, almost inverse to the CD55+ network, in the 

synovial sublining. Whether this ER-TR7 network, in line with its role in secondary lymphoid 

organs 29, 30, facilitates ectopic lymphoid neogenesis in synovial tissue remains to be investigated. 

Our data imply the existence of different fiber meshworks in the synovial tissue, which may serve 

distinct functions.
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The mechanism of CD55 deposition on synovial ECM remains to be established. Of note, 

development of the CD55+ collagenous network was enhanced in micromasses grown with 

TNF, demonstrating that FLS respond to proinflammatory stimuli by expanding the intimal 

lining layer including its ECM components. This finding matches observations that formation 

of the reticular network by fibroblast reticular cells in lymph nodes requires TNF receptor 

engagement 29, suggesting an essential role of TNF in the development of different collagenous 

meshworks. Anti-TNF therapy may affect this system, providing an additional mechanism of 

its action 41.

Previous studies by Hindemarsh and Marks showed that complement activation occurs on 

ECM and can be controlled by matrix-bound CD55 25, 42. The need for an effective control of 

complement in the synovium is evident from studies showing consumption of complement 

components and generation of complement activation products in the synovial fluid of RA 

patients 43-45. Moreover, C3 is deposited on the surface of cartilage and synovium in RA 31, 32 and in 

experimental models of arthritis 46, 47. Circulating C3 is necessary and sufficient for antibody-driven 

K/BxN serum transfer arthritis 34. Nevertheless, in different settings of this model, studied here 

and previously by our group 13, deletion of CD55 did not aggravate arthritis activity. In contrast, 

lack of CD55 further enhanced disease activity in Fcgr2b-/- mice, which are highly susceptible to 

the K/BxN serum transfer model 17. The adverse effect of CD55 deficiency in compound animals 

was not seen in bone marrow-chimeric mice that expressed CD55 either on immune or non-

immune cells, indicating that CD55 on both cellular compartments contributes to the control of 

complement activation.

Immune complex-mediated inflammation is mediated by a molecular partnership between 

FcγRs, complement receptors, and additional modulators, such as C-type lectins 48. Complement 

activation generates C5a, which by binding to its receptor (C5aR; CD88) lowers the threshold 

for FcγR activation through changing the ratio of expression of activating (FcγRI and FcγRIII) 

and inhibitory (FcγRIIB) receptors 49. Conversely, immune complexes binding to FcγR enhance 

the synthesis of C5 and, consequently, promote the generation of C5a. This positive-feedback 

loop 50 essentially contributes to the pathogenesis of inflammatory disorders; however, the factors 

that tip the balance towards disease have remained elusive and little is known regarding the 

mechanisms that circumvent C5a-induced excessive tissue immune activation and damage 50. 

Our study suggests that CD55, which accelerates the decay of C3 convertases 8, provides a safety 

mechanism that is of critical importance once the activating–inhibitory FcγR ratio turns towards 

more activation.

conclusIons
Our findings suggest that the abundant presence of CD55 in the intimal lining layer of the synovial 

tissue is due to deposition on a local meshwork of collagenous fibers that compacts the cellular 

compartment. Moreover, this study helps clarifying the roles of CD55 in the pathogenesis of 

arthritis by demonstrating involvement in the protection against immune-complex-mediated  

K/BxN serum transfer arthritis in susceptible mice lacking the inhibitory FcγRIIB.
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suPPleMentaRy MateRIals

Figure S1. Cultured FLS express average levels of CD55. (A) Cultured RA FLS (n=6) express CD55 mRNA 
levels comparable to immune cells (PBMC) from healthy donors (n=3) as revealed by qPCR. (B) Hypoxic 
conditions do not enhance CD55 mRNA expression, quantified by qPCR, but increases transcription of the 
hypoxia-regulated genes VEGF (vascular endothelial growth factor), LEP (leptin), and ANGPTL4 (angiopoietin-
like 4) (n=3). (C) dsRNA but not hypoxic conditions moderately induce surface expression of CD55 on FLS 
measured by flow cytometry (n=3).

Figure S2. Expression pattern of collagen III in 3D FLS micromasses coincides with collagenous 
structures visualized by Gomori silver staining. (A-B) Sections of 3D FLS micromasses that were cultured 
for 28 days without (A-B) or with (C-D) 10 ng/ml TNF were stained with anti-collagen III antibody (A, 
C) and then processed to Gomori silver impregnation (B and D, respectively). Red arrowheads indicate a 
similar distribution of collagen III and collagenous fibers. Shown are representative stainings derived by light 
microscopy; magnification 40 x.
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Figure S3. CD55, deposited in extracellular matrix of the synovial lining, is resistant to phospholipase 
C treatment. Tissue sections were left untreated (left panel) or incubated with phospholipase C (right panel) 
and subsequently stained for CD55 (green signal) and CD90 (red signal). In contrast to CD90, the CD55 signal 
is remained intact after enzymatic treatment. Shown are representative photographs derived by confocal 
microscope; magnification 63 x.

Figure S4. Collagen I in synovial tissue colocalizes with CD55, ER-TR7, von Willebrand factor. 
Sections of RA synovial tissue were costained for collagen I (red) and (A) CD55, (B) ER-TR7, or (C) von 
Willebrand factor (vWF) (all green, overlay yellow) and analyzed by fluorescent microscopy. Shown are 
representative photographs; magnification 20 x.
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Figure S5. Collagen I in synovial tissue colocalizes with complement component C3b. Sequential 
sections of RA synovial tissue were stained with for C3b (A) or collagen I (B) and analyzed by fluorescent 
microscopy. Shown are representative photographs; magnification 40 x.
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abstRact
objectives
Previous studies have shown increased expression of stromal markers in synovial tissue (ST) of 

patients with established rheumatoid arthritis (RA). Here, ST expression of stromal markers in 

early arthritis in relationship to diagnosis and outcome was studied.

Methods
ST from 67 patients included in two different early arthritis cohorts and 7 non-inflammatory 

controls was analysed using immunofluorescence to detect stromal markers CD55, CD248, 

fibroblast activation protein (FAP) and podoplanin. Diagnostic classification (gout, psoriatic 

arthritis, unclassified arthritis (UA), parvovirus associated arthritis, reactive arthritis and RA) and 

outcome (resolving/persistent) were determined at baseline and after follow-up, and related to 

the expression of stromal markers.

Results
We observed expression of all stromal markers in ST of early arthritis patients, independent of 

diagnosis or prognostic outcome. Expression of FAP and podoplanin was significantly higher in 

patients with early RA compared to non-inflammatory controls. Significantly greater expression 

of FAP was found in anti-citrullinated peptide antibody (ACPA)-negative RA patients and in 

patients with UA fulfilling classification criteria for RA after follow-up compared to patients with 

resolving disease and patients with persistent disease who did not fulfil classification criteria for 

RA after follow-up.

conclusions
Stromal cell markers CD55, CD248, FAP and podoplanin, are expressed in ST in the earliest stage 

of arthritis. Expression of FAP is higher in early UA patients who fulfil classification criteria for RA 

over time and in ACPA-negative RA compared to resolving or non-RA arthritides. These results 

suggest that significant fibroblast activation occurs in RA in the early window of disease.
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IntRoDuctIon
Rheumatoid arthritis (RA) is a chronic inflammatory disease affecting synovial tissue (ST) in 

multiple joints leading to joint destruction, deformity and disability.[1] Classifying patients in 

an early stage of the disease is important, as early appropriate treatment can reduce or even 

prevent joint destruction.[2] Unfortunately, at presentation not all patients with early symptoms of 

arthritis can be diagnosed and therefore remain unclassified, [3,4] resulting in a delay in optimal 

treatment, indicating a need for new diagnostic and prognostic markers. 

Stromal cells play an important role in organising the structure of ST by producing extracellular 

matrix components, recruiting infiltrating immune cells and secreting inflammatory mediators. 

Furthermore, these cells may contribute to the persistence of inflammation and joint damage in 

RA.[5,6] Currently known stromal markers include CD55, CD248, fibroblast activation protein 

(FAP), podoplanin and VCAM-1.[7-10] 

Previous work has suggested the presence of cytokines in the synovial compartment 

of some patients with short duration RA that is rich in stromal growth factors.[11,12] We 

hypothesised that subpopulations within the stromal compartment might become activated 

and expanded during the inflammatory processes occurring in early disease, defining a profile 

that may be specific for RA. We chose to examine an established intimal lining layer stromal 

marker (CD55)[9] and more recently discovered markers described both in RA and cancer, where 

the role of tumour-associated fibroblasts has become prominent. These include CD248,[14,15] 

a synovial sublining glycoprotein marker expressed in perivascular and cancer stromal cells 

and in the RA synovium; FAP,[7,16,17] a cell surface protein with exoenzyme activity and 

an important role in epithelial cancers that is highly expressed in established RA synovium; 

and podoplanin (gp38),[8,13] an intimal lining layer glycoprotein marker with roles in lymph 

node stromal networks and epithelial to mesenchymal transition. Following initial screening 

of tissue samples in one early arthritis cohort, we validated and expanded our observations in 

an independent cohort. 

MethoDs 
cohorts and synovial tissue
Synovial tissues of patients included in two different early arthritis cohorts in Amsterdam and 

Birmingham were used in this study. All patients were naïve to treatment with disease-modifying 

antirheumatic drugs (DMARDs) and corticosteroids at inclusion. In the Birmingham cohort 

(BEACON), patients who develop synovitis in at least one joint referred by general practitioners 

were seen within 2 weeks. Patients were recruited if symptom duration, defined as any symptom 

attributed by the assessing rheumatologist to inflammatory joint disease (pain, stiffness and/

or swelling) was no greater than 3 months. Newly presenting patients fulfilling classification 

criteria for RA with symptom duration of >3 months were also recruited as a control population.

[18,19] Consenting patients underwent ultrasound guided synovial biopsy of an inflamed joint 

at baseline as previously described.[20] Diagnostic and prognostic outcomes were assigned after 

18-months of follow-up. 
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In the Amsterdam cohort (Synoviomics),[21] patients presenting with arthritis of at least one 

knee, ankle or wrist joint with duration of less than 1 year were included. [22] Of note, 93.8 % 

of the Synoviomics patients included in the present study had symptom duration of no greater 

than 3 months. Arthritis duration was defined as the time from the first clinical signs of arthritis, 

irrespective of which joint was initially affected, determined by an experienced rheumatologist; 

data on symptom duration were recorded, enabling the use of the AMC cohort for validation 

purposes. At inclusion, synovial tissue was collected during a mini-arthroscopy procedure as 

previously described.[23] Diagnostic and prognostic outcomes were assigned after 2 years of 

follow up.

In both cohorts, patients were classified as having RA according to the 2010 ACR/EULAR 

classification criteria for RA,[18,19] psoriatic arthritis (PsA) according to the CASPAR criteria 

for PsA,[24] parvovirus arthritis based on clinical diagnosis plus serological testing, and other 

diagnoses by characteristic clinical features, including the presence of a pre-existing infectious 

episode (reactive arthritis) and uric acid crystals in synovial fluid (gout). Patients were classified 

as having unclassified arthritis (UA) if they did not meet any classification criteria. Patients were 

classified as having resolving disease if they had no clinical evidence of synovial swelling and had 

not taken DMARDs or received glucocorticoid treatment in any form in the preceding 3 months. 

We included ST of 7 individuals with mechanical joint symptoms undergoing exploratory 

arthroscopy during which no evidence of synovial pathology was found macroscopically or on 

subsequent histological analysis. 

All studies were approved by local medical ethical committees and patients gave written, 

informed consent to participate.

Immunofluorescence and confocal microscopy
During establishment of ultrasound guided biopsy techniques in Birmingham in 2007, tissue 

processing protocols for histological analysis were harmonised with the AMC Synoviomics project, 

leading to a common protocol for tissue recovery, processing and storage. Synovial tissue samples 

were snap-frozen in Tissue-Tek OCT medium (Miles, Elkhart, IN) immediately after collection. In 

order to account for heterogeneity, six to eight biopsies from different areas of the joint were 

combined in one block of tissue. Cryostat sections (5mm) were cut, mounted on Star Frost 

adhesive glass slides (Knittelplaser, Baunschweig, Germany) and stored at -80°C. 

All tissue staining, image acquisition and quantification took place in Birmingham and was 

blinded to clinical outcomes. Prior to use, slides were thawed at room temperature (RT) for 30 min. 

After fixation in acetone the sections were washed in PBS and blocked with 10% normal human 

serum for 30 min at RT. Incubation with primary antibodies was performed overnight at 4°C in 

blocking solution. As primary antibodies, anti-CD55 (mouse IgG2a, clone BU84; University of 

Birmingham, UK), anti-CD248 (mouse IgG1 supernatant, clone B1 35.1 [14]), anti-FAP (mouse IgG1, 

clone F11-24; eBioscience), anti-gp38 (mouse IgG1, clone D2-40; AbD Serotec, Kidlington, UK), 

antiCD31 (endothelial cell marker; mouse IgG2a, clone HEC7; Thermo Scientific, Loughborough, 

UK), anti-CD68 (macrophage marker; mouse IgG2b, clone Y1/82A; BD Pharmingen, Oxford, UK) 

were used. Tissue sections were incubated for 1 hour at RT and bound primary antibodies were 

detected with goat antibodies against mouse IgG1 conjugated with fluorescein (FITC), IgG2a 

conjugated with rhodamine (TRITC), and IgG2b conjugated with cyanine 5 (Cy™ 5) (all Southern 
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Biotech, Birmingham, AL). To increase signal from FITC-channel, slides were stained for 30 min at 

RT with goat anti-FITC Alexa-488 antibody (Invitrogen, Paisley, UK). All sections were co-stained 

with Hoechst solution (Sigma-Aldrich Company Ltd., Gillingham, UK) to visualize cell nuclei. As 

a negative control, a mixture of anti-IgG1, anti-IgG2a and anti-IgG2b secondary fluorochrome-

conjugated antibodies followed by anti-FITC Alexa-488 were applied to the sections after omission 

of the primary antibodies. From different parts of the tissue sections, 1-8 images were acquired 

with confocal scanning microscope Zeiss LSM 510 and ZEN pro 2011 imaging software (Zeiss, 

Welwyn Garden City, UK). Settings within one staining experiment remained unchanged. For 

each image, the number of pixels with intensity from 30 to 255 of every fluorescent channel 

was quantified with ZEN pro 2011 and divided by a manually defined area (μm2) only including 

tissue zones containing cells. The average number of fluorescent pixels with intensity 30-255 per 

unit area (pixel/UA) from all photographs within one synovial tissue section was calculated. In 

addition, two researchers independently assessed the fluorescence level of every marker using a 

semiquantitative scoring system of grade 0-4 combining staining intensity and number of positive 

cells. Semiquantitative scores correlated well with unbiased pixel analysis scores (Spearman’s rho 

>0.7, p <0.001 for all markers, data not shown).

During the study, tissues were stained in total on three separate occasions, all performed in 

the Birmingham unit. These comprised [1] initial staining of Birmingham tissues, [2] staining of 

AMC and confirmatory restaining of Birmingham tissues and [3] staining of an extended panel 

of Birmingham and AMC tissues for FAP and podoplanin. In order to measure and account for 

any variation between staining of sections during different staining runs, we stained sections 

from the same 11 patients on each occasion for a range of four stromal (CD55, CD248, FAP and 

podoplanin), and two cellular (CD31, CD68) markers. To assess reliability of outcome variables 

between staining procedures, intraclass correlation coefficients were calculated (SPSS, IBM). 

Intraclass correlation coefficients were as follows reflecting good (ICC >0.7) internal consistency 

for all markers except CD248, which closely approached this level (ICC 0.69). CD55: ICC 0.77; 

FAP: ICC 0.74; podoplanin: ICC 0.74; CD31: ICC 0.89; CD68: ICC 0.96.

statistical analysis
Using Prism (Graphpad, La Jolla, CA) software, differences between two groups were assessed 

using the Mann-Whitney U test; correlation of two outcome measurements was assessed with the 

Spearman rank-order correlation coefficient. A P-value <0.05 was considered statistically significant. 

Results
Patient characteristics
Baseline characteristics of the early arthritis patients from the two cohorts presenting with symptom 

duration of three months or less are shown in table 1. Characteristics of two comparison groups 

including selected patients from Birmingham and Amsterdam cohorts are also shown: Comparison 

cohort 1 includes patients presenting with treatment naïve RA with symptom duration of greater 

than three months. Comparison cohort 2 includes patients presenting with symptom duration of 

three months or less who ultimately developed persistent disease with a diagnosis other than RA.
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Table 1. Baseline characteristics of early arthritis patients of the Birmingham and Amsterdam 
cohorts.

Birmingham BEACON cohort 
Amsterdam Synoviomics 
cohort 

Comparison 
cohort 1

Comparison 
cohort 2

Resolver 
(n = 10)
≤3 months

Ra
(n = 11)
≤3 months

Resolver
(n = 14)
≤3 months

Ra
(n = 13)
≤3 months

Ra 
(n = 11) 
> 3 months

non-Ra
Persistent 
(n=8)
≤3 months

age (years) 36 (33-48) 51 (48-63) 53 (42.3-61) 51 (37-65) 58 (46-69) 46 (36.5-63)

female (%) 3 (30) 4 (36) 6 (43) 10 (77) 5 (45) 1 (13)

esR (mm/h) 8 (3.5-24.8) 58 (20-63) 35 (8-52) 34 (15-80.5) 34 (11-56) 36 (11.8-47.3)

cRP (mg/l) 7.5 (4.5-9.3) 26 (18-45) 11.5 (3.1-44) 5.3 (3.8-61.2) 16 (5-43) 15.7 (6.6-37.8)

Das28esR 3.6 (2.6-4.2) 5.7 (4.4-6.7) 4.0 (2.5-4.6) 5.4 (4.2-5.8) 5.3 (4.3-6.7 3.5 (2.5-4.8)

symptom 
duration  (wks)

5.5 (4-7.5) 4 (3-6) 6.5 (4-10) 7 (4.5-9) 38 (16-96) 3.5 (2-5.5)

Rhf positive (%) 0 (0) 4 (36) 3 (21) 7 (54) 6 (55) 0

acPa positive 
(%)

0 (0) 6 (55) 3 (21) 8 (61) 7 (64) 0

Rhf and acPa 
positive (%) 

0 (0) 4 (36) 3 (21) 6 (46) 6 (55) 0

Diagnoses

UA 4
Reactive 3
Parvovirus 2
RA 1 

UA 3
Gout 4
RA 7

UA 3
PsA 4
Gout 1

Values shown are median (interquartile range) or number (percentage). PsA = psoriatic arthritis, RA = rheumatoid 
arthritis, UA = unclassified arthritis, ESR = erythrocyte sedimentation rate, CRP = C-reactive protein, DAS28ESR = disease 
activity score in 28 joints calculated using the ESR, RhF: rheumatoid factor, ACPA: anti-citrullinated protein antibodies. 

Initial screening of stromal markers in the birmingham beacon cohort
As an initial screen, we stained synovial tissues of 21 patients and seven controls for stromal 

markers. In this screening cohort, patients whose arthritis subsequently resolved included 

three patients with reactive arthritis, two with parvovirus arthritis, four with unclassified 

arthritis and one seronegative patient who fulfilled 2010 criteria for RA at baseline. 11 patients 

developed persistent RA; six of these were positive for ACPA; of the remaining five, two 

presented with unclassified arthritis but fulfilled classification criteria for RA after follow up 

(UA-RA). 

Four stromal markers were examined: CD55, CD248, FAP and podoplanin (gp38). As shown 

in figure 1, both FAP and podoplanin showed some evidence of differential expression between 

outcome groups: FAP normal vs persistent RA p=0.002; Podoplanin, normal vs resolving p=0.015; 

normal vs persistent RA p=0.002. No significant differences were seen between resolving and 

persistent diseases. 

examination of tissue cellular markers in a combined cohort
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Initial screening results suggested that we should pursue staining of stromal markers in a 

larger cohort. We therefore exploited the common tissue collection and processing protocols in 

Birmingham and Amsterdam, and stained tissue from Amsterdam Synoviomics cohort patients 

with symptom durations in the same range as the BEACON cohort. Initial validation studies 

using Synoviomics samples alone suggested a similar pattern of staining was seen (data not 

shown). We therefore combined the data of the BEACON and Amsterdam Synoviomics cohorts. 

Also, to address the question of whether stromal markers are differently expressed in RA 

patients with symptom duration more or less than 3 months and whether stromal markers can 

differentiate persistent RA from persistent non-RA diseases, we undertook restaining of a larger 

combined panel. This panel included two control groups: baseline tissue from patients with 

longer duration, treatment naïve established RA and tissue from patients presenting in the first 

3 months of symptoms who ultimately developed non-RA persistent disease (UA, PsA or gout, 

Table 1, comparison cohorts 1 and 2). Recognising that other cellular markers could provide 

Figure 1. Expression of stromal markers in the Birmingham BEACON cohort. Expression of CD55, 
CD248, FAP and podoplanin (in pixels per square micrometer) was measured in uninflamed tissue of patients 
with mechanical joint symptoms undergoing exploratory arthroscopy (“normal”, n = 7), baseline samples of 
early arthritis patients with subsequently resolving arthritis (n = 8) and persistent RA (n = 10). No difference 
was observed in CD55 (lining) or CD248 (sublining) expression, but differences were seen compared to 
normal controls in podoplanin and FAP expression. Each dot represents a patient; median bars are shown. 
Significance of the comparisons was determined by the Mann-Whitney test. *p<0.05; **p<0.01. 
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important discriminating data and also an estimate of levels of tissue inflammation, we stained 

for CD31 (endothelial cells) and CD68 (macrophages).  

figure 2 shows these data in concise form, comparing groups of patients developing 

persistent RA or resolving disease presenting with less than 3 months symptom duration and 

normal controls, then comparing RA groups of less than and greater than 3 months symptom 

duration, using a comparison cohort of 11 patients presenting with treatment naïve RA 

(comparison cohort 1). No significant differences were seen between outcome groups for tissue 

Figure 2. Expression of tissue markers in the combined Birmingham and Amsterdam cohorts. (A-E) 
Expression of CD55, CD248, FAP, podoplanin, CD31 and CD68 (in pixels per square micrometer) in control 
patients (n = 7), baseline samples of early arthritis patients with resolving arthritis (n = 16-24) and persistent 
RA (n = 16-24) (left graph) and comparison of RA duration three months or less to untreated RA of greater 
than three months (n = 11) (right graph). Each dot represents a patient; median bars are shown. Significance 
of the comparisons was determined by the Mann-Whitney test. *p<0.05; **p<0.01.
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expression of CD55, CD248, CD31 and CD68. Also, no significant differences were seen between 

the resolving group and persistent RA. However, both FAP and podoplanin staining levels were 

higher in both resolving and RA groups compared to normal. Figures 2C and 2D summarise all 

patient samples studied, including a final extended panel of short symptom duration disease 

undertaken to further explore FAP and podoplanin staining (FAP normal vs resolving p=0.036, 

normal vs persistent RA p=0.002; podoplanin, normal vs resolving p=0.041, normal vs persistent 

RA p=0.005). Representative images are shown in figure 3. We therefore examined levels of 

FAP and podoplanin staining in more detail.

faP expression is significantly higher in an acPa negative group of 
Ra patients  
figure 4 illustrates data for patients with symptom duration of three months or less, including 

a comparison group of patients who developed persistent disease but not RA (comparison 

cohort 2). Figures 4A and B show the effect of splitting the early RA group by ACPA status. 

FAP expression levels were significantly higher in patients with ACPA negative RA compared to 

patients whose arthritis resolved (p=0.03) or who developed non-RA persistent disease (p=0.02). 

Tissue from patients with ACPA positive disease demonstrated a broader range of FAP expression, 

showing no significant differences compared with resolving diseases or compared with non-RA 

persistent disease.    

correlation of faP expression with clinical variables in patients with 
early arthritis
Because FAP expression levels appear to relate to clinical outcome, we tested whether FAP levels 

correlated with clinical variables including swollen and tender joint counts, DAS28ESR, ESR, CRP 

Figure 4. Expression of FAP and podoplanin in the subgroups of patients with symptom duration less 
than 3 months. (A, B) Expression of FAP and podoplanin (in pixels per square micrometer) in baseline samples 
of early arthritis patients with resolving disease (n = 24), CCP+ RA (n = 14) and non-RA (n = 8) in comparison to 
CCP- RA (n = 10). Each dot represents a patient and data are presented as the median with interquartile range. 
Significance of the comparisons was determined by the Mann-Whitney test. *p<0.05; **p<0.01.
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and symptom duration. In the entire cohort of patients with disease duration of three months or 

less (n=56), FAP expression levels demonstrated moderate positive correlation with ESR (r=0.30, 

p=0.027), CRP (r=0.33, p=0.013) and DAS28 (r=0.40, p=0.002). Correlation with the DAS28 should 

be regarded with some caution, as this disease activity index has not been widely validated outside 

its use in RA. Within the subgroup of patients who developed persistent RA, no correlations with 

clinical variables were seen, however the group size for these correlations are small.

DIscussIon
The most prominent stromal cell of the ST is the fibroblast-like synoviocyte (FLS).[27,28] We 

previously showed that CD55 is a defining marker for FLS in the intimal lining layer where it 

can mediate contacts with CD97 on other immune cells and may be of primary importance in 

maintaining and amplifying synovial inflammation.[9,29,30] Other molecules markedly expressed 

by FLS in ST of patients with established RA are CD248 (also known as endosialin or TEM1) and 

podoplanin (gp38).[8,15] CD248 is expressed by FLS in synovium from patients with established 

PsA and RA, but is only weakly present in synovium from individuals with non-inflammatory knee 

problems.[15] It is believed to play a role in tissue remodelling by increasing proliferation and 

migration.[10] FAP, a cell surface-bound, type II transmembrane glycoprotein, belonging to the 

family of serine prolyl oligopeptidases, is expressed by activated fibroblasts associated with the 

granulation tissue of healing wounds and stroma of epithelial cancers. It has also been shown 

that FAP is strongly expressed in rheumatoid synovium.[7] Of these markers, podoplanin and FAP 

were found to be upregulated in early RA ST compared to tissue of healthy controls, but only 

FAP appeared to differ significantly from other forms of inflammatory joint disease or between 

patients who experienced a persistent versus a self-limiting course of disease. 

RA FLS show a gene expression profile characteristic of myofibroblasts, and cells of the intimal 

lining layer in RA have been found to express α-smooth muscle actin (α-SMA) and type IV collagen.

[31,32] It has therefore been suggested that RA FLS can undergo a process resembling epithelial-

mesenchymal transition (EMT), whereby static epithelial cells lose cell-cell contacts, acquire 

mesenchymal features and manifest a migratory phenotype. This phenomenon is common to early 

developmental processes, tissue repair, fibrosis and carcinogenesis. Of interest, podoplanin and 

FAP are both hypothesized to be involved in EMT and are reported to be highly expressed in cells 

of the intimal lining layer in RA, with little expression in osteoarthritis synovium.[8,33] The role of 

podoplanin in inflamed synovial tissue is unclear, but it is possible that it could relate to interactions 

with infiltrating leukocyte sub-populations, as seen in podoplanin expressing fibroblast-like 

reticular cells and lymphatic endothelium of the lymph node.[13] Ultimately this could favour the 

formation of ectopic lymphoid structures.[34] Since we found upregulation of podoplanin in ST 

of patients with early RA, the involvement of this marker in an EMT-like differentation of RA-FLS 

into myofibroblasts might be of more importance in the earlier stages of arthritis. 

FAP is strongly expressed in ST of patients with destructive RA.[7] In our study, we showed a 

strong expression of FAP in ST of RA patients earlier in their disease course. High expression of 

this marker in the ST indicates the involvement of dysregulated extracellular matrix remodelling 

in the early stage of arthritis that could represent a potential therapeutic target in early disease. 
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One of the challenges in the treatment of early arthritis patients is starting patient tailored 

treatment as soon as possible.[35-37] Personalized medicine in this patient group is aimed 

at remission, thereby preventing joint destruction and optimizing functional outcome with a 

minimum of potential harmful side-effects. Despite the importance of making an early diagnosis, 

in around one-third of rheumatology patients no diagnosis can be made at presentation, indicating 

a need for new diagnostic and prognostic markers. Our findings suggest that synovial stromal 

marker analysis could play a role in the guidance of treatment decisions in early arthritis patients 

where outcome is not possible to predict using existing clinical variables. Given these preliminary 

results, combination with other variables would be necessary in order to provide clear guidance 

for clinicians. Our findings and those of others mandate more extensive studies of candidate 

tissue markers alone and in combination for the prediction of diagnosis and prognosis in patients 

with early disease.[38] In individuals at risk for developing RA, it would also be interesting to 

examine stromal markers in the synovium to test their ability to predict the development of RA, 

in combination with other clinical predictors.[39]
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General discussion and perspectives

GeneRal DIscussIon
Rheumatoid arthritis (RA) is a chronic (auto)inflammatory disease, characterized by infiltration of 

immune cells into the synovial tissue1. Fibroblast-like synoviocytes (FLS) are critically involved in 

building the structure of the healthy synovial tissue, but are also implicated in the pathogenesis 

of RA. In RA, FLS provide a niche for incoming immune cells and produce inflammatory mediators 

that activate these cells2. Structurally, synovial tissue can be divided into an intimal lining layer, 

consisting of activated FLS and macrophages, and a synovial sublining, comprising less compactly 

packed FLS, various immune cells and blood vessels.

A characteristic marker of intimal lining FLS is CD553-5, a molecule with at least two functions. 

First, CD55 prevents the assembling of complement components on the cellular membrane. CD55 

binds complement component 3b (C3b) and detaches it from the cell surface (an alternative name 

is DAF, decay accelerating factor)6. Activated complement components are found in the synovial 

fluid of RA patients7, 8 and CD55, in this context, may protect the tissue against complement-

mediated damage. Another activity of CD55 may have an opposite effect in synovial tissue 

homeostasis. CD55 is a ligand for the Adhesion class G protein-coupled receptor (GPCR) CD979, 

which is broadly expressed by immune cells. CD55 on synovial lining layer FLS binds CD97+ 

immune cells10  and, thereby, may support their retention in the synovium.

In chapter 2, we demonstrated that downregulation of CD97 occurs upon its contact with 

CD55 in vivo, in the blood stream, and in vitro, under shear-stress conditions. We concluded that 

this downregulation may restrict CD55–CD97-mediated cell–cell adhesion to solid organs, such as 

the synovial tissue. In chapter 3, we tested the induction of CD55 expression in FLS using various 

pro-inflammatory cytokines and danger-associated molecular patterns (DAMPs). We observed 

that extra- and intracellular application of the double-stranded (ds)RNA mimics poly(I:C) and 

3pRNA upregulates CD55 expression and – unexpectedly – found that higher concentrations 

of intracellular poly(I:C) induce FLS cell death. In chapter 4, we explored the mechanism of FLS 

cell death after intracellular poly(I:C) application and demonstrated that FLS do not recognize 

intracellular poly(I:C) through the known cytoplasmic receptor MDA5. We proposed the existence 

of another – yet to be identified – dsRNA sensor, which senses intracellular poly(I:C) in FLS. 

Since the function of CD55 in synovial tissue and its importance in health and disease remained 

elusive, we studied in chapter 5 the role of CD55 in human RA synovial tissue and mouse arthritis 

models. We unraveled the existence of a collagen network in the intimal lining layer and described 

the deposition of CD55 on the fibers of this network. Using an immune complex-mediated 

model of arthritis, we showed that absence of CD55 does not enhance disease activity, but 

strongly exaggerated arthritis in mice lacking the inhibitory FcgRIIB (CD32). We proposed that 

CD55 protects synovial tissue from immune-complexes mediated arthritis together with other 

regulatory molecules. There are numerous studies focusing on the identifications of prognostic 

biomarkers for early stages of RA11-15. However, these studies fairly ignored stromal cell markers. 

Stromal cells of synovial tissue, FLS, are hypothesized to play an active role in supporting persistent 

inflammation16. A switch between resolving and persistent disease occurs most likely in early 

phases of the disease development17. An analysis of the expression of the fibroblast markers 

CD248, podoplanin, CD55 and FAP in two independent early arthritis cohorts is presented in 
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chapter 6 of this thesis. In this General discussion, some hypotheses, unresolved issues and future 

directions are discussed.

a collagen network in the synovial tissue and functional benefits of 
cD55 deposition
Previous studies demonstrating the existence of an extracellular matrix (ECM) network in the 

synovial tissue using the Gomori staining technique18 did not unravel its molecular composition. 

In chapter 5, we showed the presence of collagen I and III in these fibers. Inflamed synovial tissue 

is sometimes considered as tertiary lymphoid organ19, 20. Reticular fibers in lymph nodes have a 

highly organized structure, consisting of a collagen core surrounded by fibroblast-like reticular 

cells (FRCs), which express ER-TR721. Reticular fibers of lymph nodes have a crucial function in 

antigen transfer and motility of dendritic cells22. Considering that collagen fibers in synovial 

tissue might have a similar function as reticular fibers in lymph nodes, we stained RA synovial 

tissue with antibodies against ER-TR7. Collagen fibers inside the synovial tissue were not related 

to lymph node-associated ER-TR7+ fibers.

The ECM is an important component of solid tissues that is located between cells23. It 

provides a barrier between different tissue layers, which facilitates the “navigation” of migratory 

immune cells and provides a matrix for biologically active compounds, such as growth factors. 

There are several growth factors including fibroblast growth factor (FGF)24, tumor growth 

factor beta (TGFβ)25 and vascular endothelial growth factor (VEGF)26 reported to be associated 

with ECM. In recent years, it became evident that ECM is not only a structural component, 

but has a broad impact on cell mobility and vascular morphogenesis. As an example, it was 

suggested that matrix-bound VEGF induces sprouting angiogenesis, while the soluble form of 

VEGF induces vascular hyperplasia23. Angiogenesis, a formation of new blood vessels from pre-

existing capillaries, is an essential process in providing inflamed tissue with oxygen and nutrients 

and conducting inflammatory cells into the tissue27. VEGF, hypoxia-inducible factors (HIFs) and 

angiogenic chemokines are the most potent angiogenic stimuli28. Now, we can only speculate 

that collagen fibers with bound growth factors in the synovial tissue may increase angiogenesis. 

Future investigations using 3D FLS micromasses co-cultured with endothelial cells might shed 

light on this subject. 

Another important finding of chapter 5 is that CD55 is deposited on collagen fibers in the 

synovial lining, which explains its local abundance (Figure 1). CD55 is bound to the cell membrane 

via a glycosylphosphatidylinositol (GPI) anchor and can be cleaved off from the cell surface using 

phosphatidylinositol-specific phospholipase C (PI-PLC)29. In general, high expression of CD55 in 

solid tissues seems to be related to fibrillar deposition30, 31. Similar to what we have shown, CD55 

is deposited on elastic fibers in enteric plexuses in the gut in its GPI-cleaved form 30. Furthermore, 

CD55 deposition on ECM has also been reported for HeLa cancer cells and for human umbilical 

vein endothelial cells (HUVECs)32. Studies using primary colorectal cells and gastric cell lines 

and biopsies extended these results and confirmed the abundant presence of CD55 in the 

environment of tumors and its deposition on ECM33. A mechanism was proposed according to 

which CD55 deposition on ECM is related to higher expression of VEGF in tumors, which in turn 

stimulates expression of CD55. VEGF was the only cytokine found to upregulate CD55 on ECM34. 

ECM-bound CD55 was still able to bind the complement component C3b.
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Deposition of specifically CD55 on the ECM may require the activity of PI-PLCs. PLCs are 

able to discriminate between GPI-bound molecules with different molecular weights (MW) and 

release preferably molecules with a high MW, including CD5535. GPI-bound CD55 has a MW 

of 70 kDa (for comparison, another GPI-bound complement regulator, CD59, has a MW of 

20 kDa) and is shown to be susceptible to PI-PLC cleavage36.  An advantage of depositing CD55 

on the ECM surrounding synovial tissue could be the resistance of this form of CD55 to further 

enzymatic cleavage. It might protect synovial tissue from complement attack induced by cartilage-

deposited37 or soluble7, 8 immune complexes. 

stromal markers in the development of Ra as predictors for disease 
outcome
In chapter 6, we studied the expression of CD55 and other stromal markers (CD248, podoplanin 

and fibroblast activation protein (FAP)) in two independent cohorts of patients with early 

arthritis. We did not see differences in CD55 or CD248 expression compared to non-inflamed 

control tissue. Moreover, expression of CD55 or CD248 did not change between persistent and 

resolving diseases. These and previous results from chapter 5 about the role of CD55 in the 

synovial tissue made us see CD55 as a constitutively expressed molecule that protects tissue 

from complement attack. In the same chapter, we demonstrated a higher expression of the 

stromal markers podoplanin and FAP in self-limiting or persistent arthritis compared to non-

inflammatory controls. Moreover, FAP expression was higher in persistent anti-citrullinated 

peptide antibody (ACPA) negative RA in comparison to resolving disease. High expression of FAP 

can have different consequences. Since FAP is a peptidase that can cleave collagen molecules 38, 

FAP might be involved in degrading ECM, thereby promoting immune cell migration into synovial 

tissue analogous to tumor tissue39, 40. As angiogenesis, an important process supporting tissue 

expansion, is dependent on ECM remodeling, FAP can be indirectly involved in promoting 

angiogenesis in inflamed tissue40. Therefore, increased expression of FAP in RA may support 

existing inflammation. However, the precise mechanism of FAP action can be assessed only in 

vitro using 3D models of FLS in combination with endothelial cells.

Figure 1.  Schematic presentation of the structure of the intimal lining of synovial tissue. An irregular 
collagen fiber network compacts the resident cells, mainly FLS and macrophages. CD55, deposited on the 
collagen fibers can bind C3/C5 convertases and accelerate their decay.
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Interference with cD55 as treatment option for rheumatoid arthritis
CD55 is a complement regulator with a wide cellular distribution. As explained above, CD55 is 

overexpressed in the ECM surrounding certain tumors41-44. That is why most of the available data 

regarding theurapeutical approaches targeting CD55 are available from cancer studies. A role for 

high CD55 expression in worsening tumor development and outcome has been demonstrated in 

several independent studies, but contradictory data has been reported as well. As an example, 

CD55 overexpression in breast cancer was associated with a more favorable outcome45, whereas 

an increased expression of CD55 in nasopharyngeal carcinoma correlated with tumor progression 

and poor prognosis46. Blockade of CD55 with monoclonal antibodies inhibited the ability of 

CD55 to protect tumor cells against complement activation making them more susceptible to 

complement-mediated killing by membrane attack complex (MAC) formation or immune cell 

recruitment and activation47. Since many tumors overexpress CD55, blocking of the molecule 

might be a useful approach to decrease tumor size and prevent metastasis. For gastric cancer, a 

prospective study using a single injection of monoclonal antibodies against CD55 prior to tumor 

surgery resulted in tumor size regression and a higher survival rate over 10 years of follow up48.

There are no clinical trials reported using anti-CD55 monoclonal antibodies for the treatment 

of arthritis. Results of animal experiments from chapter 5 of this thesis suggest that CD55 plays 

a protective role in the development of RA both in immune and stromal cells when an immune-

susceptible model (Fcgr2b-/- mice) is used. In this case, an interplay between two key receptors, 

FcgRIIB (an inhibitory Fcγ receptor) and CD55 (a complement regulator)49, dramatically worsens 

experimental arthritis in compound knockout mice. However, previous results from our group 50 

and an experiment from chapter 5 with Cd55-/- mice showed that lack of CD55 did not worsen K/

BxN serum induced arthritis and even ameliorated collagen-induced arthritis (CIA)50. Here, other 

complement regulators, such as CD46 and CD59, might compensate the complement-inhibiting 

function of CD55, or CD55 may have an alternative function, namely the binding and retention 

of CD97+ immune cells. Therefore, an approach to block the function of CD55 with monoclonal 

antibodies in human arthritis could be ineffective. A naturally occurring condition resulting in loss 

of all GPI-linked proteins, including the complement regulators CD55 and CD59, is paroxysmal 

nocturnal hemoglobinuria (PNH). PNH is caused by the clonal expansion of hematopoietic stem 

cell with a defect in one of the enzymes required for GPI-anchor biosynthesis. The most evident 

clinical manifestations of PNH arise from dysregulated complement activation on blood cells, 

which leads to hemolytic anemia due to lysis of red blood cells 51. There are no reports about an 

association between PNH and arthritis development. Lack of those associations can be explained 

by the partial loss of CD55 on blood cells and the still complete presence of CD55 on stromal cells.

Intracellular poly(I:c) causes fls apoptosis independent of MDa5
In chapter 3, we showed that CD55 can be upregulated by extracellular poly(I:C), a known TLR3 

ligand. However, when we tested intracellular poly(I:C), which in many cells is recognized by 

the dsRNA sensor MDA5, FLS underwent cell death. In chapter 4, we investigated in detail the 

mechanism of cell death and the involvement of MDA5 in the recognition of intracellular poly(I:C) 

in FLS. We showed that cells undergo intrinsic apoptosis, however, we did not completely exclude 

other mechanisms of cell death52, since we saw that knockdown of TRIF reduced cell death at 
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Figure 2. Schematic overview of different mechanisms of controlled cell death: intrinsic/extrinsic 
apoptosis and necroptosis. a. Intrinsic apoptosis can be induced by several factors such as DNA damage, 
metabolic stress and nutrient deprivation, which induce a shift in the balance between anti-apoptotic (eg, 
Bcl2, Bcl-xl) and pro-apoptotic (eg, Noxa, Puma) proteins. This shift results in association of Bak and Bax, which 
form mitochondrial outer membrane pores (MOMPs), release of cytochrome C from mitochondria, binding 
of cytochrome C to APAF-1 and finally formation of an apoptosome. The apoptosome complex converts 
pro-caspase 9 into caspase 9, which in turn converts pro-caspase 3 into caspase 3. Caspase 3 is known as 
an effector caspase, which induces several cellular processes and as a final step nuclear and cytoplasmic 
condensation. b. Extrinsic apoptosis is initiated after ligation of death receptors, such as FASL binding to 
FAS. Formation of FASL-FAS-FADD involves binding of pro-caspase 8, which is turned to an active caspase 
8. The downstream pathways are similar to the intrinsic apoptotic pathway. c. Necroptosis is executed by a 
ripoptosome complex: RIP1-RIP3-FADD-pro-caspase 8 that assembles after extracellular poly(I:C) induces 
dimerization of TLR3 and binding of an adaptor molecule TRIF. Depending on which isoform of caspase 
inhibitor cFLIP is bound to the complex cell death is executed in two different manners. A large isoform 
of cFLIP (cFLIPL) inhibits ripoptosome formation and cells undergo apoptosis via cleavage of pro-caspase 8 
into an active caspase 8. A short isoform of cFLIP (cFLIPs) stabilizes ripoptosomes and executes cell death 
in another manner – with intact nucleus, but release of the internal compartment of the cell – necroptosis.

least partially. Figure 2 illustrates the different processes of death that cells can undergo and 

that have been studied in chapter 4.

In vitro, FLS are difficult to transfect with plasmids of any size; the cells shrink and detach 

from the culture plastic. However, the precise link between recognition of dsRNA (in case of 

intracellular delivery of poly(I:C)) and dsDNA (in case of transfection with a plasmid) and induction 
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of apoptosis in FLS is not known. A mechanism of cell death proposed for melanoma cells53 

is that recognition of intracellular poly(I:C) by MDA5 through downstream signaling induces 

expression of the pro-apoptotic protein Noxa, which eventually induces cleavage of pro-caspase 

9 and execution of apoptosis with caspase-3 (Figure 2). In our study, we showed that intracellular 

poly(I:C) is recognized neither by MDA5 nor involves engagement of the adaptor proteins IPS 

and STING. The mechanism of recognition can be the following: an unknown dsRNA receptor 

recognizes intracellular poly(I:C), which induces phosphorylation of IRF transcription factors. IRF1 

has been shown to induce expression of pro-apoptotic Puma54, and IRF3 can either translocate the 

apoptotic MOMP-forming protein Bax into mitochondria55 (Figure 3, ) or induce expression of 

IFNα/β. When IFNα/β binds to its receptor (IFNAR), phosphorylation of JAK kinases occur, which 

phosphorylate STAT1/2 transcription factors. STAT proteins migrate into the nucleus and induce 

expression of more than a hundred IFN-regulated genes (IRGs)56, including RNA-dependent protein 

kinase R (PKR) and 2’, 5’-oligoadenylatesynthetase (OAS), which inhibit translation and induce RNA 

degradation. This, in turn, might activate intrinsic apoptotic pathway (Figure 3, ). We detected 

significantly less apoptosis after knockdown of IFNAR (see chapter 4). Alternatively, since we 

also saw reduction (not significant) of apoptosis after knockdown of TRIF, we could not exclude 

another mechanism of cell death involving ripoptosome formation and stabilization (Figure 3, ). 

Decreasing fls proliferation as a therapeutic option
Apoptosis induction of FLS after administration of intracellular poly(I:C) could be considered 

as a therapeutic approach to decrease stromal hyperplasia and, in combination with other 

Figure 3. A model showing a connection between dsRNA/dsDNA sensors and controlled cell death.  
See text for a detailed description.

122



1

2

5

4

3

6

7

&

General discussion and perspectives

interventions, to decrease the number of immune cells in the synovium. Immune cells are 

transiently present in the synovium with a relatively short half-life; therefore, drugs need to be 

applied with short intervals. In contrast, FLS are resident cells of the synovial tissue with a rather 

long half-life, and even single administrations of intracellular poly(I:C) might have a long-term 

effect. Administration of intracellular poly(I:C) has been successful in mice to treat melanoma53 

and experimental autoimmune encephalomyelitis (EAE)57, a model for multiple sclerosis (MS). In 

both cases, symptoms of the disease were diminished due to apoptosis of effector cells – tumor 

cells in melanoma and dendritic cells (resulting in diminished Th1 and Th17 cell differentiation) 

in EAE, respectively. Importantly, intracellular poly(I:C) was administered systemically, so the 

first cells that encountered poly(I:C) complexed with a transfection reagent were dendritic 

cells and macrophages in the blood stream. However, depending on the mechanism of the 

disease, different cells need to be targeted. Tumor growth and metastasis are dependent on 

proliferation activity and epithelial-mesenchymal transition EMT of tumor cells. Tumor cells are 

more susceptible to apoptosis after administration of intracellular poly(I:C) than cells in the blood 

stream. This makes tumor cells excellent targets for this therapy. The development of multiple 

sclerosis is highly dependent on the expansion of antigen-specific T cells, which got primed after 

the contact with professional antigen-presenting cells, mainly dendritic cells (DCs). Interferon 

receptor (IFNAR)-mediated cell death of DCs, induced after a systemic administration of poly(I:C) 

complexed with a transfection reagent, prevented the expansion of antigen-specific T cells and 

thereafter diminished symptoms and pathology of EAE. 

If we consider specific targeting of FLS using intracellular poly(I:C) as treatment for RA, then 

the therapeutic agent should be administered locally into the joints. In this case, FLS will be the 

first cells to encounter intracellular poly(I:C) and undergo cell death. Before apoptosis occurs, the 

first response of FLS to intracellular poly(I:C) is the expression of IFNβ. IFNβ has an ability to reduce 

expression of pro-inflammatory mediators, such as interleukin (IL)-6, tumor necrosis factor (TNF) 

and matrix-metalloproteinases (MMPs)58, that are key players in RA. IFNβ acts through its receptor 

(IFNAR) and induces expression of numerous IRGs, including the chemokine CXCL1056. In chapter 

4, we showed that FLS apoptosis is IFNAR-dependent and occurs 24 h after the treatment, 

whereas upregulation of CXCL10 on mRNA level was detected 16 h after the treatment. CXCL10 

plays an important role in the homing of leukocytes into synovial tissue, and its cross-talk with 

receptor activator of NF-κB ligand (RANKL) may induce bone destruction in RA59. The expression 

of CXCL10 in FLS after administration of intracellular poly(I:C) and its functional consequences 

require further investigation.

concluding remarks and perspectives 
This thesis addressed the expression and function as well as the prognostic and therapeutic 

value of CD55. In synovial tissue, CD55 is produced by FLS and found at large amounts in the 

intimal lining layer. We hypothesized that due to the abnormally high expression, and based on 

previous results from our group10, 50, CD55-mediated binding of CD97-expressing immune cells 

may play an even more important role than the control of complement activity by CD55 in the 

synovial tissue. To study the function of CD55 in the development of arthritis in vivo, we used the 

passive K/BxN serum transfer model of arthritis in mice that lack both CD55 and the inhibitory 

FcγRII. We found that lack of CD55 both on immune and stromal cells worsens disease activity, 
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proving that CD55 also contributes to the control of immune-complex mediated inflammation 

in the joints. Importantly, expression of CD55 stays at the same high level in synovial tissue of 

non-inflammatory controls and patients who develop arthritis overtime (our study from chapter 

6). These results suggest that CD55 is constantly needed for the protection of synovial tissue.

Another aspect, discovered in this thesis, is the recognition and apoptosis-inducing capacity 

of intracellular poly(I:C) in FLS. In the current discussion we propose to use intracellular poly(I:C) 

as a theurapeutical agent to decrease the amount of proliferating FLS. However, therapies 

that combine the targeting of stromal cells with the targeting of immune cells might be more 

powerful. It is crucial to understand the mechanism of action of different interventions, which 

in turn might help to explain why some patients respond to a certain therapy and others do not.

Since transfection of some primary cells results in apoptosis, gene manipulation of these cells 

is possible only using viruses. This is a time-consuming technique especially when combinations 

of manipulated genes are required. Therefore, the identification of receptors, involved in the 

recognition of dsRNA (including poly(I:C)) or plasmid DNA is crucial. Blockage of these receptors 

may prevent cells from undergoing apoptosis without influencing the expression of genes encoded 

by a transfected plasmid. Identification of the exact molecular pathway connecting dsRNA or 

dsDNA receptors to apoptosis will help to understand complications related to cell transfection. 

The role of the stromal component in the development of RA remains an interesting subject. 

FLS have unique capabilities when isolated and used for in vitro analysis. They are able to express 

pro-inflammatory cytokines and actively respond to the given stimuli60. Clearly, it is difficult to 

detect soluble cytokines and MMPs in stromal cells locally in the tissue. The exact role of stromal 

cells in RA is not well understood, a situation that will improve with novel approaches, such as 

the 3D micromass FLS model. In this model, FLS can be cultured alone in Matrigel matrix in 3D 

mode or together with other cells, such as immune or endothelial cells. This approach may help 

to understand the impact of FLS on immune cells or the vasculature and thereby help to develop 

novel therapeutic approaches targeting the stromal compartment of the synovial tissue.
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SUMMARY

suMMaRy
Fibroblast-like synoviocytes (FLS) are resident mesenchymal cells forming the synovial membrane. 

In rheumatoid arthritis (RA), these cells expand and produce pro-inflammatory cytokines and 

chemokines that attract immune cells and express matrix-metalloproteinase enzymes that destroy 

the cartilage. Synovial tissue consists of two layers: a compact surface layer of cells, which is in 

contact with the synovial fluid (the intimal lining), and a less compactly organized underlying 

layer (the sublining). A cell surface protein widely used to distinguish the intimal lining from 

the sublining is CD55, a molecule with two functions. As indicated by the alternative name 

decay-accelerating factor (DAF), CD55 is a regulator of complement; it binds C3b and prevents 

its deposition at the cellular membrane. CD55 also interacts with CD97, an Adhesion type G 

protein-coupled receptor (GPCR). The research described in this thesis aimed to explore the role 

of CD55 in the biology of the synovial tissue as well as in the pathogenesis of RA, considering 

both functions of CD55.

cD55 – interaction with cD97 and abundant expression in synovial tissue
In order to understand the function of CD55 in the synovial tissue, we first investigated the 

consequences of its interaction with CD97. CD55 and CD97 are widely expressed molecules; 

so, their interaction may cause clustering of blood cells in the circulation. In chapter 2, we show 

that CD97 on leukocytes is downregulated upon contact with CD55. In the absence of the 

binding partner, in Cd55-/- mice, CD97 expression is significantly enhanced. Downregulation 

of CD97 occurred within minutes after Cd55-/- cell transfer into wild-type mice. We found that 

CD97 downregulation in vitro and in vivo required shear stress as present in the circulation. This 

regulatory mechanism may help to restrict CD97–CD55-mediated cell adhesion to solid organs, 

such as synovial tissue. 

To explain the high expression of CD55 in the intimal lining, in chapter 3, we tested the 

induction of CD55 expression in FLS using various cytokines and Toll-like receptor (TLR) ligands, 

which might become available during the course of chronic inflammation in the synovial tissue. 

We found that TLR3 triggering with extracellular poly(I:C), and to a lesser extent, ligation of 

cytoplasmic dsRNA sensors with intracellular poly(I:C) induces upregulation of CD55. However, 

the level of CD55 upregulation on FLS in vitro is unlikely to explain its remarkable abundance 

in vivo in synovial tissue. Unexpectedly, we observed that higher concentrations of intracellular 

poly(I:C), but not 3pRNA, induced FLS cell death. 

In chapter 5, we investigated the discrepancy between high CD55 expression locally in the 

intimal lining of synovial tissue and moderate CD55 expression in cultured FLS. We found that 

in RA synovial tissue, CD55, expressed by intimal lining FLS, is deposited on collagen fibers that 

compact the cells. In a 3D FLS organ culture model, expression of CD55 appeared together with 

an extracellular collagenous network over time and was enhanced by tumor necrosis factor 

(TNF). To prove a possible role of CD55 in protection from immune activation, we used K/BxN 

serum transfer, an immune complex-mediated model of arthritis. We showed that absence of 

CD55 alone does not enhance disease activity, but further exaggerates arthritis in mice lacking 

the inhibitory FcγRIIB (CD32). To confirm a protective role of stromal CD55 in Fcgr2b-/- mice, we 

generated bone marrow chimeras. These mice showed the same level of arthritis exaggeration 
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as mice lacking CD55 on immune cells. Our results suggest that stromal CD55 contributes to the 

protection against immune-complex mediated arthritis.

stromal cells of synovial tissue – fibroblast-like synoviocytes
In chapter 4, we explored the mechanism of FLS cell death after intracellular poly(I:C) application 

(that we described in chapter 3). Using gene silencing and pharmacological inhibitors, we 

demonstrated that FLS do not recognize intracellular poly(I:C) through MDA5, a known dsRNA 

sensor for poly(I:C), the adaptor proteins IPS, TRIF, or STING, and the kinase TBK1. We proposed 

the existence of another – yet to be identified – dsRNA sensor, which senses intracellular poly(I:C) 

in FLS.

In recent years, stromal cells are increasingly recognized to play a role in inflammatory 

diseases. In chapter 6, we quantified the expression of several stromal cell markers – CD248, 

podoplanin, CD55, and fibroblast activation protein (FAP) – on synovial tissue biopsies of patients 

included in two independent early arthritis cohorts with symptoms duration ≤3 months and in 

uninflamed tissue of control patients with mechanical joint symptoms. For both cohorts, we 

observed higher expression of podoplanin and FAP comparing self-limiting or persistent arthritis 

with non-inflammatory controls. Significantly greater expression of FAP was found in anti-cyclic 

citrullinated peptide antibodies (CCP)-negative RA patients compared to patients developing 

resolving disease and to patients with persistent disease who did not fulfil classification criteria 

for RA after follow-up. This suggests synovial fibroblast activation in the early phase of RA and a 

possible use of this marker (in a combination with a CCP status) to distinguish between persistent 

and resolving courses of arthritis.

conclusion
Since 1990, when CD55 expression in synovial tissue was first described, this molecule has 

become a broadly used marker for detection of intimal lining synovial fibroblasts. In this thesis, 

we clarify the reason for its high expression and identify a collagen fiber meshwork in the synovial 

lining. We demonstrate that CD55 cooperates with regulating Fc receptors in controlling immune-

complex mediated inflammation of the synovium. Moreover, our research proves for the first 

time interaction of CD55 with the Adhesion-GPCR CD97 in vivo and shows downregulation of 

CD97 after contact with CD55 under shear-stress conditions. The last part of this thesis, related 

to stromal cells biology in arthritis, provides evidence for the existence of a novel mechanism of 

recognition of intracellular poly(I:C) in FLS, leading to apoptosis. Identification of this sensor and 

the signaling molecules involved may disclose possibilities for the specific targeting of synovial 

hyperplasia in RA. 
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neDeRlanDse saMenvattInG
Fibroblast-achtige gewrichtscellen (FLS) leveren steun en structuur aan het gewrichtsweefsel. 

In het gewrichtsweefsel van patiënten met reumatoïde artritis lijkt het wel of deze cellen 

ongecontroleerd groeien en dit terwijl ze ontstekingssignalen produceren, die vervolgens de 

aanvoer van gespecialiseerde cellen van het immuunsysteem naar het gewricht bevorderen. 

Ook maken de FLS tijdens de ziekte stoffen die kraakbeen en bot kunnen afbreken. Gezond 

gewrichtsweefsel bestaat uit twee compartimenten: de bekledingslaag (intimal lining layer), 

dit is een dunne maar compacte cellaag, welke in contact staat met de gewrichtsholte en het 

weefsel onder de bekledingslaag (sublining), waar cellen losmazig met elkaar verbonden zijn 

en plaats is voor bloed- en lymfevaten. Decay accelerating factor (DAF), ook wel systematisch 

CD55 genoemd, is een eiwit dat in overvloed op FLS van de intimal lining layer wordt gevonden. 

Zodoende wordt dit eiwit vaak gebruikt om de locatie van de intimal lining layer aan te tonen. 

Het eiwit heeft twee bekende functies. Zoals de naam al zegt, heeft de eerste functie te maken 

met het complement systeem (een evolutionaire voorloper van ons immuunsysteem, dat nog 

steeds actief en krachtig is in de mens). Zo kan CD55 de cruciale factor 3b van dit systeem 

uitschakelen en activatie van het systeem voorkomen. Een tweede functie van CD55 is dat het 

een interactie kan aangaan met CD97. CD97 is een G-eiwit-gekoppelde receptor (GPCR), die 

vooral op bloedcellen wordt gevonden. In dit proefschrift wordt het onderzoek beschreven naar 

de rol van deze twee functies van CD55 in gezond gewrichtsweefsel en worden veranderingen 

van deze rol, in de context van reumatoïde artritis behandeld.

cD55 – de interactie met cD97 en het overvloedig voorkomen in 
gewrichtsweefsel
Om te begrijpen wat de functie is van CD55 in gewrichtsweefsel, hebben we eerst bekeken 

wat er gebeurt tijdens de interactie van CD55 met CD97. Beide eiwitten zijn in behoorlijke 

mate aanwezig op de buitenkant van zoogdiercellen. Men zou zich kunnen voorstellen dat een 

intense interactie tussen twee verschillende cellen gevaarlijke situaties kan opleveren in het 

bloed. Dit zou namelijk klontering van bloedcellen kunnen opleveren met directe gevolgen voor 

de bloedsomloop. In hoofdstuk 2 laten we in vitro zien dat het aantal moleculen CD97 op witte 

bloedlichaampjes snel afneemt als er interactie met CD55 plaatsvindt. Als gevolg hiervan is in 

Cd55-/- muizen (deze muizen hebben geen CD55) het aantal moleculen van CD97 per cel veel 

hoger is dan bij normale muizen. Wanneer we deze cellen inspuiten bij een normale muis, waar 

CD55 aanwezig is, zien we direct weer het aantal moleculen CD97 op de cellen omlaag gaan. We 

hebben ontdekt dat de controle over de hoeveelheid CD97 alleen plaatsvindt, indien er sprake 

is van schuifspanning in de vloeistof waar de cellen zich in bevinden. Een goed voorbeeld van 

schuifspanning zien we in de bloedsomloop. In orgaanweefsel komt deze vorm van spanning 

niet voor. Dit mechanisme zorgt ervoor dat CD55-CD97 interactie, dus contact tussen twee 

verschillende cellen, alleen plaatsvindt binnen solide organen, zoals ook het gewrichtsweefsel.

In hoofdstuk 3 proberen wij erachter te komen waarom er zoveel CD55 op de intimal lining 

layer van het gewrichtsweefsel zit. We hebben in vitro getest of de mate van voorkomen van 

CD55 op fibroblasten, die uit patiënten met reumatoïde artritis zijn geïsoleerd, kan worden 

verhoogd door stoffen toe te voegen die we ook zien tijdens de ziekte. We ontdekten dat 
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dubbele helix RNA, zoals poly(I:C) een verhoging van de hoeveelheid CD55 veroorzaakte. Echter, 

de niveaus van CD55, zoals we deze vonden in onze in vitro proeven, lijken niet voldoende om 

zich te laten vertalen naar de in vivo situatie, waar we een overvloed van CD55 detecteren in de 

ontstoken gewrichten van patiënten met reumatoïde artritis. Een onverwachte bevinding was dat 

bepaalde concentraties van poly(I:C), indien binnen in de cel aangeboden, celdood induceerden. 

Dit was echter niet het geval voor dezelfde concentraties van 3pRNA, een kortere molecuul van 

dubbele helix RNA.

In hoofdstuk 5 hebben we onderzocht waarom de overvloed aan CD55 moleculen op de 

fibroblasten in de intimal lining layer van het gewrichtsweefsel niet wordt teruggevonden op 

de fibroblasten die vervolgens uit dit weefsel worden geïsoleerd. We bewezen dat in weefsel 

van patiënten met reumatoïde artritis CD55 inderdaad gemaakt wordt door de fibroblasten in 

de intimal lining layer, maar dat dit vervolgens wordt afgezet in structuren van collageen vezels 

buiten de cellen. Tot dan toe maakten wij gebruik van een tweedimensionaal kweeksysteem 

om de fibroblasten die van de patiënt waren geïsoleerd in leven te houden. Toen wij dezelfde 

proeven uitvoerden met een driedimensionaal kweeksysteem verscheen CD55 in overvloed, 

samen met een netwerk van collageen vezels buiten de cellen. Het belangrijke ontstekingseiwit 

in reumatoïde artritis, TNF, kon dit proces aanzienlijk versnellen. Om aan te tonen dat CD55 

een mogelijke functie heeft in de bescherming tegen een overactief immuunsysteem hebben 

we een muismodel van gewrichtsontsteking gebruikt, de zogenaamde K/BxN serum inductie. 

Inspuiten van dit serum, vol met auto-antilichaamcomplexen, in een voorheen gezonde muis 

resulteert in gewrichtsontsteking. We vonden dat het ontbreken van alleen CD55 de ziekte niet 

verergerde. Echter, samen met het ontbreken van een belangrijke receptor, FcgRIIB (CD32), die 

beschermt tegen pathologische antilichaamcomplexen, zagen wij wel een ernstiger ziektebeeld 

in de muizen zonder CD55. Wij hadden de hypothese dat dit effect werd veroorzaakt door het 

missen van CD55 in fibroblasten. We hebben genetisch chimere muizen gemaakt, door het CD55-

deficiente beenmerg te vervangen met dat van het andere genotype. Alleen steuncellen, zoals 

fibroblasten, hebben in dit model geen CD55. Andere cellen hebben dit wel. Ook hier zagen wij 

dat de ziekte verergerde. We concluderen dan ook dat CD55 geproduceerd door steuncellen, 

zoals fibroblasten, bijdraagt aan de bescherming van het gewrichtsweefsel tegen pathologische 

antilichaamcomplexen.

steuncellen van het gewrichtsweefsel – fibroblast-achtige 
gewrichtscellen
In hoofdstuk 4 zijn we verder gegaan op een bevinding uit hoofdstuk 3. We hebben onderzocht 

via welk mechanisme celdood optreedt in FLS nadat wij de cellen poly(I:C) binnen in de cel 

aanbieden. Via het stilleggen van specifieke genen en door gebruik te maken van farmacologische 

remmers konden we laten zien dat poly(I:C) niet werd herkend door MDA5, een bekende sensor 

voor dubbele helix RNA. Ook hadden de kinase TBK1 en bekende hulpeiwitten, IPS, TRIF en 

STING, niet te maken met het effect van poly(I:C) op FLS. Wij hebben voorgesteld dat er een 

andere, nog onbekende, receptor moet zijn voor de herkenning van dubbele helix RNA, welke 

zorgt voor de herkenning van poly(I:C) binnen in het cellichaam van FLS.

Recentelijk komt er steeds meer aandacht voor de rol van steuncellen in ontstekingsziekten. 

In hoofdstuk 6 hebben we op systematische wijze gewrichtsweefsel geanalyseerd van twee 
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cohorten van patiënten met vroege (<3 maanden) gewrichtsontsteking, waarvan naderhand 

bekend is geworden of zij een persisterend ziektebeeld en mogelijk reumatoïde artritis hebben 

ontwikkeld of dat zij juist symptoomvrij zijn geraakt. We hebben deze cohorten vergeleken met 

een controle cohort van patiënten zonder artritis. We vergeleken het voorkomen van bepaalde 

typen steuncellen aan de hand van de eiwitten die zij produceren. Voor beide artritis cohorten 

zagen wij gelijke niveaus van CD55 en CD248, maar meer podoplanin en meer fibroblast activatie 

eiwit (FAP) in vergelijking met het controle cohort. Subanalyse in de artritis cohorten binnen de 

patiëntengroep zonder auto-antilichamen tegen gecitrulineerde peptiden (aCCP) liet zien dat FAP 

niveaus hoger waren in patiënten die reumatoïde artritis hebben ontwikkeld, in vergelijking met 

patiënten die geen reumatoïde artritis hebben ontwikkeld. Dit wekt de suggestie dat activatie 

van de fibroblasten al in een zeer vroege fase van reumatoïde artritis plaatsvindt en dat het FAP 

niveau (gecombineerd met de aCCP status) mogelijk kan helpen bij het stellen van de diagnose 

van patiënten in deze zeer vroege fase van de ziekte.

conclusie
Al sinds 1990, toen voor het eerst werd beschreven dat CD55 tot expressie komt in gewrichtsweefsel, 

is dit eiwit veelvuldig gebruikt om de bekledende laag van het gewrichtsweefsel (intimal 

lining layer) aan te tonen. In dit proefschrift verklaren wij wat de reden is van de overvloedige 

aanwezigheid van dit eiwit en identificeren wij een netwerkstructuur van collageen vezels in de 

intimal lining layer. Wij laten zien dat CD55 geproduceerd door fibroblasten samenwerkt met de 

beschermende receptor FcyRIIB om gewrichtsontsteking door schadelijke antilichaamcomplexen 

te voorkomen. Daarbij laat ons onderzoek voor de eerste keer zien, dat er een interactie is tussen 

CD55 en CD97 in vivo en dat het niveau van CD97 gecontroleerd wordt door contact met CD55 

onder voorwaarde dat schuifspanning inwerkt op de cellen. Het laatste deel van dit proefschrift 

gaat over de ontdekking dat FLS poly(I:C), dat binnen in de cel wordt aangeboden, op een andere 

manier herkend wordt dan de mogelijkheden die tot nu toe werden beschreven en dat dit leidt 

tot geprogrammeerde celdood. De identificatie van een nieuwe vermeende sensor, als ook de 

eiwitten die hier verder bij betrokken zijn, geven serieuze mogelijkheden voor een therapeutisch 

product dat specifiek de pathologische groei van het gewrichtsweefsel kan remmen in patiënten 

met reumatoïde artritis.
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tijden van mijn leven was jouw steun essentieel en zonder jou zou ik nooit zo ver zijn gekomen. 

Ik wil jou bedanken voor jouw grenzeloze liefde die ik elk moment voel. Ik ben erg trots dat ik 

jou in mijn leven heb!
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DANKWOORD / С лова благодарноС ти

Lieve Ron, Marjolein, Andre en Annis, ik heb jullie gekregen als een verrassing, een cadeautje 

van Lena en Troy. Ik heb dubbel geluk om zulke geweldige mensen als mijn schoonfamilie te 

hebben! Als ik bij jullie kom voel ik me alsof ik thuis ben.

Allerliefste Troy, ik wilde heel graag dat het zo ver zou komen maar ik heb niet verwacht 

dat het einde zo geweldig zou zijn! Dank voor jouw steun en het goede gevoel dat je mij gaf. 

Je was er in gelukkige maar ook in moelijke situaties en je hebt altijd helemaal in mij geloofd. Er 

komen nog veel meer verschillende momenten in onze leven maar ik weet zeker dat we samen 

alles aankunnen! 
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