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Abbreviations 

     ACPA anti-citrullinated peptide antibody   
 ADAMTS a disintegrin and metalloproteinase with thrombospondin motifs 
 AIA antigen-induced arthritis   
 AMD age-related macular degeneration   
 AS ankylosing spondylitis   
 ATG anti-thymocyte globulin   
 CAIA collagen-antibody induced arthritis   
 CFHL complement factor H-like protein   
 CFHR complement factor H-related protein  
 CIA collagen induced arthritis   
 COMP cartilage oligomeric matrix protein   
 CR complement receptor   
 CRP C-reactive protein   
 CS chondroitin sulfate   
 C4BP C4b-binding protein   
 DAF decay accelerating factor   
 DAS disease activity score   
 GAG glycosaminoglycan   
 aHUS atypical hemolytic uremic syndrome  
 IL interleukin    
 MAC membrane attack complex   
 MASP MBL-associated serine protease   
 MBL mannan-binding lectin   
 MCP membrane cofactor protein   
 MM multiple myeloma   
 MMP matrix metalloproteinase   
 MPGN membranoproliferative glomerulonephritis  
 OA osteoarthritis    
 PAD peptidylarginine deiminase   
 PNH paroxymal nocturnal hemoglobinuria  
 PRELP proline arginine-rich end leucine rich repeat protein  
 PsA psoriatic arthritis    
 RA rheumatoid arthritis   
 ReA reactive arthritis    
 SLE systemic lupus erythematosus   
 SLRP small leucine-rich repeat protein   
 SSc systemic sclerosis    
 TIMP tissue inhibitor of metalloproteinase   
 TNF-α tumor necrosis factor-α   
 VAS visual analogue scale 



9 

Introduction 

Rheumatoid arthritis (RA) is an autoimmune disease affecting the joints. Already remains 
of Native Americans from 4500 BC found in Tennessee show signs of a disease, which is 
thought to be RA. Nevertheless, the first documentation describing RA symptoms did not 
arise until 123 AD in India where a disease characterized by swollen, painful joints 
striking hands and feet was described. This disease obtained its current name by Sir Alfred 
Baring Garrod in 1859, although its first proper medical description is acknowledged the 
French surgeon Augustin Jacob Landré-Beauvais in the early 1800’s. In the 17th century, 
RA was treated with Peruvian bark, which is known to contain the anti-inflammatory 
component quinine. Later on also Willow bark was used, which contains salicylate, an 
anti-inflammatory compound that is the active ingredient of modern aspirin. Since then, 
major developments in the treatment of RA have taken place. However, the understanding 
of how and why RA actually develops is far from satisfactory even today. It is known that 
RA is a multicomponent disease involving many inflammatory pathways, among them the 
complement system, but the trigger behind this inflammatory cascade is still unknown. In 
this thesis I discuss roles of complement in RA and possible mechanisms behind 
pathological complement activation at the molecular level within the joint. Also the role of 
complement in cancer is touched upon, as one of the papers involved in this thesis 
concerns a complement inhibitory molecule secreted by certain cancer cells.  
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The complement system 

The complement system was first described in the late 19th century as a heat-labile factor 
in serum with bactericidal effects (1-3). Later on, the importance of complement as an 
adjuvant for the adaptive immune response was recognized (4). The perception of the role 
of complement has, however, developed even further since then. Today complement is 
recognized as an important immunological sensor and effector mechanism, that in 
interplay with  the adaptive immunity as well as other parts of the innate immune system 
defends the host against infection and regulates the inflammatory response in various 
conditions. Several novel regulatory roles have been designated complement in the recent 
years and formerly unknown proteins involved in both complement activation and 
regulation have been discovered. Pathways of cross-talk between complement and other 
parts of immunity are being unraveled and bring a new complexity to immune regulation, 
both in health and in disease. 

The early view of complement as solemnly a defense against invading pathogens has been 
challenged by the evidence of the importance of complement in multiple endogenous 
processes such as clearance of apoptotic cells and immune complexes, regulation of 
adaptive immune responses and regulating cellular effects such as proliferation and 
migration. Therefore it is not surprising that misdirected complement activation or the lack 
of correct complement regulation may lead to severe inflammatory conditions. An example 
of this is the inflammatory joint disease rheumatoid arthritis (RA), in which pathological 
complement activation occurs in the affected joints propagating a disease process leading 
to irreversible tissue destruction.   
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Complement activation 
Complement can be activated through three distinct pathways, depending on the molecular 
trigger. Immune complexes or various endogenous proteins, such as C-reactive protein 
(CRP) (5), initiate the classical pathway whereas the lectin pathway recognizes mainly 
polysaccharides present on pathogenic surfaces. The alternative pathway serves both as an 
amplification loop for the other two pathways and as a complement activation pathway of 
its own. All three pathways merge at the level of the C3-convertases, after which they 
proceed through a common terminal pathway. Complement activation proceeds through a 
proteolytic cascade with activated enzymes cleaving downstream complement proteins 
circulating as zymogens. This allows the presence of high amounts of circulating 
complement to ensure a rapid and efficient response upon stimuli. 

 

The classical pathway 
The main recognition unit of the classical pathway is the multimeric C1-complex 
consisting of one molecule of C1q in association with a Ca2+-dependent C1s2C1r2-tetramer 
(for review, see (6)). C1q is structurally a heterohexamer where each monomer is 
composed of an A-, B- and C-chain, which are transcribed from three separate genes (7). 
These three chains polymerize to form a tripple-helical structure, which further assemble 
in the N-termini to form the intact C1q molecule with a collagen-like bundle in one end 
and six globular heads protruding in the other end. C1q recognizes its activating ligands 
mainly through the charge-patterns formed in the interface of the A-, B-, and C-chains in 
the head region. In addition to most subtypes of IgG and IgM (8, 9), activators of C1q 
include CRP (10), certain extracellular proteins of the small-leucine-rich repeat family (11, 
12) and apoptotic cells (13), to name a few.  

The C1s2C1r2-tetramer binds the C1q molecule at the stalk region where 
the six monomers diverge to form the protruding globular heads. Upon ligand recognition 
by C1, a conformational change in the C1q subunit activates the C1r molecule, which 
thereby activates the C1s subunit (14). C1s contains the main enzymatic activity of the 
complex, further cleaving molecules of C4 and C2 (15). The C1-complex is dynamic in 
character and constantly dissociates and re-associates in circulation. This disassembly is 
further enhanced by the C1-inhibitor (C1inh), which binds both C1r and C1s resulting in 
their release from the C1-complex (16). 

Upon activation of C1s, C4 is cleaved into C4a, a small peptide that is 
released into circulation, and C4b, which binds to the complement activating surface via a 
highly reactive thioester (17). C1s further cleaves C2 to form the smaller C2b fragment, 
which is released, and the larger C2a fragment, which associates with C4b to form the 
classical pathway C3-convertase, C4b2a. This convertase is an enzymatic complex, which 
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can cleave several molecules of C3, thereby both promoting anaphylaxis and terminal 
complement pathway activation. 

 

The lectin pathway 
The molecules participating in lectin pathway activation resemble in many ways those of 
the classical pathway. The ligand recognition units, mannose-binding lectin (MBL) or 
ficolins in association with mannose-binding lectin-associated serine proteases (MASPs) 
form a complex similar to that of the C1-complex. MBL, which is a C-type lectin, contains 
multiple carbohydrate recognizing domains and can therefore bind a broad variety of 
polysaccharides on pathogenic surfaces. MBL is an oligomer composed of subunits 
containing three polypeptide chains that polymerize to form a collagen like stalk region 
and a carbohydrate recognizing head-region. In functional MBL, 2-6 of these subunits 
assemble in their N-termini to form a molecule with a collagenous stalk region in one end 
and the ligand recognition units protruding in the other end (for review, see (18)). 
Similarly to C1q, MBL can also recognize altered endogenous ligands, such as apoptotic 
and necrotic cells (19), which leads to enhanced phagocytosis and non-inflammatory 
clearance of dying cells.  

Three different types of ficolins can replace MBL in the MBL-MASP 
complex, ficolin-1 (M-ficolin), ficolin-3 (H-ficolin) and ficolin-2 (L-ficolin). Ficolins-3 
and -2 are soluble and produced mainly by the liver similarly to MBL whereas ficolin-1 is 
membrane-bound and produced by monocytes, the lungs and the spleen (20).  Ficolins 
contain an N-terminal domain where oligomer assembly occurs, a collagen-like region and 
a carbohydrate-recognizing fibrinogen-like domain in the C-terminus. Structurally the 
ficolin subunits are composed of trimers, which further form oligomeric structures of four 
or more subunits.   

Three types of MASPs can associate with MBL or ficolins, MASP-1, 
MASP-2 or MASP-3. Both MASP-1 and MASP-2 are able to cleave C2, whereas only 
MASP-2 can cleave C4 (21). Since MASP-3 lacks C2/C4-cleaving activity, it might be 
considered a negative regulator of the MBL-MASP-complex (22). However, the 
physiological role of MASP-3 is still not completely characterized and it might have other, 
yet undiscovered, substrates. Two non-functional truncated variants of the MASPs, small 
MBL-associated protein (sMAP) (23) or MAp44 (24) can furthermore compete with 
MASP-2 for MBL/ficolin-binding and by blocking the assembly of functional MBL-
MASP complexes with proteolytic activity they inhibit the lectin pathway. The lectin 
pathway C3 convertase is formed when C4 and C2 are cleaved by MASPs and C4b and 
C2a combine to form a functional enzymatic complex as for the classical pathway. 
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The alternative pathway 
The alternative pathway is both a direct pathway of complement activation as well as an 
amplification loop for the classical and lectin pathways. The central component of this 
pathway is C3, which contains a highly reactive internal thioester bond that lies hidden 
within the molecule (25). This thioester undergoes spontaneous hydrolysis at a low rate in 
circulation rendering a molecule of C3(H2O), which structurally resembles C3b and is able 
to participate in the formation of the alternative pathway C3-convertase (26). C3(H2O) or 
C3b formed through the activity of  classical and lectin pathway associates with factor B 
(fB) which in the presence of factor D is cleaved into Bb. This results in the formation of 
the alternative pathway C3-convertase built of either C3(H2O)Bb or C3bBb. 

Already in 1954, Pillemer and colleagues demonstrated a role for 
properdin in complement activation (27). Today it is known that properdin can act both as 
a platform for alternative pathway C3-convertase assembly (28, 29) as well as a stabilizer 
of the convertase itself (30).  Properdin has been shown to bind apoptotic and necrotic cells 
and thereby target complement activation to these altered structures for rapid removal (31, 
32). Moreover, Spizer and colleagues showed that properdin binds zymosan thereby 
enhancing the ability of zymosan to induce alternative pathway activation (29). However, 
the target specificity of properdin seems to largely depend on the state of properdin 
polymerization. Properdin occurs naturally as dimers, trimers and tetramers but might 
undergo polymerization upon long term storage or repeated freezing/thawing (33). The 
interaction between necrotic cells or zymosan with naturally occurring oligomers of 
properdin was confirmed whereas rabbit erythrocytes, that in a previous study were shown 
to bind properdin, do not bind any of the naturally occurring properdin variants (34).  

The alternative pathway can also be activated by factors normally 
considered belonging to the classical and lectin pathways. Matsushita and Okada showed 
that sheep erythrocytes opsonized with C4b were able to activate the alternative pathway 
in the absence of C2 or in the presence of EGTA, which would inhibit the activity of the 
Ca2+-dependent C1-complex (35). Furthermore, May and Frank demonstrated that sheep 
erythrocytes opsonized with sufficient amounts of antibody were lysed in serum depleted 
of C2 or C4, but not C6, showing that the alternative pathway was activated by C1-
immunoglobulin complexes on the surface of the cells (36). Furthermore MASP-1 may 
directly cleave C3 (21) and activates factor D, which is secreted in an inactive form (37), 
thereby contributing to alternative pathway activation.  
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Figure 1. The complement system. Complement can be activated through three distinct pathways, the 
classical, the lectin and the alternative pathway. This leads to the formation of C3-convertases, 
C4b2a or C3bBb, with the ability to cleave C3 resulting in release of the anaphylatoxin C3a and the 
opsonin C3b. Association of C3b with the C3-convertases changes their substrate specificity to C5. 
C5-cleavage results in the release of the C5a-peptide with anaphylactic properties and the generation 
of C5b, the first component of the MAC. Association of C6, C7, C8 and several molecules of C9 to 
C5b leads to the formation of a membrane-disrupting pore in the target cell. Complement inhibitors 
target mainly the C3/C5-convertases or the formation of the MAC.  
 
 
The terminal pathway 
The C3-convertases formed through any of the three pathways cleave molecules of C3 into 
C3a, a potent anaphylatoxin, and C3b, the main opsonin of the complement system. C3b 
can further bind to the C3-convertase to form C3bBbC3b or C4bC2aC3b, which changes 
the substrate specificity of the enzymatic complex to C5. These C5-convertases cleave C5 
to release the small anaphylatoxin C5a and the first component of the membrane attack 
complex (MAC), C5b.  C5b associates with C6 and further C7 to form a C5b-7 
intermediate with a hydrophobic region exposed within C7 that promotes membrane 
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attachment (38). Binding of C8 to C5b-7 further stabilizes membrane attachment and 
creates a binding site for C9. Upon binding to C5b-8, C9 undergoes a conformational 
change which allows for self-polymerization and formation of a lytic pore in the cell 
membrane (39) (Fig. 1). 

C5-cleavage with release of active C5a has also been shown to occur in 
the absence of active C3-convertases. Huber-Lang and colleagues showed that C5a is 
produced in C3-/- mice by thrombin, demonstrating a connection between coagulation and 
the complement system (40).  

Effector mechanisms of complement 
Opsonization 
The activity of the C3-convertases leads to surface deposition of C3b on the complement-
activating target. Deposited C3b is further processed by factor I and its cofactors to iC3b, 
C3dg and C3d, which are ligands for complement receptor 2 (CR2), a molecule expressed 
mainly on the surface of B cells and follicular dendritic cells. An interaction between CR2 
in complex with CD19 and the B-cell receptor through C3dg/C3d-opsonized antigen 
markedly reduces the threshold for B-cell activation (4). Therefore complement deposition 
onto a surface greatly enhances its antigenic properties and acts to enhance the 
immunological response towards the target.  

The iC3b cleavage fragment readily interacts with CR3 and 4, which are 
expressed on macrophages, neutrophils and natural killer cells. This interaction leads to an 
enhanced phagocytosis of the complement-opsonized target, and in the presence of 
additional stimulatory molecules on pathogenic surfaces, to cytotoxicity. In the absence of 
other danger signals, however, this phagocytosis does not provoke pro-inflammatory 
signaling (41), which forms the basis for complement mediated clearance of self-ligands. 
Also CR1 can mediate phagocytosis of complement-opsonized particles even though it 
seems not to be an equally important phagocytic receptor as CR3 (42). In the circulation, 
CR1 is mainly expressed on erythrocytes. Binding of C3b-opzonized immune complexes 
to CR1 on erythrocytes leads to the transport of these complexes to tissue resident 
macrophages in the liver and spleen where they are taken up in a Fc-receptor -dependent 
manner. This promotes safe clearance of immune complexes from the circulation (41). 
Also C1q, MBL and ficolins can act as opsonins promoting phagocytosis (43), which is 
especially important in the removal of apoptotic cells. 
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Anaphylaxis 
Another important effector function of complement is the production of the anaphylatoxins 
C3a and C5a with both chemoattractant and immune-modulatory functions. These 
cleavage products exert their functions by binding to their respective G-protein coupled 
receptors, C3aR and C5aR, which are expressed on most types of myeloid cells, but also in 
several tissues. Signaling through these receptors leads to various responses, depending on 
the affected cell type. As mediators of inflammation, C3a and C5a regulate smooth muscle 
cell contraction, vasodilation and the permeability of small blood vessels (44). Mast cells 
and basophils secrete histamine, dendritic cells upregulate the expression of costimulatory 
molecules and therefore become more potent antigen presenters (45, 46), and T-cells 
increase their proliferation and longevity (47, 48) in response to C3a or C5a. Complement 
receptor regulated antigen presentation by dendritic cells also influence T-cell 
differentiation (48). During an infection, signaling through both TLR2 and C5aR on 
dendritic cells induce naive CD4+ Th cells to undergo Th1 differentiation, whereas in the 
absence of C5aR signaling the Th cells are driven towards Th17 and Foxp3+ Treg 
differentiation (reviewed in (49)). Therefore danger recognition by multiple inflammatory 
pathways co-operate to trigger a pro-inflammatory response by the adaptive immune 
system. C5a, C3a or their processed variants C3a-des arg and C5a- des arg also bind the 
C5a-like receptor 2, C5L2. C5L2 is a non-signaling scavenger receptor, which is 
postulated to negatively regulate anaphylatoxin mediated inflammation by immobilizing 
excess C5a and C3a in the circulation. C3a/C3a- des arg stimulation of C5L2 has, 
however, been shown to stimulate triglyceride synthesis and increase glucose uptake in 
adipocytes and skin fibroblasts (50).  

 
MAC-formation 
As a defense mechanism against pathogens, the MAC is mainly effective in killing Gram 
negative bacteria. This is verified by the susceptibility for especially Neisserial infections 
in persons with deficiencies in MAC-components (51). It is likely that several MAC need 
to deposit onto the bacterial surface in order to trigger direct cell lysis. However, a small 
number of MAC-formed pores can also act as a passage for lysozyme to enter the 
periplasmic space and digest peptidoglycan, thereby disrupting the cell wall structure (52).  

In humans, nucleated cells also require multiple MAC to penetrate the cell 
membrane for the cells to undergo lysis, whereas erythrocytes are lysed more easily. As a 
protection mechanism, sublytic MAC on the cell membrane can be removed either by 
endocytosis or exocytosis in a very rapid process to prevent the disruption of membrane 
integrity (53). Host cells are further protected from lysis by the MAC-inhibitor CD59, 
which binds the cell surface through a glycosylphosphatidylinositol (GPI)-anchor. Defects 
in GPI-anchoring of proteins lead to the absence of CD59 on erythrocyte membranes and 
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promotes the development of paroxymal nocturnal hemoglobinuria (PNH), a disease where 
erythrocytes are lysed due to inadequate terminal pathway protection (54).  

MAC can also mediate non-lethal signals, including cell cycle activation 
(55), proliferation and migration (56) to the cell when present at sublytic concentration. 
This shows that complement activation has several regulatory effects on self-cells, which 
brings a diversity to the cellular response of complement attack. 

Complement regulation 
Since complement activation can have deleterious effects when occurring at the wrong 
time or on the wrong surface, autologous surfaces are protected by both soluble and 
membrane-bound complement inhibitors. The main targets of these inhibitors are the C3-
convertases or MAC assembly (Fig. 2). Most complement inhibitors are composed of 
complement control protein (CCP)-domains, which assemble into a similar fold despite 
their relatively high sequence diversity.  

 

C4b-binding protein (C4BP) 
C4BP is the main soluble inhibitor of the classical and lectin pathways. C4BP is a 
glycoprotein of approximately 570 kDa, which by binding C4b can both inhibit the 
formation and accelerate the decay of the C3- and C5-convertases (57, 58). Furthermore, 
C4BP can act as a cofactor for the serine protease factor I in the inactivation of deposited 
C4b (59) and to a lesser amount C3b (60). C4BP exists in several isoforms in the 
circulation, of which the most common one contains seven identical α-chains and one 
unique β-chain. The β-chain binds with high affinity to the anticoagulant vitamin-K 
dependent protein S (PS) (61). During acute-phase response, a type of C4BP lacking the β-
chain is secreted, which prevents depletion of PS from the circulation (62). The α-chains 
are composed of 8 CCP-domains whereas the β-chain contains only three CCP-domains. 
The cofactor activity and decay accelerating activities all reside in the four outermost 
CCP-domains of the α-chains (60, 63).  

In addition to being hi-jacked by several pathogens as a defense against 
host immunity (for review, see (64)), C4BP has been shown to bind apoptotic and necrotic 
cells (65, 66), CRP (67) as well as several proteins of the extracellular matrix (68). This 
leads to the recruitment of C4BP to vulnerable surfaces in need of extra protection from 
complement and down regulation of the lytic terminal complement pathway with the 
associated release of C5a.  
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Factor H 
Factor H is the main soluble inhibitor of the alternative pathway comprising 20 CCP-
domains in a head-to-tail arrangement. By binding to C3b, factor H affects both the C3- 
and C5-convertases of the alternative pathway (69) and also acts as a co-factor for factor I 
in the inactivation of C3b (70). The main complement regulatory site on factor H resides 
within the 4 most N-terminal CCP-domains whereas the C-terminus acts as the target 
recognition site by interacting with deposited C3b and cell surface glycosaminoglycans 
(GAGs) (69). 

Factor H belongs to a protein family also comprising complement factor 
H-like protein 1 (FHL-1) as well as five other factor H-related proteins, CFHR1-5. FHL-1 
is an alternative splice variant of factor H and contains the complement regulatory N-
terminal region in addition to a short extension at the C-terminus and therefore displays 
complement inhibitory activity (71). CFHR1 blocks C5-convertase activity and interferes 
with MAC surface-deposition and assembly (72) whereas CFHR2 is suspected to inhibit 
the alternative C3-convertase and MAC-formation (73). CFHR3-4 lack complement 
regulatory activity on their own but they have been shown to enhance the cofactor activity 
of factor H (74). In addition, CFHR5 might have a weak cofactor and decay accelerating 
activity but the evidence of this is inconclusive (75, 76). CFHR5 has further been 
suggested to influence the interaction between iC3b and it’s ligands (76).  

 

Other convertase inhibitors 
In addition to the soluble complement inhibitors C4BP, factor H and factor I, several 
membrane bound complement inhibitors are expressed on most cells throughout the body. 
Decay accelerating factor (DAF) containing four CCP domains and a GPI-tail, which 
mediates cell attachment, inhibits the assembly and promotes the decay of classical and 
alternative pathway C3- and C5-convertases by binding deposited C3b and C4b (77). DAF 
lacks, however, co-factor activity for factor I. Membrane cofactor protein (MCP) on the 
other hand, lacks decay accelerating activity but is a potent cofactor for factor I in the 
cleavage of both C3b and C4b (78). Complement receptor 1 (CR1), containing 30 CCP 
domains, a transmembrane domain and a cytoplasmic domain carries both decay 
accelerating activity as well as co-factor activity in addition to having an important 
function in immune complex processing and clearance (79). Importantly, CR1 is the only 
co-factor that promotes the cleavage of C3b to C3dg by factor I, which results in a change 
of receptor specificity to CR2 (80, 81) (Fig. 2) 
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Complement inhibition at the level of MAC 
Some complement inhibitors are directed against the assembly of the MAC thereby 
preventing target cell lysis. CD59 is a membrane bound complement inhibitor, which 
inhibits C9 from incorporating into the forming MAC by binding both C8 and C9 (82, 83). 
Clusterin, also called apolipoprotein J, binds C7, C8 and C9 and therefore inhibits proper 
assembly and membrane attachment of MAC (84). A similar complement inhibitory 
activity has been designated vitronectin, which also binds MAC already at C5b-7 stage and 
inhibits membrane insertion of the forming MAC (85). Vitronectin also directly binds C9 
thereby inhibiting its polymerization (86).  

 

Other host complement regulators 
The nephritic factor is the only positive regulator of the alternative pathway C3-convertase 
in addition to properdin. It is an autoantibody with specific affinity for the alternative 
pathway C3/C5-convertases, which by binding to the convertase prevents its dissociation 
and thereby leads to enhanced complement activity and eventually complement 
consumption in the circulation (87). The nephritic factor has been found mainly in the 
circulation of patients with membranoproliferative glomerulonephritis (MPGN) where it is 
thought to contribute to disease progression. However, not all nephritic factors bind the 
same epitope of the convertases so their efficiency in convertase stabilization might vary 
(88).   

C1inh belongs to the serpin family of protease inhibitors and may act on 
C1r, C1s, MASP-1 or MASP-2. C1inh dissociates C1r and C1s from an activated C1-
complex, mainly through an interaction with C1r (89). It has also been demonstrated that 
C1inh can bind to the C1-complex and thereby inhibit its activation (90, 91). C1inh further 
binds both MASP-1 and MASP-2 and inactivates these proteases (21). In addition to 
inhibiting the complement system, C1inh also regulates the plasma kallikrein-kinin system 
by inhibiting kallikrein, factor XIIa and factor XIa thereby forming a link between the 
complement and the contact system (for review on the functions of C1inh, see (92)). 

Carboxypeptidase N is an enzyme mainly involved in bradykinin 
metabolism, but also cleaves and partially inhibits the anaphylatoxins formed upon 
complement activation. It cleaves a C-terminal arginine from C3a and C5a leading to the 
formation of C3a-des arg and C5a-des arg, which results in their inability to stimulate 
histamin release from basophils and mast cells. Due to the inability of C3-des arg to 
interact with the C3aR, the modified molecule has lost most of its biological function. C5a-
des arg does, however, still have chemoattractant activity (93). A similar anaphylatoxin-
inactivating activity has been demonstrated for carboxypeptidase R (94).  
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Figure 2. Complement inhibitors. Several soluble or membrane-bound complement inhibitors protect 
host tissues against misdirected complement activation. Most of these contain CCP-domains as their 
active subunits.  

Complement mediated diseases 
Due to the wide range of inflammatory responses that complement can mediate, it is not 
surprising that complement is involved in several diseases. Inadequate complement 
activation may lead to an increased susceptibility to infections and autoimmune diseases 
whereas misdirected complement activation lead to diseases such as atypical hemolytic 
uremic syndrome (aHUS) or age-related macular degeneration (AMD) where host tissues 
are not efficiently protected against complement attack.  

 Deficiencies in early classical pathway components, especially C1q, lead 
to the development of systemic lupus erythematosus (SLE), which has been suggested to 
relate to an impaired clearance of apoptotic cells (for a review of complement in SLE, see 
(95)).  Deficiencies in lectin pathway components mainly lead to an increased 
susceptibility to infections, especially during early childhood when the adaptive immunity 
has not matured (96). Deficiencies in MAC-components are associated with an increased 
risk of meningococcal infections (51), similarly to properdin-deficiency (97). C3 
deficiency is extremely rare and usually leads to recurrent pyogenic infections or MPGN 
(98). 

 Mutations in complement inhibitors also promote disease development. 
Abnormalities in factor H lead to the development of MPGN or aHUS, where pathological 
complement deposition occurs in the kidneys (99). aHUS has in addition been linked to 
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mutations in factor I, MCP, factor B, C3 and autoantibodies against factor H (100). 
Polymorphisms in factor H also predispose to AMD, which is the major cause of blindness 
in the elderly (101). Deficiency of C1inh leads to hereditary angioedema, which is not 
related to the complement regulatory role of C1inh, but to insufficient regulation of the 
bradykinin-forming pathway (102). In addition, the absence of CD59 on erythrocytes due 
to an impaired GPI-anchoring of the protein leads to PNH as mentioned above (54). 
Mutations in C4BP have in one study been shown to associate with aHUS (103), but 
interestingly no C4BP deficiency has been reported in literature showing that such 
deficiency is most likely lethal.  

 Misdirected or excessive complement activation in the absence of specific 
complement mutations may also lead to pathology. In ischemia reperfusion, blood flow is 
interrupted to a tissue and when restored, complement recognizes the hypoxic vessel 
endothelium as an altered-self structure thereby promoting tissue damage even further 
(104). In RA complement recognizes several ligands within the joint and promotes the 
development of chronic inflammation (105). Complement deposition has been shown to 
occur in atherosclerotic lesions and is thought to contribute to the development and growth 
of the lesions. However, it is also possible that classical and lectin pathway-mediated 
clearance of apoptotic cells and debris helps to control the progression of lesion growth, 
and thereby the pathological role has been designated mainly the later stages of the 
complement cascade, especially C5b-9 (106, 107). In allergic asthma complement has a 
dual role. Production of C3a and C5a seems to drive allergic inflammation during the 
effector phase, whereas C5aR signaling might be protective during the allergen 
sensitization phase by orchestrating Th2-responses (108). Complement activation has also 
been connected to Alzheimer’s disease, although whether this actually promotes 
inflammation is not known. C1q can bind directly to amyloid deposits in the brain as well 
as to a variety of apoptotic brain cells thereby activating the classical pathway. Due to 
additional binding of C4BP, MAC-formation and anaphylatoxin release is limited. 
Therefore C1q might enhance the clearance of apoptotic cells and misfolded proteins and 
as such have an anti-inflammatory role, but under conditions where the immune system is 
overwhelmed by excessive exposure of complement-activating ligands, the balance might 
be tipped over to a pro-inflammatory response (reviewed in (109). Finally, complement 
has also been associated with early stages of prion disease. Opsonization of PrPSc with 
complement might facilitate its transport to lymphoid tissues by dendritic cells enhancing 
its invasion of host tissue (110).  

Taken together, this shows that a strictly controlled complement activity is needed to 
achieve potent anti-microbial effects while leaving host tissues protected against 
complement-mediated damage.  
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Inflammatory joint diseases 

Inflammatory joint diseases, such as RA, have a major impact on both the patients’ well 
being and also a large economic impact in society. In most cases, chronic inflammation 
within the joint leads to irreversible tissue destruction impairing the mobility of the joint in 
addition to causing pain and discomfort. Several rheumatic conditions are associated with 
joint inflammation; RA, SLE, psoriatic arthritis (PsA) and ankylosing spondylitis (AS) to 
name a few. The underlying reason for the joint inflammation is usually an autoimmune 
reaction towards epitopes exposed in the affected tissues, but the actual trigger for this 
autoimmune reaction is still unknown. Osteoarthritis (OA) is the most common type of 
degenerative arthritis and even though OA is not an autoimmune disease, it has been 
associated with a local inflammatory response in the affected joints. The following 
chapters will focus on RA and OA since they are specifically important for this thesis.  

Rheumatoid arthritis 
RA is the most common type of arthritis triggered by the immune system affecting an 
estimated 0.5-1% of the population worldwide with prevalence increasing with age. RA is 
more common in women than in men, which suggests that hormonal factors may play a 
role for disease development (111).  Even though any joint can be affected, the small 
peripheral joints of the hands and feet tend to be more susceptible to display symptoms. 
The disease course of RA may be further complicated by an increased risk for 
cardiovascular disease (112) and other comorbidities. 

 

Molecular alterations within the joint 
RA is characterized by a persistent inflammation of the synovial membrane lining the 
joint, with associated infiltration of macrophages, granulocytes, T-cells and B-cells. In RA, 
macrophage-like synovial cells produce an excess of pro-inflammatory cytokines and 
proteases whereas fibroblast-like synoviocytes change their morphology by becoming 
more invasive, allowing them to invade the cartilage tissue thereby promoting tissue 
destruction. This altered invasive phenotype of the synovial membrane with infiltration of 
inflammatory cells is often referred to as a “pannus” (Fig. 3). Also the underlying bone is 
affected in RA as activation of osteoclasts leads to bone erosion also contributing to joint 
deformation (for review, see (113)).  
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Figure 3. The joint. In a healthy joint the bone surface is covered with a layer of cartilage, which 
provides a smooth surface for bone movement. I RA, the cartilage and the underlying bone are 
degraded due to secretion of proteases by both infiltrated inflammatory cells in the pannus-tissue as 
well as by chondrocytes in the cartilage.   

 

The articular cartilage tissue, which is the main type of cartilage found in 
the joints, consists of a low number of chondrocytes surrounded by an extensive 
extracellular matrix (Fig. 4). The most abundant proteins in the matrix are different types 
of collagens associated with linker molecules forming a network of high tensile strength. 
Aggrecan is a highly negatively charged proteoglycan abundantly distributed in the matrix, 
which aids in retaining water within the cartilage to provide shock-absorbing properties to 
the tissue. Disruption this molecular network is a hallmark of RA as well as OA. 

One way to study cartilage degradation in disease is to subject cartilage 
explants to pro-inflammatory cytokines mimicking the situation during disease, with the 
objective to induce protease secretion by cells present within the tissue. Studies like this 
have revealed a highly coordinated event of protein degradation and release, aggrecan 
being the first molecule to be fragmented. Aggrecan release is followed by degradation of 
fibromodulin, cartilage oligomeric matrix protein (COMP) and collagen IX, where after 
the fibrillar collagen network is cleaved (114). Therefore it seems that smaller structural 
proteins are being released before the extensive collagen network can be degraded. 
Understanding this process of tissue breakdown is of importance both for monitoring 
cartilage destruction as well as well as finding means to inhibit it.  

 

 



24 

 

Figure 4. Articular cartilage. The articular cartilage found in joints has a low number of cells but an 
extensive extracellular matrix. This matrix is composed of collagen networks and various linker 
proteins regulating the assembly and organization of the tissue. Several of these structural proteins 
also have modulatory effects on the cartilage resident chondrocytes. Aggrecan bound to hyaluronan 
acts as a water attractant due to its highly negative charge and thereby contributes to the shock-
absorbing properties of the tissue.  

 

An important mediator of cartilage destruction in RA and OA is the family 
of matrix metalloproteinases, MMPs (115). Under normal conditions MMP activity is 
regulated by TIMPs, tissue inhibitors of metalloproteinases. However, in arthritis MMP 
expression is up-regulated and MMPs are found at a high molar excess compared to 
TIMPs (116) thereby promoting excess cartilage degradation. The different MMPs can 
together cleave most components of cartilage (117). MMP-13 is especially important in 
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arthritis, since it cleaves not only collagen II (118), but also collagen IX (119), aggrecan 
(120), fibromodulin (121) and COMP (122). MMP secretion by synovial cells or 
chondrocytes is stimulated by cytokines such as interleukin (IL)-1β or tumor necrosis 
factor (TNF)-α (123), which also act to suppress cartilage anabolic activity (124, 125). 
Recent studies show that C3a-mediated signaling is essential for IL-1β production by 
isolated human macrophages, which indicates that complement activation may have a 
direct impact on the process of cartilage degradation (126). 

 Due to the detrimental effects of excessive MMP activity, attempts to 
selectively inhibit MMPs in RA have been carried out. The most promising results have 
been obtained in a mouse model of collagen induced arthritis (CIA), where inhibition of c-
Fos/activator protein-1, a transcription factor regulating MMP synthesis, both prevented 
disease onset as well as resolved symptoms when the inhibitor was administered during 
active disease (127). 

Another important family of cartilage degrading enzymes is the ADAMTS 
(a disintegrin and metalloproteinase with thrombospondin motifs) family. ADAMTS-4 and 
-5 are the main aggrecan-cleaving proteases in human cartilage (128) whereas ADAMTS-4 
also cleaves COMP (129). Both enzymes cleave also biglycan and decorin (130). COMP 
can furthermore be cleaved by ADAMTS-7 and -12 (131, 132). ADAMTS-4, -7 and -12 
expression is induced in cartilage explants by IL-1 and TNF-α whereas ADAMTS-5 seems 
to be constitutively expressed (133). Inhibition of ADAMTS-4 and -5 expression has 
proven to be beneficial in CIA in mice (134) whereas deletion of the genes was showed to 
prevent the progression of OA (135). No clinical trials have been reported with specific 
ADAMTS inhibitors. Glucosamine and hyaluronan have been used in the treatment of 
osteoarthritis, albeit with controversial clinical effect. In vitro studies have shown that 
glucosamine may inhibit ADAMTS activity (136) as well as reduce IL-1β stimulated 
expression of ADAMTS-4 and -5 by chondrocytes (137). Hyaluronan has similarly been 
shown to inhibit IL-1β induced ADAMTS-4 expression in osteoarthritic chondrocytes 
(138). However, hyaluronan has been shown to have several other effects on different cell 
types present in the joint, which has been found to largely depend on the molecular size of 
the molecule (139). Therefore any possible effect that hyaluronan might have on 
ADAMTS secretion or activity will be in context of other cellular changes induced by the 
same molecule.   

Another interesting observation is that the C1-complex subcomponent C1s 
can cleave collagens type I and II (140) and activate MMP-9 (141), a collagen-cleaving 
protease.  Whether C1s actually has this activity also in vivo is still uncertain.  
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Risk factors for RA 
Twin studies have shown that approximately 65% of the risk factors contributing to RA 
can be attributed to genetics (142, 143) with a major contribution by different HLA-DR 
alleles within the major histocompatibility (MHC) complex (144). It is however still 
unclear if these allelic variations on their own predispose to RA or whether the effect is 
mediated by an increased predisposition to anti-citrullinated peptide antibodies (ACPA), 
which themselves are a risk factor for RA (142, 145). In Caucasian populations, another 
important genetic predisposition comes from a single nucleotide polymorphism in the 
protein tyrosine phosphatase N22 (PTPN22) gene (146). Polymorphisms in 
peptidylarginine deiminase (PADI4), which might give a weak predisposition to RA in 
Caucasians (147, 148), seem to strongly contribute to disease susceptibility in Asian 
populations (149). HLA-DR and PTPN22 are both directly involved in T-cell reactivity 
underlining the importance of T-cell immunity for the development of RA. Mutations in 
PADI4 on the other hand are thought to lead to an increase in protein citrullination, which 
may contribute to the development of autoantigens in the tissues. Interestingly, both the 
HLA region (150) and the PTPN22 gene have in addition been associated with other 
autoimmune disorders, such as type 1 diabetes mellitus and SLE (146).  

Even though these genetic factors have been shown to predispose to RA, it 
is likely that a combined effect of both environmental and genetic factors is needed for 
triggering disease. An important risk factor for RA is smoking (151, 152), but how 
smoking actually affects the immune system leading to joint inflammation is still 
unknown. There have been suggestions that smoking increases citrullination of peptides 
within the lung leading to an increased risk for the production of ACPA (153, 154), which 
would be the first step of the pathogenic events in RA. According to a recent report the 
effect of smoking is an increase in nonspecific citrullination of proteins as opposed to 
citrullination of specific antigens (155). Other environmental factors that have been 
implicated in disease initiation are viral or bacterial infections, although this has been 
questioned due to lack of conclusive evidence (156). Obesity, previous blood transfusions 
(157) and stress (158) are also risk factors linked to RA, whereas there have been some 
indications that vitamin D (159)  might have a protective effect. Several other studies 
concerning diet have been carried out, and although a high consumption of fruit, 
vegetables, olive oil and fatty fish has been suggested to have a protective effect, existing 
evidence are still inconclusive (160). 
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Autoantibodies in RA 
Autoantibodies are a common finding in RA. The most diagnostically valuable 
autoantibodies so far to be characterized are the rheumatoid factor (RF) and the ACPA. 
RA patients may also have a variety of antibodies against cartilage components, such as 
collagen II, which are thought to be locally produced. A subset of RA patients also display 
with antibodies against RA33, the heterogeneous nuclear ribonucleoprotein A2, or 
glucose-6-phosphate isomerase (161). In mice models of arthritis the disease can be 
triggered by injecting mice with monoclonal antibodies against collagen II. This shows 
that such antibodies have pathologic effects and may reflect the scenario observed in 
humans. The following chapters will focus on RF and ACPA due to their high abundance 
in RA patients and their importance for disease diagnostics.  

Rheumatoid factor 
The RF is one of the most used molecular serological markers in the diagnostics of RA. RF 
is an IgM, IgG or IgA subtype antibody against the Fc-region of IgG. Albeit its wide use in 
RA diagnostics, there are still some issues to overcome concerning the specificity and 
sensitivity of RF as a diagnostic marker; a systematic review on 151 published studies 
concluded that IgM RF has a specificity of 79% whereas the sensitivity is around 70% 
(162). However, there seem to be differences between the type of RF found in healthy 
individuals compared to RA patients. Healthy individuals most often have low affinity 
IgM subtype RF whereas RA RF often show evidence of affinity maturation and isotype 
switching to IgG RF (163). 

Due to the presence of RF also in unaffected individuals, the contribution 
of RF for the development of RA has been questioned. The possible pathological effect 
mediated by RF most likely lies in their potential to form immune complexes within the 
joints leading to complement activation (164, 165) and stimulation of cytokine secretion 
via the interaction of immune complexes with Fc-γ receptors (FcγR) on immune cells. One 
hypothesis is that specifically IgG subclass RF mediates TNF-α secretion by synovial 
macrophages by interacting with FcγRIIIa. Expression of FcγRIIIa is high in synovial 
macrophages (166) and interacts mainly with small, preferably dimeric complexes. 
Circulating IgG RF is present at relatively low concentration and readily forms these 
dimers (167) whereas polymeric IgM subclass RF, which can also be found in healthy 
individuals, would not trigger FcγRIIIa-mediated TNF-α secretion. A high local 
production of IgG RF in RA synovium leading to increased concentration of IgG RF 
could, however, lead to formation of larger complement-fixing immune complexes with 
the potential to also stimulate B-cell survival and complement activation (for review, see 
(168)). However, evidence for a pro-arthritogenic effect of RF still remains insufficient.  
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ACPA 
Citrullinated peptides are formed by a post-translational modification where arginine is 
converted to citrulline by enzymes of the peptidyl arginine deiminase (PAD)-family (169). 
Citrullination has been shown to render proteins more arthritogenic and immunogenic and 
thereby citrullination might be of importance in the development of RA (170).  
Importantly, citrullinated antigens, such as collagen type II, α-enolase or vimentin, can be 
found in the synovium of patients with RA likewise to antibodies reacting with such 
antigens (reviewed in (171)). ACPA are more specific for RA than RF, less than 5% of the 
healthy population are positive for ACPA whereas ACPA can be found in approximately 
60% of patients with RA (172). From a diagnostic perspective, it is further interesting that 
ACPA can be found in the circulation years before onset of disease (173). The presence of 
ACPA in RA has been associated with a more severe disease course as well as a better 
responsiveness to methotrexate treatment. A recent study also showed that higher baseline 
levels of IgG or IgM ACPA are related to a better clinical response to TNF-α inhibition, 
although the association is not strong enough to predict treatment outcome at the level of 
individual patients (174). Moreover, the genetic association of HLA-DR to RA is evidently 
limited to ACPA-positive RA. Therefore a clinical distinction between ACPA positive and 
negative RA seems to exist. Dividing RA patients into two subsets based on ACPA-
reactivity might be of high value when both studying disease pathology and evaluating 
treatment outcome (reviewed in (175)).  

The pathological effects of ACPA are mediated by complement activation 
(176) and stimulation of immune cells. Immune complexes containing ACPA have been 
shown to induce secretion of TNF-α by macrophages via an interaction with FcγRII on the 
surface of the macrophages (177). IgE-ACPA, which also can be found in the circulation 
of RA-patients, has the ability to activate basophils when bound to a citrullinated antigen 
(178). 

As mentioned above, smoking confers an increased risk for mainly ACPA-
positive RA. The connection between smoking and RA has been suggested to result from 
an increase in citrullination of proteins in the lungs leading to a humoral immune response 
towards the newly citrullinated peptides. When an inflammatory response later on, by an 
unknown trigger, arises in the joint, PAD becomes activated and locally deiminates joint 
molecules. These citrullinated joint molecules might then cross-react with circulating 
ACPA to form immune complexes, which further stimulate the joint inflammation, 
eventually leading to chronic RA (discussed in (175)). However, this hypothesis still needs 
further evidence to clarify the relationship between the low amount ACPA-positive 
individuals in the normal population compared to the amount of smokers worldwide. In 
any case, a genetic predisposition would be needed in addition to a life style with smoking 
to increase the susceptibility for disease.   
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Infections with Porphyromonas gingivalis, a pathogen causing 
periodontitis, have also been proposed to be an environmental trigger for RA. This may be 
explained by the ability of P. gingivalis to produce a bacterial PAD enzyme (179), which 
can deiminate both bacterial  antigens and human fibrinogen and α-enolase (180) leading 
to autoantigen formation. However, evidence for a connection between P. gingivalis 
infections and RA are still inconclusive. 

 

Complement activation in RA 
There is substantial evidence of complement involvement in RA from studies of both 
animal models as well as patient studies. Results from rodent arthritis models have 
emphasized the role of the alternative pathway for disease development whereas the 
classical pathway has seemed less important. In a CIA-model C5 (181) or factor B 
deficiency protected mice from disease whereas C4 deficiency did not (182). Likewise, 
C1q or MBL deficiency did not protect mice from arthritis in a collagen antibody-induced 
arthritis (CAIA)-model (183). In contrast, MASP1/3-/- mice have a less severe disease 
outcome in CAIA, which most likely relates to absence of alternative pathway activity in 
these mice due to the absence of activated factor D (184).  Recently Kimura and colleagues 
showed that deleting properdin in the myeloid lineage by conditional gene targeting 
reduced disease severity in a K/BxN model of arthritis (185). Cumulatively, this evidence 
supports the role of the alternative pathway in the development of RA. Mice lacing the 
C5aR or C3aR also have milder disease in arthritis models showing that at least a part of 
the pathology is related to anaphylatoxin production and the interaction between 
anaphylatoxins and their respective cellular receptors (186). Furthermore, deletion of CR2 
resulted in a diminished arthritis severity in the CIA model with lower antibody production 
towards collagen II and citrullinated peptides, showing the importance of complement 
mediated adaptive immune responses (187).  

Due to the evidently important role of complement in rheumatoid arthritis, 
several approaches to therapeutically interfere with pathological complement activation 
have been carried out. In 1995, Wang and colleagues showed that blocking the cleavage of 
C5 with monoclonal antibodies targeting C5 both prevented development of CIA in mice 
as well as ameliorated an already established disease (188). This has been confirmed by 
other studies where C5-targeting antibodies reduced disease activity in an antigen-induced 
arthritis model in rats (189). Further, vaccination of mice with a recombinant vaccine that 
induces C5a-neutralizing antibodies showed to protect the mice from disease in a CAIA 
model (190). Inhibition of complement at the level of C3-convertase by injecting mice 
with C4BP also ameliorated disease activity in a CAIA-model via inhibition of both 
classical and alternative pathway complement activation (191). Taken together, these data 
show that complement activation is crucial for the initiation and progression of arthritis in 
rodent disease models and inhibiting complement activation might prove to be 
therapeutically beneficial in the treatment of arthritis.  
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In humans, complement activation products, such as C3d (192),  have been 
found in the joints of patients with RA and complement deposition can be detected in the 
synovium by immunohistological staining (193). Circulating complexes of C1q and C4 
were found in the plasma of patients with RA at a much higher concentration during active 
disease than during flare indicating ongoing complement activation through the classical 
pathway (194). Also elevated levels of C3a (195) and C5a have been demonstrated in the 
synovial fluid of RA patients (196), similarly to soluble C5b-9 complexes (197, 198). This 
shows that complement activation occurs locally within the joint with the potential to 
stimulate further inflammatory responses. Interestingly, a recent study shows that genetic 
variations in C1q leading to elevated serum C1q-levels confers an elevated risk for 
developing RA (199). This might be related to a potential increase in classical pathway 
mediated complement activation on auto-antigens in the synovium.  

As discussed above, C5-inhibition therapy in rodent models of arthritis 
have proven to be very successful. In humans, only one small-scale study has been 
published where patients were orally administered a cyclic peptide (PMX53), which binds 
the C5aR with high affinity without having an agonist effect, thereby blocking the 
anaphylactic effect of C5a released upon complement activation. This peptide did not 
ameliorate synovial inflammation in the patient cohort, suggesting its efficacy only in 
animal models (200). However, novel C5-inhibitors currently under trials might prove to 
be applicable also for human use (201). 

What activates complement in RA? 
One of the main triggers of classical pathway complement activation are deposited or 
circulating immune complexes, which in the context of RA would compose of 
autoantibodies such as RF or anti-collagen II in complex with their autoantigens. ACPA 
have shown the potential to directly activate both the classical and surprisingly also the 
alternative pathways of complement whereas the lectin pathway is unaffected by ACPA 
(176).  Interestingly, it was shown that the glycosylation pattern of the Fc-region of IgG 
molecules is altered in RA and an increase of these IgG glycoforms lacking the outermost 
galactose are found at elevated levels in the synovial fluid in RA. These IgG glycoforms 
have shown an increased affinity for MBL and might therefore trigger lectin pathway 
activation in the joint (202). 

Apoptotic and necrotic cells have in many studies been proven to induce 
C1q and MBL binding and further complement activation through the classical or lectin 
pathway (13, 203).  Also the alternative pathway has been shown to be activated on the 
surface of apoptotic cells (204), an effect that might be attributable to the ability of certain 
apoptotic cells to bind properdin (31, 32). Since apoptotic and necrotic cells bind C4BP 
and factor H as well, complement activation downstream of C3-convertase formation is 
inhibited and therefore the release of C3a and C5a is limited (65, 66). Moderate deposition 
of early opsonins, C1q and C3b, is most likely beneficial due to promotion of phagocytosis 
(203) but problems arise when complement activation is over stimulated, the load of dying 
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cells increases or their uptake is disturbed. In RA, apoptosis of synovial macrophages, T-
cells and fibroblast-like synoviocytes has been observed with the level of apoptosis 
varying with the disease course (205, 206) and might therefore contribute to pathological 
complement activation. 

Several structural proteins of the joint have also been implicated in 
complement regulation in RA. These include the family of small leucine-rich repeat 
proteins (SLRPs) that are abundantly found in the cartilage tissue. Cartilage components 
are normally exposed to complement in the synovial fluid to a very limited extent, mainly 
due to tissue regeneration, which releases low amounts of tissue constituents. However, 
during RA when tissue damage is pronounced and matrix proteases are secreted by 
infiltrated macrophages in the synovium, the level of released cartilage components is 
increased and their display of surface epitopes is altered (114).  Two SLRPs, osteoadherin 
and fibromodulin have strong complement activating properties due to their interaction 
with the globular heads of C1q whereas a third SLRP, chondroadherin binds and activates 
C1q to a lower extent (11, 12). Since these proteins also can capture C4BP and factor H, 
complement activation is limited to the early steps of the classical pathway ((11, 12) and 
Paper III). Whether the SLRP-induced complement activation promotes inflammation or 
non-inflammatory clearance might depend on both the level of released SLRP as well as 
on their presentation of available surface epitopes. Two other members of the SLRP-
family, decorin (207) and biglycan, have the opposing effect as they bind the stalk region 
of C1q whilst inhibiting further complement activation. Both decorin and biglycan also 
bind MBL, but only biglycan has the ability to inhibit the lectin pathway (208). PRELP, 
another member of the SLRP-family, does not activate complement, but can both directly 
inhibit MAC-formation and the alternative C3-convertase in addition to binding C4BP 
(Paper III and IV). Cartilage oligomeric matrix protein (COMP) has a dual effect on 
complement as it can both bind to C1q and MBL thereby inhibiting classical and lectin 
pathway activity as well as activate the alternative pathway by binding C3 and properdin 
(Paper I). Furthermore, the NC4 domain of collagen IX, which is released in early RA, 
inhibits the formation of the MAC and increases the co-factor activity of C4BP and factor 
H (209). The cartilage specific collagen II has in contrast been shown to trigger alternative 
pathway complement activation in guinea-pig serum (210). Recent results show in 
addition, that the protein core of aggrecan can activate complement (C. Melin-Fürst, 
personal communication).  

The cartilage tissue is rich in heavily glycosylated proteins with complex 
GAG structures. GAGs have in several studies been shown to have an impact on 
complement although this specificity is strictly related to the GAG composition and more 
importantly to the amount and location of sulfation of the sugar residues. Properdin was 
shown to bind apoptotic T-cells via heparan sulfate (HS) and chondroitin sulfate (CS) 
attached to cell surface proteoglycans, and this interaction was, as expected, dependent on 
the sulfation pattern of the GAG chains (31). Another proteoglycan secreted by malignant 
plasma cells, serglycin, which is rich in highly sulfated CS, was shown in contrast to bind 
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C1q and MBL and thereby inhibit complement (paper V). Since charge patterns formed by 
variation in the sugar residues of the GAG backbone and their sulfation are extremely 
versatile, the interaction between different GAGs and their ligands becomes very specific 
and therefore not all highly sulfated GAGs affect complement activity. No specific GAG-
structures within the cartilage has to date been shown to regulate complement, but it would 
not be surprising if such interactions were found due to the vast amount of proteoglycans 
found in the tissue.   

Since tissue destruction, autoantibody production and cell death together 
form a very complex process within the joints, the overall impact on complement will be 
dependent on an interplay between all of these components and will most likely fluctuate 
during disease progression.  

 
Biological therapeutics in RA 
Therapeutics of RA have for a long time included disease modifying anti-rheumatic drugs 
such as methotrexate, sulfasalazine and leflunomide. However, a new era of RA treatment 
started upon development of the first biological agents, the TNF-α inhibitors. TNF-α is an 
important inflammatory mediator in RA due to its role as a pro-inflammatory cytokine and 
therefore its inhibition was hypothesized to interrupt the self-feeding cycle of 
inflammation. Feldmann and Maini were pioneers in studying the role of TNF-α in RA. 
Their hypothesis of a pathogenic role of this cytokine was corroborated in clinical trials 
showing that monoclonal antibodies blocking the biological function of TNF-α ameliorate 
disease activity in RA patients who do not respond to conventional therapeutics (211, 212). 
Several monoclonal antibodies and a soluble TNF-α receptor have now been designed for 
the blockade of TNF-α, and their efficacy in disease amelioration seems to be augmented 
by simultaneous treatment with methotrexate (213, 214). In addition to preventing pro-
inflammatory signaling, one of the outcomes of TNF-α inhibition is most likely a reduced 
MMP and ADAMTS- 4 expression, as seen in vitro (215), which would lead to a decrease 
in cartilage degradation.  

If and how TNF-α inhibition affects the complement system is still not 
clear. TNF-α has been shown to induce factor B and C3 expression in hepatocytes whereas 
the expression of C2 and C4 remained unaltered (216). Di Muzio and colleagues showed 
that TNF-α inhibition in RA patients significantly reduce serum C3- and C4-levels 
paralleling changes in RF (217). In another study, TNF-α inhibition was showed to 
decrease the amount of complement activation products C3b/c and C4b/c in plasma 
already within two weeks of treatment start (218). The same study showed also a decrease 
in plasma CRP levels as well as in circulating complexes between CRP and C3d or C4d 
and therefore concluded that TNF-α inhibition might reduce of CRP-stimulated 
complement activation. It seems that the possible complement regulatory effects of TNF-α 
inhibition may be secondary to its ability to downregulate inflammation and the presence 
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of complement stimulating agents within the joints and might also relate to an altered 
complement protein synthesis. 

Since only 60-70% of RA patients respond to TNF-α inhibition, other 
strategies for immune-modulation need to be developed.  Due to the likely role of 
complement in the disease progression of RA and to the numerous positive results 
obtained from animal studies, complement inhibition therapy might provide to be a 
valuable intervention. As mentioned above, the only reported clinical trial carried out to 
date concerning complement inhibition in RA is with the C5aR inhibitor PMX53, which 
despite its therapeutic efficacy in rodent models of arthritis (219) did not ameliorate 
symptoms in RA patients (200). However, C5aR still remains an interesting target for 
complement inhibition since blockade of C5a-C5aR signaling would reduce the 
anaphylactic effect of complement activation whilst the remainder of the cascade is left 
intact. Ideally, one would like to inhibit only pathological complement activation while 
leaving the majority of the complement cascade itself functional. Another way to 
accomplish this could be to selectively inhibit the interaction between a complement 
initiator and its ligand. This might also act as a localizing complement therapy if the 
expression of the ligand itself is limited to certain affected tissues. One example would be 
the inhibition of the SLRP-C1q interaction, which might target only local pathological 
complement activation within the joint. However, due to the presence of multiple 
complement stimulating ligands in the synovium, it might be required to simultaneously 
block several of these interactions in order to break the inflammatory cycle in RA. 

One of the main challenges in the treatment of RA is to predict which 
patient will respond to which therapy in order to achieve early effective treatment start and 
avoid progression of disease. Therefore understanding the pathology behind the disease is 
of outmost importance and developing diagnostics that reveal the underlying mechanism 
of inflammation would be valuable. As an example it would be of high interest to be able 
to determine which patients truly have pathological complement activation within the joint 
to selectively treat these patients with future complement inhibitors, which unfortunately 
will be extremely expensive.  



34 

Osteoarthritis 
Osteoarthritis (OA) is the most common type of arthritis. It is an erosive joint disease that 
progresses slowly and affects all structures of the joint. Disease progression is associated 
with loss of cartilage matrix and destruction of the underlying bone, development of 
cartilage or bone outgrowths, modest inflammatory infiltrates in the synovium, muscle 
weakness and ligament laxity (220).  

The prevalence of OA increases with age while also gender-specific 
differences occur. Below the age of 50, OA is more common in men than women whereas 
at higher age osteoarthritis of knee, hand and foot is more common in women (221). This 
has in some cases been hypothesized to be influenced by an estrogen deficiency after 
menopause (222, 223), although evidence for this is still controversial (224). Knee injury 
(225) or destabilization of the joint due to ligament injury (226) have also been associated 
with an increased risk of OA. This is most likely related to the altered mechanical load on 
the cartilage. Obesity is another factor that often is associated with OA. How obesity 
predisposes to OA is not simply a factor of enhanced mechanical load since obesity also 
increases the risk of finger OA (227). Therefore adipocytokines and metabolic factors 
might contribute to disease (228). Mutations in several structural cartilage molecules, such 
as collagen type II or IX, COMP or matrilins lead to a high incidence of OA (229) 
emphasizing the importance of a stabile cartilage structure for prevention of disease 
outbreak.  

In normal cartilage, chondrocytes do not proliferate but focus on 
orchestrating a balanced tissue degradation and synthesis. In contrast, chondrocytes from 
OA articular cartilage show signs of proliferation (230) but also the rate of chondrocyte 
apoptosis is increased (231). In OA the balance between cartilage synthesis and 
degradation is disturbed, with degradation being more pronounced. The actual cartilage 
degradation process most likely follows that described for RA, although an alteration of 
protease activity may influence the type of protein fragments released from the cartilage. 
Also the molecular composition and organization of the cartilage is altered due to attempts 
of tissue rebuilding. For instance, COMP is in healthy cartilage most abundant in the 
interterritorial matrix, furthest away from the chondrocytes. Upon cartilage degradation, 
COMP is lost from the interterritorial matrix whereas it increases in abundance close to the 
chondrocytes (229). This is thought to reflect an increased synthesis of COMP by the 
chondrocytes as a means of damage control, as one of the main functions of COMP is to 
catalyze collagen II fibrillogenesis (232).  However, this repair process is highly inefficient 
when COMP is present in too high amounts compared to collagen II, which is the case in 
OA (114). 
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OA – an inflammatory disease? 
Even though OA has traditionally been considered a non-inflammatory joint disease, 
evidence is accumulating for the opposite. Synovial inflammation has been observed in 
patients already at early stages of disease with thickening of the synovial lining, increased 
vascularity, inflammatory cell infiltration and increased production of pro-inflammatory 
cytokines such as IL-1α and -1β or TNF-α (233). Using histological staining, Revell and 
colleagues showed the presence of T-helper and -suppressor lymphocytes, B-lymphocytes 
and macrophages in the synovial membrane of OA patients (234). Using RT-PCR, Wagner 
and colleagues compared the synovial cytokine profiles in addition to cellular infiltration 
in RA and OA patients. They found that even though cellular infiltration was more 
pronounced in RA synovium, the cytokine profiles were similar in both diseases (235). 
Moreover, moderately elevated CRP levels can be found in patients with early OA (236, 
237). Therefore it seems likely that the inflammation observed in OA contributes to the 
disease and might be enhanced by the release of components from the cartilage with the 
potential to stimulate the immune system. Treatment of patients with inhibitors of TNF-α 
or IL-1 have in some cases proved beneficial for disease amelioration (reviewed in (123)) 
showing that inhibiting inflammation might benefit at least a subset of OA patients. 

The involvement of complement in OA is scarcely studied. C3c and C9 
deposition in the synovium of patients with OA has been described, and this was limited to 
the active phase of the disease (193). Another study showed C3 deposition in articular 
collagenous tissue in a subset of patients with OA, although this staining was relatively 
weak (238). Further, in Paper II we show that COMP released from cartilage in OA is able 
to activate complement. Therefore a low level of complement activation may take place 
within the joint in OA even though it is not as pronounced as in RA. This further confirms 
that an inflammatory component exists in OA.  

Complement in spondyloarthropaties 

It is known that inflammation is a predominant factor in rheumatic diseases, whereas the 
role of complement in the different conditions is still not fully characterized. 
Spondyloarthropaties compose a group of related diseases with different phenotypic 
characteristics and includes psoriatic arthritis (PsA), ankylosing spondylitis (AS), reactive 
arthritis (ReA), certain subtypes of juvenile idiopathic arthritis and arthritis related to 
inflammatory bowel disease.  

PsA is an inflammatory joint disease associated with psoriasis of the skin. 
The disease may involve peripheral and/or axial joints and is commonly associated with 
enthesitis and dactylitis (239). Complement activation seems to occur to a limited extent in 
PsA, as elevated levels of plasma iC3b, C4d and Bb was found in a small study of patients 
with psoriasis and PsA (240). Another study showed relatively low levels of the 
complement activation product C3c in synovial fluid of PsA patients whereas the total 
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synovial fluid C3 levels were higher than in RA or OA (241). Other studies have reported 
decreased erythrocyte expression of CD59 (242) or CR1 (243), which in the case of CD59 
was hypothesized to possibly reflect a decreased tissue expression of CD59 in the 
synovium as well and thereby render synovial cells more vulnerable to complement 
mediated damage. It is therefore likely that complement activation occurs during PsA 
although the contribution of complement to disease may not be as prominent as in RA.   

AS presents with mainly axial disease involving the sacroiliac joints, 
whereas peripheral join involvement is less common (244). Studies of complement in AS 
are scarce. Two studies have shown an increase in C3 and C4 activation products in the 
plasma of AS patients (245, 246) whereas a study by Gabay and colleagues found no such 
increase in their patient cohort (247). Polymeric IgA-subtype antibodies reacting with C1q 
have been found in a subset of patients with AS but the influence of these antibodies on 
disease pathology has not been elucidated (248). 

Reactive arthritis (ReA), also known as Reiter’s syndrome, is a type of 
arthritis occurring after an infection, most often gastrointestinal or venereal. The disease is 
usually monoarticular and can most commonly involve the joints of the knees and ankles 
(249). C3b and C9 deposition has been observed in the synovium of patients with ReA 
(193) indicating local complement activation within the joints.  

In paper II we have studied the presence of complexes between COMP 
and C3b in serum as an indication of COMP-driven complement activation in patients with 
spondyloarthropaties. We found that patients with ReA had markedly elevated levels of 
COMP-C3b in their circulation compared to healthy controls in contrast to patients with 
AS or PsA, who had only weakly elevated COMP-C3b levels. This shows that the tissue 
degradation process and complement activity are different in these diseases. It also 
confirms that complement may not have such a prominent role in the pathology of AS and 
PsA as compared to RA.  
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Complement in Cancer 

The main function of the immune system is to protect the host against possible threats, 
both from the surroundings and from within the body. Cells that become malignant 
undergo changes, such as alteration of surface protein expression, which make them prone 
to be recognized by the immune system and therefore cancer cells need to find ways to 
escape this surveillance. Complement has been implicated in the defense against tumor 
development and growth in several ways. Certain cancer cells can activate complement 
directly through the alternative or lectin pathways (250, 251) whereas cancerous cells 
recognized by antibodies might activate the classical complement pathway. In accordance, 
complement deposition has been demonstrated in breast cancer tissue, whereas no such 
deposition was seen on corresponding benign tissue (252). Similar complement deposition 
was found in papillary thyroid carcinoma (253) and on several tumor cell lines studied in 
vitro. Reducing cell surface expression of complement inhibitors CD59 and CD55 on 
cancer cells diminished tumor burden in mice models of ovarian cancer and prostate 
cancer, showing a direct effect of complement on tumor suppression in vivo (254, 255).  

Complement can act to control tumor growth by either inducing MAC-formation on the 
cell surface or by inducing C3b-deposition on the cancer cell, which in the context of pro-
inflammatory signaling may trigger cell death through an interaction with CR3 on effector 
cells. Tumor cells may counteract this complement attack by up-regulating the cell surface 
expression of complement inhibitors or by recruiting soluble complement inhibitors such 
as factor H to their surface (256). Also elimination of surface deposited MAC and 
inhibition of MAC-induced cellular signaling serve to minimize complement-induced 
cellular damage. Since most tumors are not on their own immunogenic enough to lead to 
tumor killing by the immune system, therapeutic interventions stimulating immune 
recognition and clearance of tumor cells have been implicated. Monoclonal antibodies 
specifically targeting tumor cells have proven successful in the induction of both antibody-
dependent cellular cytotoxicity as well as complement-dependent cytotoxicity. However, 
complement protection mechanisms utilized by tumor cells have been suggested to 
severely impair the efficiency such interventions. 

Even though the original hypothesis has been that complement activation is beneficial in 
the battle against tumor growth, evidence for a dual role of complement has emerged. 
Markiewski and colleagues showed that C5a produced through complement activation 
actually enhances tumor growth in a model where cervical cancer cells were used to induce 
subcutaneous tumors in mice (257). This effect was mediated by the recruitment of 
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myeloid-derived suppressor cells into the tumor with the ability to suppress the anti-tumor 
effects of CD8+ T-cells. Mice deficient in C3 or C4 showed a significantly decreased 
tumor burden whereas factor B deficiency had no effect, indicating that classical pathway 
mediated complement activation promoted the formation of C5a in this model (257). In 
order for a tumor to survive it requires vascularization of the tissue to maintain sufficient 
delivery of nutrients and growth factors to the proliferating tissue. C3a, C5a (258) and 
MAC (259) have been shown to stimulate the secretion of vascular endothelial growth 
factor (VEGF), which is essential for the development of novel blood vessels and may 
thereby contribute to sustain tumor growth.  

It seems that the tumor sustaining effect of complement might be of 
importance especially in the context of solid tissue tumors whereas one may hypothesize 
that cancers affecting blood cells are more negatively affected by an increased complement 
attack. In this sense, up-regulation of complement inhibitors or expression of other non-
classical complement modulators in leukemia or myeloma should promote cancer 
progression. In paper V we have studied a proteoglycan secreted by multiple myeloma 
cells, serglycin, and show that serglycin protects myeloma cells from complement attack, 
thereby possibly contributing to their survival.   
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The present investigation 

The aim of this thesis was to characterize novel interactions between cartilage proteins and 
complement, which might be of importance for complement regulation in arthritis. It has 
been shown that joint inflammation resides upon joint replacement surgery, where the 
majority of the cartilage is removed. This led to the hypothesis that components within the 
cartilage tissue might stimulate the immune system thereby feeding the vicious circle of 
chronic inflammation. Indeed, it has been shown that several members of the SLRP-family 
interact with complement to either stimulate or inhibit complement activation. In this 
thesis I have studied the binding of certain SLRPs to the complement inhibitor C4BP 
(Paper III) as well as explored the complement inhibiting properties of one of the SLRP-
members, PRELP (Paper IV). We also found a new complement-regulating molecule, 
COMP, which complexes with C3b during joint inflammation, thereby providing new 
possibilities for diagnostics in inflammatory joint diseases (Papers I and II). Paper V is 
related complement in cancer. In this paper we have studied the proteoglycan serglycin, 
which is secreted by multiple myeloma cells, and its ability to protect cancer cells from 
complement attack.  

COMP-C3b as a molecular marker for RA 
COMP is a structural molecule in the cartilage where it serves both as a catalyst of 
collagen fibrillogenesis in the young (232, 260) as well as a tissue fortifier through 
interactions with other extracellular matrix proteins in the adult. Structurally COMP is a 
pentamer consisting of five identical subunits that are linked together in their N-termini 
through formation of a coiled-coil structure stabilized by disulphide bridges (261). When 
cartilage explants are stimulated by IL-1β, COMP is released from the tissue through a 
process mediated by MMP-1, -3, -9, 13 (122) and ADAMTS-4 (129), -7 and -12 (131, 
132) and possibly other, yet unrecognized, proteases. This leads to the release of COMP-
fragments just above 100 kDa in size, corresponding to almost full monomeric chains 
lacking a part of the N-terminus. COMP-release can also be seen in vivo in patients with 
different types of arthritides, where elevated COMP concentration can be detected both in 
the synovial fluid and in the serum during active disease. However, patients with advanced 
joint destruction have low levels of COMP in their circulation due to the low amount of 
intact cartilage left in affected joints (262, 263). Interestingly, different types of COMP-
degradation fragments can be found in the synovial fluid of healthy individuals, those with 
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OA and those with RA. In RA it seems that COMP is more readily cleaved with an 
increased presence of cleavage fragments between 50-70 kDa in size. In healthy controls 
and OA patients, the most abundant fragments are between 80 and 100 kDa (263).  

Carlsen and colleagues have shown that injection of rat COMP into rats or 
mice induces the development of chronic arthritis (264, 265). They were also able to 
induce arthritis in mice using anti-COMP antibodies in a serum transfer model (265). This 
shows that, at least in rodents, COMP is arthritogenic. Since we are constantly exposed to 
low amounts of COMP from regenerating tissue, some sort of tolerance must build up 
towards circulating COMP. This tolerance may be broken during disease by exposure of 
new epitopes generated by protease cleavage or unfolding of the molecule. 

We set out to investigate whether COMP is able to interact with the 
complement system and whether this may be one of the pathological events behind 
arthritis development. We found that COMP has a dual role in complement regulation; it 
can both inhibit the classical and lectin pathways as well as activate the alternative 
pathway of complement.  

We found that COMP binds to the stalks of C1q, but not to the intact C1-
complex. The C1-complex has a dynamic character, it dissociates and re-associates in 
circulation with approximately 10% of circulating C1q being unbound (266). We showed 
that COMP is able to bind free C1q and thereby prevent the association of C1r2C1s2 with 
C1q. This would lead to a local decrease of functional C1-complexes and thereby 
downregulate classical pathway activity. COMP had only a weak ability to dissociate pre-
formed C1-complexes, indicating that it binds to overlapping sites with the C1r2C1s2-
tetramer. We also showed that COMP interacts with MBL and inhibits lectin pathway 
activation. Since deposition of MBL onto mannan was not inhibited, COMP most likely 
affects the integrity of the MBL-MASP-complex or inhibits C4-cleavage by the complex. 
Both C1q and MBL were able to bind monomeric arms of COMP although this binding 
was weaker than for intact pentameric COMP.  

The COMP monomers lack most of the polymer forming N-terminus, and 
are composed of four epidermal growth factor  (EGF) domains, eight thrombospondin type 
3 (TSP3) domains and a globular C-terminus. We studied the interaction between 
complement proteins and COMP using truncated recombinant constructs representing 
individual domains of COMP with ELISA as well as with electron microscopy. C1q was 
found to interact with all C-terminus-containing constructs and in electron microscopy it 
was evident that the binding site lies in the C-terminal domain of COMP. By electron 
microscopy we could also see that COMP-seems to bind the C1q stalks, quite close to the 
head-region as we had hypothesized based on the competition studies with C1r2C1s2. A 
similar pattern of interaction was observed between MBL and COMP. 

We were also able to show that COMP can trigger alternative pathway 
activation through an interaction with properdin or C3b. Properdin was found to bind both 
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to the TSP3-region as well as the globular C-terminus whereas C3 bound only to the C-
terminus. C9 deposition was only observed on the C-terminal domain indicating that the 
complement-activating domain resides here. Since the main complement-binding site of 
COMP seems to be the globular-C-terminus, the availability of complement factors might 
direct whether COMP activates or inhibits complement. Interestingly, recombinantly 
produced human COMP and tissue purified COMP from bovine cartilage both had the 
ability to activate complement. This indicates that not only disease specific cleavage 
fragments of COMP can regulate complement. We also observed that recombinantly 
produced monomeric arms of COMP were able to induce C9-deposition showing that an 
intact pentameric conformation is not needed to activate complement.  

We were able to confirm the complement activating properties of COMP 
observed in vitro also in vivo by studying serum and synovial fluid from patients with 
different rheumatic disorders. If a complement activating protein circulates in serum it 
should rapidly induce deposition of C3b onto its surface. Since the deposition of C3b 
involves the formation of a covalent bond between the two proteins, the complex between 
the complement activating protein and C3b should be stable and measurable from bodily 
fluids. We therefore set up an ELISA for measuring COMP-C3b complexes based on an 
immobilized antibody that captures COMP and a detector antibody recognizing C3b/d. In 
our first pilot study (Paper I) we included patients with RA, OA and healthy controls. We 
found that RA patients have high levels of COMP-C3b in their serum compared to healthy 
controls that were mainly negative for such complexes. In this study cohort the OA 
patients were negative for COMP-C3b complexes in their serum. However, we later on 
observed that in the serum samples from the OA patients all C3 was degraded into small 
fragments as observed by western blotting. What actually has driven this C3 degradation is 
still unclear but it might be an effect of blood sampling, storage or excessive 
freezing/thawing. Therefore no conclusions can be drawn from the results obtained with 
these samples. However, both the RA and OA patients had COMP-C3b in their synovial 
fluids indicating local COMP-induced complement activation within the joint. Since the 
OA patients had much higher total COMP in their synovial fluid than RA patients but 
equal amounts of COMP-C3b, it seems that either only a fraction of the released COMP in 
OA was able to activate complement or that other competing molecules were present.  

Since the pilot study was carried out with less than 20 patients in each 
group, we set out to confirm our results in a larger patient cohort also including patients 
with other rheumatic disorders to investigate the specificity of serum COMP-C3b for RA 
(Paper II). Also in the new patient cohort including 98 RA patients and 97 age and gender 
matched healthy controls the RA patients showed to have increased levels of COMP-C3b 
in their serum. The levels of these complexes correlated weakly to several inflammatory 
parameters indicating that COMP-C3b formation is partially dependent on synovial 
inflammation. Unfortunately we did not have information about the ACPA-status of these 
patients so we could not determine whether there is a difference in the amount of COMP-
C3b between ACPA positive and negative patients. Since TNF-α inhibitors have shown to 



42 

both ameliorate disease activity in RA (211) and also reduce serum COMP-levels (267) we 
measured the COMP-C3b levels in patients receiving TNF-α inhibitors at baseline, after 6 
weeks of treatment or after 3 months of treatment to see whether a reduced disease activity 
is reflected in a decrease in serum COMP-C3b. Indeed, serum COMP-C3b was 
significantly reduced at 3 months compared to baseline. Notably, COMP-C3b decreased 
dramatically in some patients whereas the levels remained unchanged in others. However, 
this decrease followed different kinetics than the general improvement as measured by a 
decrease in CRP or the disease activity score (DAS); CRP and DAS were decreased 
already by week 6 after which no further improvement was seen whereas there were only 
mild alternations in COMP-C3b by week 6 compared to baseline. This shows that the 
release of COMP and formation of COMP-C3b is a complex process that most likely is 
regulated by an altered turnover of the cartilage and dependent on other factors within the 
joint microenvironment. It has been shown that TNF-α can regulate the expression of 
proteases cleaving COMP so therefore one might speculate that a different type of COMP 
is being released from the tissue upon TNF-α inhibition. Another option is that the 
proteolytic degradation of COMP affects the folding of the COMP arms. Normally, the C-
terminal domain, which is responsible for activating complement, is partially covered by 
the TSP3-region due to a back folding of the COMP arm. During disease an altered 
proteolysis of COMP might affect this folding and expose new epitopes within the C-
terminus not available in native COMP.  

In this patient cohort, elevated levels of COMP-C3b were also seen in 
patients with OA, systemic sclerosis (SSc), ReA and SLE. There was no difference 
between serum COMP-C3b in SLE patients during active disease or during flare, but SLE 
patients with arthritis had higher serum COMP-C3b than patients without arthritis. Weakly 
elevated COMP-C3b levels were also seen in patients with AS or PsA, however, in these 
patients serum COMP-C3b did not correlate with disease activity. Surprisingly, TNF-α 
inhibition therapy increased the COMP-C3b levels in AS and PsA patients already by 
week 6, possibly by a tissue repair mechanism increasing the synthesis of cartilage 
components. CRP-levels were decreased in both patient groups already by week 6. This 
shows that the disease process and COMP-release is different in RA compared to AS and 
PsA.  

We could conclude from this study that serum COMP-C3b is not a unique 
feature of RA, but can also be found in patients with other rheumatic disorders. Due to the 
presence of COMP-C3b in several diseases, it is not on its own applicable as a disease 
marker, but in combination with other markers, such as RF and ACPA, it might upon 
further optimization provide enhanced sensitivity to the diagnostics of RA. Furthermore, 
the presence of especially high levels of COMP-C3b in certain patients indicates that they 
have severe pathological complement activation and therefore measuring COMP-C3b in 
serum might provide valuable information on which patients would benefit from 
complement inhibition therapy.  
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It would be highly interesting to see whether COMP is subjected to any 
modifications, such as citrullination, during disease. This might contribute to the 
complement activating properties of COMP and also possibly lead to the production of 
ACPA, which are known to have complement stimulating properties. It would also be of 
interest to study whether patients with rheumatologic diseased have autoantibodies directly 
against COMP that might further drive complement activation or alter the complement 
regulatory functions of COMP.  

SLRPs regulating complement 
SLRPs are small proteoglycans found in a variety of extracellular matrices where they 
stabilize tissue structure by cross-linking different components of the matrix. Several novel 
SLRPs have been characterized the past decade, contributing today to a protein family of 
17 members. Not all SLRPs fulfill the traditional requirements for proteoglycans, i.e. 
containing at least one glycosaminoglycan side chain, but are still considered to be a part 
of this family due to structural and functional similarities. Traditionally SLRPs were 
divided into three subfamilies, but recently a new division with five subfamilies was 
suggested (268). All SLRPs contain a characteristic region with 10-12 leucine-rich repeats 
flanked by cystein loops in the N- and C-termini. The N- and C-terminal extensions 
provide each SLRP unique features with diversity in both amino acid sequences and 
glycosaminoglycan content (for review on SLRP structures, see (269)). Many of the 
SLRPs participate in the regulation of collagen fiber synthesis, both regulating the rate of 
assembly and termination of fibrillation to maintain proper thickness of the intact fibers 
(270, 271). SLRP-deficient mice present with diseases such as osteoporosis, osteoarthritis, 
muscular dystrophy, Ehlers-Danlos syndrome and corneal diseases, primarily due to 
abnormal collagen fiber formation (272).  

Most SLRPs are enriched within the cartilage although a wide tissue 
distribution can be found for many SLRP-members. Fibromodulin and PRELP are found 
in addition to cartilage in tendon, sclera and aorta as well as less abundantly in several 
other tissues (273). PRELP is furthermore quite uniquely expressed in basement 
membranes, Bowman’s capsule and testis. Osteoadherin is only expressed in bone (274) 
whereas chondroadherin is found in different types of cartilage, in bone and to a low extent 
in tendon (275). Decorin and biglycan are of the most abundantly expressed SLRPs, found 
among other tissues in cartilage, bone, skin, tendon, smooth muscle and cornea (276, 277). 
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Figure 5. The SLRPs. Members of the SLRP-family contain a characteristic LRR-region, which is 
flanked in both the N- and C-termini by cystein loops. The main collagen-binding region lies within 
the LRR. The SLRPs have unique N- and C-terminal regions, which provide the molecules with their 
respective ligand-binding properties. Fibromodulin contains keratan sulfate chains in the LRR and 7-
9 tyrosine sulfates in the N-terminal extension making this region highly acidic. Osteoadherin carries 
tyrosine sulfates in both the N- and C-terminal extensions. PRELP has a basic N-terminus, which is 
rich in proline and arginine residues. Chondroadherin lacks a N-terminal extension but has instead a 
bulky, positively charged C-terminus. Decorin and biglycan have one and two chondroitin sulfate or 
dermatan sulfate chains in their N-termini, respectively. Verified glycosylation sites are depicted in 
black, whereas glycosylation sites implicated by protein sequence are depicted in grey.  

 

In addition to promoting proper assembly of extracellular matrices, novel 
functions have recently been designated SLRPs in regulating cellular responses. Studies on 
tumor cells showed that decorin binds the epidermal growth factor receptor thereby 
preventing receptor dimerization and induces receptor internalization. This is thought to 
lead to enhanced apoptosis and retarded growth of tumor cells. Decorin-deficient mice 
accordingly develop diverse tumors. However, on normal cells decorin may interact with 
the insulin-like growth factor receptor 1 to stimulate proliferation (reviewed in (278)). 
Biglycan binds on the other hand TLR2 and 4 on macrophages and triggers a robust 
inflammatory response (279). Therefore release of biglycan from the tissue has been 
suggested to represent a danger signal for tissue destruction. In addition, decorin, biglycan 
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and fibromodulin were shown to bind transforming growth factor-β (280) and are though 
to modulate its biological activity. 

Some members of the SLRP family have in previous studies shown to also 
regulate complement activation; decorin and biglycan bind C1q and MBL and thereby 
inhibit the classical and lectin pathways (207, 208) whereas fibromodulin, osteoadherin 
and chondroadherin bind C1q and induce classical pathway complement activation (11, 
12). The complement activators also bind factor H and thereby SLRP-induced complement 
activity downstream of C3-convertase is limited (12). In Paper III we studied the ability of 
different SLRPs to bind C4BP and found an interaction between C4BP and fibromodulin, 
osteoadherin, chondroadherin and PRELP. The main binding site for these SLRPs, as 
studied using deletion mutants lacking individual domains of C4BP as well as electron 
microscopy, was found to reside within the core of C4BP close to the polymerization site 
of the individual chains. This is highly interesting since the complement-regulating site of 
C4BP lies within the four outermost CCP-domains on the α-chains. Therefore we 
hypothesized that C4BP would maintain its complement regulatory function even in the 
presence of the SLRPs. Indeed, we found that C4BP still acted as a cofactor for factor I in 
the cleavage of C4b in the presence of the SLRPs in conditions where over 95% of C4BP 
should be bound to the SLRPs as calculated based on their specific dissociation 
coefficients. We also found that the difference between C9-deposition from C4BP-
depleted serum compared to normal serum was much more pronounced on the SLRPs than 
on aggregated IgG, indicating that binding of C4BP to the SLRPs limit their ability to 
stimulate terminal pathway activation. Even though all of these SLRPs contain post-
transcriptional modifications, also bacterially expressed counterparts wee found to bind 
C4BP and C1q. Therefore it seems that the actual polypeptide chain and not the 
glycosylations mediate the interactions.  

Studies are currently undertaken to explore the binding sites of these 
complement proteins on the SLRPs. It would be of high interest to see whether the released 
SLRP fragments have the same complement regulating properties as the intact proteins and 
also whether binding sites for both complement initiators and inhibitors can be found on 
the same released fragment. Whether complement activation on the SLRPs is a factor 
mediating further joint inflammation or instead promoting the clearance of these released 
proteins is still unknown. Further studies are also needed to elucidate whether SLRP-
mediated complement activation actually occurs in vivo. One approach would be to 
measure complexes between classical pathway-activating SLRPs and C4b since this 
interaction should be of covalent nature. This approach would be homologous to that of 
measuring COMP-C3b complexes.   

In Paper IV we studied more closely the SLRP-member PRELP, a 58 kDa 
protein expressed in a variety of tissues but is also found abundantly in cartilage. PRELP is 
though to act as a linker molecule connecting different components of the extracellular 
matrix to basement membranes since it binds perlecan (281) or to cells since PRELP also 
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binds and heparin and heparan sulfate present on cell surfaces (282). PRELP differs from 
the other members of the SLRP-family in that it has an N-terminus rich in proline and 
arginine, which gives this region highly basic properties (283). Much attention has been 
given to the charged N-terminal region prior to the LRR-domain. The N-terminus mediates 
the interaction between PRELP and heparin and heparan sulfate (282) and peptides derived 
from this region also have bactericidal effects against certain pathogens (284, 285). 
Furthermore, this domain was shown to be a cell-type specific NF-κB inhibitor and 
thereby inhibit osteoclastogenesis (286).  

In paper IV we could show that PRELP binds C9 and therefore inhibits its 
polymerization and the formation of a functional MAC. The binding of C9 to C5b-8 does 
not seem to be impaired, but the interaction between C9 and the neoepitope exposed on 
activated C9 is inhibited. We also found that PRELP inhibits the alternative pathway C3-
convertase, either by binding directly to C3 or to the forming convertase itself. Therefore it 
seems that PRELP can inhibit complement in two ways, either by inhibiting the alternative 
pathway C3-convertase and thereby also the amplification loop of the classical and lectin 
pathways or by inhibiting formation of MAC.  

The degradation and release of PRELP during normal cartilage turnover or 
during disease has not been studied in detail and whether fragments with complement 
regulatory properties actually are released from the tissue is still unknown. However, 
several studies have indicated that inhibition of MAC-formation would be protective for 
RA. CD59-/- mice show a more pronounce disease phenotype than their wild type 
counterparts in an antigen-induced arthritis (AIA) model (287). Furthermore, rats injected 
with a membrane-targeted rat CD59 derivative (sCD59-APT542) had a milder disease 
course in an AIA model than rats injected with PBS alone (288). Therefore the release of 
PRELP from cartilage might also have a protective effect and serve to downregulate 
pathological MAC-formation. A similar scenario could be occurring during the formation 
of atherosclerotic plaques. Recent studies have shown that additional deletion of CD59 in 
ApoE-/- mice accelerated the formation of atherosclerotic lesions and death in mice, an 
effect that could be attenuated by overexpression of CD59 in the endothelium or 
administration of C5-blocking antibodies (289, 290). PRELP has been found in 
atherosclerotic lesions together with several other extracellular matrix components, where 
it has been speculated to stabilize the plaque due to its collagen binding properties and 
regulate cell migration and proliferation (291). Possibly the presence of PRELP also limit 
the amount of deposited MAC in these lesions. It would be interesting to see whether 
PRELP and ApoE double knock-out mice have bigger plaques or more MAC deposition in 
their atherosclerotic lesions compared to PRELP-sufficient ApoE-/- mice.  
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Serglycin as a complement inhibitor 
The expression of proteoglycans is abundant in various extracellular matrices and on cell 
surfaces and is by no means restricted to cartilage. In this thesis I have also studied a 
chondroitin sulfate proteoglycan, serglycin,  and evaluated its effect on the complement 
system. Serglycin is a proteoglycan expressed by several hematopoietic cells, mast cells 
and endothelial cells (292). The GAG-chains linked to the core protein can vary depending 
on cell type and the degree of differentiation and extracellular stimulus, the main types 
being chondroitin-6-sulfate (CS-6), chondroitin-4-sulfate (CS-4), chondroitin sulfate-E 
(CS-E), dermatan sulfate (DS) or heparin (293). Stimulation of macrophages or monocytes 
with phorbol 12-myristate 13-acetate induces the expression of more highly sulfated CS 
(294) showing that inflammation and activation of these cells might influence the sulfation 
pattern of GAG-chains. Variations in GAG-substitution and the sulfation pattern of the 
GAG chains give the proteoglycan the possibility to interact with a plethora of ligands.  

Serglycin is abundant intracellularly and has an important role in the 
maturation of secretory granules. Serglycin knock-out mice were shown to be viable and 
fertile but the generation of mast cell secretory granules was severely compromised, 
likewise to the secretory granules of cytotoxic T-cells (295, 296). Thereby it has been 
suggested that the biological function of serglycin is to direct and cluster molecules into 
secretory vesicles and upon release of these granules concentrate the secreted molecules in 
the extracellular environment (293). Regarding cytotoxic T-cells, it was shown that 
serglycin plays a role in the delivery of granzyme B into target cells thereby facilitating 
induction of target cell apoptosis (297). 

Multiple myeloma (MM) is a disease characterized by a clonal 
proliferation of malignant plasma cells. The development of the disease relies both on 
multiple chromosomal changes as well as on alterations in the bone marrow 
microenvironment. Multiple myeloma is associated with an excess of plasma cells in the 
bone marrow, which produce non-functional immunoglobulins as well as with osteolytic 
bone lesions, renal disease and immunodeficiency. In most developing countries, the 
disease occurrence is around 4 cases per 100 000 people and it is more frequent in men 
than women, in afro-Americans than in Caucasians (298).  

Serglycin is constitutively expressed by multiple myeloma (MM) cells, in 
which it can be found both intracellularly as well as bound to the cell surface. Also benign 
plasma cells secrete serglycin, but due to the increased proliferation of myeloma plasma 
cells and their constant secretion of serglycin, serum and bone marrow concentration of 
serglycin is elevated in patients with MM compared to healthy controls (299, 300). In 
paper V we studied the effect of serglycin on the complement system to see whether 
secretion of serglycin might protect MM cells from complement attack.  

We found that serglycin, by binding C1q and MBL, inhibits both the 
classical and lectin pathways of complement. Interestingly, the interaction between C1q 
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and serglycin was severely diminished by the removal of GAG-chains linked to the protein 
core. The interaction could also be completely abolished by pre-incubating C1q with SG-
derived GAG chains before adding the mixture to serglycin-coated plates. This shows that 
serglycin binds C1q mainly with its GAG-moieties. Serglycin can carry up to eight GAG 
chains, which in MM cells are mainly CS-4 (92.5%), CS-6 (4.5%) and low amounts of 
disulfated CS (1.5%) or non-sulfated CS (1.5%) (299). There seems to be a very high 
specificity in the GAG-C1q interaction, since isolated CS-4 and CS-6 on their own had 
non or a very weak impact on the binding of C1q to serglycin, whereas both serglycin-
derived GAGs, heparin and CS-E inhibited the interaction readily. Therefore specific 
charge patterns formed by highly sulfated CS-units on the serglycin-attached GAGs are 
needed for an interaction to occur.  

The interaction between MBL and SG was mediated both by the protein 
core of serglycin as well as the GAG-chains. In this case only serglycin-derived GAGs and 
CS-E were able to inhibit the interaction between MBL and serglycin whereas CS-4 and 
CS-6 had no inhibitory effect. The interaction could, however, not be completely 
abolished, not by adding excess GAGs nor by deglycosylating serglycin, which showed 
that also the protein core of serglycin binds MBL.  

Since the GAG-substitutions on the serglycin molecules might vary 
depending on cell type and degree of differentiation or activation, it would be of high 
interest to see whether serglycin from other cell-types inhibits complement as well. So far 
only one study has been carried out with serglycin isolated from a breast cancer cell line. 
This serglycin also has the ability to bind both C1q and MBL and thereby inhibit the 
classical and lectin pathways (unpublished observation). Comparing serglycin secreted by 
malignant cells to that secreted by benign cells might give us insights to whether the 
complement inhibitory effect is gained upon cellular pathological changes or whether it is 
a normally occurring phenomena. 

Other studies have also reported C1q-binding and complement inhibition 
by chondroitin sulfate proteoglycans. In 1997, Kirschfink and colleagues isolated a 
chondroitin sulfate proteoglycan from the U266 myeloma cell line, which showed the 
ability to bind and inhibit C1q via its GAG-chains (301). It is quite likely that this, at that 
time unidentified, proteoglycan was serglycin. Another C1q-inhibitor present in serum that 
was demonstrated to be a proteoglycan with mainly CS-4 (302) also bound and inhibited 
C1q, but this interaction was mediated by the protein core of the proteoglycan (303). 
Chondroitin sulfate secreted by platelets upon stimulation with thrombin receptor-
activating peptide-6 on the other hand binds C1q and stimulates classical pathway 
activation (304). This shows that there is a high specificity for only particular chondroitin 
sulfates to actually bind and inhibit C1q.  

Attempts to produce monoclonal antibodies targeting MM cells for 
therapeutic use have been disappointing due to the lack of specific antigens only found on 
malignant cells, and stem cell transplantation in combination with immunomodulatory 
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drugs still remains the most efficient treatment. T-cell depletion by anti-thymocyte 
globulins (ATG) can be used in the process of allogenic stem cell transplantation in MM 
patients to increase engraftment and reduce the risk of graft-versus-host disease (305).  
However, these ATG also cross react with B-cells and plasma cells since the cell 
preparation used for immunization contains low amounts of CD20+and CD138+ cells 
(306).  Importantly, ATG has been shown to induce both complement independent and 
complement dependent death also in MM plasma cells (307).  

Since serglycin is both present on the cell surface of MM cells as well as 
secreted to the surrounding matrix, we hypothesized that serglycin might partially protect 
these MM cells against ATG-induced classical pathway complement activation. Indeed, 
we found that extracellular serglycin inhibited ATG-induced complement deposition onto 
three different MM cell lines in a dose-dependent manner. We could also correlate the 
amount of cell-surface expression of serglycin to the complement resistance of the three 
different cell lines; U266-cells, which do not have cell surface serglycin, obtained high 
amounts of deposited C3b on their surface, whereas CAG and JJN3 cells, with strong 
staining for serglycin on the surface, were more resistant to C3b-deposition. This classical 
pathway down-regulation might influence the efficacy of future monoclonal antibody 
therapies against MM, which are under development. 

Taken together, these data show that secretion of serglycin by MM cells 
might protect them from therapeutic inventions involving antibody-mediated complement 
activation and limit treatment outcome. This protection might be due to either higher local 
amounts of serglycin or secretion of a cell-type specific serglycin with the ability to 
regulate complement, but further investigations are needed to shed light on this matter.  

Immune deficiency is commonly associated with MM and infections 
following a poor immunological response to a bacterial burden are often the cause of 
mortality. Numerous immunological defects have been found in MM but very little is 
known about the involvement of complement in the disease. A limited amount of studies 
have showed abnormalities in classical or alternative pathway complement components in 
the sera of patients with MM (308, 309). Furthermore, two cases of acquired C1q 
deficiency have been found in patients with multiple myeloma, one of them associated 
with a meningococcal infection (310, 311). One study also showed defective C3b-
opsonization of various strains of Streptococcus pneumoniae in MM patients (312). How 
these complement abnormalities relate to MM or why they occur is not known, but defects 
in complement mediated pathogen recognition might contribute to the increased risk of 
infection in MM patients. If present at abnormally high amounts, serglycin might, by 
inhibiting complement, further promote immunodeficiency in the already 
immunocompromized MM patients.  
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Figure 6. Summary of studied complement regulators. Fibromodulin, osteoadherin and 
chondroadherin bind C1q and activate the classical pathway, whereas they downregulate the classical 
and alternative C3-convertases by recruiting C4BP and factor H. PRELP inhibits directly the 
alternative C3-convertase as well as MAC-formation and binds C4BP. COMP binds C1q and MBL 
and inhibits the classical and lectin pathways whereas it activates the alternative pathway. Serglycin 
binds C1q and MBL and inhibits the classical and lectin pathways. CHAD, chondroadherin; FM, 
fibromodulin; OSAD, osteoadherin. 

 

 

 

 



51 

Major findings 

• COMP inhibits the classical and lectin pathways of complement by 
binding MBL and C1q. COMP also activates the alternative 
pathway by binding properdin and C3. 

 
• COMP-C3b complexes can be found in the circulation of patients 

with various rheumatic diseases, as an indication of COMP-induced 
complement activation in vivo. 

 
• Fibromodulin, osteoadherin, chondroadherin and PRELP bind 

C4BP without disturbing its complement regulatory properties. This 
downregulates SLRP-induced complement activation downstream 
of the C3-convertases. 

 
• PRELP inhibits complement by interfering with alternative pathway 

C3-convertase assembly and MAC-formation.  
 

• Serglycin inhibits the classical and lectin pathways by binding C1q 
and MBL and thereby protects MM cells from complement attack.  



52 

Future perspectives 

The fact that cartilage resident proteins are able to regulate complement is highly 
intriguing and the main question that arises is how this contributes to pathological joint 
inflammation. Since we have seen that full length purified SLRPs and COMP can bind 
various complement components it is clear that these effects are not only mediated by 
specific protein degradation fragments released during disease. To clarify the in vivo 
relevance of these findings it would be of outmost interest to see whether also fragments 
that are released by the activity of matrix proteases have the same complement modulatory 
function as the full-length proteins. Since we are constantly exposed to a certain degree of 
cartilage proteins due to tissue regeneration, some sort of tolerance need to have been built 
up towards these possibly pathogenic ligands. It is possible that this tolerance is broken 
upon an increased burden or by a changed microenvironment or alternatively by the 
exposition of epitopes normally hidden on the released proteins.  

It is not clear yet whether SLRP-mediated complement activation drives 
inflammation or serves as a means to increase the clearance of these released protein 
fragments since complement activation downstream of C3-convertases is limited. SLRP-
mediated complement activation should not result in a pronounced release of the 
anaphylatoxins C3a or C5a, which have and important role in several inflammatory 
conditions. Whether complement activation actually happens in vivo could be investigated 
by measuring complexes between complement activation products, such as C4b or C3b, 
and the relevant cartilage proteins. Since we have already demonstrated the presence of 
complexes between COMP and C3b in the serum and synovial fluid there is evidence that 
at least COMP does activate complement in vivo, however, the contribution of this to the 
actual pathology of joint inflammation is still unknown. Knowledge about the detailed 
complement binding sites on the different SLRPs or COMP would allow for the 
development of small inhibitory peptides that could specifically inhibit SLRP/COMP-
mediated complement activation. Testing whether these kinds of peptides actually 
ameliorate disease would give valuable information on whether released SLRPs or COMP 
drive complement activation also in a clinical setting and in that case would provide new 
tools for complement directed therapy in RA. Using SLRP knock-out mice to study the 
role of specific SLRP proteins for complement activation in RA would most likely give 
misleading information since any modifications altering the structural stability of the 
cartilage might predispose to joint diseases. Furthermore, SLRPs are often functionally 
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redundant and single knock-out mice compensate the loss of one SLRP by upregulating 
another, thereby minimizing alterations in phenotype. 

A further topic to study would be how the release of the SLRPs and 
COMP is related to different rheumatc diseases. We have already seen the presence of 
COMP-C3b complexes in several rheumatic diseases, albeit at various concentrations, 
indicating that the release or complement fixation of COMP is not solemnly related to the 
pathology of rheumatoid arthritis. Whether SLRP-C4b complexes would follow a similar 
pattern of prevalence in the different diseases could tell us something about the process of 
cartilage breakdown in various conditions. A highly interesting observation was the 
finding of COMP-C3b complexes also in the circulation of patients with OA. Even though 
OA has been shown to present with a low degree of inflammation, it has generally been 
considered to be a non-inflammatory joint disease. However, with accumulating evidence 
of several inflammatory components, the future might also bring novel anti-inflammatory 
therapies for the treatment of OA.  

Autoantibodies are a major feature of RA. Whether any autoantibodies 
recognizing COMP or SLRPs are present in the sera of RA patients would be interesting to 
study. This would enhance the suspicion that these proteins are recognized by the immune 
system as danger signals. In rodent-models of COMP-induced arthritis a strong and 
specific antibody response is raised against the injected antigen, suggesting that this might 
also be the case in humans. Several proteins have also been found to be citrullinated during 
RA and antibodies against such proteins can be found in a highly specific manner in the 
circulation of a subset of RA patients. It would be interesting to see if SLRPs or COMP are 
citrullinated as a process of disease development, since this might influence their 
pathogenicity.   

Most cancer cells have developed ways to protect themselves against 
complement attack. In addition to expressing membrane-bound complement inhibitors, 
such as CD59, MM cells express serglycin on their surface. Since we showed that 
serglycin inhibits antibody-mediated complement attack on myeloma cells, this would 
offer an extra means of protection against any antibody-mediated therapeutic approaches. 
However, since expression of serglycin is not restricted to malignant cells, it would be 
highly interesting to see whether serglycin expressed by benign plasma cells or mast cells 
have the same abilities. Due to the lower amount of serglycin-expression in normal cells it 
is unfortunately not trivial to purify serglycin from these sources. The contribution of an 
increased amount of circulating serglycin for the weakened immune response in MM 
would also be interesting to study. However, in a multi-component disease like MM, it is 
unlikely that a single deciding factor is present; instead the observed immune dysfunction 
is a combined effect of several parameters possibly including aberrant complement 
function.  
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Populärvetenskaplig 
sammanfattning  

Immunförsvaret är främst till för att skydda oss mot utomstående hot som bakterier och 
virus men har även många viktiga roller i andra kroppsfunktioner. Immunförsvaret kan 
indelas i två grenar, det medfödda och det förvärvade. Det förvärvade immunförsvaret 
utvecklas under hela livstiden och har en minnesfunktion. Till denna gren tillhör bland 
annat celler som producerar antikroppar gentemot strukturer som kroppen känner igen som 
främmande och på så sätt markerar dessa strukturer så att andra immunceller kan 
oskadliggöra dem. Till det medfödda immunsystemet tillhör olika fagocyterande celler, det 
vill säga celler som specialiserar sig på att äta upp och på så sätt förstöra möjliga hot. Hit 
hör även molekyler som känner igen oföränderliga strukturer på bakterier eller andra ytor 
och kan signalera andra delar av immunförsvaret om fara. Ett av dessa molekylära system 
är komplementsystemet.  

 Komplementsystemet består av närmare 40 proteiner som cirkulerar i 
blodet som inaktiva molekyler och som efter rätt stimulans aktiveras i en kaskad, där ett 
aktiverat protein klyver det nästa som i och med detta aktiveras o.s.v. Komplement kan 
aktiveras genom tre olika vägar, den klassiska vägen, lektinvägen och den alternativa 
vägen.  Den klassiska vägen aktiveras då C1q binder till bland annat antikroppar, vissa 
bakterier eller kroppens egna döende celler. Lektinvägen aktiveras då MBL känner igen 
vissa kolhydratstrukturer på bakterier. Den alternativa vägen aktiveras konstant till en låg 
grad men kan rikta sig till speciella ytor med hjälp av properdin. Komplementaktivering 
leder till att nya klyvningsfragment av komplementkomponenter med olika biologiska 
funktioner frigörs. Vissa fragment stimulerar inflammation, andra märker in den igenkända 
ytan och förstärker därmed antikroppsproduktionen mot denna komplementaktiverande 
struktur. Komplement kan även direkt döda celler genom att bilda en por i cellmembranen.  

Kroppens egna vävnader skyddas mot komplement med hjälp av olika 
lösliga och cellbundna komplementhämmare. Till dessa hör bl.a. C4b-bindande protein 
(C4BP) och faktor H som cirkulerar i blodet. Ofullständigt reglerad komplementaktivering 
kan leda till sjukdomar såsom ledgångsreumatism eller blodförgiftning. I denna avhandling 
har jag studerat vad som bidrar till komplementaktivering i lederna i reumatism och även i 
relaterade ledsjukdomar såsom osteoartrit.  
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Benytorna i lederna är täckta med ett tunt lager brosk som är till för att ge 
en glapp yta så benen kan röra sig mot varandra och fungerar framförallt som en 
stötdämpare i leden. I vissa sjukdomar förstörs detta brosklager och molekyler som 
normalt funnits skyddade i brosket frigörs i ledvätskan där det finns komplementproteiner. 
Många studier har påvisat att komplementaktivering sker i lederna hos patienter med 
reumatism och detta tros bidra till den starka ledinflammationen som patienterna har. Två 
tidigare studier har visat att vissa broskproteiner tillhörande den s.k. SLRP-familjen kan 
aktivera komplement genom att binda C1q. Detta tros bidra till komplementaktiveringen i 
lederna även hos patienter. Därutöver kan samma SLRPar även binda 
komplementhämmaren faktor H och i denna avhandling har vi nu påvisat att samma 
SLRPar även binder C4BP. Ifall detta leder till att minimera den inflammation som 
proteinerna orsakar i kroppen är fortfarande oklart.  

Vi har även studerat ett annat broskprotein, COMP, och observerat att 
COMP kan aktivera komplement genom den alternativa vägen. Vi kunde dessutom påvisa 
att detta händer i lederna hos patienter med olika reumatologiska sjukdomar och första 
gången påvisas därmed en in vivo-relevans av broskprotein-inducerad 
komplementaktivering.  

En annan studie tillhörande denna avhandling undersökte SLRP-proteinet 
PRELP och dess komplementreglerande effekt. Vi kunde påvisa att PRELP hämmar 
komplement från att bilda porer i cellmembraner och skyddar därmed celler från 
komplementinducerad celldöd. Därutöver hämmar PRELP den alternativa vägen även på 
ett tidigare stadium i komplementkaskaden. Eftersom det har visat sig att många faktorer 
som kan bidra till komplementreglering finns i lederna och frigörs under sjukdomstillstånd 
verkar det som om den slutliga effekten på immunreglering beror på ett samspel mellan 
alla dessa komponenter.  

Den sista studien i avhandlingen handlar om komplement och cancer. Då vanliga 
celler förändras och blir cancerceller ändrar de på sin ytstruktur. Detta gör att 
immunförsvaret, däri även komplementsystemet, känner igen dessa celler som främmande 
och vill oskadliggöra dem. Cancerceller har däremot flera sätt att skydda sig mot 
immunförsvaret och komplement, bl.a. kan de uttrycka extra höga nivåer av 
komplementhämmare på sin yta. I ett av delarbetena i denna avhandling har vi studerat ett 
protein, serglycin, vilket utsöndras av myelomceller som är en typ av blodcancer. Vi 
visade att serglycin kan hämma komplement genom att binda C1q och MBL och förhindra 
dem från att starta komplementaktiveringskaskaden. Vi kunde påvisa att myelomceller inte 
attackeras lika mycket av komplement i närvaro av serglycin och såg att de myelomceller 
som hade mest serglycin på sin yta var i sig själva mycket mer skyddade mot komplement 
än celler med mindre serglycin på ytan. En del nya läkemedel mot cancer syftar till att 
förstärka komplementaktivering specifikt på cancerceller, och vi tror att serglycin som 
myelomcellerna utsöndrar försvagar denna typ av terapi just för behandlingen av myelom.  
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tålamod när jag varit stressad och gnällig, för att du alltid har trott på mig och mina 
förmågor.  
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