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Abstract 
Rheumatoid arthritis (RA) is a chronic inflammatory disease characterized by polyarticular 
synovitis leading to cartilage, tendon and bone destruction, and pain and dysfunction of the 
joints. It is considered to be an immune-mediated inflammatory disorder, in which the 
complement system also plays a fundamental role. In the circulation of RA patients, 
increased levels of complement activation products have been found, often correlating with 
disease activity. In synovial fluid of the patients, decreased levels of native complement 
components and increased levels of activation products have been detected. Furthermore, in 
synovial tissue and cartilage, deposition of activated complement components has been 
demonstrated. As activators of the complement system in RA, immune complexes, C-
reactive protein, and certain immunoglobulin G glycoforms have been identified. A role for 
complement activation in the pathogenesis of this disease is supported by studies showing 
an association between complement activation and inflammatory responses in the diseased 
joints or in individual cell types found in RA joints, and by extensive studies on animal 
models of the disease, utilizing for example animals deficient for certain complement 
components. Finally, several agents are under development to therapeutically influence the 
complement system, and some have already been tested in clinical trials of RA. 
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heumatoid arthritis (RA) is a chronic inflammatory disease with a complex 
pathogenesis, characterized by polyarticular synovitis leading to cartilage, tendon 
and bone destruction, and pain and dysfunction of the joints [1,2]. Though the 

pathogenesis of RA is not clear, it is considered to be an immune-mediated inflammatory 
disorder, in which the complement system also plays an important role. This review, after 
giving a brief overview of the complement system, summarizes the data acquired to date 
supporting the pathogenetic role of the complement system in RA, and describes 
therapeutic advances aimed at influencing the complement system in this disease. 

Brief overview of the complement system 

Activation pathways 
The complement system is a part of the innate immune system and plays a major role in the 
elimination of pathogenic microorganisms, the clearance of necrotic and apoptotic cells, 
and the processing of immune complexes. Depending on the activator, complement 
activation occurs either via the classical, the lectin, or the alternative pathway, as has been 
reviewed previously [3]. This can be a result of a direct interaction between the activating 
surfaces (target) and the complement components, or can be mediated by activator 
molecules that form complexes with the target. 

The classical pathway can be activated either by immune complexes with 
immunoglobulin (Ig)M or IgG, by complexes with C-reactive protein (CRP) or serum 
amyloid P-component (SAP) [4-9], and also directly, by certain microorganisms. Upon 
binding of C1q to the target or to the activator molecule bound to the target, the two C1r 
serine proteases in the C1 complex (which consists of one molecule of C1q, two molecules 
of C1r, and two molecules of C1s) undergo autoactivation and then cleave and thereby 
activate the two C1s serine proteases, which subsequently cleave C4 and C2, forming the 
classical pathway C3 convertase (C4b2a). This, in turn, cleaves C3, and finally the classical 
pathway C5 convertase (C4b2a3b) is formed, see Figure 1. 

The lectin pathway can be activated by terminal carbohydrate groups such as mannose 
on microorganisms, to which mannose-binding lectin (MBL) or one of the ficolins binds 
[10], after which a mannose-binding lectin-associated serine protease cleaves C4 and C2, 
similarly to the C1 complex, and again the classical pathway C3 convertase is formed, C3 is 
cleaved, and the classical pathway C5 convertase is formed (Figure 1). 

The alternative pathway is activated directly by various microorganisms, and also by 
large complexes with IgG or IgA [11-13]. It begins with complement component C3, which 
is spontaneously and continuously activated at a low level (“tick-over” activation starting 
with spontaneous hydrolysis of an internal thioester bond in C3 by water). In the presence 
of an activator of the alternative pathway, full-blown activation occurs, with factor D 
cleaving factor B, formation of the alternative pathway C3 convertase (C3bBb) stabilized  

RR  
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Figure 1. The complement system and current therapeutic targets. The classical, lectin and alternative 
pathways of complement activation are depicted. Dotted arrows indicate enzymatic cleavage. 
(Complement components C4 and C3 both contain an internal thioester bond, which becomes unstable 
after they’re cleaved, so that the cleavage fragments C4b and C3b attach covalently to hydroxyl and 
amino groups on the surface on which they were formed [201,202].) Inhibitors are shown within gray 
oval forms. #Current specific therapeutic targets. 
CR1, complement receptor-1; DAF, decay accelerating factor; MAC, membrane attack complex; MASP, 
mannose-binding lectin-associated serine protease; MBL, mannose-binding lectin; MCP, membrane 
cofactor protein. 
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by properdin, and finally the formation of the alternative pathway C5 convertase 
(C3bBb3b). The alternative pathway also becomes activated upon initiation of complement 
activation via the classical or the lectin pathways, and results in amplification of the 
response (Figure 1). 

All three activation pathways lead to the activation of a common terminal pathway, 
where cleavage of C5 and subsequent association to C5b of C6, C7, C8 and several 
molecules of C9 lead to the formation of the membrane attack complex (MAC). This 
complex forms lytic pores in cell membranes (Figure 1). 

Effector mechanisms 
The activated complement system exerts its effects by various mechanisms [3]. During 
activation, small peptides, the anaphylatoxins C4a, C3a and C5a, are released, which 
interact with specific receptors on leukocytes causing chemotaxis and activation of these 
cells (with C5a being the most potent anaphylatoxin). C3b and C4b, as well as degradation 
fragments of these complement activation products act as opsonins, which when bound 
covalently to the target stimulate phagocytosis through binding to complement receptors 
(CR1 to CR4) on phagocytic leukocytes. Erythrocytes also possess one of these receptors, 
CR1, on their surface, and play a major role in the clearance of opsonized microorganisms 
and immune complexes by mediating transport to the mononuclear phagocytic system in 
the spleen and liver. CR1 (CD35) and CR2 (CD21) also play a role in promoting the 
antigen-specific activation of B cells. Finally, the MAC causes lysis of target cells by 
insertion into their membranes. 

Complement regulators 
Complement activation is regulated by a number of soluble and membrane-bound proteins 
that inhibit activation in the fluid phase in the absence of a target, and inhibit activation on 
cell surfaces of the host. 

In the fluid phase, C1-inhibitor blocks C1r, C1s and the mannose-binding lectin-
associated serine proteases [14,15]. Factor I, together with C4-binding protein serving as a 
cofactor, degrades C4b, and with factor H or factor H-like protein-1 [16] serving as a 
cofactor, it catabolizes C3b [17-19]. C4-binding protein and factor H (as well as factor H-
like protein-1 [20]) also promote the dissociation of the classical and alternative pathway 
C3 convertases, respectively [18,19]. S-protein (vitronectin) and clusterin inhibit the 
formation of the MAC [21-24]. Furthermore, the anaphylatoxins are inactivated by plasma 
carboxypeptidases N and R (the latter also called carboxypeptidase U, plasma 
carboxypeptidase B, or thrombin activatable fibrinolysis inhibitor) [25,26]. 

On host cell surfaces, membrane cofactor protein (MCP; CD46) and CR1 act as 
cofactors to factor I, and decay accelerating factor (DAF; CD55) and CR1 promote the 
dissociation of the classical and the alternative pathway convertases [27-29]. Furthermore, 
CD59 (protectin) in host membranes inhibits the formation of the MAC [30,31]. 
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In spite of this elaborate system for inhibition of inappropriate complement activation, 
the complement system can also have harmful effects besides its essential role in host 
defense and clearance of necrotic and apoptotic cells and immune complexes. It can for 
example contribute to the cardiovascular collapse when it is activated systemically on a 
large scale as in sepsis [32], or it can be a major cause of tissue damage when it is activated 
by necrosis of tissues that do not proliferate easily such as the myocardium [33-35], or 
when it is activated by autoimmune processes such as rheumatoid arthritis, as detailed 
below. 

Role of the complement system in the pathogenesis of 
rheumatoid arthritis 

Complement in the circulation and diseased joints of patients with rheumatoid 
arthritis 
Initial reports on the complement system in RA date back to over 50 years ago. In the 
systemic circulation of the patients, total complement hemolytic activity (CH50; assessing 
activity of components of the classical and common terminal pathway) was reported to be 
normal or elevated [36-38], and in some (relatively severe) cases, decreased [39,40]. This is 
consistent with many complement proteins being positive acute phase reactants, with 
increased synthesis counteracting the consumption of these proteins upon complement 
activation [41,42]. Increased MBL levels have also been described in RA serum [43]. 
Studies analyzing activation products of complement in plasma or serum of RA patients 
showed increased levels of C1/C1-inhibitor complexes [44-47], sometimes correlating with 
joint inflammatory activity and sometimes not [44,47], and increased levels of C3 and C4 
activation products [45,48-54], including the anaphylatoxins C3a [55], though at least one 
study found C3 activation products merely in 1/3 of the patients [56]. Several reports 
showed an association between C3 and C4 activation products and disease activity 
[48,49,51,53,55]. A metabolic turnover study of C3 in the circulation of RA patients found 
hypercatabolism of C3 mainly in patients with extra-articular manifestations of RA. 
Interestingly, neither levels of total C3 nor C3d, an activation product, correlated with C3 
turnover, and decreased C3 levels were not found in any of the patients with 
hypercatabolism, indicating compensation by increased synthesis [57]. In a recent study, 
C1q-C4 complexes were measured in plasma of RA patients as novel, specific, and stable 
markers of classical pathway activation, minimally susceptible to in vitro artefacts [58,59]. 
These complexes were found at significantly higher levels in patients with active versus 
inactive RA, and correlated with disease activity. C4 activation products measured in these 
patients also correlated with C1q-C4 complexes [59]. Factor B fragments were also shown 
to be elevated in RA plasma [60], and an increased rate of catabolism of factor B, similarly 
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to that of C3, has also been associated with extra-articular manifestations [61]. A 
subsequent metabolic turnover study showed a higher catabolism of C4 than of factor B 
[62]. Levels of the fluid phase MAC were also elevated in RA plasma, though in one study 
again in only 1/3 of the patients [45,47,56,63]. Furthermore, elevated levels of the 
anaphylatoxin C5a were found [64]. Thus, although levels of native complement 
components in the circulation of RA patients may be normal or even elevated as a 
consequence of the acute phase reaction, levels of various activation products are increased, 
indicating activation of the complement system in these patients. 

Complement factors in synovial fluid and synovial tissue are derived not only from 
plasma, but also from local synthesis of these proteins [65-68]. In synovial fluid of RA 
patients, complement hemolytic activity (CH50), levels of the classical pathway 
components C1, C4, and C2, as well as levels of complement component C3 were shown to 
be decreased [69-74], just as levels of the alternative pathway components factor B and 
properdin [75,76], compared with synovial fluid of patients with non-rheumatoid forms of 
arthritis. At the same time, activation products of C4, factor B, C3, and C5, including the 
potent anaphylatoxins C5a and C3a [50,55,56,64,75,77-83], as well as C1/C1-inhibitor 
complexes [46,47,83,84] and fluid phase MAC [47,56,81,82,85] were shown to be elevated 
in RA synovial fluid. These data indicate a strong activation of the complement system in 
the inflamed joints of RA patients. To what extent the circulating complement activation 
products are derived from the joints, or whether they originate from activation processes 
outside the joints, remains unclear. 

Furthermore, in synovial tissue and cartilage of the diseased joints of RA patients, 
deposition of activated complement components was demonstrated, including that of C4 
and C3 [86-89], the MAC [63,88-90], and active C1s [91]. Regarding the presence of 
complement regulators in synovial tissue, contradicting reports have been published. 
Reduced expression of DAF and absence of protectin have been described in synovial 
lining cells of RA patients [89,92], but this was not confirmed in other studies [67,93,94]. 

Regarding the cause of complement activation in RA, there is extensive evidence 
advocating a role for immune complexes, but other molecules such as CRP and certain IgG 
glycoforms have also been implicated. Immune complexes in synovial fluid were 
associated with increased consumption, i.e. activation of complement measured as a 
decrease in CH50 or native complement factors, or as an increase in activation products 
[82,95-97]. Colocalization of immunoglobulins with C3 was also shown in hyaline cartilage 
of RA patients [87]. Immune complexes or rheumatoid factor in the circulation of RA 
patients also correlated with complement activation products or metabolic turnover of 
complement [48-50,62]. Rheumatoid factors from serum or synovial fluid of RA patients or 
derived from Epstein-Barr virus-transformed B cells of RA patients were capable of 
activating complement in vitro as well [98-101]. However, a major role for circulating 
immune complexes in activating complement in RA has also been questioned. Levels of 
C1/C1-inhibitor complexes in plasma of RA patients, reflecting C1 activation in vivo, were 
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shown not to correlate with levels of circulating immune complexes, with levels of C1/C1-
inhibitor complexes being only slightly increased in a part of the patients, whereas levels of 
circulating immune complexes were elevated in most of them. The activation of C1 by 
immune complexes of these patients in vitro was in line with the ex vivo results: C1 
activation was (slightly) above normal in only 1/3 of the cases [102]. Similar discrepancies 
between measured immune complexes and C1/C1-inhibitor levels in serum were noted also 
in another study [44]. The role of another molecule, CRP, has been proposed in at least part 
of the activation of complement in RA. Complexes between CRP and activation products of 
C3 and C4 were shown to be specific for CRP-mediated classical pathway activation in 
vivo [103], and these complexes were elevated in the plasma of the majority of the patients 
with RA and also correlated with disease activity [54]. In a recent study, we found low 
levels of cell-derived microparticles with bound C1q, C4 and C3 on their surface in plasma 
of RA patients, indicating low-level classical pathway activation on the surface of these 
microparticles in the circulation of the patients. The levels of microparticles with bound 
C1q correlated with the levels of those with bound CRP, suggesting the role for bound CRP 
in the complement activation [104]. In synovial fluid of the patients, microparticles with 
bound C1q, C4 and C3 on their surface were present at very high levels, and correlation 
analyses indicated a role for IgG and IgM molecules bound to the microparticle surface in 
the classical pathway activation [104]. Finally, it has been shown that the extent of 
galactosylation of circulating IgG molecules in RA patients is decreased [105], and that 
these glycoforms lacking galactose can bind MBL and activate the lectin pathway of 
complement [106]. 

Pathogenetic consequences of complement activation in RA 
That complement activation plays a role in the development of RA has been suggested by 
several studies showing an association between complement activation and inflammatory 
responses in the diseased joints of RA patients or in individual cell types found in synovial 
tissue. C3 activation products correlated with synovial fluid leukocyte counts and with 
lactoferrin, a parameter of neutrophil activation [50,83,107]. Furthermore, non-lethal MAC 
incorporation into membranes of RA synovial cells in culture stimulated the release of 
reactive oxygen metabolites, prostaglandin E2, leukotriene B4, and interleukin (IL)-6 from 
these cells [108-110], and C5a stimulation of synovial mast cells from RA patients induced 
the release of substantial amounts of histamine from these cells, which also showed 
increased expression of the C5a receptor compared to synovial mast cells from patients 
with osteoarthritis [111]. C3 degradation products also correlated with the clinically 
assessed level of joint inflammation in RA patients [112]. 

More direct evidence demonstrating the pathogenic role of the complement system in 
RA came from studies performed using animal models of the disease. In murine models of 
RA, deficiency of C1q, C4, a combined deficiency of CR1 and CR2, or a deficiency of CR3 
had no effect [113,114], while deficiency of factor B and especially of complement 
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component C3 ameliorated the disease [114-116], suggesting a predominant role of the 
alternative pathway in the development of arthritis. Deficiency of the C3aR did not protect 
against arthritis in a mouse model [117]. Deficiency of C6 also had no effect in one study, 
suggesting that the MAC was also not required [114]. This was, however, contradicted by 
another study using a rat model of arthritis, showing that deficiency of C6 effectively 
reduced disease severity [118]. Mice deficient for C5 were resistant to developing arthritis 
[114,119-122], as were mice deficient for the C5a receptor (C5aR) [114,117], suggesting a 
central role for this complement component in the pathogenesis of RA, though this could 
not be confirmed in all studies [123,124], perhaps due to concomitant genetic variations in 
the C5-deficient mice. Further evidence implicating C5 involves its interaction with Fcγ 
receptors (FcγR). Several studies have indicated an activating role in mediating joint 
inflammation for FcγRIII and to a lesser extent FcγRI in mouse arthritis models, and an 
inhibitory role for FcγRII [125-127], and it was shown that C5a can increase expression of 
the activating FcγRIII and reduce the expression of the inhibitory FcγRII in a C5aR-
dependent manner, thereby augmenting inflammatory responses in vitro and in vivo in a 
mouse model of acute pulmonary immune complex hypersensitivity [128]. In a serum 
transfer model of RA in mice (using serum from arthritic K/B×N mice), the expression of 
FcγR as well as that of C5 and C5aR were necessary for recruitment and activation of 
inflammatory cells and the development of arthritis [114], presumably via a mechanism 
similar to the one described in the pulmonary hypersensitivity model [129]. 

The possible role of complement regulatory proteins in the development of RA has 
also been studied using animal models. In a rat model of the disease, the inflammation was 
further increased by blocking the membrane complement regulators Crry (a rodent 
functional homologue of human MCP and DAF [130,131]) and CD59, using F(ab’)2 
fragments of monoclonal antibodies against these two proteins injected intra-articularly 
[132]. In line with this, the arthritis in mice transgenic for Crry was suppressed [133]. 
Furthermore, the arthritis in a murine model was worsened if the animals were also 
deficient for CD59a (a form of mouse CD59 that is widely distributed in tissues [134]), the 
effect of which was reversed by intra-articular administration of membrane-targeted soluble 
CD59 (sCD59-APT542) [135]. An effect of CD59 inhibition or deficiency also suggests a 
role for the MAC in the development of arthritis in these experiments, what contradicts 
results of other studies. The discrepancies are probably caused by differences between the 
animal models used, and it still awaits clarification whether C5a or the MAC, or both are 
important in human RA. 

Further extensive evidence implicating the complement system in the pathogenesis of 
RA came from studies testing the effects of complement inhibitors as potential therapeutics 
in animal models or clinical trials of RA. 
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Therapeutic inhibition of the complement system in 
rheumatoid arthritis 
Several (potential) therapeutic agents, such as neutralizing antibodies or antibody 
fragments, synthetic antagonists, engineered soluble forms of natural complement 
inhibitors, or synthetic protease inhibitors target the complement system directly (see 
Figure 1 for current specific therapeutic targets within the complement system). Beside 
these, other therapeutics that have a primary target other than a component of the 
complement system, such as anti-cytokine therapy, or lipid-lowering therapy with statins, 
can also have consequences for complement activation. 

Direct inhibition of the complement system 

Anti-C5 antibodies 
Studies on C5- and C5aR-deficient animals (see above) have suggested an important role 
for C5 in the development of arthritis. In accordance with those results, systemic 
administration of a monoclonal antibody against murine C5, blocking the generation of C5a 
and the formation of the MAC, effectively prevented the onset of arthritis and ameliorated 
established disease in a murine model of RA [136,137]. The same results were obtained 
with anti-C5 in another model of murine arthritis [114]. Administered intra-articularly, an 
anti-C5 single-chain fragment variable antibody (scFv), TS-A12/22, which also inhibits the 
cleavage of C5, thereby inhibiting both C5a release and formation of the MAC, and another 
scFv antibody (TS-A8) that selectively blocks the MAC formation, were both effective in a 
rat model of arthritis [118,138]. 

Eculizumab (h5G1.1; Alexion Pharmaceuticals, Inc., Cheshire, CT, USA) is a 
humanized monoclonal antibody that inhibits the cleavage of C5 by the classical and the 
alternative pathway C5 convertases, and thereby inhibits the formation of both C5a and the 
MAC [139]. It has proven to be an effective treatment for patients with paroxysmal 
nocturnal hemoglobinuria, blocking complement activation, reducing intravascular 
hemolysis and increasing the quality of life, with no significant adverse effects [140,141]. 
Eculizumab has also been tested in patients with RA, but did not meet expectations 
regarding clinical efficacy [142]. 

Pexelizumab (h5G1.1-scFv; Alexion Pharmaceuticals, Inc., Cheshire, CT, USA) is a 
recombinant, humanized, monoclonal, single-chain antibody fragment version of the 
antibody 5G1.1, with the same effects on the complement system as eculizumab [139]. To 
date it has been tested in patients undergoing cardiac surgery with cardiopulmonary bypass 
(CPB), and in patients with acute myocardial infarction (AMI). It proved to be a safe and 
effective inhibitor of pathological complement activation in patients undergoing cardiac 
surgery with CPB, reducing soluble MAC formation, leukocyte activation, postoperative 
myocardial injury, cognitive deficits, and blood loss [143-149]. In a phase II study on 
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patients with AMI undergoing primary percutaneous coronary intervention (PCI), 
pexelizumab had no measurable effect on infarct size, but reduced mortality significantly 
[150]. This effect was associated with decreased CRP and IL-6 levels in these patients, 
suggesting that the clinical benefit was mediated through anti-inflammatory effects [151]. 
In contrast to these results, in AMI patients treated with thrombolytics, pexelizumab had no 
effect [152], nor in a phase III study on AMI patients undergoing primary PCI [153], 
questioning the effectiveness of this therapy in AMI. Pexelizumab has not been tested in 
RA. 

C5aR antagonists 
Intra-articular or intravenous injection of the synthetic hexapeptide C5aR antagonist 
NMePhe-Lys-Pro-dCha-Trp-dArg was ineffective in a rat model [154,155]. In contrast, an 
orally active C5aR antagonist, the cyclic peptide AcF-[OPdChaWR] (PMX-53) 
significantly reduced joint pathology in another rat model [156]. This latter compound has 
also been tested in RA patients in a phase Ib clinical trial, where it did not result in a 
reduction of synovial inflammation [157]. 

C3aR antagonists 
SB 290157, a nonpeptide antagonist of the C3aR, has been shown to reduce inflammation 
in a rat arthritis model [158]. However, this peptide was later shown to possess agonist 
activity as well in a variety of systems [159]. 

sCR1 
Intra-articular administration of soluble CR1 (sCR1) reduced the development of arthritis in 
a rat model, but was ineffective when administered systemically [155,160]. Trials of 
recombinant sCR1 TP-10 (AVANT Immunotherapeutics, Needham, MA, USA) in patients 
with acute lung injury or acute respiratory distress syndrome and in adult and pediatric 
patients undergoing cardiac surgery with CPB showed that it was well tolerated, 
significantly decreased mortality and AMI in male patients undergoing cardiac surgery, and 
appeared to decrease complement activation in infants undergoing cardiac surgery [161-
163]. 

A membrane-targeted form of human sCR1, APT070, targeted using a synthetic 
address tag comprised of a lipid moiety that interacts with the hydrophobic interior of the 
plasma membrane and a short positively charged peptide that interacts with negatively 
charged phospholipid head groups (APT542) [164], reduced the development of arthritis in 
a rat model when injected intra-articularly [165]. 

Gene therapy with sCR1 has also been tested in a murine model of arthritis, by 
injection of retrovirally infected syngeneic cells expressing truncated sCR1, or by injection 
of naked DNA containing truncated sCR1 and dimeric truncated sCR1 coupled to an IgG 
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heavy chain fragment (truncated sCR1-Ig). Both forms of therapy inhibited the 
development of arthritis in the mice [166]. 

DAF-Ig 
Coupling recombinant soluble forms of DAF or CD59 (or both) to IgG Fc fragments 
generated molecules with an extended half-life in vivo, though with significantly decreased 
activity compared to the soluble non-fusion protein variants. Nevertheless, intra-articular 
administration of DAF-Ig significantly reduced the severity of arthritis in a rat model [167]. 

Membrane-targeted soluble CD59 
Intra-articular administration of membrane-targeted soluble CD59 (sCD59-APT542), 
targeted using the same synthetic address tag (APT542) as the sCR1 derivative APT070 
[164], suppressed arthritis in a rat model [168], and reversed the effect of CD59 deficiency 
in a murine arthritis model [135]. 

Nafamostat mesilate (FUT-175) 
Nafamostat mesilate or FUT-175 is a synthetic protease inhibitor also blocking proteases of 
the classical as well as the alternative pathway of complement activation [169,170]. 
Administered orally, it inhibited arthritis in a rat model [171]. This agent is already used in 
patients, for example in the treatment of acute pancreatitis, patients undergoing cardiac 
surgery with CPB, or for anticoagulation during hemodialysis [172-174]. 

Indirect inhibition of the complement system 

Infliximab 
CRP-mediated classical pathway activation has been shown to be elevated in RA patients 
suggesting that at least part of the complement activation occurring in this disease is 
mediated by CRP [54]. Treatment of RA patients with infliximab, a chimeric monoclonal 
antibody against tumor necrosis factor α (TNFα), decreases plasma levels of CRP 
[175,176], and it has also been shown to decrease CRP-dependent complement activation 
products [177]. Treatment with infliximab can thus indirectly reduce complement activation 
in RA patients. 

Statins 
On endothelial cells in vitro, statins have been shown to increase the expression of DAF, 
and under hypoxic conditions also the expression of CD59, which prevents complement 
activation on these cells [178,179]. It was suggested that increased expression of DAF and 
CD59 and inhibition of complement activation may contribute to the anti-inflammatory 
effects of statins in RA [179], since the rheumatoid joint is also known to be a hypoxic 
environment [180,181]. 
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Statins are also known to decrease CRP levels [182,183], and may also in this way 
lower complement activation in RA patients, similarly to infliximab. 

General considerations regarding therapy targeting the complement system in 
RA 
Inhibition of the complement system can have unwanted side effects, such as increased 
susceptibility to infection and autoimmune disorders [3,184,185], and impaired repair 
processes in various organs [186-188]. These potentially harmful side effects can be 
minimized by carefully choosing the target of inhibition and by optimization of the dosing, 
whereby the complement system is suppressed sufficiently for a therapeutic effect but not 
completely inhibited. Agents preventing C3 activation such as sCR1 or DAF have more 
serious side effects compared with agents that act downstream of C3 in the complement 
cascade, such as anti-C5 antibodies, C5aR antagonists and CD59. Agents acting 
downstream of C3 activation still allow formation of C3b and thereby opsonization, 
phagocytosis, immune complex clearance, and enhancement of B cell responses. Local 
instead of systemic inhibition of the complement system, by local delivery of therapeutics 
or by targeting of these reagents, can also prevent unwanted systemic side effects, and 
increase efficacy. Examples of such reagents are APT070, a membrane-targeted form of 
sCR1, or sCD59-APT542 [135,164,165,168]. 

Further important points to consider when designing anti-complement therapeutics are 
cost and ease of manufacture, in vivo stability and half-life, and the potential to elicit 
antibody responses that would inhibit the therapeutic effect. Expression of complement 
regulators as Fc fusion proteins, for example, generates complement inhibitor reagents with 
extended half-lives in vivo [189], and production of humanized or human monoclonal 
antibodies can minimize the problems of antigenicity [139,190]. 

Future perspectives 
Over the years, a tremendous amount of experimental data has been collected regarding the 
pathogenesis of rheumatoid arthritis and the role of the complement system therein. It is 
now certain that the complement system plays an important role, but the precise mechanism 
or mechanisms still need to be clarified. Several agents interfering with the complement 
system are effective in animal models, but regarding human RA, therapeutic attempts 
targeting the complement system have been less successful. Improvements in this respect 
might be expected from gathering more precise knowledge regarding the pathogenesis of 
the disease, and further innovations in drug design. 

An area of investigations expected to make substantial contributions to our 
understanding of the development of RA in the coming years is for example the 
identification of the various genetic loci, which are associated with an increased risk of this 
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disease. Of potential interest regarding our knowledge of the role of the complement system 
in the pathogenesis of RA is the recent finding, obtained using genome-wide association 
analyses as well as a candidate gene approach, that a polymorphism in the TNF receptor-
associated factor 1 (TRAF1)/C5 region on chromosome 9 is associated with an increased 
susceptibility to RA. Further studies will be needed to establish precisely which locus is 
involved and what biological processes are altered by the RA-associated genetic variant(s) 
[191,192]. 

Potential therapeutic agents not yet tested in arthritis models are for example a 
truncated version of sCR1, which lacks the C4b binding site and is a selective inhibitor of 
the alternative pathway [193], antisense peptides such as those that have been designed to 
inhibit C5a [194,195], or stabilized RNA called aptamers that bind C5 for example, and 
inhibit its cleavage by the classical or alternative pathway C5 convertases [196]. Also, 
DAF-Ig prodrugs (fusion proteins comprised of DAF and IgG Fc) with an extended half-
life in vivo, but significantly decreased activity compared to the soluble non-fusion protein 
variants have been developed, with specific cleavage sites for matrix metalloproteases 
and/or aggrecanases [197]. These enzymes can both be found in the diseased RA joints 
[198,199], and by releasing soluble DAF, they restore its activity, which is thus localized to 
the area of inflammation. Genetic engineering of complement regulators to increase their 
inhibitory activity also seems feasible [200], and gene therapy might also be an option in 
the future [166]. 

References 
[1]  Lee DM, Weinblatt ME. Rheumatoid arthritis. Lancet 2001; 358: 903-911. 
[2]  Firestein GS. Evolving concepts of rheumatoid arthritis. Nature 2003; 423: 356-361. 
[3]  Walport MJ. Complement. First of two parts. N Engl J Med 2001; 344: 1058-1066. 
[4]  Kaplan MH, Volanakis JE. Interaction of C-reactive protein complexes with the complement 

system. I. Consumption of human complement associated with the reaction of C-reactive 
protein with pneumococcal C-polysaccharide and with the choline phosphatides, lecithin and 
sphingomyelin. J Immunol 1974; 112: 2135-2147. 

[5]  Füst G, Medgyesi GA, Rajnavölgyi E, Csecsi-Nagy M, Czikora K, Gergely J. Possible 
mechanisms of the first step of the classical complement activation pathway: binding and 
activation of C1. Immunology 1978; 35: 873-884. 

[6]  Ying SC, Gewurz AT, Jiang H, Gewurz H. Human serum amyloid P component oligomers 
bind and activate the classical complement pathway via residues 14-26 and 76-92 of the A 
chain collagen-like region of C1q. J Immunol 1993; 150: 169-176. 

[7]  Kim SJ, Gershov D, Ma X, Brot N, Elkon KB. I-PLA(2) activation during apoptosis promotes 
the exposure of membrane lysophosphatidylcholine leading to binding by natural 
immunoglobulin M antibodies and complement activation. J Exp Med 2002; 196: 655-665. 



TARGETING COMPLEMENT IN RHEUMATOID ARTHRITIS 

 151

88   

[8]  Ciurana CL, Zwart B, van Mierlo G, Hack CE. Complement activation by necrotic cells in 
normal plasma environment compares to that by late apoptotic cells and involves 
predominantly IgM. Eur J Immunol 2004; 34: 2609-2619. 

[9]  Zwart B, Ciurana C, Rensink I, Manoe R, Hack CE, Aarden LA. Complement activation by 
apoptotic cells occurs predominantly via IgM and is limited to late apoptotic (secondary 
necrotic) cells. Autoimmunity 2004; 37: 95-102. 

[10]  Endo Y, Matsushita M, Fujita T. Role of ficolin in innate immunity and its molecular basis. 
Immunobiology 2007; 212: 371-379. 

[11]  Sandberg AL, Gotze O, Muller-Eberhard HJ, Osler AG. Complement utilization by guinea pig 
1 and 2-immunoglobulins through the C3 activator system. J Immunol 1971; 107: 920-923. 

[12]  Ratnoff WD, Fearon DT, Austen KF. The role of antibody in the activation of the alternative 
complement pathway. Springer Semin Immunopathol 1983; 6: 361-371. 

[13]  Hiemstra PS, Gorter A, Stuurman ME, van Es LA, Daha MR. Activation of the alternative 
pathway of complement by human serum IgA. Eur J Immunol 1987; 17: 321-326. 

[14]  Arlaud GJ, Reboul A, Sim RB, Colomb MG. Interaction of C1-inhibitor with the C1r and C1s 
subcomponents in human C1. Biochim Biophys Acta 1979; 576: 151-162. 

[15]  Matsushita M, Thiel S, Jensenius JC, Terai I, Fujita T. Proteolytic activities of two types of 
mannose-binding lectin-associated serine protease. J Immunol 2000; 165: 2637-2642. 

[16]  Kuhn S, Skerka C, Zipfel PF. Mapping of the complement regulatory domains in the human 
factor H-like protein 1 and in factor H1. J Immunol 1995; 155: 5663-5670. 

[17]  Crossley LG, Porter RR. Purification of the human complement control protein C3b 
inactivator. Biochem J 1980; 191: 173-182. 

[18]  Zipfel PF, Jokiranta TS, Hellwage J, Koistinen V, Meri S. The factor H protein family. 
Immunopharmacology 1999; 42: 53-60. 

[19]  Blom AM. Structural and functional studies of complement inhibitor C4b-binding protein. 
Biochem Soc Trans 2002; 30: 978-982. 

[20]  Kuhn S, Zipfel PF. Mapping of the domains required for decay acceleration activity of the 
human factor H-like protein 1 and factor H. Eur J Immunol 1996; 26: 2383-2387. 

[21]  Podack ER, Kolb WP, Muller-Eberhard HJ. The SC5b-7 complex: formation, isolation, 
properties, and subunit composition. J Immunol 1977; 119: 2024-2029. 

[22]  Podack ER, Preissner KT, Muller-Eberhard HJ. Inhibition of C9 polymerization within the 
SC5b-9 complex of complement by S-protein. Acta Pathol Microbiol Immunol Scand Suppl 
1984; 284: 89-96. 

[23]  Murphy BF, Saunders JR, O'Bryan MK, Kirszbaum L, Walker ID, d'Apice AJ. SP-40,40 is an 
inhibitor of C5b-6-initiated haemolysis. Int Immunol 1989; 1: 551-554. 

[24]  McDonald JF, Nelsestuen GL. Potent inhibition of terminal complement assembly by 
clusterin: characterization of its impact on C9 polymerization. Biochemistry 1997; 36: 7464-
7473. 

[25]  Bokisch VA, Muller-Eberhard HJ. Anaphylatoxin inactivator of human plasma: its isolation 
and characterization as a carboxypeptidase. J Clin Invest 1970; 49: 2427-2436. 

[26]  Campbell W, Okada N, Okada H. Carboxypeptidase R is an inactivator of complement-
derived inflammatory peptides and an inhibitor of fibrinolysis. Immunol Rev 2001; 180: 162-
167. 



CHAPTER 8 

 152

[27]  Medof ME, Kinoshita T, Nussenzweig V. Inhibition of complement activation on the surface 
of cells after incorporation of decay-accelerating factor (DAF) into their membranes. J Exp 
Med 1984; 160: 1558-1578. 

[28]  Seya T, Turner JR, Atkinson JP. Purification and characterization of a membrane protein 
(gp45-70) that is a cofactor for cleavage of C3b and C4b. J Exp Med 1986; 163: 837-855. 

[29]  Krych-Goldberg M, Atkinson JP. Structure-function relationships of complement receptor 
type 1. Immunol Rev 2001; 180: 112-122. 

[30]  Davies A, Simmons DL, Hale G, Harrison RA, Tighe H, Lachmann PJ, Waldmann H. CD59, 
an LY-6-like protein expressed in human lymphoid cells, regulates the action of the 
complement membrane attack complex on homologous cells. J Exp Med 1989; 170: 637-654. 

[31]  Rollins SA, Sims PJ. The complement-inhibitory activity of CD59 resides in its capacity to 
block incorporation of C9 into membrane C5b-9. J Immunol 1990; 144: 3478-3483. 

[32]  Ward PA. The dark side of C5a in sepsis. Nat Rev Immunol 2004; 4: 133-142. 
[33]  Maroko PR, Carpenter CB, Chiariello M, Fishbein MC, Radvany P, Knostman JD, Hale SL. 

Reduction by cobra venom factor of myocardial necrosis after coronary artery occlusion. J 
Clin Invest 1978; 61: 661-670. 

[34]  Hack CE, Wolbink GJ, Schalkwijk C, Speijer H, Hermens WT, van den Bosch H. A role for 
secretory phospholipase A2 and C-reactive protein in the removal of injured cells. Immunol 
Today 1997; 18: 111-115. 

[35]  Lagrand WK, Niessen HW, Wolbink GJ, Jaspars LH, Visser CA, Verheugt FW, Meijer CJ, 
Hack CE. C-reactive protein colocalizes with complement in human hearts during acute 
myocardial infarction. Circulation 1997; 95: 97-103. 

[36]  Vaughan JH, Bayles TB, Favour CB. Serum complement in rheumatoid arthritis. Am J Med 
Sci 1951; 222: 186-192. 

[37]  Williams RC, Jr., Law DH. Serum complement in connective tissue disorders. J Lab Clin Med 
1958; 52: 273-281. 

[38]  Ellis HA, Felix-Davies D. Serum complement, rheumatoid factor, and other serum proteins in 
rheumatoid disease and systemic lupus erythematosus. Ann Rheum Dis 1959; 18: 215-224. 

[39]  Franco AE, Schur PH. Hypocomplementemia in rheumatoid arthritis. Arthritis Rheum 1971; 
14: 231-238. 

[40]  Schur PH, Britton MC, Franco AE, Corson JM, Sosman JL, Ruddy S. Rheumatoid synovitis: 
complement and immune complexes. Rheumatology 1975; 6: 34-42. 

[41]  Gabay C, Kushner I. Acute-phase proteins and other systemic responses to inflammation. N 
Engl J Med 1999; 340: 448-454. 

[42]  Suffredini AF, Fantuzzi G, Badolato R, Oppenheim JJ, O'Grady NP. New insights into the 
biology of the acute phase response. J Clin Immunol 1999; 19: 203-214. 

[43]  Saevarsdottir S, Steinsson K, Grondal G, Valdimarsson H. Patients with rheumatoid arthritis 
have higher levels of mannan-binding lectin than their first-degree relatives and unrelated 
controls. J Rheumatol 2007; 34: 1692-1695. 

[44]  Berglund K, Laurell AB, Nived O, Sjoholm AG, Sturfelt G. Complement activation, 
circulating C1q binding substances and inflammatory activity in rheumatoid arthritis: relations 
and changes on suppression of inflammation. J Clin Lab Immunol 1980; 4: 7-14. 



TARGETING COMPLEMENT IN RHEUMATOID ARTHRITIS 

 153

88   

[45]  Auda G, Holme ER, Davidson JE, Zoma A, Veitch J, Whaley K. Measurement of complement 
activation products in patients with chronic rheumatic diseases. Rheumatol Int 1990; 10: 185-
189. 

[46]  Laurell AB, Martensson U, Sjoholm AG. Trimer and tetramer complexes containing C1 
esterase inhibitor, C1r and C1s, in serum and synovial fluid of patients with rheumatic disease. 
J Immunol Methods 1990; 129: 55-61. 

[47]  Oleesky DA, Daniels RH, Williams BD, Amos N, Morgan BP. Terminal complement 
complexes and C1/C1 inhibitor complexes in rheumatoid arthritis and other arthritic 
conditions. Clin Exp Immunol 1991; 84: 250-255. 

[48]  Nydegger UE, Zubler RH, Gabay R, Joliat G, Karagevrekis CH, Lambert PH, Miescher PA. 
Circulating complement breakdown products in patients with rheumatoid arthritis. Correlation 
between plasma C3d, circulating immune complexes, and clinical activity. J Clin Invest 1977; 
59: 862-868. 

[49]  Mallya RK, Vergani D, Tee DE, Bevis L, de Beer FC, Berry H, Hamilton ED, Mace BE, 
Pepys MB. Correlation in rheumatoid arthritis of concentrations of plasma C3d, serum 
rheumatoid factor, immune complexes and C-reactive protein with each other and with 
clinical features of disease activity. Clin Exp Immunol 1982; 48: 747-753. 

[50]  Berkowicz A, Kappelgaard E, Petersen J, Nielsen H, Ingemann-Hansen T, Halkjaer-
Kristensen J, Sorensen H. Complement C3c and C3d in plasma and synovial fluid in 
rheumatoid arthritis. Acta Pathol Microbiol Immunol Scand [C ] 1983; 91: 397-402. 

[51]  Morrow WJ, Williams DJ, Ferec C, Casburn-Budd R, Isenberg DA, Paice E, Snaith ML, 
Youinou P, Le GP. The use of C3d as a means of monitoring clinical activity in systemic 
lupus erythematosus and rheumatoid arthritis. Ann Rheum Dis 1983; 42: 668-671. 

[52]  Petersen NE, Elmgreen J, Teisner B, Svehag SE. Activation of classical pathway complement 
in chronic inflammation. Elevated levels of circulating C3d and C4d split products in 
rheumatoid arthritis and Crohn's disease. Acta Med Scand 1988; 223: 557-560. 

[53]  Makinde VA, Senaldi G, Jawad AS, Berry H, Vergani D. Reflection of disease activity in 
rheumatoid arthritis by indices of activation of the classical complement pathway. Ann Rheum 
Dis 1989; 48: 302-306. 

[54]  Molenaar ET, Voskuyl AE, Familian A, van Mierlo GJ, Dijkmans BA, Hack CE. Complement 
activation in patients with rheumatoid arthritis mediated in part by C-reactive protein. Arthritis 
Rheum 2001; 44: 997-1002. 

[55]  Moxley G, Ruddy S. Elevated C3 anaphylatoxin levels in synovial fluids from patients with 
rheumatoid arthritis. Arthritis Rheum 1985; 28: 1089-1095. 

[56]  Mollnes TE, Lea T, Mellbye OJ, Pahle J, Grand O, Harboe M. Complement activation in 
rheumatoid arthritis evaluated by C3dg and the terminal complement complex. Arthritis 
Rheum 1986; 29: 715-721. 

[57]  Swaak AJ, Han H, van Rooyen A, Pillay M, Hack CE. Complement (C3) metabolism in 
rheumatoid arthritis in relation to the disease course. Rheumatol Int 1988; 8: 61-65. 

[58]  Wouters D, Wiessenberg HD, Hart M, Bruins P, Voskuyl A, Daha MR, Hack CE. Complexes 
between C1q and C3 or C4: novel and specific markers for classical complement pathway 
activation. J Immunol Methods 2005; 298: 35-45. 



CHAPTER 8 

 154

[59]  Wouters D, Voskuyl AE, Molenaar ET, Dijkmans BA, Hack CE. Evaluation of classical 
complement pathway activation in rheumatoid arthritis: measurement of C1q-C4 complexes as 
novel activation products. Arthritis Rheum 2006; 54: 1143-1150. 

[60]  Kolb WP, Morrow PR, Tamerius JD. Ba and Bb fragments of factor B activation: fragment 
production, biological activities, neoepitope expression and quantitation in clinical samples. 
Complement Inflamm 1989; 6: 175-204. 

[61]  Krick EH, De Heer DH, Kaplan RA, Arroyave CM, Vaughan JH. Metabolism of factor B of 
serum complement in rheumatoid arthritis. Clin Exp Immunol 1978; 34: 1-9. 

[62]  Kaplan RA, Curd JG, Deheer DH, Carson DA, Pangburn MK, Muller-Eberhard HJ, Vaughan 
JH. Metabolism of C4 and factor B in rheumatoid arthritis. Relation to rheumatoid factor. 
Arthritis Rheum 1980; 23: 911-920. 

[63]  Corvetta A, Pomponio G, Rinaldi N, Luchetti MM, Di Loreto C, Stramazzotti D. Terminal 
complement complex in synovial tissue from patients affected by rheumatoid arthritis, 
osteoarthritis and acute joint trauma. Clin Exp Rheumatol 1992; 10: 433-438. 

[64]  Hogasen K, Mollnes TE, Harboe M, Gotze O, Hammer HB, Oppermann M. Terminal 
complement pathway activation and low lysis inhibitors in rheumatoid arthritis synovial fluid. 
J Rheumatol 1995; 22: 24-28. 

[65]  Ruddy S, Colten HR. Rheumatoid arthritis. Biosynthesis of complement proteins by synovial 
tissues. N Engl J Med 1974; 290: 1284-1288. 

[66]  Moffat GJ, Lappin D, Birnie GD, Whaley K. Complement biosynthesis in human synovial 
tissue. Clin Exp Immunol 1989; 78: 54-60. 

[67]  Guc D, Gulati P, Lemercier C, Lappin D, Birnie GD, Whaley K. Expression of the 
components and regulatory proteins of the alternative complement pathway and the membrane 
attack complex in normal and diseased synovium. Rheumatol Int 1993; 13: 139-146. 

[68]  Gulati P, Guc D, Lemercier C, Lappin D, Whaley K. Expression of the components and 
regulatory proteins of the classical pathway of complement in normal and diseased synovium. 
Rheumatol Int 1994; 14: 13-19. 

[69]  Hedberg H. Studies on the depressed hemolytic complement activity of synovial fluid in adult 
rheumatoid arthritis. Acta Rheumatol Scand 1963; 9: 165-193. 

[70]  Pekin TJ, Jr., Zvaifler NJ. Hemolytic complement in synovial fluid. J Clin Invest 1964; 43: 
1372-1382. 

[71]  Fostiropoulos G, Austen KF, Bloch KJ. Total hemolytic complement (CH50) and second 
component of complement (C2 HU) activity in serum and synovial fluid. Arthritis Rheum 
1965; 8: 219-232. 

[72]  Ruddy S, Britton MC, Schur PH, Austen KF. Complement components in synovial fluid: 
activation and fixation in seropositive rheumatoid arthritis. Ann N Y Acad Sci 1969; 168: 161-
172. 

[73]  Lundh B, Hedberg H, Laurell AB. Studies of the third component of complement in synovial 
fluid from arthritic patients. Clin Exp Immunol 1970; 6: 407-411. 

[74]  Hedberg H, Laurell AB. The concentrations of the fourth component of complement and of 
the C1 inactivator in synovial fluid from arthritic patients. Clin Exp Immunol 1972; 11: 201-
207. 

[75]  El-Ghobarey A, Whaley K. Alternative pathway complement activation in rheumatoid 
arthritis. J Rheumatol 1980; 7: 453-460. 



TARGETING COMPLEMENT IN RHEUMATOID ARTHRITIS 

 155

88   

[76]  Neumann E, Barnum SR, Tarner IH, Echols J, Fleck M, Judex M, Kullmann F, Mountz JD, 
Scholmerich J, Gay S, Muller-Ladner U. Local production of complement proteins in 
rheumatoid arthritis synovium. Arthritis Rheum 2002; 46: 934-945. 

[77]  Hedberg H, Lundh B, Laurell AB. Studies of the third component of complement in synovial 
fluid from arthritic patients. II. Conversion and its relation to total complement. Clin Exp 
Immunol 1970; 6: 707-712. 

[78]  Perrin LH, Nydegger UE, Zubler RH, Lambert PH, Miescher PA. Correlation between levels 
of breakdown products of C3, C4, and properdin factor B in synovial fluids from patients with 
rheumatoid arthritis. Arthritis Rheum 1977; 20: 647-652. 

[79]  Swaak AJ, van Rooyen A, Planten O, Han H, Hattink O, Hack E. An analysis of the levels of 
complement components in the synovial fluid in rheumatic diseases. Clin Rheumatol 1987; 6: 
350-357. 

[80]  Jose PJ, Moss IK, Maini RN, Williams TJ. Measurement of the chemotactic complement 
fragment C5a in rheumatoid synovial fluids by radioimmunoassay: role of C5a in the acute 
inflammatory phase. Ann Rheum Dis 1990; 49: 747-752. 

[81]  Brodeur JP, Ruddy S, Schwartz LB, Moxley G. Synovial fluid levels of complement SC5b-9 
and fragment Bb are elevated in patients with rheumatoid arthritis. Arthritis Rheum 1991; 34: 
1531-1537. 

[82]  Olmez U, Garred P, Mollnes TE, Harboe M, Berntzen HB, Munthe E. C3 activation products, 
C3 containing immune complexes, the terminal complement complex and native C9 in 
patients with rheumatoid arthritis. Scand J Rheumatol 1991; 20: 183-189. 

[83]  Abbink JJ, Kamp AM, Nuijens JH, Erenberg AJ, Swaak AJ, Hack CE. Relative contribution 
of contact and complement activation to inflammatory reactions in arthritic joints. Ann Rheum 
Dis 1992; 51: 1123-1128. 

[84]  Inman RD, Harpel PC. C1 inactivator-C1s complexes in inflammatory joint disease. Clin Exp 
Immunol 1983; 53: 521-528. 

[85]  Morgan BP, Daniels RH, Williams BD. Measurement of terminal complement complexes in 
rheumatoid arthritis. Clin Exp Immunol 1988; 73: 473-478. 

[86]  Rodman WS, Williams RC, Jr., Bilka PJ, Muller-Eberhard HJ. Immunofluorescent 
localization of the third and the fourth component of complement in synovial tissue from 
patients with rheumatoid arthritis. J Lab Clin Med 1967; 69: 141-150. 

[87]  Cooke TD, Hurd ER, Jasin HE, Bienenstock J, Ziff M. Identification of immunoglobulins and 
complement in rheumatoid articular collagenous tissues. Arthritis Rheum 1975; 18: 541-551. 

[88]  Kemp PA, Spragg JH, Brown JC, Morgan BP, Gunn CA, Taylor PW. Immunohistochemical 
determination of complement activation in joint tissues of patients with rheumatoid arthritis 
and osteoarthritis using neoantigen-specific monoclonal antibodies. J Clin Lab Immunol 1992; 
37: 147-162. 

[89]  Konttinen YT, Ceponis A, Meri S, Vuorikoski A, Kortekangas P, Sorsa T, Sukura A, 
Santavirta S. Complement in acute and chronic arthritides: assessment of C3c, C9, and 
protectin (CD59) in synovial membrane. Ann Rheum Dis 1996; 55: 888-894. 

[90]  Sanders ME, Kopicky JA, Wigley FM, Shin ML, Frank MM, Joiner KA. Membrane attack 
complex of complement in rheumatoid synovial tissue demonstrated by immunofluorescent 
microscopy. J Rheumatol 1986; 13: 1028-1034. 



CHAPTER 8 

 156

[91]  Nakagawa K, Sakiyama H, Tsuchida T, Yamaguchi K, Toyoguchi T, Masuda R, Moriya H. 
Complement C1s activation in degenerating articular cartilage of rheumatoid arthritis patients: 
immunohistochemical studies with an active form specific antibody. Ann Rheum Dis 1999; 
58: 175-181. 

[92]  Itoh J, Nose M, Fujita T, Kato M, Ohyama A, Kyogoku M. Expression of decay-accelerating 
factor is reduced on hyperplastic synovial lining cells in rheumatoid synovitis. Clin Exp 
Immunol 1991; 83: 364-368. 

[93]  Tarkowski A, Trollmo C, Seifert PS, Hansson GK. Expression of decay-accelerating factor on 
synovial lining cells in inflammatory and degenerative arthritides. Rheumatol Int 1992; 12: 
201-205. 

[94]  Hamann J, Wishaupt JO, van Lier RA, Smeets TJ, Breedveld FC, Tak PP. Expression of the 
activation antigen CD97 and its ligand CD55 in rheumatoid synovial tissue. Arthritis Rheum 
1999; 42: 650-658. 

[95]  Winchester RJ, Agnello V, Kunkel HG. The joint-fluid gammaG-globulin complexes and their 
relationship to intraarticular complement dimunition. Ann N Y Acad Sci 1969; 168: 195-203. 

[96]  Winchester RJ, Agnello V, Kunkel HG. Gamma globulin complexes in synovial fluids of 
patients with rheumatoid arthritis. Partial characterization and relationship to lowered 
complement levels. Clin Exp Immunol 1970; 6: 689-706. 

[97]  Zubler RH, Nydegger U, Perrin LH, Fehr K, McCormick J, Lambert PH, Miescher PA. 
Circulating and intra-articular immune complexes in patients with rheumatoid arthritis. 
Correlation of 125I-Clq binding activity with clinical and biological features of the disease. J 
Clin Invest 1976; 57: 1308-1319. 

[98]  Brown PB, Nardella FA, Mannik M. Human complement activation by self-associated IgG 
rheumatoid factors. Arthritis Rheum 1982; 25: 1101-1107. 

[99]  Sabharwal UK, Vaughan JH, Fong S, Bennett PH, Carson DA, Curd JG. Activation of the 
classical pathway of complement by rheumatoid factors. Assessment by radioimmunoassay 
for C4. Arthritis Rheum 1982; 25: 161-167. 

[100]  Robbins DL, Fiegal DW, Jr., Leek JC, Shapiro R, Wiesner K. Complement activation by 19S 
IgM rheumatoid factor: relationship to disease activity in rheumatoid arthritis. J Rheumatol 
1986; 13: 33-38. 

[101]  Sato Y, Sato R, Watanabe H, Kogure A, Watanabe K, Nishimaki T, Kasukawa R, Kuraya M, 
Fujita T. Complement activating properties of monoreactive and polyreactive IgM rheumatoid 
factors. Ann Rheum Dis 1993; 52: 795-800. 

[102]  Hack CE, Eerenberg-Belmer AJ, Lim UG, Haverman J, Aalberse RC. Lack of activation of 
C1, despite circulating immune complexes detected by two C1q methods, in patients with 
rheumatoid arthritis. Arthritis Rheum 1984; 27: 40-48. 

[103]  Wolbink GJ, Brouwer MC, Buysmann S, ten Berge I, Hack CE. CRP-mediated activation of 
complement in vivo: assessment by measuring circulating complement-C-reactive protein 
complexes. J Immunol 1996; 157: 473-479. 

[104]  Biró É, Nieuwland R, Tak PP, Pronk LM, Schaap MC, Sturk A, Hack CE. Activated 
complement components and complement activator molecules on the surface of cell-derived 
microparticles in patients with rheumatoid arthritis and healthy individuals. Ann Rheum Dis 
2007; 66: 1085-1092. 



TARGETING COMPLEMENT IN RHEUMATOID ARTHRITIS 

 157

88   

[105]  Parekh RB, Dwek RA, Sutton BJ, Fernandes DL, Leung A, Stanworth D, Rademacher TW, 
Mizuochi T, Taniguchi T, Matsuta K, et al. Association of rheumatoid arthritis and primary 
osteoarthritis with changes in the glycosylation pattern of total serum IgG. Nature 1985; 316: 
452-457. 

[106]  Malhotra R, Wormald MR, Rudd PM, Fischer PB, Dwek RA, Sim RB. Glycosylation changes 
of IgG associated with rheumatoid arthritis can activate complement via the mannose-binding 
protein. Nat Med 1995; 1: 237-243. 

[107]  Hunder GG, McDuffie FC, Mullen BJ. Activation of complement components C3 and factor 
B in synovial fluids. J Lab Clin Med 1977; 89: 160-171. 

[108]  Morgan BP, Daniels RH, Watts MJ, Williams BD. In vivo and in vitro evidence of cell 
recovery from complement attack in rheumatoid synovium. Clin Exp Immunol 1988; 73: 467-
472. 

[109]  Daniels RH, Houston WA, Petersen MM, Williams JD, Williams BD, Morgan BP. 
Stimulation of human rheumatoid synovial cells by non-lethal complement membrane attack. 
Immunology 1990; 69: 237-242. 

[110]  Daniels RH, Williams BD, Morgan BP. Human rheumatoid synovial cell stimulation by the 
membrane attack complex and other pore-forming toxins in vitro: the role of calcium in cell 
activation. Immunology 1990; 71: 312-316. 

[111]  Kiener HP, Baghestanian M, Dominkus M, Walchshofer S, Ghannadan M, Willheim M, 
Sillaber C, Graninger WB, Smolen JS, Valent P. Expression of the C5a receptor (CD88) on 
synovial mast cells in patients with rheumatoid arthritis. Arthritis Rheum 1998; 41: 233-245. 

[112]  Doherty M, Richards N, Hornby J, Powell R. Relation between synovial fluid C3 degradation 
products and local joint inflammation in rheumatoid arthritis, osteoarthritis, and crystal 
associated arthropathy. Ann Rheum Dis 1988; 47: 190-197. 

[113]  Solomon S, Kolb C, Mohanty S, Jeisy-Walder E, Preyer R, Schollhorn V, Illges H. 
Transmission of antibody-induced arthritis is independent of complement component 4 (C4) 
and the complement receptors 1 and 2 (CD21/35). Eur J Immunol 2002; 32: 644-651. 

[114]  Ji H, Ohmura K, Mahmood U, Lee DM, Hofhuis FM, Boackle SA, Takahashi K, Holers VM, 
Walport M, Gerard C, Ezekowitz A, Carroll MC, Brenner M, Weissleder R, Verbeek JS, 
Duchatelle V, Degott C, Benoist C, Mathis D. Arthritis critically dependent on innate immune 
system players. Immunity 2002; 16: 157-168. 

[115]  Hietala MA, Jonsson IM, Tarkowski A, Kleinau S, Pekna M. Complement deficiency 
ameliorates collagen-induced arthritis in mice. J Immunol 2002; 169: 454-459. 

[116]  Hietala MA, Nandakumar KS, Persson L, Fahlen S, Holmdahl R, Pekna M. Complement 
activation by both classical and alternative pathways is critical for the effector phase of 
arthritis. Eur J Immunol 2004; 34: 1208-1216. 

[117]  Grant EP, Picarella D, Burwell T, Delaney T, Croci A, Avitahl N, Humbles AA, Gutierrez-
Ramos JC, Briskin M, Gerard C, Coyle AJ. Essential role for the C5a receptor in regulating 
the effector phase of synovial infiltration and joint destruction in experimental arthritis. J Exp 
Med 2002; 196: 1461-1471. 

[118]  Fischetti F, Durigutto P, Macor P, Marzari R, Carretta R, Tedesco F. Selective therapeutic 
control of C5a and the terminal complement complex by anti-C5 single-chain Fv in an 
experimental model of antigen-induced arthritis in rats. Arthritis Rheum 2007; 56: 1187-1197. 



CHAPTER 8 

 158

[119]  Watson WC, Townes AS. Genetic susceptibility to murine collagen II autoimmune arthritis. 
Proposed relationship to the IgG2 autoantibody subclass response, complement C5, major 
histocompatibility complex (MHC) and non-MHC loci. J Exp Med 1985; 162: 1878-1891. 

[120]  Spinella DG, Jeffers JR, Reife RA, Stuart JM. The role of C5 and T-cell receptor Vb genes in 
susceptibility to collagen-induced arthritis. Immunogenetics 1991; 34: 23-27. 

[121]  Mori L, De Libero G. Genetic control of susceptibility to collagen-induced arthritis in T cell 
receptor beta-chain transgenic mice. Arthritis Rheum 1998; 41: 256-262. 

[122]  Wang Y, Kristan J, Hao L, Lenkoski CS, Shen Y, Matis LA. A role for complement in 
antibody-mediated inflammation: C5-deficient DBA/1 mice are resistant to collagen-induced 
arthritis. J Immunol 2000; 164: 4340-4347. 

[123]  Banerjee S, Anderson GD, Luthra HS, David CS. Influence of complement C5 and V beta T 
cell receptor mutations on susceptibility to collagen-induced arthritis in mice. J Immunol 
1989; 142: 2237-2243. 

[124]  Andersson M, Goldschmidt TJ, Michaelsson E, Larsson A, Holmdahl R. T-cell receptor V 
beta haplotype and complement component C5 play no significant role for the resistance to 
collagen-induced arthritis in the SWR mouse. Immunology 1991; 73: 191-196. 

[125]  Yuasa T, Kubo S, Yoshino T, Ujike A, Matsumura K, Ono M, Ravetch JV, Takai T. Deletion 
of fcgamma receptor IIB renders H-2(b) mice susceptible to collagen-induced arthritis. J Exp 
Med 1999; 189: 187-194. 

[126]  Kleinau S, Martinsson P, Heyman B. Induction and suppression of collagen-induced arthritis 
is dependent on distinct fcgamma receptors. J Exp Med 2000; 191: 1611-1616. 

[127]  Nabbe KC, Blom AB, Holthuysen AE, Boross P, Roth J, Verbeek S, van Lent PL, van den 
Berg WB. Coordinate expression of activating Fc gamma receptors I and III and inhibiting Fc 
gamma receptor type II in the determination of joint inflammation and cartilage destruction 
during immune complex-mediated arthritis. Arthritis Rheum 2003; 48: 255-265. 

[128]  Shushakova N, Skokowa J, Schulman J, Baumann U, Zwirner J, Schmidt RE, Gessner JE. C5a 
anaphylatoxin is a major regulator of activating versus inhibitory FcgammaRs in immune 
complex-induced lung disease. J Clin Invest 2002; 110: 1823-1830. 

[129]  Weissmann G. Pathogenesis of rheumatoid arthritis. J Clin Rheumatol 2004; 10: S26-S31. 
[130]  Li B, Sallee C, Dehoff M, Foley S, Molina H, Holers VM. Mouse Crry/p65. Characterization 

of monoclonal antibodies and the tissue distribution of a functional homologue of human 
MCP and DAF. J Immunol 1993; 151: 4295-4305. 

[131]  Takizawa H, Okada N, Okada H. Complement inhibitor of rat cell membrane resembling 
mouse Crry/p65. J Immunol 1994; 152: 3032-3038. 

[132]  Mizuno M, Nishikawa K, Spiller OB, Morgan BP, Okada N, Okada H, Matsuo S. Membrane 
complement regulators protect against the development of type II collagen-induced arthritis in 
rats. Arthritis Rheum 2001; 44: 2425-2434. 

[133]  Banda NK, Kraus DM, Muggli M, Bendele A, Holers VM, Arend WP. Prevention of 
collagen-induced arthritis in mice transgenic for the complement inhibitor complement 
receptor 1-related gene/protein y. J Immunol 2003; 171: 2109-2115. 

[134]  Harris CL, Hanna SM, Mizuno M, Holt DS, Marchbank KJ, Morgan BP. Characterization of 
the mouse analogues of CD59 using novel monoclonal antibodies: tissue distribution and 
functional comparison. Immunology 2003; 109: 117-126. 



TARGETING COMPLEMENT IN RHEUMATOID ARTHRITIS 

 159

88   

[135]  Williams AS, Mizuno M, Richards PJ, Holt DS, Morgan BP. Deletion of the gene encoding 
CD59a in mice increases disease severity in a murine model of rheumatoid arthritis. Arthritis 
Rheum 2004; 50: 3035-3044. 

[136]  Wang Y, Rollins SA, Madri JA, Matis LA. Anti-C5 monoclonal antibody therapy prevents 
collagen-induced arthritis and ameliorates established disease. Proc Natl Acad Sci U S A 1995; 
92: 8955-8959. 

[137]  Banda NK, Kraus D, Vondracek A, Huynh LH, Bendele A, Holers VM, Arend WP. 
Mechanisms of effects of complement inhibition in murine collagen-induced arthritis. 
Arthritis Rheum 2002; 46: 3065-3075. 

[138]  Marzari R, Sblattero D, Macor P, Fischetti F, Gennaro R, Marks JD, Bradbury A, Tedesco F. 
The cleavage site of C5 from man and animals as a common target for neutralizing human 
monoclonal antibodies: in vitro and in vivo studies. Eur J Immunol 2002; 32: 2773-2782. 

[139]  Thomas TC, Rollins SA, Rother RP, Giannoni MA, Hartman SL, Elliott EA, Nye SH, Matis 
LA, Squinto SP, Evans MJ. Inhibition of complement activity by humanized anti-C5 antibody 
and single-chain Fv. Mol Immunol 1996; 33: 1389-1401. 

[140]  Hill A, Hillmen P, Richards SJ, Elebute D, Marsh JC, Chan J, Mojcik CF, Rother RP. 
Sustained response and long-term safety of eculizumab in paroxysmal nocturnal 
hemoglobinuria. Blood 2005; 106: 2559-2565. 

[141]  Hillmen P, Young NS, Schubert J, Brodsky RA, Socie G, Muus P, Roth A, Szer J, Elebute 
MO, Nakamura R, Browne P, Risitano AM, Hill A, Schrezenmeier H, Fu CL, Maciejewski J, 
Rollins SA, Mojcik CF, Rother RP, Luzzatto L. The complement inhibitor eculizumab in 
paroxysmal nocturnal hemoglobinuria. N Engl J Med 2006; 355: 1233-1243. 

[142]  Mojcik CF, Burch F, Bookbinder S, McCroskery E, Vitello S, Kremer J, Bingham C. Results 
of a phase 2b study of the humanized anti-C5 antibody eculizumab in patients with 
rheumatoid arthritis. Ann Rheum Dis 2004; 63 (Suppl 1): 301. 

[143]  Fitch JC, Rollins S, Matis L, Alford B, Aranki S, Collard CD, Dewar M, Elefteriades J, Hines 
R, Kopf G, Kraker P, Li L, O'Hara R, Rinder C, Rinder H, Shaw R, Smith B, Stahl G, Shernan 
SK. Pharmacology and biological efficacy of a recombinant, humanized, single-chain 
antibody C5 complement inhibitor in patients undergoing coronary artery bypass graft surgery 
with cardiopulmonary bypass. Circulation 1999; 100: 2499-2506. 

[144]  Mathew JP, Shernan SK, White WD, Fitch JC, Chen JC, Bell L, Newman MF. Preliminary 
report of the effects of complement suppression with pexelizumab on neurocognitive decline 
after coronary artery bypass graft surgery. Stroke 2004; 35: 2335-2339. 

[145]  Shernan SK, Fitch JC, Nussmeier NA, Chen JC, Rollins SA, Mojcik CF, Malloy KJ, Todaro 
TG, Filloon T, Boyce SW, Gangahar DM, Goldberg M, Saidman LJ, Mangano DT. Impact of 
pexelizumab, an anti-C5 complement antibody, on total mortality and adverse cardiovascular 
outcomes in cardiac surgical patients undergoing cardiopulmonary bypass. Ann Thorac Surg 
2004; 77: 942-949. 

[146]  Verrier ED, Shernan SK, Taylor KM, Van de Werf F, Newman MF, Chen JC, Carrier M, 
Haverich A, Malloy KJ, Adams PX, Todaro TG, Mojcik CF, Rollins SA, Levy JH. Terminal 
complement blockade with pexelizumab during coronary artery bypass graft surgery requiring 
cardiopulmonary bypass: a randomized trial. JAMA 2004; 291: 2319-2327. 

[147]  Carrier M, Menasche P, Levy JH, Newman MF, Taylor KM, Haverich A, Chen JC, Shernan 
SK, Van de Werf F, van der Laan M, Todaro TG, Adams PX, Verrier ED. Inhibition of 



CHAPTER 8 

 160

complement activation by pexelizumab reduces death in patients undergoing combined aortic 
valve replacement and coronary artery bypass surgery. J Thorac Cardiovasc Surg 2006; 131: 
352-356. 

[148]  Haverich A, Shernan SK, Levy JH, Chen JC, Carrier M, Taylor KM, Van de Werf F, Newman 
MF, Adams PX, Todaro TG, van der Laan M, Verrier ED. Pexelizumab reduces death and 
myocardial infarction in higher risk cardiac surgical patients. Ann Thorac Surg 2006; 82: 486-
492. 

[149]  Smith PK, Carrier M, Chen JC, Haverich A, Levy JH, Menasche P, Shernan SK, Van de Werf 
F, Adams PX, Todaro TG, Verrier E. Effect of pexelizumab in coronary artery bypass graft 
surgery with extended aortic cross-clamp time. Ann Thorac Surg 2006; 82: 781-788. 

[150]  Granger CB, Mahaffey KW, Weaver WD, Theroux P, Hochman JS, Filloon TG, Rollins S, 
Todaro TG, Nicolau JC, Ruzyllo W, Armstrong PW. Pexelizumab, an anti-C5 complement 
antibody, as adjunctive therapy to primary percutaneous coronary intervention in acute 
myocardial infarction: the COMplement inhibition in Myocardial infarction treated with 
Angioplasty (COMMA) trial. Circulation 2003; 108: 1184-1190. 

[151]  Theroux P, Armstrong PW, Mahaffey KW, Hochman JS, Malloy KJ, Rollins S, Nicolau JC, 
Lavoie J, Luong TM, Burchenal J, Granger CB. Prognostic significance of blood markers of 
inflammation in patients with ST-segment elevation myocardial infarction undergoing primary 
angioplasty and effects of pexelizumab, a C5 inhibitor: a substudy of the COMMA trial. Eur 
Heart J 2005; 26: 1964-1970. 

[152]  Mahaffey KW, Granger CB, Nicolau JC, Ruzyllo W, Weaver WD, Theroux P, Hochman JS, 
Filloon TG, Mojcik CF, Todaro TG, Armstrong PW. Effect of pexelizumab, an anti-C5 
complement antibody, as adjunctive therapy to fibrinolysis in acute myocardial infarction: the 
COMPlement inhibition in myocardial infarction treated with thromboLYtics (COMPLY) 
trial. Circulation 2003; 108: 1176-1183. 

[153]  Armstrong PW, Granger CB, Adams PX, Hamm C, Holmes D, Jr., O'Neill WW, Todaro TG, 
Vahanian A, Van de Werf F. Pexelizumab for acute ST-elevation myocardial infarction in 
patients undergoing primary percutaneous coronary intervention: a randomized controlled 
trial. JAMA 2007; 297: 43-51. 

[154]  Konteatis ZD, Siciliano SJ, Van Riper G, Molineaux CJ, Pandya S, Fischer P, Rosen H, 
Mumford RA, Springer MS. Development of C5a receptor antagonists. Differential loss of 
functional responses. J Immunol 1994; 153: 4200-4205. 

[155]  Mizuno M, Nishikawa K, Morgan BP, Matsuo S. Comparison of the suppressive effects of 
soluble CR1 and C5a receptor antagonist in acute arthritis induced in rats by blocking of 
CD59. Clin Exp Immunol 2000; 119: 368-375. 

[156]  Woodruff TM, Strachan AJ, Dryburgh N, Shiels IA, Reid RC, Fairlie DP, Taylor SM. 
Antiarthritic activity of an orally active C5a receptor antagonist against antigen-induced 
monarticular arthritis in the rat. Arthritis Rheum 2002; 46: 2476-2485. 

[157]  Vergunst CE, Gerlag DM, Dinant H, Schulz L, Vinkenoog M, Smeets TJ, Sanders ME, 
Reedquist KA, Tak PP. Blocking the receptor for C5a in patients with rheumatoid arthritis 
does not reduce synovial inflammation. Rheumatology (Oxford) 2007; 46: 1773-1778. 

[158]  Ames RS, Lee D, Foley JJ, Jurewicz AJ, Tornetta MA, Bautsch W, Settmacher B, Klos A, 
Erhard KF, Cousins RD, Sulpizio AC, Hieble JP, McCafferty G, Ward KW, Adams JL, 
Bondinell WE, Underwood DC, Osborn RR, Badger AM, Sarau HM. Identification of a 



TARGETING COMPLEMENT IN RHEUMATOID ARTHRITIS 

 161

88   

selective nonpeptide antagonist of the anaphylatoxin C3a receptor that demonstrates 
antiinflammatory activity in animal models. J Immunol 2001; 166: 6341-6348. 

[159]  Mathieu MC, Sawyer N, Greig GM, Hamel M, Kargman S, Ducharme Y, Lau CK, Friesen 
RW, O'Neill GP, Gervais FG, Therien AG. The C3a receptor antagonist SB 290157 has 
agonist activity. Immunol Lett 2005; 100: 139-145. 

[160]  Goodfellow RM, Williams AS, Levin JL, Williams BD, Morgan BP. Local therapy with 
soluble complement receptor 1 (sCR1) suppresses inflammation in rat mono-articular arthritis. 
Clin Exp Immunol 1997; 110: 45-52. 

[161]  Zimmerman JL, Dellinger RP, Straube RC, Levin JL. Phase I trial of the recombinant soluble 
complement receptor 1 in acute lung injury and acute respiratory distress syndrome. Crit Care 
Med 2000; 28: 3149-3154. 

[162]  Lazar HL, Bokesch PM, van Lenta F, Fitzgerald C, Emmett C, Marsh HC, Jr., Ryan U. 
Soluble human complement receptor 1 limits ischemic damage in cardiac surgery patients at 
high risk requiring cardiopulmonary bypass. Circulation 2004; 110: II274-II279. 

[163]  Li JS, Sanders SP, Perry AE, Stinnett SS, Jaggers J, Bokesch P, Reynolds L, Nassar R, 
Anderson PA. Pharmacokinetics and safety of TP10, soluble complement receptor 1, in 
infants undergoing cardiopulmonary bypass. Am Heart J 2004; 147: 173-180. 

[164]  Smith GP, Smith RA. Membrane-targeted complement inhibitors. Mol Immunol 2001; 38: 
249-255. 

[165]  Linton SM, Williams AS, Dodd I, Smith R, Williams BD, Morgan BP. Therapeutic efficacy of 
a novel membrane-targeted complement regulator in antigen-induced arthritis in the rat. 
Arthritis Rheum 2000; 43: 2590-2597. 

[166]  Dreja H, Annenkov A, Chernajovsky Y. Soluble complement receptor 1 (CD35) delivered by 
retrovirally infected syngeneic cells or by naked DNA injection prevents the progression of 
collagen-induced arthritis. Arthritis Rheum 2000; 43: 1698-1709. 

[167]  Harris CL, Williams AS, Linton SM, Morgan BP. Coupling complement regulators to 
immunoglobulin domains generates effective anti-complement reagents with extended half-
life in vivo. Clin Exp Immunol 2002; 129: 198-207. 

[168]  Fraser DA, Harris CL, Williams AS, Mizuno M, Gallagher S, Smith RA, Morgan BP. 
Generation of a recombinant, membrane-targeted form of the complement regulator CD59: 
activity in vitro and in vivo. J Biol Chem 2003; 278: 48921-48927. 

[169]  Fujii S, Hitomi Y. New synthetic inhibitors of C1r, C1 esterase, thrombin, plasmin, kallikrein 
and trypsin. Biochim Biophys Acta 1981; 661: 342-345. 

[170]  Ikari N, Sakai Y, Hitomi Y, Fujii S. New synthetic inhibitor to the alternative complement 
pathway. Immunology 1983; 49: 685-691. 

[171]  Ino Y, Sato T, Koshiyama Y, Suzuki K, Oda M, Iwaki M. Effects of FUT-175, a novel 
synthetic protease inhibitor, on the development of adjuvant arthritis in rats and some 
biological reactions dependent on complement activation. Gen Pharmacol 1987; 18: 513-516. 

[172]  Akizawa T, Kitaoka T, Sato M, Koshikawa S, Hirasawa Y, Kazama M, Mimura N, Ota K. 
Comparative clinical trial of regional anticoagulation for hemodialysis. ASAIO Trans 1988; 
34: 176-178. 

[173]  Takeda K, Kakugawa Y, Kobari M, Matsuno S. Continuous arterial infusion of protease 
inhibitor for severe acute pancreatitis. Gastroenterol Jpn 1989; 24: 340. 



CHAPTER 8 

 162

[174]  Sato T, Tanaka K, Kondo C, Morimoto T, Yada I, Yuasa H, Kusagawa M, Deguchi K. 
Nafamostat mesilate administration during cardiopulmonary bypass decreases postoperative 
bleeding after cardiac surgery. ASAIO Trans 1991; 37: M194-M195. 

[175]  Elliott MJ, Maini RN, Feldmann M, Long-Fox A, Charles P, Katsikis P, Brennan FM, Walker 
J, Bijl H, Ghrayeb J, et al. Treatment of rheumatoid arthritis with chimeric monoclonal 
antibodies to tumor necrosis factor alpha. Arthritis Rheum 1993; 36: 1681-1690. 

[176]  Elliott MJ, Maini RN, Feldmann M, Kalden JR, Antoni C, Smolen JS, Leeb B, Breedveld FC, 
Macfarlane JD, Bijl H, et al. Randomised double-blind comparison of chimeric monoclonal 
antibody to tumour necrosis factor alpha (cA2) versus placebo in rheumatoid arthritis. Lancet 
1994; 344: 1105-1110. 

[177]  Familian A, Voskuyl AE, van Mierlo GJ, Heijst HA, Twisk JW, Dijkmans BA, Hack CE. 
Infliximab treatment reduces complement activation in patients with rheumatoid arthritis. Ann 
Rheum Dis 2005; 64: 1003-1008. 

[178]  Mason JC, Ahmed Z, Mankoff R, Lidington EA, Ahmad S, Bhatia V, Kinderlerer A, Randi 
AM, Haskard DO. Statin-induced expression of decay-accelerating factor protects vascular 
endothelium against complement-mediated injury. Circ Res 2002; 91: 696-703. 

[179]  Kinderlerer AR, Steinberg R, Johns M, Harten SK, Lidington EA, Haskard DO, Maxwell PH, 
Mason JC. Statin-induced expression of CD59 on vascular endothelium in hypoxia: a potential 
mechanism for the anti-inflammatory actions of statins in rheumatoid arthritis. Arthritis Res 
Ther 2006; 8: R130. 

[180]  Tak PP, Zvaifler NJ, Green DR, Firestein GS. Rheumatoid arthritis and p53: how oxidative 
stress might alter the course of inflammatory diseases. Immunol Today 2000; 21: 78-82. 

[181]  Distler JH, Wenger RH, Gassmann M, Kurowska M, Hirth A, Gay S, Distler O. Physiologic 
responses to hypoxia and implications for hypoxia-inducible factors in the pathogenesis of 
rheumatoid arthritis. Arthritis Rheum 2004; 50: 10-23. 

[182]  McCarey DW, McInnes IB, Madhok R, Hampson R, Scherbakov O, Ford I, Capell HA, Sattar 
N. Trial of Atorvastatin in Rheumatoid Arthritis (TARA): double-blind, randomised placebo-
controlled trial. Lancet 2004; 363: 2015-2021. 

[183]  Asher J, Houston M. Statins and C-reactive protein levels. J Clin Hypertens (Greenwich ) 
2007; 9: 622-628. 

[184]  Walport MJ. Complement. Second of two parts. N Engl J Med 2001; 344: 1140-1144. 
[185]  Kim AH, Dimitriou ID, Holland MC, Mastellos D, Mueller YM, Altman JD, Lambris JD, 

Katsikis PD. Complement C5a receptor is essential for the optimal generation of antiviral 
CD8+ T cell responses. J Immunol 2004; 173: 2524-2529. 

[186]  Van Beek J, Bernaudin M, Petit E, Gasque P, Nouvelot A, MacKenzie ET, Fontaine M. 
Expression of receptors for complement anaphylatoxins C3a and C5a following permanent 
focal cerebral ischemia in the mouse. Exp Neurol 2000; 161: 373-382. 

[187]  Mastellos D, Papadimitriou JC, Franchini S, Tsonis PA, Lambris JD. A novel role of 
complement: mice deficient in the fifth component of complement (C5) exhibit impaired liver 
regeneration. J Immunol 2001; 166: 2479-2486. 

[188]  Strey CW, Markiewski M, Mastellos D, Tudoran R, Spruce LA, Greenbaum LE, Lambris JD. 
The proinflammatory mediators C3a and C5a are essential for liver regeneration. J Exp Med 
2003; 198: 913-923. 



TARGETING COMPLEMENT IN RHEUMATOID ARTHRITIS 

 163

88   

[189]  Harris CL, Lublin DM, Morgan BP. Efficient generation of monoclonal antibodies for specific 
protein domains using recombinant immunoglobulin fusion proteins: pitfalls and solutions. J 
Immunol Methods 2002; 268: 245-258. 

[190]  Green LL, Hardy MC, Maynard-Currie CE, Tsuda H, Louie DM, Mendez MJ, Abderrahim H, 
Noguchi M, Smith DH, Zeng Y, et al. Antigen-specific human monoclonal antibodies from 
mice engineered with human Ig heavy and light chain YACs. Nat Genet 1994; 7: 13-21. 

[191]  Kurreeman FA, Padyukov L, Marques RB, Schrodi SJ, Seddighzadeh M, Stoeken-Rijsbergen 
G, van der Helm-van Mil AH, Allaart CF, Verduyn W, Houwing-Duistermaat J, Alfredsson L, 
Begovich AB, Klareskog L, Huizinga TW, Toes RE. A candidate gene approach identifies the 
TRAF1/C5 region as a risk factor for rheumatoid arthritis. PLoS Med 2007; 4: e278. 

[192]  Plenge RM, Seielstad M, Padyukov L, Lee AT, Remmers EF, Ding B, Liew A, Khalili H, 
Chandrasekaran A, Davies LR, Li W, Tan AK, Bonnard C, Ong RT, Thalamuthu A, 
Pettersson S, Liu C, Tian C, Chen WV, Carulli JP, Beckman EM, Altshuler D, Alfredsson L, 
Criswell LA, Amos CI, Seldin MF, Kastner DL, Klareskog L, Gregersen PK. TRAF1-C5 as a 
risk locus for rheumatoid arthritis--a genomewide study. N Engl J Med 2007; 357: 1199-1209. 

[193]  Scesney SM, Makrides SC, Gosselin ML, Ford PJ, Andrews BM, Hayman EG, Marsh HC, Jr. 
A soluble deletion mutant of the human complement receptor type 1, which lacks the C4b 
binding site, is a selective inhibitor of the alternative complement pathway. Eur J Immunol 
1996; 26: 1729-1735. 

[194]  Baranyi L, Campbell W, Okada H. Antisense homology boxes in C5a receptor and C5a 
anaphylatoxin: a new method for identification of potentially active peptides. J Immunol 1996; 
157: 4591-4601. 

[195]  Fujita E, Farkas I, Campbell W, Baranyi L, Okada H, Okada N. Inactivation of C5a 
anaphylatoxin by a peptide that is complementary to a region of C5a. J Immunol 2004; 172: 
6382-6387. 

[196]  Biesecker G, Dihel L, Enney K, Bendele RA. Derivation of RNA aptamer inhibitors of human 
complement C5. Immunopharmacology 1999; 42: 219-230. 

[197]  Harris CL, Hughes CE, Williams AS, Goodfellow I, Evans DJ, Caterson B, Morgan BP. 
Generation of anti-complement "prodrugs": cleavable reagents for specific delivery of 
complement regulators to disease sites. J Biol Chem 2003; 278: 36068-36076. 

[198]  Lark MW, Bayne EK, Flanagan J, Harper CF, Hoerrner LA, Hutchinson NI, Singer II, 
Donatelli SA, Weidner JR, Williams HR, Mumford RA, Lohmander LS. Aggrecan 
degradation in human cartilage. Evidence for both matrix metalloproteinase and aggrecanase 
activity in normal, osteoarthritic, and rheumatoid joints. J Clin Invest 1997; 100: 93-106. 

[199]  Ishiguro N, Ito T, Oguchi T, Kojima T, Iwata H, Ionescu M, Poole AR. Relationships of 
matrix metalloproteinases and their inhibitors to cartilage proteoglycan and collagen turnover 
and inflammation as revealed by analyses of synovial fluids from patients with rheumatoid 
arthritis. Arthritis Rheum 2001; 44: 2503-2511. 

[200]  Huang Y, Smith CA, Song H, Morgan BP, Abagyan R, Tomlinson S. Insights into the human 
CD59 complement binding interface toward engineering new therapeutics. J Biol Chem 2005; 
280: 34073-34079. 

[201]  Law SK, Lichtenberg NA, Levine RP. Evidence for an ester linkage between the labile 
binding site of C3b and receptive surfaces. J Immunol 1979; 123: 1388-1394. 



CHAPTER 8 

 164

[202]  Campbell RD, Dodds AW, Porter RR. The binding of human complement component C4 to 
antibody-antigen aggregates. Biochem J 1980; 189: 67-80. 

 
 
 
 


