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Abstract

Rheumatoid arthritis (RA) is a highly disabling disease affecting all structures of the joint.
Understanding the pathology behind the development of RA is essential for developing
targeted therapeutic strategies as well as for developing novel markers to predict disease
onset. Several molecules normally hidden within the cartilage tissue are exposed to
complement components in the synovial fluid upon cartilage breakdown. Some of these
have been shown to activate complement and toll-like receptors, which may enhance an
already existing inflammatory response, thereby worsening the course of disease. Other
cartilage-resident molecules have in contrast shown to possess complement-inhibitory
properties. Knowledge about mechanisms behind pathological complement activation in the
joints will hopefully lead to methods which allow us to distinguish patients with
pathological complement activation from those where other inflammatory pathways are
predominant. This will help to elucidate which patients will benefit from complement
inhibitory therapies, which are thought to aid a specific subset of patients or patients at a
certain stage of disease. Future challenges are to target the complement inhibition
specifically to the joints to minimize systemic complement blockade.



1. Introduction

The early view of the complement system as solemnly a defense against invading
pathogens has been challenged by the evidence of the importance of complement in
multiple processes such as clearance of apoptotic cells and immune complexes, regulation
of adaptive immune responses and regulation of cellular effects such as cell proliferation
and migration. Therefore it is not surprising that misdirected complement activation and the
lack of correct complement regulation may lead to severe inflammatory conditions. An
example of this is the inflammatory joint disease RA, in which pathological complement
activation occurs in the affected joints propagating a disease process leading to progressive
tissue destruction.

RA is a common joint disease affecting an estimated 0.5-1% of the population
worldwide with prevalence increasing with age. RA is a systemic autoimmune disease
which is more common in women than in men, suggesting that hormonal factors may play
a role for disease development (Islander et al., 2010). Even though any joint can be
affected, the small peripheral joints of the hands and feet tend to be more susceptible. The
disease course of RA may be further complicated by an increased risk of cardiovascular
disease (Holmgqvist et al., 2010) and other comorbidities. 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. Also the
underlying bone is affected in RA as activation of osteoclasts leads to bone erosion also
contributing to joint deformation (Scott et al., 2010).

2. Complement activation in arthritis

There is substantial evidence of complement involvement in RA from studies of both
patients and animal models (Okroj et al., 2007). Results from rodent arthritis models
emphasized the role of the alternative pathway for disease development whereas the
classical pathway seemed less important. In a collagen-induced arthritis (CIA) model, C5
(Wang et al., 2000) or factor B deficiency protected mice from the disease whereas C4
deficiency did not (Banda et al., 2006). Likewise, C1q or mannose-binding lectin (MBL)
deficiency did not protect mice from arthritis in a collagen antibody-induced arthritis
(CAIA) model (Banda et al., 2007). 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 (Banda et al., 2010). Recently, deletion
of properdin in the myeloid lineage by conditional gene targeting was shown to reduce
disease severity in a K/BxN model of arthritis (Kimura et al., 2010). Cumulatively, the
evidence supports the role of the alternative pathway in the development of RA in mice.
This is perhaps somewhat surprising considering that CAIA model is dependent on effector
mechanisms elicited by antibodies, one of which should be the classical complement
pathway. It appears that this pathway may be less significant relatively to the alternative
pathway in mice as compared to man. Mice lacking 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 cellular
receptors (Banda et al., 2011). Furthermore, deletion of complement receptor 2 (CR2)
results 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 (Kuhn et al., 2008).



In humans, complement activation products, such as C3d (Swaak et al., 1987),
have been found in the joints of patients with RA and complement deposition can be
detected in the synovium by immunohistological staining (Konttinen et al., 1996).
Circulating complexes of Cl1q and C4 were found in the plasma of patients with RA at a
much higher concentration during active disease than during remission indicating ongoing
complement activation through the classical pathway (Wouters et al., 2006). Also elevated
levels of C3a (Moxley and Ruddy, 1985) and C5a have been demonstrated in the synovial
fluid of RA patients (Jose et al., 1990), as well as soluble C5b-9 complexes (Brodeur et al.,
1991; Morgan et al., 1988). This shows that complement activation occurs locally within
the joint with the potential to stimulate further inflammatory responses.

A recent study of both mice and man has shown that complement is also activated
in the joints during osteoarthritis (OA), a joint disease originally characterized as a non-
inflammatory arthritis. Elevated levels of C3a and sC5b-9 were found in the synovial fluid
in patients with early and late stage disease and the complement membrane attack complex
(MAC) was found deposited on the cartilage tissue (Wang et al., 2011). The authors further
showed that mice lacking C5 or C6 were protected against induced OA, and inversely, mice
deficient in CD59a, a potent inhibitor of MAC, showed a more severe disease phenotype
(Wang, et al., 2011). Other studies have shown that synovial inflammation can be observed
in OA 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-la and -1 or TNF (Smith et al., 1997). Using
histological staining, T-helper and -suppressor lymphocytes, B-lymphocytes and
macrophages were demonstrated in the synovial membrane of osteoarthritis patients (Revell
et al., 1988). Further, RT-PCR was used to compare the synovial cytokine profiles in
addition to cellular infiltration in RA and OA patients. Even though cellular infiltration was
more pronounced in RA synovium, the cytokine profiles were similar in both diseases
(Wagner et al., 1997). Moreover, moderately elevated CRP levels can be found in patients
with early OA (Saxne et al.,, 2003; Spector et al., 1997). Therefore it appears that
inflammation plays a significant role in the pathogenesis of various type of arthritis and
complement is one of the key players regulating this inflammatory response.

3. Why is complement activated in arthritis?
One of the main triggers of classical pathway complement activation are deposited or
circulating immune complexes, which in the context of RA includes autoantibodies such as
rheumatoid factor or anti-collagen II, in complex with their autoantigens. Anti-citrullinated
peptide antibodies (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 (Trouw et al, 2009). Interestingly, it was shown that the
glycosylation pattern of the Fc-region of IgG molecules is altered in RA and an increase of
these altered IgG glycoforms lacking the outermost galactose were found at elevated levels
in the synovial fluid in RA. These IgG glycoforms have shown an increased affinity for
MBL and may trigger lectin pathway activation in the joint (Malhotra et al., 1995).
Apoptotic and necrotic cells have in many studies been proven to induce Clq,
MBL and ficolin binding and further complement activation through the classical or lectin
pathway (Korb and Ahearn, 1997; Ogden et al., 2001). Also the alternative pathway has
been shown to be activated on the surface of apoptotic cells (Matsui et al., 1994), an effect
that might be attributable to the ability of certain apoptotic cells to bind properdin (Kemper
et al., 2008; Xu et al., 2008). Since apoptotic (Webb et al., 2002) and necrotic cells bind
complement inhibitors C4b-binding protein (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 (Leffler et al., 2010; Trouw et al., 2005; Trouw et al., 2007).
Moderate deposition of early opsonins, C1q and C3b/iC3b, is most likely beneficial due to
promotion of phagocytosis (Ogden, et al., 2001) but problems arise when complement
activation is over stimulated, the load of dying 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 (Firestein et al.,
1995; Nishioka et al., 1998), potentially contributing to pathological complement
activation.

In addition, more recent studies indicate that various extracellular matrix
(ECM) components released by proteolytic cleavage during cartilage damage in joint
diseases represent another putative trigger of complement.

3.1 Small leucine-rich repeat proteins (SLRPs)
Several structural proteins of the joint tissues have recently been implicated in complement
regulation in RA. These include the family of small leucine-rich repeat proteins (SLRPs)
that are abundant in the cartilage tissue. Cartilage components are under physiological
conditions exposed to complement in the synovial fluid to a very limited extent, mainly
following release in tissue regeneration. However, production of proteases in the joint
tissue with ensuing tissue damage increases the level of released cartilage components and
their display of surface epitopes is altered (Heinegard, 2009).

SLRPs are small proteoglycans found in a variety of extracellular matrices where
they stabilize tissue structure by cross-linking different components. 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 (McEwan et al.,
2006). Many of the SLRPs participate in the regulation of collagen fiber synthesis by
regulating the rate of assembly and termination of fibrillation to maintain proper thickness
of the intact collagen fibers (Douglas et al., 2006; Hedbom and Heinegéard, 1993).

Most SLRPs are enriched within the cartilage although a wide tissue
distribution can be found for many SLRP-members. Fibromodulin and Proline arginine-rich
end leucine-rich repeat protein (PRELP) are found in cartilage as well as in tendon, sclera
and aorta and less abundantly in several other tissues (Heinegard et al., 1986). PRELP is
furthermore quite uniquely expressed in basement membranes of skin, Bowman’s capsule
and testis. Osteoadherin is only expressed in bone (Sommarin et al., 1998) whereas
chondroadherin is found in different types of cartilage, in bone and to a low extent in
tendon (Larsson et al., 1991). Decorin and biglycan are the most abundantly expressed
SLRPs, found among other tissues in cartilage, bone, skin, tendon, smooth muscle and
cornea (Bianco et al., 1990; Day et al., 1986).

Two SLRPs, osteoadherin and fibromodulin are potent activators of
complement interacting with the globular heads of C1q, whereas chondroadherin binds and
activates Clq to a lower extent (Sjoberg et al., 2005; Sjoberg et al., 2009a). Since these
proteins also capture C4BP and factor H, complement activation is limited to the early steps
of the classical pathway (Happonen et al., 2009; Sjoberg, et al., 2005; Sjoberg, et al.,
2009a). Whether 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 structures. Decorin (Krumdieck et al., 1992) and
biglycan are inhibitory as they bind the stalk region of C1q. Both decorin and biglycan also
bind MBL, but only biglycan has the ability to inhibit the lectin pathway (Groeneveld et al.,
2005). PRELP does not activate complement, but can directly inhibit MAC formation as
well as the alternative C3-convertase in addition to binding C4BP (Happonen, et al., 2009;



Happonen et al., 2012a). Importantly, the presence of fibromodulin (Wang, et al., 2011) and
PRELP (Happonen, et al., 2012a) has been demonstrated in arthritic synovial fluid, which
is essential for the possibility of interactions with complement.

3.2 Cartilage oligomeric matrix protein (COMP)

COMP is a structural molecule in the cartilage where it serves both as a catalyst of collagen
I and II fibrillogenesis in the young (Halasz et al., 2007; Rosenberg et al., 1998) as well as a
tissue stabilizer through interactions with different collagens and matrilins in the adult
(Mann et al., 2004). 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 (Oldberg et al., 1992). When cartilage explants are
stimulated with IL-13, COMP is released from the tissue through a process putatively
mediated by matrix metalloproteinase (MMP)-1, -3, -9, 13 (Ganu et al., 1998) and
ADAMTS-4 (Dickinson et al., 2003), -7 and -12 (Liu et al., 2006a; Liu et al., 2006b) and
possibly other, yet unrecognized, proteases. COMP-release can also be seen in vivo in
patients with different types of joint diseases, where COMP can be detected both in the
synovial fluid and in the serum during active disease (Saxne and Heinegard, 1992).
Interestingly, 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 (Mansson et al.,
1995; Neidhart et al., 1997). Different types of COMP-degradation fragments can be found
in the synovial fluid of healthy individuals, those with OA and those with RA. In RA it
appears 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 (Neidhart, et al., 1997). Intriguingly,
injection of rat COMP subcutaneously into rats or mice induces the development of chronic
arthritis (Carlsen et al., 1998; Carlsen et al., 2008). It is furthermore possible to induce
arthritis in mice using anti-COMP antibodies in a serum transfer model (Carlsen, et al.,
2008). This shows that, at least in rodents, COMP is arthritogenic. Another study showed
the presence of COMP-reactive antibodies in the sera of RA patients, but not in healthy
controls or patients with osteoarthritis (Souto-Carneiro et al., 2001). The authors were
furthermore able to isolate B-cells recognizing COMP-sequences from the synovial
membrane of RA patients showing that COMP can induce an immune response also in
humans.

COMP has a dual effect on complement as it can both bind to C1q and MBL
thereby inhibiting classical and lectin pathway activities as well as activate the alternative
pathway by binding C3 and properdin (Happonen et al., 2010). 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 (Dempsey et al., 1996). Thereby
complement deposition on COMP might be one of the factors driving the antibody-
response towards the molecule. Interestingly, the RA-specific antibodies against COMP are
directed against the C-terminal domain (Souto-Carneiro, et al., 2001), which is the same
domain that stimulates complement activation (Happonen, et al., 2010). As an indication of
COMP-induced complement activation occurring in vivo, complexes between COMP and
C3b can be found in the circulation of patients with RA and other rheumatic diseases. The
level of these complexes decreased in RA patients upon treatment with TNF inhibitors,
indicating that they fluctuate with disease activity. However, this decrease followed
different kinetics than the general improvement as measured by a decrease in CRP or the
disease activity score (DAS) showing that COMP-C3b is not merely another measure of
inflammation, but rather a measure of a more complex process of tissue remodeling
(Happonen et al., 2012b).



3.3 Other ECM molecules

The NC4 domain of cartilage-specific collagen IX, which can be liberated from collagen IX
by the action of MMP-13 (Danfelter et al., 2007), inhibits the formation of the MAC and
increases the co-factor activity of C4BP and factor H (Kalchishkova et al., 2011). This may
serve to down-regulate complement activity locally in the joint. The cartilage specific
collagen II has in contrast been shown to trigger alternative pathway complement activation
in guinea-pig serum (Hanauske-Abel et al., 1982). Recent results show in addition, that
aggrecan can activate complement (Wang, et al., 2011) and that the complement-activating
domain appears to lie in the protein core as opposed to the glycosaminoglycan chains (C.
Melin-Fiirst, personal communication). Two other ECM proteins, laminin and fibronectin,
which are abundant in basement membranes but also expressed in cartilage, have also been
shown to bind C1q but these interactions involve the collagen-like stalk of Cl1q and do not
mediate complement activation (Bing et al., 1982; Bohnsack et al., 1985). Fibronectin may
in addition participate in driving cartilage breakdown as it interacts with TLR4 to stimulate
aggrecanase activity in articular cartilage (Sofat et al., 2012).

The cartilage tissue is rich in heavily glycosylated proteins with complex
glycosaminoglycan (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 (Kemper, et al., 2008). The GAG-
chains of another proteoglycan secreted by malignant plasma cells, serglycin, which is rich
in highly sulfated CS, was shown in contrast to bind Clq and MBL and thereby inhibit
complement (Skliris et al., 2011). 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 various and distinct proteoglycans
found in the tissue.

Inter-a-trypsin inhibitor (Iod)

Ial is a serum protease inhibitor consisting of two heavy chains connected to protease
inhibitor bikunin (Fries and Blom, 2000) via a CS chain (Blom et al., 1999; Zhuo et al.,
2004). It has been demonstrated that Ial can inhibit both murine (Garantziotis et al., 2007)
and human complement (Okroj et al., 2012) and this activity is mediated by the heavy
chains of the protein. Furthermore, the heavy chains of lal can be transferred from the CS
to hyaluronan chains by TNF-stimulated gene-6 protein (TSG-6), a protein expressed
during inflammation (Rugg et al., 2005). Heavy chain-hyaluronan complexes can be found
both in synovial fluid and serum of patients with RA and the serum levels of heavy chain-
hyaluronan were found to be higher in RA patients than in healthy controls (Kida et al.,
1999; Yingsung et al., 2003). Furthermore, a correlation between Ilal/heavy chain-
containing complexes and hemolytic activity of human synovial fluid from RA patients was
found. Importantly, intramolecular changes in the heavy chains induced by TSG-6-binding
do not alter the complement inhibitory properties of lal (Okroj, et al., 2012). Therefore
heavy chains of Ial may limit complement activation and consumption within the
synovium.



4. The dual role of ECM proteins

In addition to their structural role in the matrix, several ECM components have signaling
functions in their released and soluble form. In the case of hyaluronan, smaller fragments
generated by degradation processes stimulate inflammatory responses in cells whereas the
intact molecule appears not to (reviewed in (Jiang et al., 2011). In a lung injury model in
mice, the inflammatory response initiated by hyaluronan fragments was dependent on both
TLR2 and TLR4. Fragments of hyaluronan isolated from patients with acute lung injury
were further able to stimulate TLR2 and TLR4 in vitro (Jiang et al., 2005). Therefore
degradation of hyaluronan, a process also known to occur during arthritis, may act as a
danger signal for the immune system by triggering signaling via, among others, TLRs. It is
known that native hyaluronan does not inhibit complement as opposed to e.g. heparin
(Chang et al., 1985; Kazatchkine et al., 1981), but its complement activating properties
have been not been studied.

TLR2 and TLR4 may be stimulated by the SLRP-member biglycan, thereby
upregulating the synthesis of TNF and macrophage inflammatory protein (MIP)-2
(Schaefer et al., 2005). Likewise, decorin may activate macrophage TLR2 and TLR4 to
induce TNF and IL-12p70 production (Merline et al., 2011). Intriguingly, in contrast to
these pro-inflammatory features, decorin and biglycan are the two SLRPs that were shown
to inhibit complement through either the classical or both the classical and the lectin
pathways by binding C1q and MBL (Groeneveld, et al., 2005; Krumdieck, et al., 1992). It
is possible that these functions act in parallel as a means to control the inflammatory
response or that one pathway is predominant to the other depending on the
microenvironment, stage of disease and on the type of biglycan and decorin fragments
released from the tissue. This could be compared to the ability of the complement-
activating SLRPs to also bind complement inhibitors to reduce terminal pathway activation
and thereby minimize the overall complement activity. Since little is known about how the
different SLRPs are proteolytically modified during disease, it is still unclear whether also
smaller fragments of the proteins released in disease share these immunomodulatory
properties.

5. Therapeutics in RA

The treatment of RA has advanced dramatically in the past 20-30 years due to novel
therapeutics such as methotrexate, TNF inhibitors, IL-inhibitors and CD20-depletion.
However, a clinical challenge lies in treating a heterogeneous patient population such as
RA patients, where different underlying disease mechanisms may prevail and the
dominating pro-inflammatory pathways may vary even within a given patient during the
disease course. Therefore it is not surprising that patients respond very differently to the
available therapeutics. Despite the presence of several different biological agents targeting
a variety of cytokines, there is still a subset of patients who fail to achieve remission either
due to non-responsiveness or acquired drug resistance (Colmegna et al., 2012).
Furthermore, a disadvantage of the currently available agents is their systemic
immunosuppressive effect, which blocks host-protective inflammatory responses towards
pathogens in addition to disease-mediated inflammation. As a result, patients treated with
anti-cytokine therapies are more susceptible to severe infections. Therefore it is important
to develop further anti-inflammatory strategies that will down regulate not only cytokines
but also other key players of the immune response, such as complement, and importantly,
aim at targeting inhibitors to the actual site of the pathological immune response.

5.1 Complement inhibition in RA



Due to the evidently important role of complement in RA, several therapeutic studies
interfering with complement activation have been carried out in animal models of RA.
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 (Wang et
al., 1995). This has been confirmed by other studies where C5-targeting antibodies reduced
disease activity in an antigen-induced arthritis (AIA) model in rats (Fischetti et al., 2007).
Further, vaccination of mice with a recombinant vaccine that induces CS5a-neutralizing
antibodies protected the mice from disease in CAIA and CIA models (Nandakumar et al.,
2010). Inhibition of complement at the level of C3-convertase by injecting mice with C4BP
also ameliorated disease activity in both models via inhibition of both classical and
alternative complement pathways (Blom et al., 2009). In a recent study on rats and mice, a
fusion protein between a C5-blocking antibody and a peptide targeting specifically
inflamed synovium (MTO07) was used to prevent and treat AIA and CAIA models of
arthritis (Macor et al., 2012). MTO07 could both prevent the onset of arthritis as well as cure
an established disease showing that blocking C5 activity can prevent arthritis in these
rodent models. 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 may prove to be therapeutically beneficial in the treatment of
arthritis.

In humans, a small-scale study has been carried out where patients were
orally administered a cyclic peptide (PMX53), which binds the C5aR with high affinity
without having an agonistic 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 (Vergunst et al., 2007).
However, novel C5-inhibitors currently under trial will hopefully prove to be applicable
also for human use (Woodruff et al., 2011). Importantly, since the discovery of the
pathological role of complement in OA (Wang, et al., 2011) it will be intriguing to see
whether complement inhibition therapy would benefit these patients as well.

5.2 Blocking joint-specific complement activation

One approach to increase the specificity of immunosuppression to the actual site of
inflammation is to inhibit the action of tissue-specific inflammatory stimulators. In the
context of complement involvement in RA, this could mean inhibiting cartilage-specific
molecules from triggering complement activation. One way of doing this would be to use
small inhibitory peptides or F(ab’),-fragments interfering with the interaction between the
complement recognition molecules, e.g. Cl1q, MBL, ficolins or properdin, and members of
the SLRP-family or COMP. Such peptides should not induce immunosuppressive effects
systematically as their targets mainly are present in the joint. In this approach it might be
desirable to target and block the liberated cartilage constituent, as this would leave the
complement recognition molecules free to interact with other ligands. Furthermore, the
amount of liberated cartilage components should be lower than the amount of circulating
complement, which would significantly lower the amount of inhibitor needed for effective
inhibition. In order for such approaches to be feasible it is vital to expand the knowledge of
how these cartilage components are liberated and if/how they are proteolytically processed
when released from the tissue. In addition, the interaction between complement initiators
and their cartilage ligands needs to be studied in detail to allow identification of key
residues mediating their interaction. However, it might be necessary to inhibit several of
these interactions simultaneously in order to achieve sufficient complement down-
regulation due to the vast amount of complement stimulating molecules present in the joint.
In addition, it is not clear yet whether SLRP-mediated complement activation only drives



pathological inflammation or if it also serves as a means to increase the clearance of these
released protein fragments since complement activation downstream of C3-convertases is
limited. Most likely normal tissue turnover releasing minor amounts of SLRPs results in
low-grade complement recognition and thereby promotes clearance, whereas disease-
induced tissue degradation may stimulate inflammation by overwhelming the complement
system (Sjoberg et al., 2009b). A major issue that still needs to be clarified is whether the
protein fragments liberated from the cartilage possess the same properties with respect to
interactions with complement as the intact proteins.

Another attempt to target complement inhibition to the joint was carried out by
fusing factor H with CR2, which results in concentration of administered factor H to sites
with deposited C3b. Mice injected with factor H-CR2 showed a milder disease phenotype
in a CAIA-model with less tissue damage, inflammation and complement deposition
(Banda et al., 2009). As mentioned above, successful prevention and treatment of arthritis
was also obtained in rodents using the C5-blocking fusion protein MTO07, which targets a
C5-blocking antibody to inflamed synovium with the help of an attached peptide. MTO07
was shown to preferentially home to inflamed joints and left circulating C5 functional
(Macor, et al., 2012). Using such fusion proteins would both reduce the amount of inhibitor
needed for effective inhibition as it acts to concentrate the protein to the site of ongoing
complement activation as well as in optimal cases leave circulating complement active.
These proteins are therefore attractive candidates for further therapeutic development.

Due to the finding of several extracellular matrix proteins inhibiting complement
(Groeneveld, et al., 2005; Happonen, et al., 2010; Happonen, et al., 2012a; Kalchishkova, et
al., 2011) it might be possible to design new recombinant complement inhibitors based on
the complement regulatory mechanisms of these endogenous ligands. Several studies in
mice have indicated that inhibition of MAC-formation has a protective effect against RA.
CD59”" mice show a more pronounced disease phenotype than their wild type counterparts
in the AIA model (Williams et al., 2004). Furthermore, rats injected with a membrane-
targeted rat CD59 derivative (sCD59-APT542) had a milder disease course in the AIA
model than rats injected with PBS alone (Fraser et al., 2003). Since PRELP and the NC4-
domain of collagen IX inhibit MAC formation by blocking C9 polymerization (Happonen,
et al., 2012a; Kalchishkova, et al., 2011), they are interesting candidate molecules to utilize
for further development of a synthetic inhibitor. Biglycan, decorin and COMP block the
early classical and lectin pathways and effective parts of these molecules might be used to
block specific pathways of complement. However, with this strategy the problem of
systemic complement inhibitory effects remains.

6. Novel diagnostic approaches

In order for erosive damage to be prevented it is critical that patients are diagnosed at an
early stage of disease and interventions are applied immediately at this stage. In addition, it
would be crucial to know which patient will benefit from which treatment, since
customized therapy will both prevent disease progression and be cost-effective. This on the
other hand requires that the diagnostic methods used in the clinic are able to distinguish
disease-specific markers before the actual clinical disease onset as well as markers telling
us about the underlying pathology in each individual patient. As the pathogenesis of RA is
very complex it might be necessary to target several inflammatory pathways at the same
time to block the cycle of tissue damage.

Extensive research is carried out with the aim to identify disease-specific cleavage
fragments of cartilage components to be used as biomarkers. Protease- and disease-specific
cleavage fragments of among others aggrecan, collagen II, collagen IX and SLRPs have
been described (Danfelter, et al., 2007; Flannery, 2006; Fosang et al., 2003; Heathfield et



al., 2004), which tell us about the proteolytic activity in the joint. These findings pave the
way in developing novel neo-epitope specific antibodies to be used in diagnosing and
monitoring the state of the cartilage tissue. Whether such neo-epitope formation occurs
already before disease onset seems likely but remains to be elucidated. Since protease
expression and activity is under the regulation of pro-inflammatory cytokines, knowledge
about which proteases are active during different stages of disease might guide in selecting
proper cytokine-blocking therapy.

To single out the patients who will benefit from complement inhibition therapy,
novel diagnostics need to be developed to distinguish in which patients complement is
actually driving the inflammation. One such marker could be to monitor formation of
complexes between cartilage proteins and complement activation products, such as COMP
and C3b. Serum COMP-C3b levels were shown to be elevated in several rheumatic
diseases compared to healthy controls and are therefore on their own not applicable for
diagnosis of a particular disease (Happonen, et al., 2012b). However, presence of such
complexes might indicate which patients have pathologic complement activation and
therefore would benefit from complement inhibition therapy. Furthermore, COMP-C3b was
shown to decrease in RA patients upon TNF inhibition, which indicates that these
complexes might be useful in monitoring responsiveness to treatment. Worth mentioning is
also that the decrease in COMP-C3b upon TNF inhibition was very variable between
patients with some responding very dramatically and others remaining at their baseline
(Happonen, et al., 2012b) . Since this did not parallel changes in CRP or DAS, it seems that
COMP-C3b measures a different component of the disease process. This knowledge might
shed light on molecular alterations occurring in the cartilage upon therapy not available by
monitoring conventional inflammatory parameters. It would be of high interest to see if
similar complexes can be found between fibromodulin or osteoadherin, two strong
complement activators of the SLRP-family, and C3b or C4b. Using a combination of such
markers might provide additional information not available by monitoring only individual
markers. These assays could be further increased in sensitivity by using neo-epitope-
specific antibodies against the cartilage proteins as well as complement activation products.

7. Conclusion

Even though both the diagnostics and treatment of arthritis have progressed in leaps during
the recent decades, there is still a need for further development in order to be able to
customize therapies for individual needs of each patient. For this to be possible it is crucial
that the pathological mechanisms underlying both RA and OA are elucidated and that novel
diagnostic approaches are explored to distinguish between different pathological changes
regulating disease progression. The fact that cartilage resident proteins are able to regulate
complement is highly intriguing and opens up possibilities for developing both inhibitors of
cartilage-induced joint inflammation as well as novel biomarkers of disease. The role of
these molecules in the induction of arthritis still needs to be elucidated, but their immune-
regulating properties are becoming clear. Since we are incessantly exposed to a certain
degree of cartilage proteins due to tissue regeneration, some sort of tolerance must be
mounted towards these possibly pathogenic ligands. It is possible that this tolerance is
broken in joint disease upon an increased burden or by a changed microenvironment or
alternatively by the exposure of epitopes normally hidden within the released proteins.
Complement deposition on the newly liberated molecules may then stimulate auto-antibody
production and trigger further responses by the adaptive immune system. Therefore
preventing such pathological complement activity is of outmost importance in order to
prevent autoimmunity.
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Figure 1. 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 by interacting with cell-surface receptors. COMP, cartilage oligomeric matrix
protein; HC, heavy chains; lal, inter-o-trypsin inhibitor; PRELP, proline arginine-rich end

leucine-rich repeat protein; TSG-6, tumor necrosis factor-stimulated gene-6 protein.
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Classical pathway Lectin pathway
Apop. cells, IgG glycoforms
]

’

_.--» C1g, C1s,C1r, MBL/Ficolin, MASP <~~~

/
ICs, Apop. cells COMP, biglycan, lol
FM, OSAD, CHAD

ACPA, Apop. cells, COMP
COMP, decorin, \

biglycan, /
/
O ¥
C3 convertases FE | overdin h
Cdb2a C3bBbP < prop Alternative
FM, OSAD, CHAD,\ ., C3(H,0) pathway
PRELP, NC4 l l
lal C5 convertases
PRELP, lol
C4b2a3b C3bBbP3b 1
FM, OSAD,
CHAD, NC4 +factor H
C5b
c6
c7
cs
Coxn PRELP, NC4
C5b-9

Figure 2. Complement regulators in arthritis. The classical pathway can be activated by
immune complexes, apoptotic and necrotic cells, fibromodulin, osteoadherin or
chondroadherin, whereas COMP, biglycan and decorin inhibit the early classical pathway
by binding Clq. The lectin pathway can be initiated by apoptotic cells and possibly
glycoforms of IgG. COMP, biglycan and Ial can in contrast inhibit lectin pathway
activation. The alternative pathway may be triggered by apoptotic cells, anti-citrullinated
peptide antibodies (ACPA) or COMP. Several ECM proteins can bind C4BP and factor H
and therefore locally downregulate the classical and alternative C3 convertases (C4b2a and
C3bBbP, respectively). Ial can on its own inhibit both the classical and alternative C3-
convertase, whereas PRELP only inhibits the alternative convertase. The assembly of the
membrane attack complex is inhibited by both PRELP and the NC4-domain of collagen IX.
ACPA, anti-citrullinated peptide antibody; Apop. Cells, apoptotic cells; CHAD,
chondroadherin; FM, fibromodulin; ICs, immune complexes; OSAD, osteoadherin.
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