Chapter 1 - Introduction


1.1 The immune system
The immune system comprises a multitude of different recognition and effector mechanisms, which are required to prevent the omnipresent microorganisms from invading the internal environment of multicellular organisms. In mammals the immune system is made up of both soluble proteins and various immune system cells. Based on the method of recognition the immune system mechanisms can roughly, despite being highly inter-connected, be divided in two parts. The adaptive immune system is composed of all the immune mechanisms that utilize specific responses like antibodies, which have been developed through multiple encounters. The innate immune system is a ready made arsenal of immune mechanisms, which recognizes pathogens through conserved structural motifs. Therefore, it is not well suited for elimination of specific pathogens, but rather it is believed to limit the spread and severity of an infection, and prime the adaptive immune system towards a threatening pathogen (Medzhitov and Janeway, 1997). One such innate immune system mechanism is the complement system. 
1.2 The complement system

The complement system is a diverse recognition and effector mechanism of the innate immune system, with wide ranging effects on microorganisms which have been observed as far back as 1817 (Alper, 1998). However at that time and for many years afterwards the complement system was an undefined serum constituent with hemolytic activity. Not until recently has it become apparent that it is composed of more than 25 soluble and 10 or more cell-surface bound proteins. It can be activated by three pathways: the classical, the alternative and the lectin pathway (figure 1.1). Activation of complement during an infection can lead to direct lysis, opsonization of the pathogen, and inflammation by the release of chemoattractants (for review see Law and Reid, (1995)). All three activation pathways merge at the formation of a C3 convertase complex, either C4b2a for the classical and the lectin pathways, or C3(H2O)Bb/C3bBb for the alternative pathway. Upon activation of the lectin and the classical pathways C4 is cleaved and C4b is covalently bound through a thiolester bond to the surface (Dodds et al., 1996), upon which MBL or C1 is bound (figure 1.2) (Moller-Kristensen et al., 2003b). The bound C4b can bind C2 which is cleaved releasing C2b while C4b and C2a make-up the C3 convertase complex. The C3 convertase complexes cleave C3 releasing C3a and enabling C3b to undergo a conformational change (Janssen et al., 2006). This exposes the thiolester bond and through this C3b can become covalently bound to nearby surfaces (figure 1.2) (Law and Dodds, 1997). The deposited C3b is by itself an opsonin, but it can also be the basis for more C3 convertase complexes (C3bBb), or associate with a C3 convertase complex to form the C5 convertase complex C3b2Bb or C4b2a3b. On host cell surfaces the C3b is eventually inactivated by proteolytic degradation to iC3b and C3d (figure 1.3). The C5-convertase complexes cleave C5 and release C5a, which is an anaphylotoxin, which together with C3a and C4a, though C5a being the most potent, mediates inflammation and recruitment of other immune system cells to the site of complement activation (Frank and Fries, 1991). The C5b is capable of forming a complex with C6 and C7, and the C7 undergoes structural reorganization exposing a hydrophobic site. This enables the C5bC6C7 complex to bind to plasma membranes and further associate with C8 and several C9 molecules. This results in the formation of a pore through the membrane with resulting loss of homeostasis and lysis of the cell (Bhakdi and Tranum-Jensen, 1991). The complement system is a protein cascade, which through down-stream amplification, especially through the formation of the convertase complexes, is capable of mounting a powerful response, despite modest initial stimuli. Additional to its direct effect on microorganisms it is also involved in the removal necrotic and apoptotic cells, circulating immune complexes (Whaley and Ahmed, 1989) and priming the adaptive immune system (Dempsey et al., 1996).
1.2.1 The classical pathway 
The classical pathway of complement activation is initiated by C1. This is a protein complex composed of the recognition molecule C1q and C1r and C1s (Arlaud and Colomb, 1987). C1q is a large multimeric protein complex composed of 6 subunits, each composed of three homologous polypeptide chains (A, B and C), that all have a collagen-like domain in the N-terminus and a globular domain at the C-terminus (Sellar et al., 1991). The collagen-like domain enables one A-, B- and C-chain to form a collagen-like triple helix attached to a 3-lobed “head”. Six such subunits further associate and form the hexameric C1q. C1q binds to antigen-bound IgG and IgM antibodies through charge clusters in their hinge regions, allowing C1q to function as a bridge between the innate and the adaptive immune systems (Burton et al., 1980; Duncan and Winter, 1988; Perkins et al., 1991). It has later been shown that C1q can bind charged or hydrophobic clusters in nucleic acids, lipid A, cardiolipin, ligand-bound C-reactive protein (CRP), amyloids and many other targets such as Gram negative bacteria, in an antibody independent manner (Blanquet-Grossard et al., 2005; Mitchell et al., 2007; Sim and Malhotra, 1994). 

In plasma C1q circulates associated with a  heterotetramer of the protease zymogens C1r and C1s (figure 1.4) (Gigli et al., 1976; Gregory et al., 2003). Upon binding to a target surface C1q undergoes conformational changes enabling C1r zymogen to autoactivate and subsequently cleave and activate C1s (Dodds et al., 1978). The activated C1s protease can then cleave C4 and C2 and generate the C4b2a C3 convertase. 
1.2.2 The alternative pathway

The alternative pathway of complement activation is different from the classical and the lectin pathways, since it does not rely on a large multivalent recognition molecule, but instead on the unstable nature of C3. In the fluid phase constant hydrolysis of the internal C3 thiolester bond is occurring generating C3(H2O) (Nicol and Lachmann, 1973; Pangburn and Muller-Eberhard, 1980). The hydrolysis induces a conformational change, like that happening in C3b, enabling factor B to recognize C3(H2O), generating the C3(H2O)B complex. This can be converted into the active C3 convertase (C3(H2O)Bb) through a single cleavage by factor D. This fluid-phase C3 convertase complex will cleave and activate more C3 molecules, generating C3b that may become covalently bound to any nearby surfaces. The deposited C3b can form complexes with factor B, which are activated by factor D, and this will lead to further C3 cleavage and deposition. Since all complement activation pathways merge in the formation of a C3 convertase, this mechanism is also believed to function as an amplification loop for the classical and the lectin pathways of complement activation. This results in a very powerful response, since the initial response is amplified many fold, but this also requires tight regulation, since both factor B and C3 would quickly become depleted if allowed to run loose. The regulation occurs on host cells which have cell-bound inhibitors like complement receptor 1 (CR1) and membrane cofactor protein (MCP), as well as the plasma protein factor H. These can displace factor B and serve as co-factors for factor I, that cleaves and inactivates the C3b to form iC3b (figure 1.3). Since C3b is deposited at random, the regulatory system enables the alternative pathway to proceed only if the surface is devoid of inhibitory molecules. Through this mechanism host cell surfaces will prevent further complement activation and deposition while non-host cells generally cannot. 
1.2.3 The lectin pathway

1.2.3.1 Mannan-binding lectin

The lectin pathway of complement activation is the most recently discovered of the three. The recognition molecule of the lectin pathway, mannan-binding lectin (MBL) was initially purified from rabbit liver (Kawasaki et al., 1978), and its human homologue was discovered 5 years later (Kawasaki et al., 1983). The protein is now known as MBL, but since the discovery other names like mannan-binding protein (Kawasaki et al., 1983; Lu et al., 1990; Super et al., 1990), mannose-binding protein (Drickamer, 1988; Ezekowitz and Stahl, 1988), core-specific lectin (Brownell et al., 1984) and Ra-reactive factor (Matsushita et al., 1992) have been used. 
In serum MBL is found as a large complex composed of 6-18 identical polypeptide chains held together by disulphide bridges (Lu et al., 1990; Thiel and Reid, 1989). The ability of MBL to form large oligomeric complexes is due to the complex domain structure of the MBL polypeptide chain. It is divided into four domains: an N-terminal cysteine-rich domain, a collagen-like domain, an α-helical coiled-coil domain (or neck region) and a globular domain (Thiel, 1992). The collagen-like domain consists of multiple Gly-Xaa-Yaa repeats (Xaa and Yaa can be any amino acid), that together with the neck region enable the formation of the trimeric subunit (Sheriff et al., 1994; Weis and Drickamer, 1994). The collagen-like domains of three polypeptide chains form a collagen-like triple helix, which is further stabilized through postranslational hydroxylations and glycosylations (Colley and Baenziger, 1987), as well as disulphide bridges between the N-terminal domains. The MBL trimeric subunit forms MBL oligomers composed of 2-6 MBL subunits, in which the subunits are held together through disulphide bonds between the N-terminal domains (figure 1.5) (Lu et al., 1990; Presanis et al., 2003). Due to an interruption in the collagen-like sequence (after the 7th Gly-Xaa-Yaa repeat) the MBL subunit has a kink which serves the purpose of separating the individual globular domains in the larger oligomeric complexes (figure 1.5). 
The mannan or mannose binding site of MBL is found in the C-terminal globular domain of each polypeptide (Weis et al., 1992), in a domain which has a common fold to that of proteins of the C-type lectin family (for reviews on the C-type lectin family see Weis et al., (1998) and Drickamer et al., (1999)). MBL belongs to the C-type lectin sub-family, the collectins, which in humans, including MBL, has 5 members (MBL, SP-A, SP-D, CL-L1 and CL-P1). These proteins have a similar molecular organization to MBL and a Ca2+ ion dependent carbohydrate recognition domain    (C-type CRD). Additionally SP-A, SP-D, and CL-L1 have all been shown to participate in the innate immune system (for reviews on the collectin family see Holmskov et al., (1994; 2003)). MBL can, by utilizing a Ca2+ ion, bind to glycans that terminate in saccharides with 3-OH and 4-OH groups in the equatorial plane (Ng et al., 1996; Weis et al., 1992). Therefore, MBL binds to mannose, N-acetyl mannosamine, N-acetyl glucosamine (GlcNAc), glucose and L-fucose (Haurum et al., 1993). The interaction between one MBL CRD and one ligand is of low affinity, approximate KD of 10-3 M (Iobst et al., 1994), and this by itself is not enough to form a stable interaction between the CRD and the ligand. This is probably the reason why MBL is a multimeric protein, since it allows multiple interactions i.e. several CRDs bind at the same time to a ligand array, and this generates a high-avidity interaction. The anti-microbial activity of MBL has been widely studied, and it recognizes many different microorganisms including  fungi, bacteria, viruses and protozoa (for reviews see Jack et al.,  (1998) and Dommett et al., (2006)). 

Compared to the other remaining members of the collectin family, MBL is unique, since it can activate complement (Ikeda et al., 1987). Due to the resemblance on the structural level between MBL and C1q, and since complement activation by MBL proceeds through C4 and C2 cleavage, MBL was initially believed to form complexes with C1r and C1s (Ikeda et al., 1987; Lu et al., 1990). This assumption was later proven wrong, when it was shown that none of the C1 complex components were required for MBL-mediated complement activation (Ji et al., 1988), and when the MBL-associated serine proteases (MASPs) were discovered. So far four different proteins have been shown to form complexes with MBL, of which three are serine protease zymogens named MASP1 (Matsushita and Fujita, 1992), MASP2 (Thiel et al., 1997) and MASP3 (Dahl et al., 2001) and a protein named MBL-associated protein 19 (MAp19: Thiel et al., (1997) or small MBL-associated protein (sMAP Takahashi et al., (1999)). The MASPs and MAp19 form homodimers in a Ca2+ ion dependent manner, and these homodimers bind to MBL (Chen and Wallis, 2004; Feinberg et al., 2003; Gregory et al., 2004). Through fractionation of serum it was suggested that MASP1 and MAp19 were primarily associated with the lower oligomeric forms of MBL (trimers and tetramers), while MASP2 and MASP3 may associate primarily with the highest oligomeric forms (pentamers and hexamers) (Dahl et al., 2001). The MASP homodimers are believed to associate in a 1:1 molar ratio to MBL complexes i.e. one homodimer per MBL oligomer (Teillet et al., 2005), but one study using truncated MASP2 has shown that MBL trimers and tetramers are capable of binding an additional truncated MASP2 dimer but at a lower affinity than the first and only at non-physiological MASP2 to MBL ratios (Chen and Wallis, 2004). Therefore each MBL oligomer in circulation will have only one type of MASP (or Map19) associated with it.
When the serum concentration of MBL is quantified in healthy individuals it is found that the concentration in the majority of the population varies between 0 and 5 μg/ml (Garred et al., 2003). This variability can be explained by various point mutations in the MBL gene, and these can be divided into two groups, based on their location in the MBL gene. One group is composed of two promoter polymorphisms, while the other group consists of three structural mutations found in exon 1 (codon 52, 54 and 57). The two promoter polymorphisms affect the serum concentration directly by lowering the transcription of the gene (Madsen et al., 1995; Madsen et al., 1998). The polymorphisms in exon 1 are all found in the collagen-like domain (Lipscombe et al., 1992; Madsen et al., 1994; Sumiya et al., 1991). These mutations, instead of affecting the amount of MBL synthesized, decrease the functionality of it since the disruptions in the collagen-like domain prevent the stable formation of the larger oligomeric complexes, which also are believed to be the biologically more active subset. These mutations have also been observed to decrease the concentration of MBL, but the actual mechanism is not known, though it may be due to the quantification method, since the most commonly used methods rely on binding of MBL to a mannan surface (Super et al., 1990; Thiel et al., 2002). Such methods may underestimate small oligomers (1 or 2 subunits). For reviews on MBL polymorphisms and their effect on the MBL concentration see Garred et al., (2003) or Thiel (2007).
1.2.3.2 The ficolins
Recently a new protein family, the ficolins, that like MBL, is associated with the MASPs and capable of activating the complement system, has been discovered (Matsushita et al., 2001). So far three members of the ficolin family have been identified in humans: L-ficolin, H-ficolin and M-ficolin. The organization of the ficolin polypeptide chain resembles that of MBL and C1q because it also contains an N-terminal cysteine-rich, a collagen-like domain, a short neck region and a globular binding domain (figure 1.6). Additionally the ficolin polypeptide chains are capable of forming homotrimeric subunits. As with MBL the N-terminal domain and the collagen-like domain are mainly involved in the formation of trimeric subunits, and the covalent cross-linking of these by disulphide bridge formation (Hummelshoj et al., 2007; Ohashi and Erickson, 2004). In L-ficolin and M-ficolin a disruption in the collagen-like domain is also found, but compared to MBL it is located much further towards the N-terminus, and in H-ficolin no such interruption is seen (figure 1.7). The major difference between the ficolins and MBL is the globular domain. In the ficolins it is a fibrinogen-like (fbg) domain rather than a C-type CRD. The fbg domain has been so named due to structural similarities to the C-terminal part of the fibrinogen β- and γ-chains (Doolittle, 1984; Matsushita and Fujita, 2001). The three ficolins are not only structurally related, but on the primary sequence level the degree of conservation is high (figure 1.8). Since L-ficolin and M-ficolin are both found on chromosome 9q34, and they are 79% identical in amino acid sequence (Thiel, 2007), it is believed that the two genes are a result of a recent gene duplication (Endo et al., 2007; Endo et al., 1996). H-ficolin does not share the same degree of identity on amino acid level with the other ficolins (45% identical to both L-ficolin and M-ficolin) (Thiel, 2007), and the H-ficolin gene is found on chromosome 1p35.3 indicating that a possible gene duplication occurred further back (Endo et al., 2007).
The fbg domain is a widely occurring globular domain structure, and proteins with this domain are found in invertebrates as well as vertebrates. In humans the fbg domain is not restricted to the ficolins, but is for instance also found in proteins that enable muscle cells to interact with tenascin-C (LaFleur et al., 1997), and in a family of proteins believed to be involved in angiogenesis (Morisada et al., 2006). Additionally the fbg doman has been identified in different invertebrates like horseshoe crabs  (Inamori et al., 1999; Okino et al., 1995; Saito et al., 1997; Saito et al., 1995), ascidians (Kenjo et al., 2001) and mosquitoes (Wang et al., 2004). Like the human ficolins the invertebrate protein analogues are found as large oligomeric complexes, but so far none of these has been shown to form complexes with MASP analogues as is the case with the human ficolins. This suggests that their main role is aggregation/opsonization of invading microorganisms,  rather than activation of other branches of their immune system (Gokudan et al., 1999; Inamori et al., 1999; Saito et al., 1997). 

In other mammalian species (mice, rats and pigs) ficolin homologues have been identified and named as follows: mice (ficolin A and ficolin B) (Fujimori et al., 1998; Ohashi and Erickson, 1998), rats (ficolin A and ficolin B) (Girija et al., 2007) and pigs (ficolin α and ficolin β) (Ichijo et al., 1993; Ohashi and Erickson, 1998). Their primary structure is similar to L-ficolin and M-ficolin, and since their expression patterns also matches L-ficolin and M-ficolin they are believed to be homologues of these. What sets the human ficolins apart from the above mentioned species is the presence of H-ficolin. So far it has not been identified in any other species but in mice the gene has been found and identified as a pseudogene (Endo et al., 2004). The significance of the loss of H-ficolin in any species other than humans or possibly primates is not currently understood.
1.2.3.2.1 L-ficolin

L-ficolin is the most widely studied of the human ficolins and it was initially reported as an elastin-binding protein (EBP-37) (Harumiya et al., 1995; Harumiya et al., 1996), as well as a corticosteoroid-binding protein (Huculin) (Edgar, 1995). Another protein named P35, capable of mediating uptake of Salmonella typhimurium by polymorphonuclear cells, was reported by Matsushita et al., (1996). Eventually the three proteins were identified as being one and the same, and renamed as L-ficolin. The main reason for these multiple identifications of L-ficolin is its ability to bind to CNBr-activated Sepharose, which gave rise to misinterpretations of binding studies (Le et al., 1998).
L-ficolin is a plasma protein, which is mainly expressed in the liver, but on the mRNA level some expression of an alternative splicing variant has been detected in the lungs (Matsushita et al., 1996). Upon expression L-ficolin is secreted to the circulatory system, and the plasma concentration has been estimated to range between 3.7-5.0 μg/ml in Caucasians  and 13.7 μg/ml (average) in a Japanese population, but no more than a 10-fold concentraton difference between the highest and the lowest concentrations has been measured (Kilpatrick et al., 1999; Krarup et al., 2005; Le et al., 1998; Taira et al., 2000). This may be due to ethnic differences, since polymorphisms in the L-ficolin gene have been shown to have an impact on the        L-ficolin plasma levels (Cedzynski et al., 2007; Herpers et al., 2005; Hummelshoj et al., 2005; Munthe-Fog et al., 2007a). Despite this no individuals completely deficient for L-ficolin have been discovered. 
In the blood stream L-ficolin is found as an oligomer in complex with MASP1, 2 and 3 as well as MAp19 (Matsushita et al., 2000a; Matsushita et al., 2002), and through the proteolytic activity of notably MASP2, the L-ficolin complex can activate complement and promote complement-mediated opsonization (Aoyagi et al., 2005; Matsushita et al., 2000a). Compared to MBL the L-ficolin oligomeric complex is different, despite being made up of homotrimeric subunits. It has been reported that  L-ficolin forms only complexes composed of up to 4 trimeric subunits (figure 1.9) (Lu and Le, 1998; Ohashi and Erickson, 1998). Additionally, since the kink is located further towards the N-terminus, the overall shape may differ from that of MBL (figure 1.5) giving more flexibility to the entire molecule. 
Since L-ficolin is a recognition mechanism capable of distinguishing between host and non-host, its specificity has been investigated in some detail. These investigations have mainly had emphasis on monosaccharide recognition, and through these studies L-ficolin was found to have affinity towards N-acetylated monosaccharides like GlcNAc and N-acetyl galactosamine (GalNAc) (Le et al., 1998; Lu et al., 2002; Matsushita et al., 1996). These observations were somewhat confirmed through inhibitory studies, in which the specificity of L-ficolin was investigated by comparing the inhibitory potential of various compounds on L-ficolin binding to a fixed ligand. They showed that the presence of an acetyl group was far more important than the compound to which it was bound. Other compounds like N-acetyl glycine and          N-acetyl cysteine (CysNAc) were equally good inhibitors of L-ficolin binding compared to GlcNAc (Krarup et al., 2004). Certain heterogenous compounds like the bacterial cell wall constituents lipoteichoic acid and peptidoglycan, have also been identified as suitable L-ficolin ligands (Lynch et al., 2004; Ma et al., 2004; Ma et al., 2002). 
When most of the specificity studies with L-ficolin were performed only one crystal structure of a fbg domain had been solved. This was a structure of the tachylectin 5A (TL-5A) from Thacypleus tridentatus in complex with a GlcNAc residue (Kairies et al., 2001).  Due to TL-5A being co-crystallized in complex with GlcNAc, and considering that L-ficolin and TL-5A have similar specificities and that they have a high degree of primary sequence conservation (49% identical), and led to the belief that the two domains were functional homologues (Krarup et al., 2004). When the structure of the L-ficolin fbg domain was eventually solved, significant differences to TL-5A were discovered since 4 different binding sites (S1-4) were identified (figure 1.10) (Garlatti et al., 2007a). The S1 site (homologous to the single binding site in  TL-5A) was not found to bind any of the ligands used for co-crystallization, but the edge of it was found to bind an oligosaccharide with two GlcNAc residues (Garlatti et al., 2007a). S2 and S3 both were found in complex with various monosaccharides, and the S4 site appeared to interact with 1,3-β-D-glucans (Garlatti et al., 2007a). Additionally it appeared as if the sites S2-4 formed a binding groove similar to that of peptidoglycan recognition proteins (Lim et al., 2006). This suggests that L-ficolin probably is more suitable for binding to extended oligosaccharides than monosaccharides. The monosaccharide recognition by S2 and S3 may contribute to this binding by selectively recognizing saccharide subunits in the oligosaccharide (figure 1.10B) (Garlatti et al., 2007a). 
Only limited studies of the antimicrobial activity of L-ficolin have been done. Purified L-ficolin has been found to be capable of binding and depositing complement on the surface of Salmonella typhimurium TV119 (Matsushita et al., 2000a; Matsushita et al., 1996; Taira et al., 2000), as well as increasing the opsonophagocytosis of group B streptococci (Streptococcus agalactiae) (Aoyagi et al., 2005). The most comprehensive study of anti-microbial activity of  L-ficolin was done with 20 S. pneumoniae serotypes as well as the 13 known Staphylococcus aureus serotypes (Krarup et al., 2005). In that study it was found that L-ficolin bound selectively to the bacterial capsule constituents of some serotypes of both S. pneumoniae and S. aureus, but far from all. Since the capsule composition of most of the S. pneumoniae serotypes is known (Kamerling, 2000), it was attempted to identify an L-ficolin binding motif based on the capsule composition of the different serotypes, but no consensus motif could be identified (Krarup et al., 2005). In regard to other microorganisms like fungi, viruses and parasites, very little work has been done and so far no reports exist. Additionally to its anti-microbial activities, L-ficolin has been shown to participate in the clearance of apoptotic and dead host cells (Jensen et al., 2007; Kuraya et al., 2005). Just recently L-ficolin was reported to bind to CRP, and possibly utilize CRP bound to microorganisms as a pattern of recognition (Ng et al., 2007).
1.2.3.2.2 M-ficolin
M-ficolin was discovered when a human uterus cDNA library was screened with a degenerate porcine ficolin α probe (Ohashi and Erickson, 1997). Initially M-ficolin was named P35-like protein, due to its high sequence similarity  to P35, or L-ficolin as it is now known (figure 1.8) (Endo et al., 1996; Lu et al., 1996a). Later it was renamed M-ficolin after its principal site of synthesis, monocytes (Endo et al., 1996; Harumiya et al., 1996; Lu et al., 1996b). Unlike L-ficolin, M-ficolin has so far not been detected in serum, and is found on the surface of monocytes where it functions as an adhesion molecule promoting phagocytosis, but as the monocyte matures into a macrophage the M-ficolin gene is down-regulated (Frederiksen et al., 2005; Teh et al., 2000). Currently it is unknown how M-ficolin is bound to the membrane, since no trans-membrane domain or glycosylphosphatidylinositol-anchor sequence can found in the amino acid sequence. Since it is not found in serum and therefore very hard to purify, the little research that has been done on the protein has been performed with recombinant protein. This showed that M-ficolin, like L-ficolin forms      homomultimeric complexes, that are capable of associating with MASP1 and MASP2 and activate complement (Frederiksen et al., 2005; Liu et al., 2005). 

In terms of binding specificity M-ficolin has, like L-ficolin, affinity for N-acetylated compounds (Frederiksen et al., 2005; Liu et al., 2005; Teh et al., 2000). It has also been shown that M-ficolin can bind to Escherichia coli and S. aureus and promote the uptake of these by phagocytosis (Liu et al., 2005; Teh et al., 2000). The fbg domain of M-ficolin has been co-crystallized in complex with GlcNAc, GalNAc and sialic acids (Garlatti et al., 2007b), as well as without ligands (Tanio et al., 2007). These structures show that M-ficolin only has one binding site corresponding to the S1 site in L-ficolin, and the binding site in TL-5A (figure 1.11) (Garlatti et al., 2007a; Kairies et al., 2001).  
The fbg domain of M-ficolin has been found to be functional only at physiological pH values (higher than pH 6.8) (Tanio et al., 2007). At lower pH values a conformational shift occurs rendering M-ficolin incapable of binding to its ligands (Garlatti et al., 2007b; Tanio et al., 2007). This observation, combined with M-ficolin being found on the surface of monocytes, and that the mouse M-ficolin homologue ficolin B can be detected in lysosomes (Runza et al., 2006), suggests that M-ficolin is adapted to partake in opsonophagocytosis by the following mechanism. When M-ficolin on the surface of a monocyte binds a microorganism, the M-ficolin/microorganism complex is internalized and fused with a lysosome. This fusion results in, among other effects, a lowering of the pH in the phagolysosome, which dissociates the                             M-ficolin/microorganism complex because M-ficolin undergoes a conformational change (Garlatti et al., 2007b). The M-ficolin may afterwards be recycled and deposited back on the cell membrane. 
1.2.3.2.3 H-ficolin

H-ficolin (also known as the Hakata antigen and thermolabile β-2 macroglobulin) was the first of the human ficolins to be discovered. Yae et al., (1991) discovered            H-ficolin, as the target antigen of autoantibodies in some systemic lupus erythematosus (SLE) patients (Inaba et al., 1990; Yoshizawa et al., 1997). 
H-ficolin is mainly a plasma protein with the liver as the principal site of production, but H-ficolin has also been found in the lungs and in bile ducts (Akaiwa et al., 1999). Additionally it is expressed in a glioma cell line  (Kuraya et al., 2003), but the significance of this, as well as the H-ficolin found in the lungs and bile ducts is unknown. In plasma H-ficolin is found as a large complex composed of up to 18 polypeptide chains (Yae et al., 1991), that are capable of associating with MASP1, 2 and 3 as well as MAp19 (Matsushita et al., 2002). The association of the MASPs enables H-ficolin to activate the complement system upon binding to target surfaces (Tsujimura et al., 2002).

In plasma, compared to the other lectin pathway activators MBL and L-ficolin,         H-ficolin is more abundant, since the concentration in Japanese and Caucasian populations ranges between 7-23 μg/ml and 11.2-33.8 μg/ml, respectively (Krarup et al., 2005; Yae et al., 1991). As with L-ficolin no deficient individuals have been discovered, apart from people suffering from SLE and liver illnesses like cirrhosis, but this is believed to be due to autoantibodies or the degree of liver damage. On the genetic level only one coding polymorphism has been discovered, yielding a truncated variant of the H-ficolin polypeptide (Hummelshoj et al., 2005; Munthe-Fog et al., 2007b). 
The binding specificity of H-ficolin has been very difficult to investigate and only a few ligands are known. One is whole Aerococcus viridans (Krarup et al., 2005; Tsujimura et al., 2002), and another is a polysaccharide derived from the same bacterium (Tsujimura et al., 2001). Using recombinant H-ficolin it was found that H-ficolin was capable of aggregating erythrocytes derivatized with lipopolysaccharides (LPS) from S. typhimurium, S. minnesota and E. coli (O111), and that this aggregation could be  inhibited by GalNAc, GlcNAc and D-fucose (Sugimoto et al., 1998). This was in conflict with the observation using serum derived H-ficolin, and inhibition of H-ficolin binding to A. viridans, since Krarup et al., (2004) found no inhibitory potential of GlcNAc, GalNAc and ManNAc. This difference could be due to a different binding mechanism for binding to the bacterium compared to LPS. Recently the crystal structure of the H-ficolin fbg domain has been solved in complex with various ligands (figure 1.12) (Garlatti et al., 2007a). Here it was found that H-ficolin only had one binding site corresponding to the S1 site in L-ficolin, and it could only be co-crystallized with galactose and D-fucose, but none of the previously reported    N-acetylated inhibitors. This illustrates the uncertainties that still remain in terms of H-ficolin specificity.
Although H-ficolin was discovered 16 years ago there is a limited understanding of its actual role in the body. Due to the association of the MASPs it is believed that          H-ficolin like MBL and L-ficolin is involved in recognition and elimination of invading pathogens. On the other hand only one microbial ligand A. viridans (Tsujimura et al., 2002) has been discovered for H-ficolin, and it has low virulence. Because of the high plasma concentration this lack of microbial ligands is surprising, but may be due to the fact that little work in general has been done in the area.          H-ficolin has been found to bind to apoptotic cells (Honore et al., 2007; Kuraya et al., 2005), and get taken up by cells through the MBL- and C1q-receptor calreticulin bound to CD91 (Ogden et al., 2001). 

1.2.3.3 Ficolins in disease
Currently very little is known about ficolins and disease associations, but a few studies mainly concerning L-ficolin have been carried out. In 1999 some correlation between the MBL concentration and recurrent miscarriage was found (Christiansen et al., 1999), but when a similar investigation was done for L-ficolin no correlation was observed (Kilpatrick et al., 1999). In another study by Atkinson et al., (2004) some correlation was found between low L-ficolin concentrations and recurrence of respiratory infections. In a study by Kilpatrick et al., (2003) the anti-microbial effects of L-ficolin and H-ficolin were investigated by correlating the concentration of the two proteins to chemotherapy-related infections. Neither the concentration of            L-ficolin nor H-ficolin was found to affect the susceptibility to the infections encountered in this study. The H-ficolin concentration in a vast number of samples has been measured (more than 150000 individuals) (Fukutomi et al., 1996), and it was found that the H-ficolin concentration may be used as a marker for liver damage. Currently no disease-association studies have been performed with M-ficolin.
1.2.3.4 MBL-associated serine proteases

The first observation indicating the existence of the MASPs was made by Ikeda et al., (1987), when purified MBL was found to be capable of mediating complement-dependent lysis of mannan-coated erythrocytes. Initially it was thought that MBL like C1q was associated with C1r and C1s, but when Matsushita and Fujita (1992) isolated a C1s-like protease from an MBL preparation this was proven wrong. The protease mixture would have contained MASP1, 2 and 3, but the most abundant of the three was characterized as MASP1, and until Thiel et al., (1997) discovered MASP2 and demonstrated its ability to cleave C2 and C4, it was believed to be the enzyme responsible for complement activation. Later MASP3 (Dahl et al., 2001), as well as MAp19 (Stover et al., (1999) and Takahashi et al., (1999)), were identified. The 4 proteins have also been demonstrated to be associated with L-ficolin and H-ficolin (Matsushita et al., 2000a; Matsushita et al., 2002), and capable of associating with recombinant M-ficolin (Frederiksen et al., 2005; Liu et al., 2005).
1.2.3.4.1 Genetic organization of the MASP genes 
The genetic organization of the MASP and MAp19 genes is exceptional, since the four proteins are alternative splicing products of only two genes. MASP1 and MASP3 are alternative splice products from the MASP1/3 gene found on chromosome     3q27-28 (Dahl et al., 2001; Sato et al., 1994). The gene consists of 17 exons, of which the first 10 are shared between MASP1 and MASP3, while the MASP3 serine protease (SP) domain is composed of the 11th exon, and the MASP1 SP domain comprises exons 12 to 17 (figure 1.13) (Schwaeble et al., 2002). Despite being from the same gene, the expression of the two proteins varies since MASP1 is expressed only in the liver, while MASP3 is expressed in the spleen, lung, small intestine, thymus and the brain (Lynch et al., 2005). As with the MASP1/3, MASP2 and MAp19 are alternative splicing products of the MASP2/MAp19 gene, found on chromosome 1q36.2-3 comprising 12 exons  (Stover et al., 2001). The two proteins have the initial 4 exons in common, while exon 5 is unique for MAp19, and exons    6-12 encode for the remaining parts of MASP2 (figure 1.13) (Stover et al., 2001). Expression of both MASP2 and MAp19 have been detected solely in hepatic tissue (Stover et al., 2001; Stover et al., 2004). 
1.2.3.4.2 Structure and function of the MASPs
All three MASPs have a 7 domain structure, which is organized in the following way from the N-terminus: a CUB domain, an epidermal growth factor-like (EGF) domain, a CUB (Complement C1r/C1s, Uegf, Bmp1), a complement control protein (CCP) domain, a second CCP domain, a short linker domain and the SP domain (figure 1.14). MAp19 only contains the CUB1 and EGF domains. The domain structure of the MASPs can roughly be divided into two functional parts. One part (the CUB1EGFCUB2 domains) is involved in the complex formation with MBL and the ficolins and with homodimerization (Wallis and Dodd, 2000). The CCP1CCP2SP domains are involved with the catalytic processes of the MASPs (Ambrus et al., 2003).   
As mentioned above the CUB1EGFCUB2 domains are not involved in the catalytic activities of the MASPs, but rather enable the formation of the MASP dimers, and the MBL/MASP and ficolin/MASP complexes (Gregory et al., 2004). Initially it was believed that MASP1 and MAp19 could form heterodimers (Thiel et al., 2000), but further investigations using recombinant MAp19 and CUB1EGFCUB2 from MASP1 showed that the MASP1 and MAp19 only form homodimers (Wallis and Dodd, 2000). Additional experiments with full-length MASP2 and MASP3 showed they also only formed homodimers (Thielens et al., 2001; Zundel et al., 2004). The actual mechanism enabling this dimerization has been revealed by crystallography, and was found to be in a head-to-tail manner (figure1.14) (Feinberg et al., 2003; Gregory et al., 2004). The dimerization is Ca2+ ion dependent, and the Ca2+ ion is believed to act as a stabilizer at the interface between the CUB1 and the EGF domains. Currently it is not known how recognition of dimerization partners occurs, since MASP1 and MASP3 are identical all apart from the SP domain, but still no heterodimers have been detected, which suggests some involvement of the SP domain.
Another very important aspect of the CUB1EGFCUB2 domains is how they facilitate the complex formation with MBL and the ficolins. Estimations of the association constants for the MASPs and MAp19 to MBL and the ficolins showed that they are all similar indicating that none of the MASPs has a preference for either MBL or the ficolins (Cseh et al., 2002; Lacroix et al., 2007; Thielens et al., 2001; Zundel et al., 2004). This suggests that in serum, MBL, L -ficolin and H-ficolin compete for binding of the MASPs and MAp19. How this association occurs is largely unknown, since no crystal structures of the complex have been solved (for reviews see Gaboriaud et al., (2007) and Wallis et al., (2007)). Instead site-directed mutagenesis has been used to investigate the importance of conserved amino acids in both rat ficolin A and human MBL, L-ficolin and H-ficolin. This has shown a lysine residue (Lys 55, 57, 47 and 56 in human  MBL, L-ficolin and H-ficolin and rat ficolin A, respectively) that appears to be important for association of the MASPs and MAp19, but the mode of binding is currently unknown (Girija et al., 2007; Lacroix et al., 2007; Teillet et al., 2007). 
The CCP1CCP2SP domains do not appear to have a major role in the association with MBL and the ficolins. Instead the two CCP domains are believed to be involved in substrate recognition, as is the case for the MASP homologue C1s (Rossi et al., 1998). The SP domain is where the proteolytic activity is found. As mentioned earlier the MASPs do not circulate in complex with MBL and ficolins as active enzymes but rather as zymogens. These zymogens are not completely inactive since the MASP2 zymogen has been shown to have approximately 10% proteolytic activity compared to the activated protease (Gal et al., 2005). This may also be true for MASP1 and MASP3. The limited activity is important, since the activation of MASP2 is not mediated by another protease as is the case with C1s (see section 1.2.1), but entirely relies on auto-activation. This occurs when MBL or ficolin in complex with the MASPs binds to a surface and the binding event induces a conformational change to the entire protein complex (Chen and Wallis, 2001; Chen and Wallis, 2004; Dong et al., 2007). This enables the MASPs to auto-activate by a single cleavage of the zymogen, separating the heavy chain (CUB1EGFCUB2CCP1CCP2) from the light chain (SP domain) (Gal et al., 2005). This mechanism appears to be true for both MASP1 and MASP2, but one report suggests that MASP3 activation proceeds through a different but currently unknown route (Zundel et al., 2004). 
Not only has the mechanism behind the MASP association to MBL and the ficolins proven difficult to elucidate but also the substrate for MASP1 and MASP3. Presanis et al., (2004) used cleavage of tripeptide substrates in an attempt to identify patterns of cleavage by MASP1 that could lead to identification of possible protein substrates. What was observed was that MASP1 has a substrate specificity resembling that of thrombin, since it cleaves after arginine residues. This observation did support the observation by Hajela et al., (2002), who showed that MASP1/MASP3 preparations were able to cleave and activate fibrinogen and factor XIII, which are two of the main thrombin substrates in the coagulation system (see figure 6.1). These resemblances to thrombin have only recently become apparent, and initially the search for MASP1 substrates was concentrated within the complement system. The first observation that MASP1 was capable of activating C3 directly was done with mouse MASP1 (Ogata et al., 1995), but soon after similar observations were made with human material (Matsushita and Fujita, 1995). The physiological relevance of these findings was later brought to doubt, since it was shown that MASP1 in fact did not cleave C3, but rather C3(H2O) (Hajela et al., 2002). Another complement component that MASP1 has been shown to have some activity towards is C2, but since MASP1 does not cleave C4 this is believed to have little physiological relevance (Ambrus et al., 2003; Matsushita et al., 2000b). MASP1 has been shown to cleave only a few protein substrates at a low rate, indicating a very high degree of specificity. However this is contradicted by a report of its ability to digest gelatin in a gelatin zymogram (Gal et al., 2007). 
MASP2 has been more extensively studied than MASP1, since it became clear that it was responsible for the activation of complement through cleavage of C4 and C2 (Ambrus et al., 2003; Rossi et al., 2001; Thiel et al., 1997; Vorup-Jensen et al., 1998; Wong et al., 1999). Since the substrates for MASP2 have been well established the involvement of the CCP domains in the substrate recognition has been investigated (Ambrus et al., 2003). These studies showed that the two major substrates of MASP2 (C2 and C4) are recognized by different mechanisms. The presence of the CCP2 increases the catalytic activity of MASP2 towards C4 indicating that the CCP2 is involved in the docking of C4, while no effect of either CCP domain could be observed with C2 (Ambrus et al., 2003). Compared to a similar study done for C1s by Rossi et al., (1998) the mechanism for C2 recognition by C1s and MASP2 appeared similar since no involvement of any of the CCP domains could be observed. For C4 it appeared differently since the CCP1CCP2SP construct of C1s had 70-fold higher catalytic activity than the CCP2SP or the SP constructs (Rossi et al., 1998). As mentioned above there was no apparent involvement of the CCP1 domain in C4 recognition for MASP2, indicating that the two proteases differ in that respect. Recently another substrate for MASP2, but not C1s, has been identified, which further suggests that they differ in specificity. MASP2 has been shown to be capable of activating prothrombin in a manner similar to factor Xa (Krarup et al., 2007).

Since the discovery of MASP3 by Dahl et al., (2001) its role has been widely debated, and it has been suggested that MASP3 is an inhibitor of complement activation (Dahl et al., 2001). One protein substrate which was insulin-like growth factor-binding protein 5 has been described (Cortesio and Jiang, 2006), but the physiological relevance of this, like the complement inhibitory role, is still doubtful. As with MASP3 little is known about the physiological role of the MBL and ficolin associated protein MAp19. MAp19 knock-out mice were reported to have impaired C4 and C3 activation potential compared to wild-type mice, suggesting that MAp19 may be acting as a complement regulator, but this observation needs to be confirmed by additional experiments (Iwaki et al., 2006). 
There are still many questions that remain unanswered in regard to the MASPs and their role in the innate immune system. Recently two observations suggesting an involvement for MASP1 in the lectin pathway of complement activation have been reported, since MASP1 together with MASP2 were found to have an additive effect on C3 deposition, that is greater than each of the two enzymes alone                (Moller-Kristensen et al., 2007). Another study showed that MBL could promote the deposition of C3 in a C2 deficient serum, indicating the existence of “bypass” pathways leading to the deposition of C3, which may involve the MASPs (Selander et al., 2006).
1.2.3.5 MASP regulators
Like all other proteases utilized in the immune system the MASPs need to be tightly regulated to prevent exaggerated responses resulting in host tissue damage. An early study showed MBL/MASP complexes could be co-purified with α-2-Macroglobulin (α2M). Additionally MBL/MASP complexes were shown to have lower activity against C4 and C2 when α2M was present (Storgaard et al., 1995; Terai et al., 1997). 

In studies of the effect of the main complement inhibitor C1-inhibitor and of α2M on MASP1 and MASP2 both enzymes were found to form complexes with the two inhibitors (Ambrus et al., 2003), and it was also found that both prevented MASP2 from cleaving C4 and C2 (Gulati et al., 2002; Matsushita and Fujita, 1996; Petersen et al., 2000; Presanis et al., 2004; Rossi et al., 2001; Terai et al., 1995). The inhibitory potential of C1-inhibitor and α2M on MASP1 was investigated using small peptide substrates, and these studies showed that only C1-inhibitor had an effect. The lack of effect by α2M is not surprising since α2M does not inactivate the enzyme like        C1-inhibitor does, but instead prevents large molecules from entering the active site by forming a complex with the protease (Sottrup-Jensen, 1989). Presanis et al., (2004) used an assay where they tested MASP1 activity when associated with MBL, and confirmed the findings from the previously mentioned studies. Additionally it was discovered that anti-thrombin III (ATIII) in the presence of heparin also could inhibit MASP1. In the case of MASP2 in complex with MBL, like MASP1, cleavage of C4  was inhibited by C1-inhibitor, α2M and ATIII in the presence of heparin (Gulati et al., 2002; Presanis et al., 2004). Additionally Petersen et al., (2000) observed that aprotinin also had inhibitory effect on MASP2. Very little is known about the inhibitory profile of MASP3 using biological inhibitors, but Zundel et al., (2004) have reported that MASP3 is not inhibited by C1-inhibitor. 

1.2.3.6 MASP and disease association

Currently little is known about MASPs and disease associations, since MASP2 is the only one of the three MASPs for which a specific antibody-based quantification assay exists. Using the assay the average concentration of MASP2 was estimated as 534 ng/ml in 97 healthy Danish individuals, and to date no completely deficient individuals have been identified (Moller-Kristensen et al., 2003a). Additionally only one case of functional MASP2 deficiency has been observed in an individual that was homozygous for a point mutation in the CUB1 domain (D120G) (Stengaard-Pedersen et al., 2003). This mutation prevented the MASP2 from forming complexes with MBL and the ficolins (Sorensen et al., 2005; Stengaard-Pedersen et al., 2003). Since the individual also had an abnormally low MASP2 concentration (75 ng/ml) this was believed to be due to shorter half-life of non-associated MASP2 (Stengaard-Pedersen et al., 2003). Furthermore the individual had suffered from recurrent infections from the age of 15, and this has been ascribed to the lack of a functional lectin pathway. The only other study showing any correlation of the MASP2 concentration and disease outcome was in a study on colorectal cancer (Ytting et al., 2005b). This showed that a higher concentration of total MASP2, independent of the MBL concentration, increased the possibility of recurrence of the cancer and decreases the chance for survival (Ytting et al., 2005a; Ytting et al., 2005b). In another study with cystic fibrosis no correlation between the D120G mutation or the total MASP2 concentration could be found (Carlsson et al., 2005). In the case of MASP1 and MASP3 very little is known and specific assays for the two proteases are currently under development (Sorensen et al., 2005). 
A few studies have been done comparing the MASP1 activity in patient groups to that of healthy control groups, and in one study hepatitis infected individuals were found to have a higher MASP1 activity than the control group (Brown et al., 2007). In a similar study with schizophrenic individuals, no difference between the disease group and the healthy control group was found (Mayilyan et al., 2006).
1.3 Aims of the thesis
The aims of this thesis were as follows:

1) To investigate the binding specificity of L-ficolin and the stoichiometry of the      L-ficolin/MASP complexes
2) To express rH-ficolin in a mammalian expression system
3) To identify novel protein substrates for MASP1 and characterize existing ones

4) To explore the prothrombin activation potential of MASP2
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