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11 Structure-functio n relationshi p of the meningococca l 
opacit yy  protein s 

1.11 The structur e of the opacit y protein s 
Inn order to better understand the involvement of the opacity (Opa) 

proteinss in meningococcal carriage and pathogenesis, and to be able to 
evaluatee their vaccine potential, structure-function studies were initiated. 

Onee of the early recognised characteristics of Opa proteins was the 
dependencyy of their electrophoretic mobility on the temperature of 
solubilisationn and the amount of sodium dodecyl sulfate (SDS) used (71). This 
so-calledd heat-modifiability has been found to be a general characteristic of 
mostt bacterial outer membrane proteins (42, 58, 75). In chapter 2, we showed 
thatt this characteristic was similar for OpaB and OpaJ, whether expressed in 
theirr native meningococcal strain H44/76 or in Escherichia coli. The migration 
patternss were subsequently used to monitor correct in vitro folding of the 
purifiedd recombinant OpaB and OpaJ proteins. Highly efficient refolding was 
achievedd by dilution of urea-solubilised protein in a detergent solution under 
alkalinee conditions. The most critical factors in the folding efficiency of Opa 
weree the pH and the salt concentration of the refolding buffer. 

Conformationall  analysis of the purified refolded protein by circular 
dichroismm provided the first experimental evidence for a secondary structure 
dominatedd by fi-strands. This observation confirmed previously proposed 
topologyy models (50, 76). According to the predictions on the basis of these 
models,, eight membrane-spanning amphipathic regions forming a p-barrel 
conformationn result in four extra-cellular loops, three of which contain the 
variablee regions. These variable regions are either semi-variable (SV, present in 
loopl)) or hypervariable (HV-1, present in loop 2 and HV-2 present in loop 3). 
Somee improvements of the previously proposed Opa topology models have 
beenn suggested recently based on the elucidation of the three-dimensional 
structuree of NspA, a conserved meningococcal outer membrane protein of 
unknownn function (81). NspA displays high sequence homology with the 
neisseriall  Opa proteins, especially in the membrane-spanning ^-barrel domain. 
Basedd on this homology Vandeputte-Rutten et al. (2003) argue that the fourth 
strandd in the predicted topology model of Malorny et al. (1998) should be 
shiftedd towards the extra-cellular side by eight residues (see chapter 3 Fig. 2 
andd 3). This refinement confirms the model predicted earlier by Van der Ley 
(1988). . 

1.22 Opa-recepto r interaction s 
OpaOpa genes are expressed under the control of a translational frame 

shiftt mechanism and display a large inter- and intra-strain variability 
concentratedd in the variable regions (50, 70). Despite this enormous variability, 
thee number of receptors targeted by the Opa proteins is limited. Certain Opa 
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variantss have been shown to bind to cell surface expressed heparan sulphate 
proteoglycann (HSPG) receptors, but most of these HSPG-binding Opa proteins 
weree identified in gonococci (14, 45, 78). Only a single instance of HSPG 
bindingg by a meningococcal Opa protein has been reported (22). The specific 
HSPGG receptors targeted by neisserial Opa proteins have been characterised as 
syndecan-11 and syndecan-4 (27). Syndecan-1 is expressed predominantly in 
epitheliall  cells, whereas syndecan-4 is more widely distributed among various 
celll  types (19). The binding of Opa to these HSPG receptors has been observed 
too lead to invasion of gonococci into epithelial cells (27). In the presence of 
serumm a five to ten-fold increase of invasion occurred. The adhesive 
glycoproteinss fibronectin and vitronectin were identified as the serum 
componentss bridging the Opa-bound heparan sulphate-containing 
glycosaminoglycanss and the pi-containing integrin receptors, resulting in the 
formationn of a complex which leads to efficient cellular uptake of gonococci 
(23,, 24, 79). A similar mechanism was also described for the Ope protein (74, 
83,, 84). 

Thee major group of receptors recognised by the Opa proteins belong to 
thee carcinoembryonic antigen (CEA) family, which are differentially expressed 
onn various epithelial, endothelial and haematopoietic cells in vivo (2, 65, 73). 
CEACAMM receptors are mainly involved in intercellular adhesion via both 
homotypicc and /or heterotypic interactions (1, 61, 62, 89). These interactions 
influencee cell cycle control and cellular differentiation (38, 43, 44, 38). Even 

Figuree 1. Molecular model of the N-terminal 
IgV-lik ee domain of human CEACAM1. The non-
glycosylatedd GFCC'C" face involved in the Opa 
proteinn binding is in gold and the glycosylated 
ABEDD face is in cyan. Amino acids are indicated 
onn the model according to the one-letter amino 
acidd code. The conserved intradomain salt 
bridgee R64 and D82 linking the base of the D 
andd F strands are indicated in blue and red, 
respectivelyy (adapted from Watt et til., 2001). 
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thoughh the CEACAM receptors are highly glycosylated, Opa proteins are 
specificallyy targeting the non-glycosylated side (GFCC'C"- face, see Fig. 1) of 
thee immunoglobulin variable-like NH2-terminal domain of CEACAM (7). This 
protein-proteinn interaction has been further characterised by mutagenesis and 
modellingg studies (8, 86, 64). Several amino acid residues critical for binding 
activityy were identified. Bos et al. (1999) have shown that crucial residues for 
thee binding of OpaB, OpaC and Opal (from gonococcal strain MS11) to the N-
terminall  domain of CEA were Phe29 and Ser32 (Fig. 1). Virj i et al. (1999) 
demonstratedd that the substitution of Tyr34 of CEACAM1 resulted in complete 
losss of binding to OpaA, OpaB and OpaC (from meningococcal strain C751) 
(Fig.. 1). The aromatic ring of the conserved Tyr34 is suggested to be essential 
forr maintaining the convoluted structure of the CC' loop, as shown for the 
murinee CEACAM1 (72). Differential effects for the binding of the three Opa 
variantss were seen for alanine substitution of Ser32, Val39 or GI1Ï44 (Figure 1). 
Poppp et al. (1999) identified an amino acid triplet sequence (residues 27 - 29) 
responsiblee for the binding of Opa proteins to CEACAM1, CEA and 
CEACAM6. . 

Strikingly,, Opa proteins target the same domain and even some of the 
samee residues which are involved in the natural binding function of CEACAM 
receptorss to each other (46, 89). The mutation frequency in these regions can be 
expectedd to be low, because many mutations might abrogate the normal 
CEACAMM interactions. Neisserial Opa binding to these same residues would 
thuss guarantee a conserved receptor target. 

Off  all human CEACAM proteins expressed, only CEACAM1, 
CEACAM3,, CEACAM6 and CEA are targeted by a diverse group of Opa 
proteinss from N. gonorrhoeae, N. meningitidis, and several commensal neisserial 
speciess as reviewed by Billker et al. (2000) and Virj i (2000). The restricted 
receptorr specificity for Opa proteins suggests that conserved binding sites 
withinn the Opa variable regions might be involved. Recently, Bos et al. (2002) 
demonstratedd that not the SV-region or the constant region (loop 4), but 
distinctt combinations of hypervariable Opa protein domains (HV-1 and HV-2) 
aree involved in the binding to the CEACAM-receptors. 

Inn our studies we used recombinant E.coli expressing individual 
meningococcall  Opa proteins and transfected HeLa cells expressing CEACAM 
receptorss (16, 28, 29, 55). This enabled us to characterise the specific Opa-
CEACAMM interactions. The results as described in chapter 3, indicate that a 
specificc interaction between the HV-1 and HV-2 regions determines a 
conformation-dependentt binding to CEACAM. By site-directed mutagenesis of 
OpaBB (meningococcal strain H44/76), sequences involved in this 
intramolecularr interaction and residues more directly involved in the binding 
too CEACAM 1 and CEA were identified. Residues 93-97 in combination with 
residuess 99-101 participated in the interaction between HV-1 and HV-2, 
enablingg the binding to CEACAM1. The residues Gly172- Ile174- Gln176 were 
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selectedd for alanine scanning mutagenesis because they are conserved within 
thee variable region HV-2 among the Opa proteins of meningococcal strain 
H44/76.. Residues He174 and to a lesser extent Gln176 were shown to be 
importantt for the CEACAM1 binding, while all three residues were important 
forr the CEA binding (Fig. 2). For the crucial residue Ile174 only conservative 
substitutionss to valine or leucine are found among meningococcal Opa 
proteins.. Strikingly, the CEACAM residues involved in Opa binding were also 
foundd to be hydrophobic (8, 64, 86). This indicates that the Opa-CEACAM 
bindingg might be realised by a hydrophobic interaction. In a study performed 
byy Muenzner et al. (2000), one of the few studies in which both the Opa 
sequencess and their binding specificity were determined, comparable motifs 
(Gly172-Ile174-Gln176)) were present in the Opa proteins targeting CEACAM1. 
However,, the largest deviation from this motif was found in the protein 
targetingg three different CEACAM receptors. Strikingly, the motif (Gly172-
Ile174-Gln176)) appears to be much better conserved among meningococcal Opa 
proteinss than gonococcal Opa proteins. This may be due to the more diverse 
receptorr repertoire used by gonococcal Opa proteins. Many mutations in OpaB 
resultedd in a complete loss of binding to CEA, while the interaction with 
CEACAM11 was retained. Therefore the nature of binding of OpaB to CEA and 
too CEACAM1 is significantly different. The reverse situation, i.e. loss of 
bindingg to CEACAM1 but not CEA was never observed. This is in agreement 
withh the results from Virj i et al. (1996) who showed that 85 % of meningococcal 
diseasee and carrier isolates tested, recognised CEACAM 1. It would thus 
appearr that CEACAM1, which is the most widely distributed CEACAM 
proteinn (65), and not CEA is the principal receptor targeted by meningococcal 
Opaa proteins. 

Inn addition to Neisseria spp., other viral and bacterial pathogens also 
usee CEACAM1 isoforms as receptors in different species, including the murine 
coronaviruss mouse hepatitis virus (MHV) (5, 48, 72), Haemophilus influenzae 
(35)) and Moraxella catarrhalis (36). Among the CEACAM-dependent pathogen 
interactionss studied, the P5 proteins which mediate adhesion of H. influenzae 
too human epithelial cells share the most structural similarities with the Opa 
proteins.. P5 proteins consist of eight-stranded p-barrels with four extracellular 
loopss of which loop 4 is conserved while loops 1 -3 are variable (25, 90), 
similarr to what has been found for the Opa proteins (50). However, at the 
aminoo acid sequence level the P5 and Opa proteins have littl e homology. 

Indicationss for conformation-dependent Opa-CEACAM binding were 
foundd with in vitro refolded OpaJ (chapter 2) and were confirmed by the 
identificationn of sequences involved in the interaction between HV-1 and HV-2 
(chapterr 3). Surprisingly, these sequences, identified in OpaB, were not 
generallyy conserved among Opa proteins. We therefore assume that the 
variationn of this sequence in HV-1 has occurred in parallel with the 
correspondingg site present in HV-2, making these sequences a non-conserved 
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Figuree 2. Predicted two-dimensional structure of OpaB (meningococcal strain H44/76)(according to 
Vann der Ley, 1988 and Vandeputte-Rutten et al., 2003). Variable stretches (i.e., SV = semi variable, HV-
11 = hypervariable 1, HV-2 = hypervariable 2) are indicated in bold. Residues found to be involved in 
thee binding to CEA are indicated in blue and residues found to be involved in binding to CEACAM1 
aree boxed. Residues in HV-1 involved in the interaction with HV-2 enabling the binding to 
CEACAM11 are indicated in red. 

sitee but still relevant for the functional conformation. Although the primary 
sequencee was the starting point to explicate the binding specificity of the Opa 
proteins,, primary sequence variation may not exclude overall three-
dimensionall  similarity. Variation of residues with preservation of the intra-
molecularr interactions enabling the molecule to adopt a binding conformation 
mightt conserve the CEACAM binding function of the Opa proteins. The 
envelopee glycoprotein gpl20, present in human immunodeficiency virus 1 
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(HIV-1),, has also been described as a functionally conserved protein despite 
highh sequence variation (49). In analogy with the Opa-CEACAM interaction, 
gpl200 is binding in a conformation-dependent manner to its receptor CD4 (56). 
Thee results of Kwong et al. (2002) strongly suggested that the potentially 
vulnerablee receptor-binding sites on gpl20 are protected by conformational 
masking.. A similar mechanism might be exploited by the Opa proteins and 
mightt explain why sequence alignment did not reveal additional generally 
conservedd sequences involved in CEACAM binding beyond the Gly172- He174-
Gln1766 motif. 

Theree is limited knowledge of the three-dimensional structures of 
bacteriall  adhesins. However, the crystal structure of a functionally similar 
proteinn from N. meningtidis, OpcA, has been elucidated recently (66). 
Thee ^-barrel was found to be extended above the membrane surface as was 
alsoo found for OmpT (80) and OmpX (88). A crevice, the most dominant 
featuree of the surface structure formed by the external loop regions of OpcA, 
hass been proposed as the proteoglycan-binding site (66). In the case of NspA, 
thee four surface exposed loops form a long groove at the top of the molecule, 
whichh is highly hydrophobic and could bind an as yet unidentified ligand (81). 
Wee would anticipate that the CEACAM binding site on Opa is formed by the 
extracellularr loops in a similar fashion. However, to reveal the structural 
rearrangementss upon binding, Opa proteins need to be crystallised with and 
withoutt receptor. Crystallisation attempts were performed using the hanging-
dropp vapour-diffusion method. The protein solution contained -10 mg/ml 
purifiedd OpaJ129 in 10 mM Tris pH 7.5, as well as a detergent. Several 
detergentss were tried: octyl-p-glucopyranoside, heptyl-fi-glucopyranoside and 
rt-decylpentaoxyethylenert-decylpentaoxyethylene and mixtures thereof. The crystallisation experiments 
havee not yielded crystals suitable for diffraction experiments. However, since 
thee refolding procedure was found to work for different Opa proteins (chapter 
2),, crystallisation of other Opa proteins might be more successful. 
Furthermore,, co-crystallisation of Opa in complex with one of the CEACAM 
receptors,, important to elucidate the conformational dependent interaction, 
wil ll  be investigated in the future. 

Invasionn of E.coli expressing Opa proteins into CEACAM expressing 
cellss resulted in similar levels of relative invasion, whether mediated by the 
CEACAM11 or CEA receptors (chapter 3). This suggests that the level of 
invasionn is not determined by the binding specificity of the Opa proteins. 
Thus,, no evidence for a particular invasion- associated Opa protein was found 
inn meningococcal strain H44/76, as was previously suggested by De Vries et al. 
(1996). . 
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22 Immunologica l propertie s of the opacit y protein s 

2.11 Immunogenicit y 
Littl ee previous work has been done on the immunological properties 

off  the opacity proteins. We therefore initiated immunogenicity studies of Opa 
proteinss in mice. With the method as described in chapter 2 we were able to 
obtainn pure and native Opa proteins, which allowed us to study the specific 
anti-Opaa response against native and denatured protein (chapter 4 and 5). 
Furthermore,, taking advantage of the phoE signal sequence Opa was expressed 
att the cell surface of E.coli. This enabled us to study the anti-Opa response in 
micee and the interaction with neutrophils (chapter 4 and 6). 

Subcutaneouss immunisation with purified OpaJ (strain H44/76) 
resultedd in a strong antibody response, but only after the addition of the well-
studiedd adjuvant Quillaja saponin A (QuilA) (chapter 4). From the 
subcutaneouss and intranasal immunisation study we know that Opa protein 
alonee is poorly immunogenic. Therefore adjuvant activity was necessary in all 
studies.. Total IgG responses induced with OpaJ as part of LPS-containing 
meningococcall  outer membrane complexes (OMC) (strain H44/76), without 
additionall  adjuvant, resulted in similar responses as found for purified protein 
withh QuilA. This finding showed the strong adjuvant activity of 
meningococcall  LPS as was previously studied by others (69, 77). In contrast, 
immunisationn with the same OpaJ protein expressed in E.coli and formulated 
ass OMC resulted in a significant lower response. The reduced immunogenicity 
off  the E.coli OMC was not due to the quantity of OpaJ expressed but rather to 
thee context of delivery. This might be a result of interference by 
immunodominantt E.coli outer membrane proteins or a lower adjuvant activity 
off  E.coli LPS as compared to meningococcal LPS. In an intranasal 
immunisationn study we tested three different adjuvants, the Salmonella 
minnesotaminnesota derived monophosphoryl lipid A (MPL), the Escherichia coli heat-
labilee enterotoxin (EtxB), both established as potent mucosal adjuvants (18, 
91),, and purified meningococcal LPS which has not been used as mucosal 
adjuvantt before. Strikingly, the addition of LPS to meningococcal Opa-
containingg liposomes induced a significantly higher anti-Opa response than 
thee other two adjuvants. Compared to MPL and EtxB, LPS was the best 
adjuvantt tested in our intranasal immunisation study (chapter 5). 

Thee isotype distribution of the serum antibodies after intranasal and 
subcutaneouss immunisation showed striking similarities. Subcutaneous 
immunisationn with LPS-containing meningococcal OMCs resulted in a 
comparablee isotype distribution as found for intranasal immunisation with 
Opa-containingg liposomes adjuvated with purified meningococcal LPS. This 
suggestss that the presence of meningococcal LPS as adjuvant directs the 
isotypee distribution towards Ig2b. Opa-containing E.coli OMCs were found to 
inducee mainly IgGl and IgG3, while the addition of QuilA to purified protein 
resultedd in especially high IgGl titres. 
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Inn addition, intrinsic features of the Opa protein such as the 
conformationn and sequence variability were found to influence the subclass-
speciff  ic response. A significant IgG2a response was measured after 
immunisationn with heat-denatured OpaJ protein but not with refolded protein. 
Inn contrast to the intranasal immunisation with OpaJ-liposomes with LPS, the 
liposomess containing OpaB with LPS induced a significant IgG2a titre. This 
indicatess that the sequence differences between these proteins found in the 
hypervariablee regions influence the isotype distribution of the antibodies. The 
hypervariablee domains play most probably an important role in the 
immunogenicityy since the total anti-OpaJ IgG response was mainly directed 
againstt the HV-2 region and low cross-reactivity with the heterologous OpaB 
wass measured in ELISA. 

2.22 Functional activity of anti-Opa antibodies 
Althoughh significant amounts of murine anti-Opa specific antibodies 

belongingg to subclass IgG2a and IgG2b, which are known to be required for 
complement-mediatedd bactericidal activity against N. meningitidis (20, 40, 54), 
weree elicited after subcutaneous immunisation, almost no bactericidal activity 
wass measured (chapter 4). Only after intranasal immunisation with OpaJ-
containingg liposomes adjuvated with LPS could a significant bactericidal 
antibodyy response be measured (chapter 5). 

Furthermoree no opsonophagocytic antibodies were detected in the sera 
off  mice that were subcutaneously immunised with Opa containing 
formulations.. However, this could be a consequence of the fact that murine 
antibodiess were tested in a heterologous system with human neutrophils. Opa 
proteinss are known to mediate the non-opsonic interaction of meningococci 
withh human neutrophils (26, 52, 85). In stead of mediating opsonophagocytosis 
thee anti-Opa antibodies blocked the non-opsonic phagocytosis of 
meningococcii  by human polymorphonuclear leukocytes (chapter 4). 

Inn a more defined in vitro setting we studied whether the anti-OpaJ 
antibodiess could block the adhesion of OpaB and OpaJ-mediated adhesion of 
E.coliE.coli to CEACAM1 and CEA transfected cells. Interestingly, cross-reactive 
blockingg of the heterologous OpaB protein with both CEACAM 1 and 5 was 
found,, in spite of the approximately ten-fold lower whole-cell ELISA titres 
againstt OpaB compared to OpaJ (chapter 4). Apparently, antibodies that are 
directedd against epitopes common between these distinct Opa proteins are 
mainlyy responsible for the observed functional blocking. This is accordance 
withh the conserved Gly172- He 174- Gln176 motif which was found to be involved 
inn the CEACAM1 and CEA binding and which might thus be a crucial part of 
thee target for the blocking antibodies. 
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2.33 The effec t of Opa-CEACA M interactio n on phagocyti c killin g 
AA striking characteristic of the Opa proteins is their involvement in 

non-opsonicc interaction with phagocytic cells. Even though the neutrophil 
associationn of gonococci and meningococci has been studied thoroughly, 
conflictingg results have been published on the fate of the bacteria after this 
non-opsonicc Opa-mediated interaction. We studied the CEACAM binding 
specificityy of heterologously expressed Opa in relation to phagocytic killin g 
(chapterr 6). We found that the presence of Ca2+ and Mg2+ strongly activated 
thee killin g capacity of E.coli by human neutrophils. Under these conditions, 
neutrophill  killin g was strongly reduced when OpaC and Opal were expressed, 
bothh targeting CEACAM1, CEACAM3 and CEACAM6. In contrast, the 
expressionn of OpaB and OpaJ, both targeting CEACAM1 exclusively, led to 
increasedd killin g We found that targeting of the three CEACAM receptors at 
oncee correlated with an increased binding rate as compared to CEACAM1 
alone.. Apparently the CEACAM binding specificity of the heterologously 
expressedd Opa proteins determines the fate of the bacteria. 

Severall  studies have been performed to determine the consequences of 
thee Opa-CEACAM interaction on cell signalling. Among the CEA subgroup 
memberss there are two types of membrane attachments. CEA, CEACAM6, 
CEACAM77 and CEACAM8 are attached to the cell membrane by a 
glycosylphosphatidylinositoll  anchor. CEACAM1, CEACAM3 and CEACAM4 
containn a hydrophobic transmembrane region followed by a cytoplasmic 
domainn (30). CEACAM1 and CEACAM3, both identified as Opa receptors (15, 
85)) have alternative splice forms containing C-terminal domains with different 
lengths.. Most importantly, both CEACAM1 and CEACAM3 are expressed with 
aa long and a short form of their cytoplasmic tail. The long, but not the short 
cytoplasmicc form contains two tyrosine residues which are part of the 
immunoreceptorr tyrosine based activation/inhibition motifs (ITAM/ITI M 
motifs)) (59, 67). The functions of the GPI-linked CEACAM molecular species 
aree unknown so far. However, it has been reported that both CEACAM6 and 
CEACAM88 can form complexes with CEACAM1-L (with long cytoplasmic tail) 
withinn human granulocytes (67). 

Thee long cytoplasmic domain of CEACAM 1, containing an ITIM motif 
(17)) associates with kinases belonging to the family of Src tyrosine kinases (11, 
68)) and with tyrosine phosphatases SHP-1 and SHP-2 (39), thereby enabling 
bothh positive and negative effects on cell signalling (60). Uptake of Opa 
expressingg gonococci by phagocytes induced the activation of Src-family 
tyrosinee kinases Hck and Fgr and the phosphorylation of several cellular 
proteinss (32), while at the same time SHP-1 tyrosine phosphatase was found to 
bee downregulated (33). The stimulation of Hck and Fgr resulted in activation 
off  the small G-protein Racl which is a Rho-family GTPase, its substrate p21-
activatedd kinase (PAK) and finally Jun-N-terminal kinase (JNK) which might 
modifyy transcription. Inhibition of this signalling cascade prevented the 
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internalisationn of gonococci (32). Furthermore, the rapid activation of acid 
sphingomyelinase,, an enzyme which is able to induce the formation of 
endocyticc vesicles (93), was also required for internalisation of Opa expressing 
gonococcii  into human phagocytes (34). 

Thee long cytoplasmic domain of CEACAM3 containing a functional 
ITAMM motif was found to signal via Syk kinase and phospholipase C (17). This 
wass found to trigger typical phagocytic F-actin rearrangements via the same 
Rho-familyy GTPases as activated by the FcyRIIa (4). Billker and co-workers 
(2002)) provided evidence for a highly efficient CEACAM3-mediated uptake 
mechanism,, which is distinct from the uptake via CEACAM1 or CEACAM6. 
Theyy further confirmed the key function of Racl and identified another GTP-
bindingg protein being involved in regulating Opa-dependent internalisation, 
Cdc42.. Both Racl and Cdc42 regulate phagocytosis by initiating F-actin 
assembly.. Opa-CEACAM3 dependent internalisation was also found to be 
accompaniedd by the action of phosphatidylinositol 3-kinases (PI3K). Inhibition 
off  these kinases reduced the CEACAM3-mediated uptake but led to an 
increasee in intracellular survival of internalised gonococci (6). The data 
recentlyy presented by McCaw et al. (2003) support a model whereby 
CEACAM33 can mediate the Opa-dependent uptake of gonococci via either an 
efficient,, ITAM phosphorylation-dependent process involving Src-family 
kinase(s)) and resembling phagocytosis or a less efficient, tyrosine 
phosphorylation-independentt mechanism. 

Wee were not able to elucidate whether the reduced killin g we observed 
withh OpaC and Opal is caused by the targeting of CEACAM3 or a 
combinationn with CEACAM1 and /or CEACAM6. This would require an Opa 
proteinn specific for CEACAM3 only, which has not been identified but might 
bee obtainable by site-specific mutagenesis by the same strategy as described in 
chapterr 6. The specific Opa-CEACAM3 interaction has been studied mainly by 
transfectedd epithelial cell-lines (4, 51) of which it is known that they lack the 
expressionn of Syk kinases which play a crucial role in downstream signalling 
uponn CEACAM3 binding (17). Only Chen and co-workers (2001) analysed the 
specificc signals transduced after ligation of CEACAM1, CEACAM3 or 
CEACAM66 in transfected chicken B-cell lines. Gonococci expressing Opal, 
capablee of binding to all three CEACAM receptors, triggered a calcium influx 
onlyy in the cell line expressing CEACAM3. In addition, they found evidence 
thatt activation of the phagocytic pathway via CEACAM3 led to cell death after 
66 hours. However, it remains unclear whether cell death after 6 hours is 
relevantt for neutrophils. Both phenomena were also found with neutrophils 
expressingg all three CEACAM proteins. This might indicate that the 
CEACAM3-mediatedd signal is dominant and is not influenced by the 
CEACAMl-mediatedd signal. In conclusion, the different signalling pathways 
triggeredd by CEACAM1 and CEACAM3 can explain the differential effect on 
bacteriall  survival or killin g when these receptors are triggered by Opa 
binding. . 
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Evidencee for the involvement of the Opa proteins in 
immunosuppressionn has been found previously (10, 63). Pantelic and Chen 
havee shown that Opa interaction with CE AC AMI-expressing B cells inhibited 
antibodyy production. Boulton and Gray-Owen presented evidence that Opa-
mediatedd ligation of CEACAM1 was responsible for the gonococcal ability to 
inhibitt CD4+ T cell activation and proliferation. The inhibition is consistent 
withh the ITIM phosphorylation by Src kinases which allows the recruitment of 
SH2-containingg phosphatases (12,13, 53). Strikingly, human granulocytes, B-
lymphocytess and T-lymphocytes did not express any detectable amounts of 
thee short cytoplasmic domain isoforms of CEACAM (67), indicating that these 
proteinss have a signalling function in these cells. It was observed that 
gonococcall  Opa binding to CEACAM 1, which is the only CEACAM protein 
expressedd on T cells, upregulated the SH2-containing phosphatases, SHP-1 
andd SHP-2. This downregulated the T cell receptor ITAM-mediated 
stimulationn and subsequent CD4+ T cell activation and proliferation. A similar 
immunosuppressivee mechanism might be applicable to our results, in which 
targetingg of CEACAM1 (with ITIM-containing motif) and CEACAM3 (with 
ITAM-containingg motif) receptors expressed on neutrophils led to strongly 
reducedd killing , while targeting of CEACAM1 alone resulted in efficient 
killing .. In addition to their role in adhesion and invasion of epithelial cells, 
Opaa proteins can thus also play a role in different mechanisms of 
immunomodulation. . 

33 Concludin g remark s 

3.11 The role of Opa protein s in meningococca l adherenc e and pathogenesi s 
Inn addition to several other meningococcal cell surface constituents, 

thee members of the family of Opa proteins play a very prominent role in 
adherencee to the nasopharyngeal epithelium, thereby determining carriage 
andd colonisation (21, 85). Why in a small minority of meningococcal carriers 
infectionn progresses to life-threatening invasive disease remains an enigma. 
Thee binding of Opa proteins to human receptors has been found to lead to 
invasionn (7, 21, 27, 55, 64, 85). We therefore studied the Opa-CEACAM 
interactionss in more detail by heterologous expression of wild-type and 
mutantt Opa proteins and Opa proteins in E.coli, so as to exclude the influence 
off  other adhesive components of meningococci. Our results suggested that 
specificityy of the CEACAM receptor binding is determining the level of Opa-
mediatedd invasion, while no evidence for specific invasion-associated Opa 
proteinss was found. Furthermore we concluded from the mutagenesis studies 
withh OpaB that there are significant differences in the nature of binding to 
CEAA and CEACAM1. The binding to CEACAM1 resisted many mutations 
whilee binding to CEA was highly sensitive for most mutations. 
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Neutrophilss recruited in response to chemotactic signals may play an 
importantt role in the onset of meningococcal infections, since meningococcal 
derivatives,, for instance LPS, might stimulate the migration of neutrophils to 
thee site of infection. Submucosal inflammation might lead to neutrophil 
accumulationn and uptake of Opa-expressing bacteria. Circumvention of 
bactericidall  mechanisms might result from binding and uptake by a route that 
preventss subsequent killin g and could be important in translocation of the 
epitheliall  barrier. We presented evidence that the receptor specificity of 
individuall  Opa proteins expressed in E.coli determines the nature and 
outcomee of the bacterial interaction with neutrophils. Remarkably, the 
CEACAM3-targetingg OpaC and Opal proteins led to increased neutrophil 
associationn of bacteria but reduced killing, whereas the reverse was found for 
thee CEACAMl-specific OpaB and J. 

3.22 Perspective s for vaccin e developmen t 
Too broaden the immune response against N. meningitidis serogroup B 

organisms,, studies have been undertaken to search for additional vaccine 
components.. In that regard, we studied the use of Opa proteins as potential 
vaccinee components. 

Thee high degree of sequence variability is the major impediment for 
thee inclusion of Opa in an outer membrane vesicle (OMV) based vaccine. In 
addition,, Opa proteins elicited a low bactericidal antibody response in mice 
(chapterr 4 and 5), while bactericidal activity of antibodies is the serological 
hallmarkk of protective immunity against meningococcal disease (37, 41, 82). 
However,, blocking the primary stages of infection, namely bacterial 
attachmentt to host cell receptors and colonisation of the nasopharyngeal 
mucosa,, may also be a very effective strategy to prevent meningococcal 
infections.. Several bacterial adhesins from other bacterial species, involved in 
differentt mechanisms of bacterial adherence, have been studied as vaccine 
targetss as reviewed by Wizemann et al. (1999). We have investigated the 
feasibilityy of functional blocking of the Opa-CEACAM interaction. In vitro 
evidencee was found for the anti-adhesive effect of Opa-specific antibodies. 
Despitee low homology between the immuno-dominant epitopes of the 
differentt Opa proteins, cross-reactive antibodies were detected that could 
blockk the attachment to CEACAM transfected cell lines as well as to ex vivo 
humann neutrophils. Because the induction of cross-reactive blocking opened 
neww perspectives for the use of Opa proteins as vaccine targets, we tested 
whetherr anti-Opa antibodies could be elicited at the nasopharyngeal 
epithelium,, since this is the port of entry for meningococci. We also analysed 
thee influence of the expression of human CEA on the immune responses after 
intranasall  immunisation, however the CEA-Opa interaction did not influence 
thee antibody response. Although strong antibody responses could be detected 
inn nasal lavages and sera of mice intranasally immunised with Opa-containing 

170 0 



liposomess adjuvated with LPS, their contribution to protection can only be 
measuredd in an animal model. 

3.33 To be continue d 
Whenn the immunosuppression of T cells by Opa proteins as found in 

vitrovitro (10) is confirmed to be significant in vivo, we should aim at blocking this 
immunosuppressivee effect by evoking specific anti-Opa antibodies in blood as 
welll  as at the nasal mucosa. However, interference of the Opa-CEACAMl-
mediatedd interaction with neutrophils should be avoided since this was found 
too lead to efficient killin g and might thus be an important component of the 
naturall  resistance to meningococci (chapter 6). It is therefore crucial that the 
rightt IgG subclasses are induced, i.e. those effective at Fc-mediated 
opsonisation.. This wil l require close attention to the choice of adjuvant and 
presentationn form (chapter 4 and 5). Furthermore, meningococcal vaccine 
developmentt should aim at providing protection both at the level of initial 
attachmentt and colonisation of the nasopharynx, and at the later stage of 
bloodstreamm invasion. Therefore, functional blocking mechanisms of adhesion 
andd survival should be exploited and tested as correlates of protection. 
Structurall  analysis wil l be of great importance to explain the conformation-
dependentt binding as suggested by the results in chapter 2 and 3. Since 
CEACAM11 was found to be the main CEACAM receptor targeted by 
meningococcall  Opa proteins (reference 85 and chapter 3), a CEACAM 1 
transgenicc mouse model wil l be very helpful to test the in vivo significance of 
thee Opa-mediated immunosuppression. This model is also needed to test the 
contributionn of Opa-CEACAMl blocking to the protection against 
meningococcall  infections by different vaccination strategies, in particular 
intranasall  immunisations using Opa protein-containing formulations in 
combinationn with PorA and other potential vaccine components. 
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