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Abstrac t t 

Thee Opacity proteins belong to the major outer membrane proteins of 
thee pathogenic Neisseria and are involved in adhesion and invasion. We 
studiedd the functional activity of antibodies raised against OpaJ protein from 
strainn H44/76. Recombinant OpaJ protein was obtained from E. coli in two 
differentt ways: cytoplasmic expression in the form of inclusion bodies 
followedd by purification and refolding, and cell surface expression followed by 
isolationn of outer membrane complexes (OMC). Immunisation with purified 
proteinn and QuilA induced high levels of Opa-specific antibodies, while the 
E.E. coli OMC preparations induced generally lower levels of antibodies. Two 
chimericc Opa proteins, hybrids between OpaB and OpaJ, were generated to 
demonstratee that the hypervariable region 2 (HV-2) is immunodominant. 
Denaturedd OpaJ with QuilA induced high levels of IgG2a in addition to IgGl, 
whilee refolded OpaJ with QuilA induced IgGl exclusively. These sera did not 
inducee significant complement-mediated killing. However, all sera blocked the 
interactionn of OpaJ expressing bacteria to CEACAM1 transfected cells. In 
addition,, cross-reactive blocking of OpaB expressing bacteria to both 
CEACAM11 and CEA transfected cells was found for all sera. Sera raised 
againstt purified OpaJ and against OpaJ-containing meningococcal OMC also 
blockedd the non-opsonic interaction of Opa-expressing meningococci with 
humann polymorphonuclear leukocytes. 

Introductio n n 

Thee obligate human pathogen Neisseria meningitidis primarily colonises 
thee nasopharynx in an asymptomatic manner. Only in a minority of cases does 
infectionn become systemic, resulting in life-threatening meningitis and 
septicaemia.. Virulent strains freshly isolated from the blood or cerebrospinal 
fluidd are typically encapsulated. Classification into serogroups is based on 
structurall  differences in capsular polysaccharide. While the group A, C, Y and 
W-1355 capsules can be used for effective vaccines, the serogroup B 
polysaccharidee was found to be non-immunogenic, probably due to the 
presencee of identical a2,8-linked N-acetylneuraminic acid structures in 
developingg fetal brain tissue (14,17, 24, 48). Therefore, alternative strategies 
havee been followed for the development of a vaccine against the common 
serogroupp B, mainly focussing on the use of outer membrane proteins (OMP) 
(reviewedd by Jódar et al., 2002). Several clinical trials have been conducted 
withh outer membrane vesicle (OMV)-based vaccines containing various 
combinationss of OMP (4,13). OMV contain the major porin proteins, PorA and 
PorB,, lesser amounts of other proteins including those with high molecular 
weightss of 60-100 kDa, and lipopolysaccharide. Although efficacy in these 
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trialss range from 51-83 %, improvements are clearly needed, in particular 
sincee the induced bactericidal antibodies tend to be highly type-specific. 

Additionall  studies are necessary to identify other OMP that are 
importantt for inducing protective antibodies. All current vaccines aim to 
inducee bactericidal serum antibodies, as this is known to correlate with 
protectionn against invasive disease (18). However, an alternative strategy 
wouldd be to induce antibodies, which block the infection at an earlier stage, at 
thee level of mucosal attachment and invasion. Since Opa proteins are involved 
inn adhesion and subsequent invasion into nasopharyngeal epithelial tissue 
(3,, 37, 44) it is tempting to speculate that antibodies against Opa proteins block 
thiss crucial step in pathogenesis. Opa proteins are encoded by a family of 
homologouss genes that undergo high-frequency phase and antigenic variation 
(18,, 35). Both heparan sulphate proteoglycans and members of the CEACAM 
familyy of cell surface proteins have been identified as receptors used for Opa-
mediatedd attachment to host cells (5, 28, 42, 44). As individual meningococcal 
strainss are highly variable in the particular Opa repertoire expressed at any 
particularr moment, studies on the ability of individual Opa proteins to induce 
aa protective immune response are preferably performed using heterologous 
expressionn systems. Additionally, by heterologous expression of Opa protein, 
responsess against other meningococcal surface antigens were prevented. In the 
presentt study we describe the results of immunisation experiments in mice 
withh the invasion-associated OpaJ protein from N. meningitidis strain H44/76, 
expressedd in an E. coli background. Expression was achieved both in the outer 
membranee of E. coli, and as cytoplasmic inclusion bodies from which OpaJ was 
purifiedd and refolded into a native-like conformation (10). The resulting mouse 
seraa were analysed for total and isotype specific antibody response. Functional 
activityy of the antibodies was investigated, in particular their ability to 
interferee with Opa-mediated adhesion to CEACAM-expressing host cells. 

Result s s 

Thee Opa repertoir e of N.meningitidis strai n H44/76 
Amongg the four opa genes from strain H44/76, two could be identified 

ass OpaB 128 and OpaJ 129 (11) which display very different versions of 
hypervariablee region 1 and 2 (Fig. 1). This difference in amino acid sequence 
resultedd in a different binding specificity, with OpaJ recognising only 
CEACAM11 and OpaB both CEACAM1 and CEA (11). The remaining two genes 
fromm H44/76, opaA and opaD encode proteins that are nearly identical to either 
OpaJJ or OpaB, respectively. These four Opa proteins are recognised by two 
differentt monoclonal antibodies (mAb), MN20E12.70 and 15-1-P5.5. We 
determinedd the minimal epitopes recognised by these mAbs with 18-mer 
overlappingg biotinylated peptides based on HV-1 and HV-2 of OpaB and OpaJ. 
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Thee minimal epitope for 15-1-P5.5 was found to be GGPIIQ on HV2 of OpaJ, 
whichh is consistent with previous results from Hobbs et ah (1998) and for 
MN20E12.700 we determined the minimal epitope to be GIWQELK on HV-1 of 
OpaBB (Fig.1). 

- S V -- - H V l - - H V 2 -

O p a BB 1 2 8 KATGAMMT-NNMKYSVNTKELQKNNSSGIWSEUt- - KHQVHSVRKETTTTFSPPAQGATVPGKIVQGPTNKPAYHESMSISSL 

MN20E12.700 e p i t o p e 

O p aJJ 1 2 9 OATGANMT-KESNSSTKKVTEEINMNYKET0--KHQVHSVLTK'rriVTSKPTCGAAQGGPIIQTDPSKPPYHESHSI5SV 

15-1-P5.55 epitope 

Figuree 1. Amino acid sequences of the variable regions of OpaB 128 and OpaJ 129. Minimal epitopes 
off  monoclonal antibodies MN20E12.70 and 15-1-P5.5 are underlined. 

Inn order to target the Opa proteins to the outer membrane of E. coli, an 
inn frame fusion of opa] and opaB was constructed using the promoter and 
signal-sequencee encoding segment of the phoE gene of E. coli, as previously 
describedd (10). The Opa expressing E. coli strains were used for immunisation 
experiments,, as test strain for Opa-specific antibodies in ELISA and in an in 
vitrovitro infection assay. 

Immunogenicit yy  of purifie d refolde d and denature d OpaJ 
Afterr purification of OpaJ we immunised mice with the refolded and 

denaturedd form of the protein with and without the adjuvant QuilA. Opa-
specificc antibody titres were determined in whole-cell ELISA with E. coli strain 
CE12655 expressing OpaJ and the homologous strain not expressing any Opa 
proteinss as immobilised antigen. Neither refolded nor denatured OpaJ protein 
withoutt adjuvant evoked a significant humoral murine immune response. 
However,, in the presence of QuilA high Opa-specific antibody titres were 
obtainedd (Fig. 2). The antisera from the mice immunised with denatured OpaJ 
pluss QuilA induced higher total IgG titres than refolded OpaJ plus QuilA, 
althoughh this difference is not significant (P = 0.084). Similar levels were 
obtainedd by the positive control, H44/76 OpaJ+ OMC (Fig. 2). 

Immunogenicit yy  of OpaJ presente d in E. coli and N. meningitidis OMC 
Besidess immunising with purified recombinant OpaJ protein, OpaJ 

wass also presented as part of outer membrane complexes isolated from either 
£.. coli or N. meningitidis. For E. coli, strain CE1265 with and without the opaj-
expressionn was used for OMC isolation. We screened for Opa-negative and 
OpaJ-positivee variants of N. meningitidis strain H44/76 using the characterised 
mAbss in colony blotting, and used them for OMC isolation. 
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Tota ll  IgG titer s agains t OpaJ 

100000 - F X X 

J_ _ 
"T T 

ELISAA coat : 

0CE1265-opaJ J 

DCE1265 5 

H44/766 H44/76 refolded denatured refolded denatured 

OpaJ+.. Opa- OpaJ OpaJ OpaJ+ Opa + 

QuilAA QuilA 

Sera a A A 

Totall IgG titres against E.coli OMC 
containingg OpaJ 

ELISAA coat: 
 H44/76 Opa-

BB H44/76 P5.5+ 

pp H44/76 D2+ 

CE12655 OpaJ' 

B B 

Totall IgG titres against E.coli OMC 
containingg OpaJ 

5000 0 

4000 0 1 1 
== 3000 
o o 
a a 
ZZ 2000 
TO TO 

O O 
!-- 1000 

0 0 

ELISAA coat: 

npur.. OpaJ 

Bpur.. OpaB 

CE12655 0paJ+ CE1265 0paJ-

Sera a c c 

Figuree 2. (A) Total IgG response 
measuredd in whole-cell-ELISA with E. 
colicoli strain CE1265 expressing OpaJ 
(CE1265-opaJ)) as immobilised antigen 
andd wild-type CE1265 as negative 
controll  (CE1265). 
Thee data shown represent the 
geometricc means and standard errors 
off  8 mice per group. (B) Total IgG 
responsee measured in whole-cell-
ELISAA with H44/76 expressing Opa 
proteinss detectable with 15-1-P5.5 
mAbb (H44/76 P5.5+) and H44/76 
expressingg Opa proteins detectable 
withh MN20E12.70 mAb (H44/76 D2+) 
andd H44/76 not expressing any Opa 
proteinn as negative control (H44/76 
Opa").. (C) Total IgG response 
measuredd in ELISA with purified 
OpaBB and OpaJ. The data shown 
representt the geometric means and 
standardd errors of 8 mice per group. 
Micee immunised with OMC 
containingg Opa protein giving lower 
titress than mice immunised with OMC 
withoutt Opa proteins are defined as 
non-responders.. Two out of eight mice 
immunisedd with OMC containing 
OpaJJ did not respond, the titres from 
thesee non-responders were included. 
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Inn order to measure only anti-Opa antibodies and to avoid specificity 
inn the analysis of sera from mice immunised with the £. coli OMC, microtitre 
platess were coated with 15-l-P5.5-positive, MN20E12.70-positive or Opa-
negativee H44/76 variants. Al l total IgG titres with E. coli OMC appeared to be 
strikinglyy low, approximately tenfold lower that those obtained with either 
Opal++ meningococcal OMC or purified OpaJ (Fig. 2). Some reaction was also 
foundd with the Opa negative H44/76 variant, probably due to residual OpaJ 
expression.. Although all opa genes are expected to be out-of-frame in the Opa-
negativee variants, a high frequency (10~3) of independent on and off switching 
hass been observed during growth (19), making it difficul t to obtain truly Opa-
negativee meningococci. Significant differences in the reaction of the sera 
againstt the three H44/76 variants could not be identified due to high variation 
withinn the groups, caused by a relative high number of non-responders 
(Fig.2B).. The specificity of the antibodies raised by the OpaJ containing E. coli 
OMCC was confirmed by an ELISA using purified OpaB and OpaJ as 
immobilisedd antigen. 

opaopa Bj 

opaJb opaJb 

opaopa J 

opaopa B 

sv v 

opaopa B 

HVl l HV2 2 

Afl\l\Afl\l\ site 
 opa J 

HVl l 

B B Antibod yy reactio n agains t chimeri c Opa protein s 

100000 0 

10000 0 

H44/766 H44/76 Ref. OpaJ Den. OpaJ 
Opa-- OpaJ+ +QuilA +QuilA 

Sera a 

ELISAA coat : 

 OpaB 

SS OpaBj 

 OpaJb 

Figuree 3. Antibody reaction against chimeric Opa proteins measured in whole cell ELISA. The 
constructionn of the chimeric opa genes is depicted in panel A. The antibodies present in the sera of 
mice,, immunised with Opa-negative and OpaJ-positive meningococcal OMC and with purified 
refoldedd and denatured OpaJ with QuilA, were tested for reaction with E. coli bacteria expressing 
OpaBjj  and Opjb (B). The data shown represent the geometric means and standard errors of 8 mice 
perr group. 
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Cross-reactivit yy  wit h OpaB and antibod y reactio n agains t chimeri c Opa 
protein s s 

InIn order to measure cross-reactivity of anti-OpaJ antibodies with OpaB, 
whole-celll  ELISA against £. coli CE1265 expressing OpaB was also performed 
(Fig.3).. Cross-reactivity was generally low as compared to total IgG titres 
againstt OpaJ. Very low cross-reactive antibody titres were found in the sera of 
micee immunised with refolded OpaJ plus QuilA, higher titres were found for 
denaturedd OpaJ and the H44/76 OpaJ+ OMC (the titres were 761 and 845 
respectively,, see Fig.3). 

Too identify the most immunogenic region of the OpaJ protein, hybrids 
off  the two opa genes, opaB and opa], were made and expressed in the outer 
membranee of E. coli. The ability of the immune sera to recognise the chimeric 
Opaa proteins was determined after immunisation with H44/76 Opa+ OMC 
andd refolded/denatured OpaJ with QuilA (Fig.3B). In all cases the highest 
levelss of IgG antibodies raised against OpaJ, were directed against the Opajb 
proteinn containing HV-2 from OpaJ and SV and HV-1 from OpaB (Fig. 3A). 
AA significantly higher titre was found against Opajb than OpaBj with the anti-
seraa raised against purified denatured OpaJ protein. (P=0.004). The differences 
foundd with the other sera were not significant. Apparently, the antibodies were 
mainlyy directed against the HV-2 region of OpaJ, since low cross-reactivity 
withh OpaB was found (Fig. 3B). 

Antibod yy isotyp e distributio n and bactericida l activit y of sera 
Thee antibody isotype distribution of the response to OpaJ was 

determinedd by ELISA using anti-mouse IgG isotype-specific conjugates. 
Immunisationn with purified refolded and denatured OpaJ plus QuilA induced 
highh levels of IgGl subclass antibodies, titres were 5853 and 7488 respectively 
(Fig.4).. A significant difference (P = 0.028) in the induction of IgG2a subclass 
antibodiess between the immunisations with refolded and denatured OpaJ 
proteinn was observed, with much higher titres for the denatured protein. 
Surprisingly,, high titres of the IgG3 subclass were detected in the antisera 
directedd against E. coli OMC, but not with purified OpaJ (see Fig.4). The 
highestt subclass titre in the antisera directed against E. coli OMC containing 
OpaJ,, was found to be the IgG3 subclass (Fig. 4). 

Despitee the fact that denatured OpaJ with QuilA induced a significant 
IgG2aa titre, 90 % complement-mediated killin g was only found at 5-fold or 
lowerr serum dilutions. No differences in bactericidal titres were measured 
afterr immunisation with H44/76 Opa" and OpaJ+ OMC, indicating that 
bactericidall  antibodies were primarily directed against other components than 
OpaJ. . 
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Isotyp ee ELISA 
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Figuree 4. (A) Antibody subclass specific response to meningococcal OMC and purified OpaJ (+QuilA) 
withh whole-cells of CE1265-opaJ as immobilised antigen and (B) Exoli OMC containing OpaJ with 
wholee cells of H44/76 meningococci as immobilised antigen. The data shown represent the geometric 
meanss and standard errors of 8 mice per group. 

Antibod yy blockin g activit y in an in vitro infectio n assay 
Too determine the blocking activity of anti-Opa antibodies we 

incubatedd Opa-expressing E.coli bacteria with stably transfected HeLa cells 
expressingg different CEACAM receptors. We found that the OpaJ protein 
specificallyy binds to CEACAM1, while OpaB binds to both CEACAM1 and 
CEAA (11). The antisera raised against those formulations of OpaJ giving the 
highestt titres, i.e. H44/76 OpaJ+ OMC and refolded/denatured OpaJ plus 
QuilA,, were added to OpaB or OpaJ expressing cells of E.coli strain PC2984 
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Figuree 5. Antibody blocking activity in an in vitro infection assay with sera raised against refolded 
andd denatured OpaJ and meningococcal OMC containing OpaJ. Two dilutions (1/100 and 1/1000) of 
alll  sera were tested for blocking the binding between OpaJ and CEACAM1 (A), OpaB and 
CEACAM11 (B) and OpaB and CEA (C). The data shown represent the geometric means and standard 
errorss of three independent experiments. 
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beforee incubation with the transfected HeLa cells. For each group, sera from 
non-respondingg mice were left out and the others were pooled. To select for 
specificc anti-Opa blocking activity, the reference (0 % blocking) was defined as 
thee average of the number of colony forming units (cfu) recovered after 
incubationn with a non-binding mAb. The sera raised against Opa-negative 
H44/766 OMC was used as negative control. The blocking activity was 
measuredd as the percentage non-recovered cfu after incubation with sera, 
reflectingg the reduction in HeLa cell association (adhesion and /or invasion) of 
thee Opa-expressing E.coli bacteria. At a 1:100 dilution, over 80-90 % blocking 
wass found for the pooled sera from all three groups (Fig.5). A clear 
concentrationn dependent effect was observed since a strong reduction in the 
blockingg activity was found after an additional 10-fold serum dilution. 
Strikingly,, all the sera appeared to have cross-reactive blocking activity, since 
thee sera raised against OpaJ could not only block the binding between OpaJ 
andd CEACAM1, but also between OpaB and either CEACAM1 or CEA (Fig.5). 

Effectt  of OpaJ-specifi c antibodie s on phagocytosi s 
Phagocytosiss was measured in vitro using ex vivo human 

polymorphonuclearr leukocytes (PMNs) and heat-killed meningococci. Both 
H44/766 Opa' and Opa+ variants expressed comparable amounts of PorA PI.16 
butt no Ope as measured by FACS analysis. The Opa+ variant expressed Opa 
proteinss reactive with both mAbs MN20E12.70 and 15-1-P5.5, while we 
confirmedd that the Opa- variant did not express any Opa protein (Fig. 6a). 
Itt should be noted that in this assay no distinction could be made between 
differentt types of interaction of bacteria and PMNs, i.e. only adhesion or also 
phagocytosis. . 

Inn the absence of sera low phagocytosis was found for Opa- but high 
forr Opa+, compatible with the Opa-CEACAMl interaction. Sera raised against 
eitherr to OMC or purified OpaJ had littl e or no effect on phagocytosis of Opa-
negativee H44/76. However, dramatic reduction of the phagocytic index for 
Opa-positivee bacteria was observed using sera from mice immunised with 
purifiedd OpaJ or OpaJ containing OMC. The dominant effect measured in this 
assayy is therefore the blocking of Opa-mediated association with PMNs by 
antibodiess against OpaJ protein, rather than opsonic activity of these 
antibodiess (Fig. 6b). 
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Figuree 6B. Opsono- and Non-opsonophagocytosis of 
heat-killedd Alexa-488 labelled meningococcal H44/76 
Opa""  (a and c) and Opa+ variants (b and d) by human 
PMNss in the presence of antisera raised against 
purifiedd refolded and denatured OpaJ (a and b) and 
againstt H44/76 Opa+ and Opa" OMC (c and d). As a 
positivee control for opsonophagocytosis the two 
meningococcall  H44/76 variants were incubated with 
PMNss in the presence of mAb HMN12H2 IgGl a 
humanisedd mAb specific for PorA. The experiments 
weree repeated two times with similar results. 
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Discussio n n 

Thee Opa proteins in N. meningitidis are encoded by a family of four 
geness that share a conserved framework interspersed by a semivariable (SV) 
regionn and two hyper-variable (HV) regions. Different functions have been 
attributedd to the opacity proteins but their main function is mediating 
adhesionn of meningococci to epithelial cells, which can subsequently lead to 
hostt cell invasion (15, 46). Although the Opa proteins have been shown to be 
ablee to induce bactericidal antibodies in humans (31), their high degree of 
sequencee variability is a major impediment to vaccine application, as these 
bactericidall  antibodies are generally highly type-specific. However, despite 
thiss hyper-variability, the number of receptors specifically targeted by the 
meningococcall  Opa proteins is quite limited, as over 80 % recognise human 
CEACAM11 (15, 32). The variable regions are located within the two largest 
surfacee exposed loops, which are potentially involved in interaction with the 
extra-bacteriall  environment. It can thus be expected that the sequence 
variationn of these regions might be restricted by the need to preserve the 
specificc receptor binding sites. At present, not much is known about the 
detailedd molecular structure of the Opa-receptor complex. However, it is 
conceivablee that antibodies directed against these specific receptor binding 
sitess might block adhesion mediated by a broad range of distinct Opa proteins. 
Inn a previous study, we have described a method to obtain individual Opa 
proteinss in highly purified form and native conformation (10). We now used 
OpaJJ protein from N. meningitidis H44/76 obtained in this way to investigate 
itss immunogenicity in mice, and the functional activity and specificity of the 
resultingg antisera. 

Purifiedd refolded and denatured OpaJ samples were prepared with 
andd without the addition of the non-toxic adjuvant QuilA, since it is known 
thatt purified proteins need adjuvant stimulation in order to evoke an immune 
responsee (35). Without QuilA no significant IgG titres were measured in 
ELISA,, whereas in its presence both refolded and denatured OpaJ protein 
inducedd high levels of total IgG. In contrast, immunisation with the same OpaJ 
proteinn in an E.coli background formulated as OMC resulted in approximately 
tenfoldd lower titres of Opa-specific IgG, in spite of high expression levels of 
Opaa at the cell surface (10). Although the OMC derived from E. coli and N. 
meningitidismeningitidis contained the same amount of protein, the meningococcal OMC 
elicitedd a much stronger response. The reduced immunogenicity of the E.coli 
OMCC is not due to the quantity of OpaJ but rather the context or delivery. This 
mightt result from interference by immunodominant E. coli outer membrane 
proteins,, e.g. OmpA (23). In any case, the heterologous surface expression in 
E.E. coli was designed as a tool to study the immunogenicity and functional 
activityy of individual Opa proteins and not as alternative antigen presentation 
systemm with vaccine applications. 
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Thee results of the whole cell ELISA with the chimeric OpaBj and Opajb 
proteinss indicated that antibodies raised against OpaJ protein, both in OMC 
andd as purified protein, were mainly directed against the HV-2 region. 
Apparently,, the longest loop as predicted in a two-dimensional topology 
modell  (29, 39), contains the most immunogenic region. The fact that the 
highestt antibody titre was found against this most variable region explains the 
loww cross-reactivity with the heterologous OpaB, showing an approximately 
tenfoldd lower IgG titre. 

IgGll  was found to be the dominant isotype in the response to purified 
OpaJ,, as was also described for Ope (26). However, a striking difference was 
foundd in the induction of IgG2a between folded and denatured protein, as 
onlyy denatured OpaJ also induced a relatively high IgG2a titre. This is in 
contrastt to the results of Jansen et al. (2000) who found a higher IgG2a titre 
withh refolded PorA compared to denatured PorA, also in the presence of 
QuilA.. The refolding of OpaJ has been studied extensively (10), but correct 
foldingg is not a guarantee for the induction of bactericidal antibodies as many 
otherr factors also play a role, for example accessibility or density of epitopes. 
Recently,, an immunomodulatory function has been described for gonococcal 
Opaa proteins. Their binding to CEACAM1 arrests the activation of T 
lymphocytess (6). Although the sequence divergence between human and 
murinee CEACAM1 is probably too high to allow OpaJ binding to the mouse 
equivalent,, it cannot be excluded that it still displays a similar 
immunomodulatoryy function in mice through binding to another receptor, 
thuss explaining the striking difference in isotype distribution between native 
andd denatured OpaJ. In agreement with this interpretation, we have 
previouslyy found that refolded OpaJ is a more effective CEACAM1 binder 
thann the denatured form (10). Only very low bactericidal activity was found 
forr the sera raised against purified OpaJ, in spite of the high IgG2a titer, which 
iss known to be an effective complement activator. Also, there were no 
differencess in the bactericidal titres of the sera against H44/76 Opa+ and 
H44/766 Opa" OMC. Apparently, OpaJ protein is not such an effective inducer 
off  bactericidal antibodies as for instance PorA, at least not in mice. This agrees 
withh the results of Sacchi et al. (1995) who found no differences in bactericidal 
titress in sera from mice immunised with OMV preparations differing in the 
presencee or absence of class 5 proteins (Opa and Ope). 

Blockingg of the Opa adhesin function might be an alternative 
protectivee mechanism to bactericidal action. Therefore, the antibody blocking 
activityy was measured in a highly defined in vitro infection assay. This assay 
hass been used to determine the binding specificity of OpaB and OpaJ from 
N.N. meningitidis H44/76, both expressed on the cell surface of E. coli, through 
theirr binding to transfected HeLa cells expressing the different CEACAM 
proteins.. Whereas in the infection assay OpaJ only binds to CEACAM1, OpaB 
recognisess both CEACAM1 and CEA (11). The sera with the highest anti-OpaJ 
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titres,, obtained either with purified Opa J or OpaJ in H44/76 OMC, all 
displayedd clear blocking of the OpaJ-CEACAMl mediated adhesion. 
Interestingly,, cross-reactive blocking of the heterologous OpaB protein with 
bothh CEACAM 1 and CEA was also found, in spite of the approximately 
tenfoldd lower whole-cell ELISA titres against OpaB compared to OpaJ. 
Apparently,, antibodies directed against epitopes common between these 
distinctt Opa proteins are mainly responsible for the observed functional 
blocking. . 

Ourr in vitro adhesion assay, although highly defined, uses Opa 
expressionn in E.coli and CEACAM expression in HeLa cells. We also studied 
thee interaction of meningococci with professional phagocytes, which may be a 
moree natural setting. As expected only Opa expressing meningococci 
associatedd with human neutrophils in a non-opsonic manner. An important 
rolee for Opa proteins in the interaction of meningococci with human 
monocytess and neutrophils has been described (16, 30). In our assay we used 
humann neutrophils homozygous for the FcYRIIa-R131 encoding allele, which 
hass a relatively high affinity for mouse IgGl (41). It might therefore be 
expectedd that our anti-OpaJ sera should not only be capable of blocking the 
Opa-CEACAMll  interaction but also mediate opsonophagocytosis via the 
humann Fc- receptors. However, our results indicated that addition of the sera 
resultedd only in blocking of the non-opsonic interaction between the bacteria 
andd the neutrophils. As the number of neutrophil-associated bacteria was 
muchh higher for the OpaJ+ strain than for the OpaJ-, the observed blocking 
mustt work through the interaction between OpaJ and its neutrophil receptor, 
presumablyy CEACAM1. With the sera raised against the meningococcal OMC, 
blockingg activity was much higher for the OpaJ+ than the OpaJ" OMC, again 
demonstratingg the dominant role for Opa in the non-opsonic phagocytosis. 
Onlyy at higher serum concentrations could blocking-antibodies against other 
outerr membrane components than Opa or Ope (not expressed by our strains) 
comee into play. The difference in phagocytic activity between the sera raised 
againstt pure OpaJ and against OMC containing OpaJ is also probably due to 
thee opsonophagocytic activity of antibodies raised against other outer 
membranee proteins of N. meningitidis. 

Inn conclusion, we demonstrated that purified recombinant OpaJ 
proteinn with QuilA is highly immunogenic in mice, while OpaJ presented in 
E.coliE.coli OMC is less immunogenic. Although hardly any bactericidal and 
opsonophagocyticc antibodies were found, OpaJ could induce antibodies with 
blockingg activity, both for homologous and heterologous Opa-CEACAM 
interactions.. This implies the presence of conserved surface-exposed epitopes 
onn Opa proteins with distinct HV-1 and HV-2 regions. If similar cross-reactive 
blockingg antibodies can also be induced with purified Opa protein at mucosal 
surfaces,, this would constitute a novel protective mechanism for 
meningococcall  vaccines by blocking the adhesion to nasopharyngeal 
epithelium. . 
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Material ss  and method s 

Bacteria ll  strains , plasmids , growt h condition s 
N.N. meningitidis strain H44/76 (B; 15; PI.7,16) has been described 

previouslyy (21). E. coli strain CE1265 was previously described by Korteland et 
al.al. (1985) and strain PC2984 was obtained from NCCB (Phabagen collection, 
Utrecht,, The Netherlands). The expression of OpaJ at the cell surface of E.coli 
strainss CE1265 and PC2984 was realised using the expression vector pMR05 
(2)) as previously described (10). Meningococci were grown overnight on GC 
agarr plates (Difco Laboratories, Detroit, MI, USA) supplemented with 1 % 
IsoVitaleXX at 37 °C in a humidified 5 % C02 atmosphere. The £. coli strains 
weree grown at 37 °C in Luria-Bertani medium (BIO 101, Carlsbad, CA, USA) or 
onn LB agar (Oxoid, Basingstoke, Hampshire, England) plates supplemented 
withh 25 Hg/ml chloramphenicol (Sigma, St.Louis, MO, USA). For phagocytosis 
experiments,, bacteria were heat-killed at 56°C (30 minutes) after they were 
washedd in PBS supplemented with 1 % Bovine Serum Albumin (BSA, fraction 
V,, Boehringer, Germany). 1010 heat-killed bacteria in 0.5 ml PBS were labelled 
withh the pH-stable green dye Alexa488 (Molecular Probes, Leiden, 
Thee Netherlands), according to the manufacturer's protocol. 

Epitop ee mappin g 
Biotinylatedd oligopeptides of 18 residues, with 14 amino acid residues 

overlap,, spanning the HV-1 and HV-2 regions of OpaJ129 and OpaB 128, were 
synthesizedd on a 10 JIM scale using an automated multiple peptide 
synthesizer,, equipped with a 48-column reaction block (AMS 422, ABIMED 
Analysen-Technikk Gmbh, Langenfeld, Germany) as described earlier (7). 
Thee peptides were used in a peptide-ELISA, using avidin (Sigma) (5 ug/ml) 
coatedd immunolon II 96 wells microtitre plates (Dynatech) incubated for 1 h 
withh 10 fig/ml peptide. Reactivity of the monoclonal antibodies (mAbs) 
15-1-P5.55 (kindly provided by Wendell Zollinger, Walter Reed Army Institute 
off  Research, USA)(46) and MN20E12.70 (kindly provided by Betsy Kuipers, 
RIVM,, The Netherlands) was detected using affinity purified goat- anti mouse-
immunoglobulinss (GAM) (Southern Biotechnology Associates, Birmingham, 
AL,, USA) (1:5000), conjugated to horse radish peroxidase (HRP). 

Clonin gg and expressio n of OpaJ and OpaB and the constructio n of chimeri c 
Opaa protein s 

Thee genes encoding OpaJ129 and OpaB128 were isolated from H44/76 
usingg Taq polymerase (Amersham, Piscataway, NJ, USA) and general opa 
primerss (5'-CTTCTCTTCTCTTCCGCAGC-3'and 5'-TCGGTATCGGGGAA-
TCAGAA-3'),, cloned into plasmid pCR2.1 (Topo TA cloning Kit, Invitrogen, 
Carlsbad,, CA, USA) and subsequently sequenced using M13-forward and 
M13-reversee primers (Invitrogen). Plasmids pCR2.1 containing opaB128 or 
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opaJ129opaJ129 were used to amplify the DNA sequences encoding the mature 
OpaB1288 or OpaJ129 proteins with Taq polymerase. The primers used (5'-
AGCGCCCATGGCAAGTGAAG-3'' and 5'- GGCATCGGG.ATCCGGGAAT-
CAG-3')) were based on the DNA sequence of opaB128 and opaJ129 of Neisseria 
meningitidismeningitidis strains H44/76 (unpublished) and 190/87 (Genbank accession no. 
AF0162855 and AF016285) (28). The primers contained base substitutions 
(underlined)) to introduce Ncol and BamHl cleavage sites, respectively. The 
PCRR product was cloned in plasmid pCR2.1. The Ncol-BamHl fragment was 
isolatedd from the resulting plasmid and ligated into the Ncol-BamHl digested 
expressionn vector pETlld (New England Biolabs, Inc., Beverly, MA, USA) 
downstreamm of the inducible T7 promoter. In the resulting construct, the codon 
forr the first amino acid residue of the mature Opa protein was situated directly 
downstreamm of the ATG start codon. The sequence of the insert was checked 
byy DNA sequencing, using the DNA sequencing kit and the ABI Prism 310 
geneticc analyser, according to the instructions of the manufacturer (ABI Prism, 
Perkinn Elmer Applied Biosystems, Warrington, Great Britain). Plasmids 
pETlld-opaB128pETlld-opaB128 and pETlld-o/?a/229 were used to transform the Escherichia 
colicoli strain BL21 (DE3). 

Thee OpaB128 and OpaJ129 expression at the cell surface of E.coli strain 
CE12655 was realised as previously described (10) using the expression vector 
pMR05,, containing the complete phoE gene (2). PCR reactions were performed 
onn pCR2.1 containing either opaB128 or opaJ129 using Taq polymerase and 
mutagenicc primers (5'-ATAGATCTCGGGGAATCAGAAGCG-3' and 5'-
CTTCTCTTCTCC TTCTGCAGC- 3') to generate a Pstl site between the signal 
sequencee and the mature portion and a Bglll site behind the stopcodon of 
opaB128opaB128 and opa]129. The Pstl-Bglll fragments of opaB128 and opaJ129 were 
usedd to replace a Pstl-Bglll fragment of the phoE gene in pMR05, resulting in 
ann in-frame fusion of opa to the signal peptide of phoE and expression from the 
phoEphoE promotor. The resulting plasmids pMR05-opaB and pMR05-opö/ were 
isolatedd and purified using the Wizard Plus SV Miniprep kit (Promega, 
Madison,, WI, USA) and subsequently digested with Pstl and Afllll (Boehringer 
Mannheim,, Germany). The fragments were electroforetically separated on a 
11 % (w/v) agarose gel and isolated with the JETsorb gel extraction kit 
(Genomed,, Bad Oeynhausen, Germany). The Pstl/Afllll fragments coding for 
thee SV and HV-1 regions were exchanged and re-ligated using T4 ligase in the 
appropriatee buffer according to the instructions of the manufacturer 
(Boehringerr Mannheim). The resulting plasmids were used for transformation 
off  CE1265 as described previously (10). The sequences of the inserts were 
checkedd by DNA sequencing. Surface expression of the two chimeras OpaBj 
andd Opajb was analyzed in a colony blotting experiment (39) using mAb 
15-1-P5.55 and MN20E12.70. 
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Refoldin gg and purificatio n of Opa protei n 
InIn vitro folded and purified OpaJ protein was prepared as previously 

describedd (10). The purification of inclusion bodies was improved. Cultures 
off  the E. coli strain BL21 (DE3) containing either pETlld-op«B328 or pETl ld-
opaJ129,opaJ129, grown overnight at 37°C, were diluted 1/10 into fresh LB medium 
supplementedd with 0.5 % glucose (Fluka, Buchs, Switzerland) and ampicillin 
(1000 ^ig/ml). When the culture reached an optical density at 660 nm (OD660) 
off  0.6, isopropyl-8-D-galactopyranoside (IPTG) (Boehringer Mannheim, 
Germany)) was added to a final concentration of 1 mM. After 3 h of incubation, 
att 37°C, the cells were harvested by centrifugation (5000 g for 15 min at 4°C), 
thee cell pellet was resuspended in 50 mM Tris-HCl and 40 mM EDTA (TE 
buffer).. 0.25 g /ml sucrose (Sigma, St. Louis, MO, USA) and 0.2 mg/ml 
lysozymm (Boehringer Mannheim, Germany) was added prior to incubation for 
11 h at 4°C. For osmotic shock treatment 100 ml TE buffer was added, 
incubatedd for 30 min at 4°C and sonicated using a macrotip (model 250 
Sonifier,, Branson, Danbury, Connecticut, USA) for three time (1.5 min, duty 
cyclee 50 %, output 9). The cell suspension was sonicated after addition of 5 ml 
100 % Brij-35 (Sigma, St. Louis, MO, USA) (v/v) and centrifuged (5000 g, 30 min 
att 4°C) and sonicated (duty cycle 50 %, output 9) two times. Opa protein was 
dissolvedd in 8 M urea and 50mM glycine (pH 8). Ultracentrifugation at 40 000 
rpmm for 2.5 h at 4°C (Centrikon T 1170, Rotor 45-94, Kontron Instruments, 
Milano,, Italy) was used to remove residual membrane fragments. Opa protein 
(100 mg/ml) dissolved in 8 M urea and 50 mM glycine (pH 8.0) was diluted 
100-foldd in refolding buffer containing 328 mM ethanolamine (pH 12), 0.5 % 
SB122 (Fluka, Buchs, Switzerland). An SP-Sepharose-HP column (volume 15 ml) 
(Amershamm Pharmacia Biotech Europe GmbH, Freiburg, Germany) was 
equilibratedd with 10 mM Tris-HCl, 0.5 % SB12 (pH 7.5) (bufferA), loaded with 
approximatelyy 10 mg refolded OpaJ129 and washed twice with buffer A with 
pHH 7.5 and pH 8.5. The proteins were eluted with a linear gradient of NaCl 
fromm 0 to 1 M in 120 ml. OpaB was refolded and purified by a similar 
proceduree as also described elsewhere (10). To check folding and purification, 
SDS-PAGEE was performed under semi-native and denaturing conditions (data 
nott shown). The folded and purified proteins were stored at -20 °C. 

Preparatio nn of sample s for immunisatio n 
Thee denatured OpaJ protein was obtained by heating the folded 

proteinn for 30 min at 100 °C prior to immunisation. To stimulate the immune 
response,, 20 ug Quillaja saponin A (QuilA) (Isotec, Lulea, Sweden) was added 
too half of the samples containing purified refolded and denatured OpaJ 
protein.. Al l purified protein samples were diluted in 10 mM Tris-HCl (pH 8) 
andd 0.2% (w/v) rc-dodecyl-N,N-dimethyl-l-ammonio-3-propanesulfonate 
(SB12,, Fluka; purified as described by Dekker et al. (1995). The Opa negative 
H44/766 and OpaJ positive variants were selected by colony blotting (40) using 
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mAbss 15-1-P5.5 and MN20E12.70. Outer membrane complexes (OMC) were 
isolatedd by sarcosyl extraction according to the protocol described by Da vies et 
al.al. (1990). The OMC were diluted in 10 mM Tris-HCl (pH8.0). The protein 
concentrationn of all samples was determined with the Pierce protein assay 
(Pierce,, Rockford, Illinois, USA) using BSA as standard. 

Immunisationss of animals 
Femalee BALB/c/Rivm mice at 6 - 8 weeks of age were used for 

immunisation.. Individual mice within groups of eight of approximately equal 
weightt were immunised subcutaneously with 5 ug purified protein or OMC on 
dayss 0,14 and 28. Mice were terminally bled on day 42, and sera were stored 
at-20°C. . 

ELISA A 
Whole-cell-ELISAss were performed according to Abdillahi and 

Poolmann (1987). For ELISA with purified protein, flat-bottomed 96-well 
microtitree plates were coated overnight at 37°C with 100 ^1 of a 5 ug/ml 
purifiedd Opa protein solution in PBS. Antibody titres were measured for each 
individuall  serum. The titre is defined as the dilution of the serum where 50 % 
off  the ODmax in the assay is reached. Starting dilution of all sera was 1:100. In 
thee total IgG- and cross-reactivity-ELISA, GAM-HRP (1:5000) was used to 
detectt antibody binding. In the subclass-specific ELISA IgGl, IgG2a, IgG2b 
andd IgG 3 GAM-HRP monoclonals (Southern Biotechnology Associates, 
Birmingham,, AL, USA) (1:5000) were used for the detection of the isotype 
specificc antibodies. In the whole-cell-ELISA assays where whole 
meningococcall  cells were used for coating, the Opa expression was tested in 
colonyy blotting (40) using mAbs 15-1-P5.5 and MN20E12.70. The colour 
reactionn using 3,3',5,5'-tetramethylbenzidine (Sigma, St. Louis, MO, USA) and 
H2022 (p.a., Merck, Darmstadt, Germany) was performed as described (1). 
Thee geometric means were calculated, to average the antibody titres, found in 
thee sera from mice immunised with the same samples. 

Bactericidall assays 
SerumSerum bactericidal activity was determined as described (33) with 

somee modifications. In short, two-fold dilutions of heat inactivated sera 
(300 min at 56°C) were incubated with baby rabbit complement (Pel-Freez 
Biologicals,, Rogers, Arkansas, USA) (final concentration 20 % v/v) and 
2.55 x 102 c.f.u. of bacteria for 60 min at 37°C. Titres are expressed as the final 
dilutionn giving at least 90 % killin g of the inoculum. 

Blockingg assays 
Thee HeLa-Neo, -CEACAM1 and -CEA transfectants were a gift from 

F.. Grunert (Genovac AG, Freiburg, Germany) and were described previously 
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(5,, 8). The HeLa transfectants were cultured in RPMI1640 medium (Gibco, 
manufacturedd in UK) supplemented with 5 % fetal calf serum (FCS) (Gibco, 
Logan,, Utah, USA) and 0.75 mg/ml of geneticin (Calbiochem, biosciences inc., 
Laa Jolla, CA, USA). Cells were grown for 2 days to near-confluency in 24-wells 
tissuee culture plates (Greiner, Cellstar, Kremsmiinster, Austria) in 1-ml 
portionss of RPMI 1640 medium with 10 % FCS. PC2984-pMR05-opaB and 
PC2984-pMR05-o/?a// were grown overnight on LB-agar plates as described 
abovee (growth conditions), swapped from the plate and resuspended in 
phosphatee buffered saline (PBS) (SVM, Bilthoven, The Netherlands). The 
opticall  density (OD) of the bacterial suspension was measured at 620 nm and 
adjustedd to 1.0. The sera were pooled and 5 ul pooled serum was added to 
500 ul bacteria. This suspension was immediately added to the cells and 
incubatedd for 4 h at 37°C, in a final volume of 500 ul RPMI supplemented with 
100 % FCS and 25 Hg/ml chloramphenicol. After the incubation of bacteria and 
seraa with the transfected HeLa cells, the cells were washed three times with 
PBSS to remove non-adherent bacteria, lysed with 0.5 ml 1 % saponin (Sigma, 
St.Louis,, MO, USA). Saponin fractions were plated on LB-agar plates 
supplementedd with 25 ug/ml chloramphenicol. The incubation with non-
bindingg mAb (15-1-P5.5 in the assays using OpaJ+ E. coli and MN20E12.70 in 
thee assays using OpaB+ E. coli) was referred to as the condition under which 
00 % blocking occurred to determine the anti-Opa specific blocking. 

Phagocytosiss assays 
Too characterise the H44/76 Opa+ and Opa" variants used in this assay, 

1088 heat killed bacteria in 10 ul volume were incubated with 5|xl of 10 Ug/ml 
monoclonall  antibodies; MN5C11G (a PI.16) (37), B306 (a Ope) (45), 
MN20E12.700 (a OpaB and OpaD) and 15-1-P5.5 (a OpaA and OpaJ) (47) for 
300 minutes at 4°C, washed twice and incubated with CY3 labelled Rabbit anti 
mousee IgG monoclonal antibodies (Jackson Immunoresearch). After washing, 
thee resulting fluorescence of 104 gated bacteria was determined using FACS 
analysiss in a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA). 

Thee phagocytosis assay was performed as described by Vidarsson et al. 
(2001).. In short, human neutrophils (PMN) were isolated using Ficoll 
(Pharmacia)) - Histopaque (Sigma) gradients, followed by hypotonic lysis in 
waterr (for 30 seconds at 4 °C) of residual red blood cells. Sera were serially 
dilutedd in 1ml polypropylene tubes (Micronics, The Netherlands). 105 PMN 
weree added along with 5 x 106 Alexa488-labeled bacteria (see above) in a final 
volumee of 100 ul, and incubated at 37°C for 30 min. After washing, samples 
weree resuspended in 300 |J.1 FACS buffer (PBS, supplemented with 1% BSA and 
0.1%% azide), and fluorescence intensities of PMN were measured by flow 
cytometry.. For all experiments, cells from a FcyRIIa R/R131, FcyRIIIb-
NA1/NA22 individual (PCR-allotyped) were used. 
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Statisticall analysis 
ELISAA results are expressed as geometric means with the standard 

errorr of eight independent observations. The results of the blocking assay are 
expressedd as geometric means with the standard deviation of three 
independentt observations. The data were statistically analysed by a one-tailed 
Student'ss t-test, differences were considered significant at P < 0.05. 
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