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a b s t r a c t The availability of complete genome sequence of Neisseria meningitidis serogroup B strain MC58 and reverse vaccinology has allowed the discovery of several novel antigens. Here, we have explored the potential of N. meningitidis lipoprotein NMB0938 as a vaccine candidate, based on investigation of gene sequence conservation and the antibody response elicited after immunization in mice. This antigen was previously identiﬁed by a genome-based approach as an outer membrane lipoprotein unique to the Neisseria genus. The nmb0938 gene was present in all 37 Neisseria isolates analyzed in this study. Based on amino acid sequence identity, 16 unique sequences were identiﬁed which clustered into three variants with identities ranging from 92 to 99%, with one cluster represented by the Neisseria lactamica strains. Recombinant protein NMB0938 (rNMB0938) was expressed in Escherichia coli and puriﬁed after solubilization of the insoluble fraction. Antisera produced in mice against puriﬁed rNMB0938 reacted with a range of meningococcal strains in whole-cell ELISA and western blotting. Using ﬂow cytometry, it was also shown that anti-rNMB0938 antibodies bound to the surface of the homologous meningococcal strain and activated complement deposition. Moreover, antibodies against rNMB0938 elicited complement-mediated killing of meningococcal strains from both sequence variants and conferred passive protection against meningococcal bacteremia in infant rats. According to our results, NMB0938 represents a promising candidate to be included in a vaccine to prevent meningococcal disease. © 2009 Elsevier Ltd. All rights reserved.



1. Introduction Meningococcal disease is a signiﬁcant cause of mortality and morbidity throughout the world; it is one of the most feared bacterial infections due to its rapid progression and tendency to cause epidemics. Neisseria meningitidis, the causative agent, is a Gramnegative bacterium which colonizes the human upper respiratory tract [1]. Occasionally, it translocates to the bloodstream causing sepsis and from there it can cross the blood–brain barrier and cause meningitis [2]. This bacterium is found only in humans and is classiﬁed into 13 serogroups on the basis of the chemical composition of the capsular polysaccharides, but only ﬁve serogroups (A, B, C,
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Y, and W-135) cause the majority of disease [2]. Currently, there are successful glyconjugate vaccines against four (A, C, Y, and W135) of the ﬁve pathogenic serogroups. However, prevention of serogroup B meningococcal disease (MenB) represents a particularly difﬁcult challenge in vaccine development. The use of capsular polysaccharide as the basis of a vaccine for prevention of MenB has been problematic, since the serogroup B capsular polysaccharide is identical to a widely distributed human carbohydrate (␣(2 → 8)Nacetyl neuraminic acid or polysialic acid), is poorly immunogenic in humans and may elicit autoantibodies [3,4]. Current research on vaccine candidates against MenB has focused on outer membrane proteins (OMP), either puriﬁed or incorporated into outer membrane vesicles (OMV) [5]. The antigenic variability of major OMP [6,7] limits the efﬁcacy of OMV-based vaccines and, although these proteins induce protective antibodies against the homologous strain, they fail to induce cross-protection against all circulating heterologous strains [8]. Bactericidal responses to OMV vaccines are predominately directed against PorA and, to a lesser extent, to the Opc protein [9]. However, PorA shows considerable antigenic variation both between
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and during outbreaks, raising concern that protection from monovalent OMV vaccine would be PorA-speciﬁc [10]. The lack of a broadly effective vaccine against serogroup B has focused attention on the study of novel meningococcal antigens, which must be easy accessible and capable of inducing long-term protective immune response in both adults and children [10]. After completion of the MC58 genome project [11], a growing number of high-throughput approaches has been employed to screen the meningococcal genome for potentially protective antigens, which have proved to be widely conserved and might form the basis of a truly cross-protective vaccine against N. meningitidis. Promising results have been obtained with one of these proteins, the lipoprotein human factor H binding protein (fHbp), the sequence of which appear to be unique to the genus Neisseria [12,13]. fHbp is a component of two potential universal vaccines against N. meningitidis serogroup B: a vaccine, that was developed on the basis of ﬁve crossprotective antigens [14] and a vaccine that contains two variants of this single lipoprotein [15]. In an attempt to ﬁnd novel Neisseria-speciﬁc lipoproteins with vaccine potential, we surveyed the MC58 genome using public software and BLAST searches [16]. Here, we report the cloning, expression, and puriﬁcation of recombinant lipoprotein NMB0938 (rNMB0938). In order to study the vaccine candidacy of this outer membrane lipoprotein, we have investigated the ability of the recombinant variant to elicit broadly cross-reactive antibodies, as determined by ELISA and western blotting. To establish the conservation of the nmb0938 gene, we analyzed the nucleotide sequence in 35 N. meningitidis strains. Moreover, we evaluated the utility of this protein, as immunogen, to induce a
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bactericidal and protective immune response against meningococci. 2. Materials and methods 2.1. Bacterial strains A total of 35 N. meningitidis strains comprising serogroups A, B, C, W135 and Z, and including strains isolated from healthy carriers, were used for gene ampliﬁcation. The panel included strains isolated in Cuba between 1983 and 2003, and several standard strains with a worldwide distribution. The strains belong to different serogroups, PorA types and/or MLST sequence types (Table 1). Sequence typing information was obtained as reported on the Neisseria MLST website (http://neisseria.org/nm/typing/mlst/). Bacteria were grown at 37 ◦ C in an atmosphere containing 5% CO2 on Brain Heart Infusion (BHI) agar (Oxoid, United Kingdom) supplemented with an antibiotic mixture of vancomycin, colistin and nystatin (VCN, Oxoid) at the concentration 3 g/mL, 7.5 g/mL and 12.5 units/mL, respectively. The Escherichia coli XL1-blue (Invitrogen, USA) was used for cloning purposes and E. coli K12 W3110 (New England BioLabs, UK) was employed for the expression of the recombinant protein. The E. coli cells with plasmid were grown aerobically at 37 ◦ C either in Luria Bertani (LB) or in expression medium supplemented with 12.5 g/mL tetracycline and 100 g/mL ampicillin for XL1-blue strain, and with 100 g/mL ampicillin for strain W3110. Expression medium consists of M9 synthetic medium



Table 1 Neisseria strains used in this studya . NMB0938 variant 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1a 2 2 2 2 2 2 2 2 2 2 2 3 3 a



Strain



Year of isolation



ST



Clonal complex



Serogroup



PorA type



Source



Country



MC58 CU385 1/98 10/92 156/85 322/90 411/86 419/85 52/91 99/89 B16B6 H355 H44/76 1/03 Z4181 67/91 133/83 9/99 159/99 135/99 225/88 375/91 67/89 M982 NZ98/124 053442 Z2491 FAM18 811/86 131/89 102/98 111/02 Z1127 57/89 233/89 Y92-1009 Nl-ST640



1985 1983 1998 1992 1985 1990 1986 1985 1991 1989 Unknown 1973 1976 2003 Unknown 1991 1983 1999 1999 1999 1988 1991 1989 Unknown 1998 2004 Unknown 1983 1986 1989 1998 2002 Unknown 1989 1989 1992 Unknown



74 33 897 33 5171 33 33 33 33 33 11 NA 32 41 11 33 6437 33 103 103 44 11 53 3790 44 4821 4 11 352 883 22 823 ND 53 53 3493 640



ST-32 ST-32 UA ST-32 ST-103 ST-32 ST-32 ST-32 ST-32 ST-32 ST-11 ST-32 ST-32 ST-41/44 ST-11 ST-32 UA ST-32 ST-103 ST-103 ST-41/44 ST-11 ST-53 UA ST-41/44 ST-4821 ST-4 ST-11 ST-269 ST-41/44 ST-22 ST-198 ND ST-53 ST-53 ST-613 ST-640



B B B B B B B B B B B B B B C ND C B NG Z C C NG B B C A C B C W135 NG A B ND N/A N/A



7,16-2 19,15 12,16-11 19,15 5-1,2-2 19-24,15 19,15 19,15 19,15 19,15 5,2 19,15 7,16 7-2,4 5,2-1 7-1,1 18-1,34 19,15 18-1,3 18-1,3 22,14-6 5,2 7,30-3 22,9 7-2,4 7-2,14 7-2,13-1 5,2 21,2-2 18-1,34 18-1,3 18,25-15 9 7-2,30-2 7-2,30-4 N/A N/A



Disease Disease Disease Disease Disease Disease Disease Disease Carrier Disease Disease Disease Disease Disease Disease Carrier Disease Disease Carrier Carrier Disease Disease Carrier Disease Disease Disease Disease Disease Disease Disease Carrier Carrier Disease Carrier Carrier Carrier Carrier



UK Cuba Cuba Cuba Cuba Cuba Cuba Cuba Cuba Cuba USA Norway Norway Cuba Mali Cuba Cuba Cuba Cuba Cuba Cuba Cuba Cuba USA New Zealand China Gambia USA Cuba Cuba Cuba Cuba B. Faso Cuba Cuba UK UK



Abbreviations used: ND, not determined; NA, not available; N/A, not applicable; UA, unassigned; ST, sequence type; NG, non-groupable.
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[17] supplemented with 0.5% Yeast Extract (w/v) and 1% glycerol (v/v). 2.2. DNA sequencing and phylogenetic analysis The DNA sequence of nmb0938 was ﬁrstly obtained from the annotated MC58 genome sequence (accession no. NC 003112.2). Orthologues of the nmb0938 gene in the N. meningitidis strains Z2491 and FAM18 and a Neisseria lactamica strain (an ST-640 strain identiﬁed here as Nl-ST640) were obtained from the Sanger Institute (http://www.sanger.ac.uk/Projects/). The incompletely assembled genome sequence of the N. lactamica vaccine strain Y92-1009 [18] was also used. The Neisseria gonorrhoeae strain FA1090 genome was accessed from the University of Oklahoma web site (http://www.genome.ou.edu/gono.html) and the recently published sequence of the N. meningitidis serogroup C isolate 053342 (ST-4821) [19] was also employed. ClustalW version 2.0 [20] was used to perform sequence alignments. Sequencing of the nmb0938 gene in the strains listed in Table 1 was carried out after PCR ampliﬁcation. Primers for ampliﬁcation were: 0938F1, 5 -GCT TCT AGA TCT TTC TCC GAG CAA AGA CG3 , and 0938R1, 5 -GCC CCC GGG ATC CAT TGA AGT AGA TG-3 , which were designed for ampliﬁcation of the segment coding for the mature form of antigen NMB0938, based on the nucleotide sequence reported for this gene in the MC58 strain. PCR products were puriﬁed and the obtained DNA was partially sequenced in both directions with the same primers. Nucleotide sequencing was performed by Macrogen Inc. (Seoul, Korea), and sequences were edited and analyzed using the program AlignX (vector NTI Suite 7.1, InforMax, North Bethesda, MD). The partial nucleotide sequences of the mature NMB0938 coding region from the neisserial isolates listed in Table 1 were deposited in the GenBank database and their accession numbers are from FJ394030 to FJ394069. Phylogenetic evolutionary analyses of the nmb0938 sequences were conducted using Molecular Evolutionary Genetics Analysis software package version 3.1 (MEGA) [21]. The relatedness between selected sequences was shown as a dendogram, constructed by the unweighted pair group method with arithmetic mean (UPGMA) using MEGA. 2.3. Bioinformatic analysis of deduced protein sequences Candidate NMB0938 was selected by an in silico strategy implemented in our laboratories. Brieﬂy, a pipeline based on free internet servers for OMP predictions was structured to analyze the MC58 N. meningitidis genome. Previously uncharacterized neisserial speciﬁc genes were subjected to SignalP 3.0 and LipoP 1.0 (www.cbs.dtu.dk/services), and multiple subcellular localization softwares including Psort (http://psort.ims.utokyo.ac.jp/), PSLPred and CELLO using the default parameters. The PEDANT genome database (http://pedant.gsf.de/), EMBL nucleotide database, UniProtKB (http://www.ebi.ac.uk/panda/), and MBGD (http://mbgd.genome.ad.jp/database) were also used. Homology analyses were carried out employing iterated searches with PSI Blast (http://blast.ncbi.nlm.nih.gov/Blast.cgi) using a non redundant protein database. For secondary structure analysis, the prediction server Jpred3 (www.compbio.dundee.ac.uk/∼wwwjpred/) was applied.



from N. meningitidis at the N-terminal end and six His residues at the C-terminus of the expressed protein, under the control of the tryptophan promoter. The ligation mixtures were transformed into E. coli XL-1 blue cells, and the recombinant clones were selected on ampicillin-containing agar plates. The cloned insert was sequenced and the selected expression plasmid was transferred to the expression host strain E. coli W3110. Protein expression was induced by growing the bacteria in expression medium for 16 h at 37 ◦ C. 2.5. Protein puriﬁcation The recombinant protein NMB0938 was puriﬁed in one step by immobilized metal ion afﬁnity chromatography (IMAC). Brieﬂy, bacterial cells harboring rNMB0938 were collected by centrifugation for 15 min at 4000 × g and suspended by gentle stirring in TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0). The suspension was subjected to sonication (ﬁve cycles of 1 min each, on ice) and the insoluble material was collected by centrifugation for 10 min at 7000 × g, at 4 ◦ C. The resulting pellet was solubilized in loading buffer (0.1 M carbonate bicarbonate buffer solution, pH 10.0 containing 2 M Urea and 0.3 M NaCl). The supernatant was applied onto a column of Chelating Sepharose Fast Flow (Amersham Pharmacia Biotech) previously loaded with Cu2+ according to the manufacturer’s instructions. Some contaminants bound to the column were eluted by washing with loading buffer containing 15 mM imidazole and rNMB0938 was eluted from the column with loading buffer containing 100 mM imidazole. The solution containing the denatured recombinant antigen was subjected to extensive dialysis against PBS, at 4 ◦ C. The ﬁnal preparation of rNMB0938 was kept at −20 ◦ C. The expression and puriﬁcation of the recombinant antigens was analyzed by SDS-PAGE using the discontinuous buffer system as reported [22]. 2.6. Immunizations The animals were housed and handled in accordance with the institutional Guidelines for Care and Use of Laboratory Animals. (A) Immunization of neonatal mice: To assess the early life immunogenicity of rNMB0938, neonatal BALB/c mice (CENPALAB, Havana, Cuba) were immunized with this antigen by intraperitoneal (i.p.) route. rNMB0938 (10 g) adsorbed onto 400 g of aluminium hydroxide (Alhydrogel; Superfos, Denmark) in a total volume of 50 L was used to immunize each of 8 mice at 7, 10 and 14 days-old. A control group received the same amount of aluminium hydroxide, in a volume of 50 L, on the same days after birth. On day 21 after birth, both groups of mice were bled for serum collection, which was stored frozen at −20 ◦ C. (B) Immunization of adult mice: Three groups of female BALB/c mice, 6–8 weeks old (10 mice/group), were immunized by i.p. route. Each group received a formulation (100 L) containing 20 g of rNMB0938 with either Freund’s adjuvant (Sigma, USA), 800 g aluminium hydroxide or 5 g of capsular polysaccharide from N. meningitidis serogroup C (PsC). Vaccinations were given on days 0, 21 and 35; and blood samples were taken on day 0 (preimmune) and 49, and serum samples were stored frozen at −20 ◦ C. 2.7. Detection of antibody response



2.4. Cloning in the expression plasmid The PCR product corresponding to the nmb0938 sequence from the CU385 strain (Table 1) was digested with the restriction enzymes XbaI and BamHI and ligated into XbaI and BamHI sites of the pM238 expression vector [17]. This vector provides 47 amino acids of the dihydrolipoamide dehydrogenase A (LpdA) protein



Enzyme-linked immunosorbent assays (ELISA) were performed for assessment of antibody levels to rNMB0938 in sera as previously described [23]. Whole-cell ELISA for detection of antibodies against the protein exposed on the surface of the bacteria has been detailed elsewhere [24]. Titers were expressed as the reciprocal of the dilution showing a two-fold increase in absorbance over
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that obtained with a negative control (preimmune serum). For immunoblotting, cell lysates of N. meningitidis strains were separated by SDS-PAGE and transferred onto a nitrocellulose membrane (Hybond ECL; Amersham Pharmacia Biotech), which was divided to allow incubation with separate sera, performed as described previously [25]. In both experiments E. coli W3110 was employed as a negative control.



6913



and a pool of hyperimmune sera from OMV-immunized mice was used as positive control for protection. The results of blood cultures were transformed to logarithmic values to calculate the geometric mean value of the c.f.u in each group (n = 6). Statistical signiﬁcance was evaluated using a one-way analysis of variance (ANOVA) followed by a Dunnett’s post test, by using GraphPad Prism version 4.0 (GraphPad Software, USA). A P value lower than 0.05 was considered statistically signiﬁcant.



2.8. Antibody surface labeling assay (SLA) The ability of mouse polyclonal anti-rNMB0938 to bind to the surface of ﬁxed N. meningitidis cells was measured by indirect ﬂuorescence ﬂow cytometry, performed as described previously [26] except that the ﬂuorescence index (FI) of the complementonly control was subtracted from the FI obtained with each serum sample (FI-C). N. meningitidis CU385 was used as target bacteria. Anti-OMV (CU385 strain) serum was used as positive control and the negative control consisted of preimmune serum. 2.9. Complement deposition assay (CDA) N. meningitidis strain CU385 was grown to log phase in 10 mL Frantz medium and ﬁxed using 2% sodium azide for 24 h. After washing, bacteria were adjusted to OD600nm 0.1 in a blocking buffer (BB) of PBS and 1% bovine serum albumin. Bacterial suspension (188 L) was added to the appropriate wells of a 96-well plate, containing 2 L test sera and 10 L human plasma which was IgG-depleted on ice immediately before use using a 1 mL HiTrap Protein G column (Amersham Biosciences, UK). The suspension was incubated at 25 ◦ C for 30 min with vigorous shaking, washed twice in BB and resuspended in 200 L BB containing 1:500 dilution of sheep anti-human C3c-FITC (Biodesign International) and incubation continued at 4 ◦ C for 20 min. The bacteria were then washed and resuspended in 200 L BB and analyzed by ﬂow cytometry as described above. For this experiment controls were used as described above for the SLA. 2.10. Bactericidal assay The serum bactericidal assay (SBA) was carried out as previously described [23] using N. meningitidis strains CU385, B16B6, M982, NZ98/124 and Z4181 (see Table 1 for strain details). Baby rabbit serum was used as the complement source, which was previously screened for the absence of anti-meningococcal activity. Additionally, this serum was adsorbed on ice with inactivated meningococcal cells immediately before use. Brieﬂy, bacteria (homologous strain) were adjusted to OD600nm 1.0 in PBS and the suspension was incubated for 30 min at 56 ◦ C. A bacterial pellet, corresponding to 2.5 mL of heat-inactivated bacterial suspension, was added to 1.0 mL of rabbit serum and the mixture was incubated for 50 min on ice with agitation. Finally, bacteria were removed by centrifugation in a refrigerated centrifuge. Complement-mediated antibody-dependent bactericidal titers were expressed as the reciprocal of the highest serum dilution giving ≥50% killing of bacteria after the 60 min incubation reaction. 2.11. Passive protection in infant rats The ability of anti-rNMB0938 antibodies to confer passive protection against N. meningitidis bacteremia (strain CU385) was tested in infant rats (outbred Wistar; CENPALAB) as described elsewhere [27]. In brief, six rat pups per group were injected i.p. with 100 L of serum diluted 1:10, 1 h before the i.p. bacterial challenge with approximately 107 c.f.u. per pup in a ﬁnal volume of 150 L. Pooled preimmune serum was used as negative control



3. Results 3.1. Alignment of NMB0938 sequences and phylogenetic analysis Proteins homologous to NMB0938 were found in other meningococcal genomes, including N. meningitidis strains Z2491 (NMA1134), FAM18 (NMC0916) and 053442 (NMCC 0881), with identities ranging from 92 to 99%, and in N. lactamica strains Nl-ST640 and Y92-1009 with 93% and 92% identity, respectively. However, in the gonococcus the homologue to nmb0938 gene appears to be a pseudogene. In addition, the coding regions of nmb0938 orthologous genes from 31 additional neisserial isolates, including strains isolated from healthy carriers, were ampliﬁed by PCR and their sequences were determined. PCR ampliﬁcation was performed by using primers located in the conserved regions upstream and downstream the mature coding region of nmb0938. The gene was present in all strains analyzed, and the ﬁnal 37 deduced amino acid sequences were aligned and compared using ClustalW. Based on amino acid sequence identity, 16 unique sequences (alleles) were identiﬁed, which could be clustered into three variants (Table 1 and Fig. 1A), one of them represented by the two N. lactamica strains. The majority of serogroup B strains (84.2%) contained sequence variant 1, and the variant 2 group mostly comprised strains from other serogroups and healthy carrier isolates. Variant 1 also grouped the 85.0% of strains that belong to the hypervirulent lineages reported by Maiden et al. [28]. In the N. meningitidis strains tested the major difference detected between variants 1 and 2 was distinguished by a 9 bp internal deletion (Fig. 1B). Particularly, for the sequence derived from serogroup B strain M982 this deletion was 21 bp and the phylogenetic analysis clustered this strain into variant 1 (here classiﬁed as variant 1a). In spite of the observed differences, all the meningococcal deduced amino acid sequences showed high level of conservation (p-distance = 0.019). Secondary structure analysis of NMB0938 predicts a mixture of alpha helices and beta strands in repetitive beta-alpha-beta units (Fig. 1B). 3.2. Puriﬁcation, immunogenicity of the recombinant protein and surface exposure A recombinant variant of protein NMB0938 was expressed in E. coli, and it was puriﬁed in one step by IMAC after the solubilization of the inclusion bodies. The puriﬁcation process was monitored by SDS-PAGE and rNM0938 was seen as a single band following Coomassie Blue staining (data not shown). Analysis of whole-cell lysates of E. coli expressing rNMB0938 showed that the recombinant antigen represents approximately 25% of total cellular proteins. This recombinant protein migrated at ∼45 kDa, which is slightly higher than its theoretical molecular mass (29.072 kDa), caused by the inclusion of the N-terminal fusion and the polyhistidine tail. We tested the immunogenicity of rNMB0938 during murine early life, when the immune system is immature. This immunogen was initially administered to 1-week-old mice. After two additional doses given intraperitoneally, mice were bled for measurement
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Fig. 1. (A) Phylogenetic tree of the deduced amino acid sequences of the NMB0938 protein in 37 neisserial strains. (B) A sequence alignment of one representative strain for each variant is also shown. Strain M982 was also included since it has an atypical variant 1 sequence.



of rNMB0938-speciﬁc serum antibodies, as detected by ELISA. We observed that 100% of the mice immunized with rNMB0938 had an IgG antibody titer higher than 1:1000 (geometric mean titer 1:6240, range 2495-14,522). As expected, mice that received the adjuvant only did not seroconvert. In addition, groups of adult BALB/c mice were immunized with rNMB0938 in combination with Freund’s adjuvant, aluminium



Fig. 2. Recognition of antigens present in whole meningococci shown by antisera obtained in adult mice after immunization with rNMB0938, as detected by wholecell ELISA. The data represent the geometric mean and standard error of 10 mice per group. E. coli W3110 cells as a negative control.



hydroxide or PsC, and the antisera were analyzed by ELISA. The recombinant protein was immunogenic, eliciting IgG antibody titers ranging from 97,000 to 140,000. To investigate whether this antigen is expressed by a range of isolates, whole-cell ELISA and western blotting experiments against eight meningococcal strains were performed with the anti-rNMB0938 antisera. ELISA titers ranged from 200 to 20,000 depending on the strain and antiserum used (Fig. 2) with the lowest titers obtained against variant 2 strains (Z1127, 131/89, 811/86) and the strain M982. The speciﬁcity of these antisera was evaluated by western blotting and the results conﬁrmed that NMB0938 was expressed by all the eight neisserial strains tested (Fig. 3). An easily identiﬁable band was recognized in each strip (including strains possessing a variant 2 antigen), corresponding to a meningococcal protein with an apparent molecular mass of approximately 35 kDa. This molecular mass is higher than the theoretical value, probably due to the lipidic fraction present in the natural protein. With the aid of ﬂow cytometry, it was determined that speciﬁc IgG antibodies in anti-rNMB0938 serum, obtained following immunization with rNMB0938 emulsiﬁed with Freund’s adjuvant, recognized the native antigen on intact wild-type N. meningitidis CU385 (data not shown).
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Fig. 3. Western blotting of whole-cell lysates of N. meningitidis strains developed with antiserum obtained after immunization with formulation containing rNMB0938 with Freund’s adjuvant. MW, molecular weight markers are expressed in kDa; lane 1, strain Z4181; lane 2, strain CU385; lane 3, strain H44/76; lane 4, strain M982; lane 5, strain Z1127; lane 6, strain 811/86; lane 7, strain 131/89; lane 8, strain NZ98/124; lane 9, E. coli W3110 lysate as a negative control.



3.3. Functional activities of elicited antibodies We investigated the ability of the antiserum from mice immunized with rNMB0938 in Freund’s adjuvant to mediate deposition of human C3 on the surface of encapsulated N. meningitidis cells, as measured by ﬂow cytometry. Anti-rNMB0938 serum mediated greater C3b deposition than non-immune serum (P < 0.05; Z test), but less than sera raised against CU385 OMV (P < 0.01; Z test) (data not shown). Antisera raised against rNMB0938 were also tested for their ability to promote in vitro complement-mediated killing of meningococcal strains CU385, B16B6, M982, NZ98/124 and Z4181, as determined by SBA (Table 2). These strains belong to either NMB0938 sequence variant 1 or 2, and we also included M982 since it has an atypical variant 1 sequence. The sera from mice immunized with rNMB0938 emulsiﬁed in Freund’s adjuvant showed bactericidal activity against all ﬁve meningococcal strains, with titers ranging from 1:16 to 1:128. Sera from mice that received the recombinant protein formulated with aluminium hydroxide or with PsC were bactericidal against the homologous and the heterologous strain NZ98/124. Mouse antisera against antigen formulated with PsC also showed bactericidal activity against the serogroup C strain Z4181, presumably due to the response to the C polysaccharide. Preimmune sera did not show bactericidal activity. The ability of the anti-rNMB0938 antiserum to confer passive protection against bacteremia was evaluated in the infant rat protection model using serogroup B strain CU385 as challenge (Fig. 4). Animals passively immunized with pooled sera from mice injected with rNMB0938 in Freund’s adjuvant had a signiﬁcant reduction in the level of bacteremia (P < 0.05), compared to the negative control group. In contrast, there was no protective activity by serum pools from mice immunized with recombinant protein in aluminium or PsC.



Table 2 Bactericidal activity of polyclonal anti-rNMB0938 antisera against different N. meningitidis strains. Strain



NMB0938 variant



Sequence type (ST)



Bactericidal titera Freund



CU385 B16B6 Z4181 M982 NZ98/124



1 1 1 1a 2



ST-33 ST-11 ST-11 ST-3790 ST-44



32 64 128 16 32



Alum



PsC



64 
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