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Recombinant Protein Truncation Strategy for Inducing Bactericidal
Antibodies to the Macrophage Infectivity Potentiator Protein of
Neisseria meningitidis and Circumventing Potential Cross-Reactivity
with Human FK506-Binding Proteins
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Myron Christodoulides®
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A recombinant macrophage infectivity potentiator (rMIP) protein of Neisseria meningitidis induces significant serum bacteri-
cidal antibody production in mice and is a candidate meningococcal vaccine antigen. However, bioinformatics analysis of MIP
showed some amino acid sequence similarity to human FK506-binding proteins (FKBPs) in residues 166 to 252 located in the
globular domain of the protein. To circumvent the potential concern over generating antibodies that could recognize human
proteins, we immunized mice with recombinant truncated type I rMIP proteins that lacked the globular domain and the signal
leader peptide (LP) signal sequence (amino acids 1 to 22) and contained the His purification tag at either the N or C terminus
(C-term). The immunogenicity of truncated rMIP proteins was compared to that of full (i.e., full-length) rMIP proteins (con-
taining the globular domain) with either an N- or C-terminal His tag and with or without the LP sequence. By comparing the
functional murine antibody responses to these various constructs, we determined that C-term His truncated rMIP (—LP) deliv-
ered in liposomes induced high levels of antibodies that bound to the surface of wild-type but not Amip mutant meningococci
and showed bactericidal activity against homologous type I MIP (median titers of 128 to 256) and heterologous type II and III
(median titers of 256 to 512) strains, thereby providing at least 82% serogroup B strain coverage. In contrast, in constructs lack-
ing the LP, placement of the His tag at the N terminus appeared to abrogate bactericidal activity. The strategy used in this study

would obviate any potential concerns regarding the use of MIP antigens for inclusion in bacterial vaccines.

Neisseria meningitidis (meningococcus) infections contribute
significantly to mortality and morbidity worldwide (1). Im-
plementation of capsular polysaccharide-protein conjugate vac-
cines against serogroups A, C, Y, and W into the routine
immunization schedules of developed countries has been success-
ful (2-5), but this approach cannot be used for serogroup B
strains. The polysaccharide capsule of serogroup B meningococci
(MenB) shows structural mimicry of human fetal brain neural cell
adhesion molecules (6). Licensed MenB vaccines based on lipoo-
ligosaccharide (LOS)-depleted outer membrane (OM) vesicles
(V) have been used to control serosubtype strain-specific clonal
outbreaks of MenB infection, e.g., in Norway (7), Cuba (8), Brazil
(9), and New Zealand (10), but they do not provide cross-strain
protection (11). Recently, the 4CMenB (Bexsero) vaccine, devel-
oped using a genome-based reverse-vaccinology approach (12),
has received a license from the European Union and has been
recommended by the Joint Committee for Vaccination and Im-
munization for the routine vaccination of infants in the United
Kingdom since 2014. The vaccine consists of the factor H binding
protein (fHbp, fused to GNA2091 carrier protein), neisserial hep-
arin binding protein (NHBA, fused to GNA1030 carrier protein),
and an adhesin, NadA, mixed with the MenZB OMYV vaccine from
the New Zealand MenB outbreak strain (NZ98/254, P1.7-2,4, se-
quence type 41 [ST-41]/ST-44) (13, 14). Another vaccine, bivalent
in nature, consists of two recombinant LP2086 (rLP2086) (fHbp)
subfamily proteins and is currently in phase III trials. This first
generation of MenB vaccines, however, shows incomplete strain
coverage of meningococcal strains in the populations examined.
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For example, it has been predicted using a meningococcal antigen
typing system that approximately 73% to 78% of all MenB strains
in several European countries would be killed by postvaccination
sera induced by the 4CMenB vaccine (15); in Canada, the estimate
was only 66% (95% confidence interval [CI], 46% to 78%) (16).
Estimating the breadth of strain coverage afforded by the bivalent
rLP2086 vaccine is a complex task, but, using a methodology
based on a killing assay, it has been reported that for toddlers and
adolescents-young adults, protective bactericidal titers ranged
from 44% to 100% and from 68% to 98%, respectively, against
MenB strains expressing heterologous fHbp proteins (17).

In order to develop effective vaccines, it is critical to identify
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novel conserved antigens capable of inducing cross-protective an-
tibody responses. Many individual OM and secreted proteins have
been investigated for their ability to induce serum bactericidal
antibodies (SBA) (18), which is a generally accepted laboratory
correlate of protection for serogroup B meningococci (19). Pro-
teomic studies carried out in our laboratory identified the high
abundance of a 29-kDa meningococcal MIP protein (the product
of gene NMB1567, NEIS1487) in the OM (20). It has been also
reported that the gonococcal homologue Neisseria gonorrhoeae
macrophage infectivity potentiator (Ng-MIP) was a surface-ex-
posed lipoprotein in N. gonorrhoeae (21). We showed in a previ-
ous study (22) that MIP is highly conserved, and in a collection of
well-characterized meningococcal isolates (differing in sero-
group, serotype, and serosubtype), isolated from carriers or pa-
tients, we found only three distinct MIP sequence types (desig-
nated I, IT, and III). MIP is also surface exposed on meningococci,
and the protein is expressed at similar levels among different
strains studied thus far (22). We also examined MIP allelic infor-
mation and sequence diversity in an early version of the http:
/lpubmlst.org/neisseria/ database containing 200 sequenced Neis-
seria strains (23) and found that 76%, 8%, or 7% of serogroup B
meningococci express a type L, II, or III MIP, respectively (to pro-
vide 91% strain coverage). Significantly, a recombinant type I me-
ningococcal MIP protein was able to induce high levels of func-
tional and cross-MIP-type reactive bactericidal antibodies when
delivered in liposomes and even saline solution alone. Thus, MIP
may be an important candidate for inclusion in novel meningo-
coccal vaccines (22).

The Neisseria MIP shares homology with the surface-exposed
MIP protein from Legionella pneumophila (24) and other bacteria
(22). However, the L. pneumophila MIP shares some amino acid
sequence similarity with the immunophilin family of human
FK506-binding proteins (FKBPs), which are a family of con-
served, widely distributed eukaryotic proteins (25, 26). FKBPs are
active as peptidyl-prolyl-cis-trans-isomerases (PPlases) (27), an
enzymatic activity also shown by bacterial MIP proteins, and they
are targeted by the macrolide immunosuppressants FK506 (Ta-
crolimus) (28, 29) and rapamycin (Sirolimus) (30). In the current
study, we examined the amino acid sequence similarity between
meningococcal MIP and human FKBP proteins using bioinfor-
matics analyses and, based on this information, rationally de-
signed recombinant truncated MIP proteins for immunization
studies. Comparing the vaccine properties of these proteins with
those of full (i.e., full-length) recombinant MIP (22), we identified
an antigen formulation without human sequence similarity, capa-
ble of generating cross-protective bactericidal antibody responses.

MATERIALS AND METHODS

Bacteria, growth conditions, and preparation of meningococcal OM.
Neisseria meningitidis strains H44/76 (B:15:P1.7,16) and MC58 (B:15:
P1.7,16b) and other meningococcal strains expressing different serogroup
capsular polysaccharide, PorB protein serotypes, and PorA protein sero-
subtypes, originally isolated from patients or colonized individuals, have
been described previously (22, 31). N. meningitidis serogroup A (Z1534;
P1.5-2,10:F3-9, ST-21; identification no. [ID] 90 [http://pubmlst.org
/neisseria/]) was provided by D. Caugant, Norwegian Institute of Public
Health, Norway. N. meningitidis serogroup W (M11 240441; W:P1.22,26:
F3-7, ST-2977 [clonal complex 174 {cc174}]; ID 20458) and serogroup Y
(M12240717; Y:P1.22,9:F3-7, ST-1466 [cc174]; ID 28173) were provided
by R. Borrow, Public Health England, Manchester, United Kingdom.
Neisseria gonorrhoeae strain P9-17 (Pil* Opa™) has been described previ-
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ously (32). Meningococci and gonococci were grown on supplemented
GC agar plates (33) and/or Mueller-Hinton agar plates, incubated at 37°C
in an atmosphere containing 5% (vol/vol) CO,. Escherichia coli strains
TOP10, BL21(DE3) pLysS (Invitrogen), and BLR(DE3) (Novagen) were
used for cloning and protein expression and were grown on Luria-Bertani
(LB) agar and in LB broth.

To generate a Amip isogenic deletion mutant in strain MC58, the
target gene was truncated by replacing the gene sequence with a kanamy-
cin (Kan) resistance cassette (following the method described by Ech-
enique-Rivera et al. [34], with modifications). Approximately 800-bp
fragments of the flanking regions of the target gene were amplified by PCR
from MC58 genomic DNA. A fragment upstream of the target gene was
created using a forward primer (UMIPk-FOR; 5'-GTTCGGGCAGCTTC
AGGA-3'") and a reverse primer (UMIPk-REV; 5'-GCCGGTACCAATG
GTGTTCATGATGGAT-3"), carrying the restriction site for KpnI (un-
derlined). A downstream fragment was amplified using a forward primer
(DMIPk-FOR; 5'-GAGGGTACCAAAGTAAATTAAGTCCGAATC-3'),
also incorporating a restriction site for Kpnl, and a reverse primer
(DMIPk-REV; 5'-GACGCGGTTTCCCTCAAT-3"). Amplification of the
target DNA sequences was done using 2X Phusion PCR master mix
(Finnzymes) under the following PCR conditions: initial denaturation
(95°C, 2 min) followed by 30 cycles of denaturation (95°C, 30 s), anneal-
ing (54°C, 30 s), and extension (68°C, 1 min) and a final extension at 68°C
for 10 min. The PCR products were purified using a Wizard PCR cleanup
system (Promega) and then digested with Kpnl restriction enzyme (Pro-
mega) at 37°C for 4 h. The purified PCR fragments were coligated (at 22°C
for 3 h) and deactivated at 70°C for 10 min, and the ligation product was
amplified using UMIPk-FOR and DMIPk-REV primers under the PCR
conditions described above (with an elongated extension time of 1.5 min
per cycle). The PCR product was purified using a Wizard SV gel and PCR
cleanup system (Promega) and cloned into the pPGEM-T Easy vector (Pro-
mega). Next, the plasmid was digested with Kpnl to insert the Kan cassette
and amplified from pCRII TOPO vector (Invitrogen) using a forward
primer (KANTOPO-FOR; 5'-CAGGTACCTTCAGACGGCTTTAACAA
AATTCAGGGCGCA-3") containing a DNA uptake sequence (DUS) (in
italics) and a reverse primer (KANTOPO-REV; 5'-CAGGTACCTCAGA
AGAACTCGTCAAGAAG-3'), both primers carrying the restriction site
for Kpnl (underlined). After the ligation, the plasmid carrying the Kan
cassette was transformed into E. coli TOP10 and subsequently into the
naturally competent MC58 strain. Mutagenesis was achieved by heterol-
ogous allelic exchange. Transformants were screened by PCR, and the
selected MC58 MIP™ strain was confirmed by Western blotting using
rabbit anti-MIP antisera. Identically to the wild-type organism, the mu-
tant expressed pili, Opa, Opc, PorA, and PorB.

Meningococcal OM were prepared by extraction of whole cells by the
use of lithium acetate as described previously (35).

Cloning and expression of the meningococcal mip genein E. coli and
purification and properties of recombinant proteins. (i) N-term His full
rMIP (LP). Genomic DNA of MC58 was extracted by alkaline lysis, as
described previously (22), and used as the PCR template. Amplification of
the target DNA sequence from MC58 genomic DNA was done by PCR
with 2X Phusion PCR master mix (Finnzymes) using primers designed
from the gene sequence encoding MIP (NMB1567) accessed from the
NCBI website, as described previously (22). Methods for gene cloning
into the pRSETA system and expression and purification of the N-termi-
nal (N-term) His full rMIP protein containing the signal leader peptide
(LP) by nickel-nitrilotriacetic acid (Ni-NTA) metal-affinity chromatog-
raphy (Qiagen) have been described previously (22).

(ii) Full and truncated rMIP proteins. Based on bioinformatics anal-
yses, four constructs were generated by amplifying the mip gene encoding
type I MIP from H44/76 (identical to type I MIP from MC58) using
primers listed in Table 1 and cloning into the pET system. Truncated
constructs (from amino acid [aa] position 143) without the globular do-
main, thus bypassing any homology with human protein, were prepared
with a His tag sequence at either the N or C terminus. Recombinant

jai.asm.org 731


http://pubmlst.org/neisseria/
http://pubmlst.org/neisseria/
http://pubmlst.org/neisseria/
http://pubmlst.org/neisseria/
http://iai.asm.org

Bielecka et al.

TABLE 1 Oligonucleotides used to create full and truncated rMIP proteins that lack the leader sequence”

Primer Sequence (5'-3")

Use

1567-sens-Ndel
1567-rev-Xhol

1567-sens-Ndel
AS-1567-trunc-rev-stop-
Xhol

1567-Ndel-sens-woHis
1567-His-C-term-Xhol-
antisens

1567-Ndel-sens-woHis
1567-trunc-real-his-C-
term

CGCGGCCATATGCATCATCATCATCATCATGGCGGCGGCAAAAAAGAAGCCGCCC
CCTCCGCTCGAGTTAATTTACTTTTTTGATGTCGA

CGCGGCCATATGCATCATCATCATCATCATGGCGGCGGCAAAAAAGAAGCCGCCC
CCTCCGCTCGAGTCAGCCGTCTTTGGCGGCATTTTCTTTC

GGAATTCCATATGGGCAAAAAAGAAGCCGCCC
CCGCTCGAGTCAGTGGTGGTGATGATGATGGCCGCCATTTACTTTTTTGATGTCGAC

GGAATTCCATATGGGCAAAAAAGAAGCCGCCC
CCGCTCGAGTCATCAGTGGTGGTGATGATGATGGCCGCCGTCTTTGGCGGCATTTTCTTTC

For constructing N-term His
full rtMIP
(His-GG-NMB1567; aa
22-272)

For constructing N-term His
truncated rMIP (His-GG-
Trunc-NMB1567; aa
22-143)

For constructing C-term His
full rtMIP (NMB1567-GG-
His; aa 22-272)

For constructing C-term His
truncated rMIP (Trunc-
NMB1567-G-His; aa
22-143)

“ Restriction sites are underlined. aa, amino acid.

proteins without the signal leader peptide including the cysteine residue
(amino acids 1 to 21) consisted of full (250 amino acids) or truncated (121
amino acids) NMB1567 protein and contained a His tag sequence com-
posed of MHHHHHHGG located at the N terminus or a His tag sequence
composed of GGHHHHHH or GHHHHHH at the C terminus of the
protein. PCR amplifications were made from genomic DNA of the N.
meningitidis H44/76 strain, and the fragments were inserted into the
pET24 or pET26 expression vector (Novagen). Expression of recombi-
nant proteins was done in E. coli strain BLR(DE3), and proteins were
found in the soluble fraction. Immobilized metal ion affinity chromatog-
raphy (IMAC) purification was done under native conditions, and pro-
teins were dialyzed against phosphate-buffered saline (PBS; pH 7.4).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blot analysis performed with anti-His and anti-rMIP
antibodies of the purified recombinant proteins confirmed protein iden-
tities and expected molecular weights. Protein concentrations were deter-
mined using the bicinchoninic acid (BCA) assay (Pierce Thermo Scien-
tific). Levels of contaminating lipopolysaccharide (LPS) in all the protein
samples were negligible (<0.002% [wt/wt]) as quantified with the Limu-
Ius amebocyte lysate (LAL) assay (Lonza).

(iii) Predictive structural modeling. SwissModel (web server) and the
visualization tool Swiss PDBViewer were used to predict the three-dimen-
sional (3D) structure of the MIP (NMB1567) protein, using the crystal
structure of the MIP dimer protein of Legionella pneumophila (Protein
Data Bank [PDB] code 1FD9) as a template. PyMOL graphics software
(DeLano Scientific LLC; http://www.pymol.org) was used for visualiza-
tion of the meningococcal MIP protein structure.

Immunization of animals. Groups of five BALB/c (H-2¢ haplotype)
mice of approximately equal sizes and weights (6 to 7 weeks of age) were
immunized intraperitoneally on days 0, 14, and 28 with N-term His full
rMIP, N-term His truncated rMIP, C-term His full tMIP, C-term His
truncated rMIP, and N-term His full rMIP (LP). Each mouse received 20
g of protein/dose, and the groups of animals were immunized with pro-
teins delivered in both saline solution and liposomes alone. The method
for preparing liposomes has been described previously (22). Groups of
five mice were also injected with control preparations consisting of saline
solution alone and empty liposomes, and one group was maintained for
access to normal serum. Terminal bleeding of mice by cardiac puncture
under anesthesia was carried out on day 42. Polyclonal rabbit antisera to
N-term His full rMIP (LP) were raised as described previously (22). All
sera were stored at —20°C until required. This study complied with the
animal experimentation guidelines of the Home Office and the authors’
institutions, and no animals suffered significant adverse effects.
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Characterization of biological and functional properties of antibod-
ies to rMIP constructs. (i) ELISA. Individual antisera from mice immu-
nized with N-term His full rMIP, N-term His truncated rMIP, C-term His
full rMIP, C-term His truncated rMIP, and N-term His full rMIP (LP)
were reacted in an enzyme-linked immunosorbent assay (ELISA) against
their immunizing antigens and against H44/76 and MC58 OM, as de-
scribed previously (36). Enzyme substrate was added for 10 min, and
absorbance was measured at 450 nm (iMark; Bio-Rad). The ELISA titer
was extrapolated from the linear portion of the serum titration curve and
then taken as the reciprocal dilution which gave an increase in absorbance
0f 0.1 U after 10 min. A two-sample ¢ test was used to compare differences
between mean values for ELISA data sets as described previously (36).

(ii) Western immunoblotting. Whole-cell lysate preparations from
the H44/76 and MC58 wild-type strains and the MC58 Amip mutant were
separated by SDS-PAGE and then transferred to nitrocellulose by semidry
blotting. After incubation with murine or rabbit sera (1/100 dilution),
immunological reactivity was detected by using anti-mouse/rabbit immu-
noglobulin-alkaline phosphatase conjugate (Bio-Rad) as described previ-
ously (36).

(iii) Fluorescence-activated cell sorter (FACS) analysis. This was
done as described previously (22). Briefly, overnight-grown bacteria were
centrifuged, and after addition of cold 70% (vol/vol) ethanol (2 ml), the
bacterial pellet was stored at —20°C for 1 h to permeabilize the capsule.
Bacteria were washed twice with sterile PBS containing 1% (wt/vol) bo-
vine serum albumin (BSA) and suspended to 2 X 10® CFU/ml. Next, 1 ml
of bacterial suspension was centrifuged (2,200 X g for 3 min) and the
pellet was suspended in 200 wl pooled murine sera (1/10) and incubated at
37°C for 1 h. After being washed with PBS, bacteria were incubated with
100 pl of fluorescein isothiocyanate (FITC)-conjugated rabbit anti-
mouse IgG (Dako) (1/50 dilution) at room temperature for 1 h. Bacteria
were fixed with a 0.4% (wt/vol) paraformaldehyde solution at room tem-
perature for 30 min, and samples were analyzed on a FACSAria flow
cytometer (BD Biosciences).

(iv) IF and confocal microscopy. Immunofluorescence (IF) and con-
focal microscopy were done as previously described (37). Briefly, pooled
murine antisera (1/50 dilution) were reacted with fixed whole meningo-
cocci. Antibody bound to meningococci was detected by reaction with
anti-mouse immunoglobulin—FITC conjugate (Dako; diluted 1/50 in
PBS-1% [wt/vol] BSA), and the samples were then viewed and photo-
graphed with a Leica SP5 confocal microscope. Three different random
fields of each sample preparation were photographed, and quantitative
evaluation of the intensities visible in the selected fields was obtained
using Leica software (Leica Microsystems Las-AF-Lite_2.6.0_7266). For

February 2015 Volume 83 Number 2


http://www.rcsb.org/pdb/explore/explore.do?structureId=1FD9
http://www.pymol.org
http://iai.asm.org

each image, the regions of interest (ROI) were defined by drawing three
lines of similar lengths (40 wm) randomly distributed across each field.
The gray-scale values of one color channel (channel 1) of a spatial image
series that lay within an ROI area were selected in this way (channel/ROI),
which resulted in obtaining the mean values of the intensities for each
ROI. Mean values of ROIs (n = 3) from each of the three fields per sample
preparation were averaged to give quantitative evaluation of the immu-
nofluorescence (IF) intensities of each sample investigated. Antiserum
raised to MC58 OM was used as a positive control for the labeling exper-
iments.

(v) Complement-activated killing of meningococci. The bactericidal
activity of pooled murine antisera was determined as described previously
(36), using 5% (vol/vol) and 2% (vol/vol) baby rabbit serum (AbD Sero-
tec) as a source of exogenous complement with meningococci and
gonococci, respectively. Murine antisera raised against OM served as an
assay positive control. Complement-dependent bactericidal activity was
determined from the numbers of bacteria surviving in the presence of
serum and complement compared to the numbers surviving with com-
plement but without test serum. Sera that showed bactericidal activity
(>50%) in two or more dilutions were considered positive, as judged with
a Student’s t test, with P values of <0.05 considered significant. Bacteri-
cidal assays were not done with the Amip (MIP™) mutant, which showed
increased sensitivity to exogenous complement.

(vi) Examining the reactivity of anti-rMIP antisera with human
FKBP protein. Human Chang conjunctiva epithelial cells (European Tis-
sue Culture Collection, United Kingdom) were grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% (vol/vol) decomple-
mented fetal calf sera and a cell lysate prepared by sonication (MSE Soni-
prep 150 sonicator) as described previously (38). The reactivity of pooled
murine antisera to rMIP proteins and of sham-immunized sera, as well as
of rabbit anti-rMIP antiserum, was examined initially by Western blot
analysis of denatured human cell lysate containing FKBP2, using poly-
clonal rabbit anti-human FKBP2 (GenBank accession no. NP_004461.2)
antibody (Abcam) (142 amino acids [aa], 15.6 kDa) as a positive control.

In order to examine the reactivity of anti-rMIP antisera against non-
denatured FKBP2 protein, an ELISA was developed using as the coating
antigen (i) a Chang cell lysate, prepared by suspension of cells from a T75
75-cm” flask into PBS (0.5 ml) followed by three cycles of freezing in
liquid nitrogen and thawing at 37°C in a water bath, and (ii) purified
active human FKBP2 recombinant full protein (Abcam ab93681). Wells
of Nunc MaxiSorp ELISA plates were coated with Chang cell lysate (50
pg/ml, 100 pwl/well) or pure human FKBP2 protein (1 pg/ml, 100 pl/well)
at 4°C overnight, blocked, and then reacted in triplicate with each of the
pooled antisera from mice immunized with rMIP proteins and sham
preparations and with rabbit anti-rMIP serum and matching preimmune
serum. The polyclonal rabbit anti-human FKBP2 antibody (Abcam) was
used as a positive control. Plates were incubated at 37°C for 2 h, washed,
and reacted with the respective anti-mouse 1gG-horseradish peroxidase
(HRP) (1/3,000) and anti-rabbit IgG-HRP (1/1,000) conjugates for 1 h at
37°C. Enzyme substrate was added for 10 min, and absorbance was mea-
sured at 450 nm (iMark; Bio-Rad). Student’s ¢ test was used to compare
the mean absorbance values between groups, with P values of <0.05 con-
sidered significant.

RESULTS

Similarity between meningococcal MIP protein and human
FKBP family proteins as the basis for generating recombinant
MIP proteins for immunization. Initially, comparisons were
done with the Basic Local Alignment Search Tool (NCBI website),
in order to investigate the degree of homology between the 272-
amino-acid Neisseria meningitidis MIP protein (NMB1567) and
the immunophilin family of human FKBP proteins. We identified
the presence of some amino acid sequence similarity of meningo-
coccal MIP to human proteins located between amino acids 166
and 252 (Fig. 1A). The human peptidyl-prolyl cis-trans isomerase
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FKBP2 precursor and meningococcal MIP share ~49% amino
acid similarity within this region. In addition, the murine homo-
logue of FKBP2, which is 97% identical to the human protein,
shares the same areas of amino acid identity with meningococcal
MIP as the human FKBP2 protein. Based on the dimer structure of
L. pneumophila MIP (29), a putative 3D model of meningococcal
MIP was constructed, with the dimerization domain located in the
N-terminal portion of the protein (Fig. 1B), which is probably
lipidated to enable anchoring of MIP in the membrane (29). Ex-
amination of this putative model showed that amino acids 166 to
252 are included within the globular fragment. Each globular frag-
ment (the C-terminal portion of the protein) covers amino acids
143 to 253 and contains a PPIase FKBP-type domain.

Based on the BLAST analyses and the putative MIP model con-
struction, two recombinant truncated MIP constructs without the
globular domain, to bypass homology with the human protein,
and two recombinant full MIP proteins were expressed in E. coli.
The recombinant proteins were prepared with a His purification
tag at either the N or C terminus and without the signal sequence
leader peptide (LP; amino acids 1 to 21) (Fig. 1C), in order to
examine the effect of the position of the His tag and the influence
of the LP sequence on immunogenicity. The N-term His full rtMIP
protein containing the signal LP has been described previously
(22).

Antigenicity of the recombinant MIP proteins. Purified re-
combinant N-term His full rMIP, N-term His truncated rMIP,
C-term His full rMIP, and C-term His truncated rMIP were used
for immunization in saline solution and liposomes without addi-
tional adjuvants, based on the observation that this protocol pre-
viously induced cross-protective bactericidal antibodies with N-
term His full rtMIP (LP) (22). Individual antisera from mice
immunized with the recombinant proteins were reacted in ELISA
against their immunizing proteins (Fig. 2A) and also against the
N-term His full rMIP protein (LP) (Fig. 2B). Immunization with
the truncated and full MIP proteins in saline solution alone in-
duced low mean levels of antibodies that reacted with their ho-
mologous immunizing proteins (reciprocal titers ranging from
~500 to 2,000, with no significant differences between the re-
sponses to the antigens, P > 0.05) and against the N-term His full
rMIP (LP) (reciprocal mean titers of ~6 to 52,000). These re-
sponses were significantly lower than those induced by immuni-
zation with N-term His full rtMIP (LP) (reciprocal mean titer of
~370,000 tested against the homologous immunizing antigen)
(Fig. 2A and B). However, when delivered in liposomes, the trun-
cated and full MIP proteins induced mean antibody ELISA titers
(P < 0.05) that were significantly higher, ranging from ~7,000 to
440,000 tested against the immunizing antigen (Fig. 2A) and from
~6,000 to 35,000 tested against the N-term His full rMIP (LP)
protein (Fig. 2B), than the responses in saline solution. In com-
parison, the mean reciprocal titer response to liposomal N-term
His full rMIP (LP) was ~3 X 10° (Fig. 2A and B).

Murine antisera were also tested in ELISA against OM from
strain MC58 containing the homologous type I MIP (Fig. 2C).
Low mean levels of antibodies were induced by immunization
with truncated and full MIP proteins in saline solution (reciprocal
titers from ~150 to 1,400), and they were significantly lower (P <
0.05) than the levels observed following immunization with N-
term His full rtMIP (LP) (reciprocal titer of ~14,000). Presenta-
tion of proteins in liposomes increased the amount of antibody
induced by the truncated and full MIP proteins (reciprocal titers
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FIG 1 Comparison of the meningococcal MIP protein and human FKBP family proteins and preparation of recombinant MIP proteins. (A) BLAST analysis of
MC58 MIP protein against human peptidyl-prolyl cis-trans isomerase FKBP2 precursor. N, N terminus; C, C terminus. (B) Putative 3D model of the MIP
(NMB1567) dimer. The amino acids colored in green show similarity (identical and positive scores obtained using NCBI protein BLAST tool) to human protein
IP100002535 (= FKBP2 peptidyl-prolyl cis-trans isomerase). Position GLY143 of the MIP dimer, indicated in red, illustrates the C-term truncation site. (C)

Diagram comparing recombinant type I MIP proteins prepared in this study.

of from ~300 to 4,000), but these were again significantly lower
(P < 0.05) than those induced by liposomal N-term His full rMIP
(LP) (reciprocal titer of ~37,000). The reactivity of antisera
against H44/76 OM was similar to that observed against MC58, as
the two strains express identical type I MIPs (data not shown).
The specificity of the immune response against rMIP proteins
was investigated by Western blotting with a whole-cell lysate prep-
aration of strain MC58 expressing homologous type I MIP. Anti-
sera raised to all rMIP proteins in liposomes showed strong reac-
tivity, with a band with an apparent molecular mass of ~29 kDa
(Fig. 3). In contrast, antisera raised to N- and C-terminal His full
and truncated rMIP proteins delivered in saline solution showed
very weak or no reactivity, compared to the strong reactivity of
antisera to the N-terminal His full rMIP (LP) in saline solution.
Specificity was confirmed by the lack of reactivity of any of the
anti-MIP sera with the MC58Amip mutant (data not shown).
Antibody IF and FACS analysis were used to investigate the
ability of anti-rMIP protein antibodies to recognize and bind to
MIP on meningococcal cells. Antisera raised to the full and trun-
cated rMIP proteins delivered in saline solution showed low or no
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binding to wild-type MC58, compared to baseline control levels
(P> 0.05); by contrast, antisera to the N-term His full rMIP (LP)
in saline solution showed a high level of binding to MC58 cells
(P < 0.05 compared to all other sample values), which was spe-
cific, as no reactivity was observed with the MC58Amip mutant
strain (Fig. 4A and B). In contrast, antisera raised to the full and
truncated rMIP proteins in liposomes showed significant (P <
0.05) binding to MC58 cells, as judged by IF and FACS analysis,
compared to controls. Significantly, the signals generated by the
full rMIP proteins in liposomes were generally higher than those
generated by the truncated rMIP proteins (P < 0.05): it is likely
that antisera to the full rMIP proteins contain antibodies directed
against both the globular and nonglobular domains, thereby pro-
viding more antibody at the surface of the bacteria. Furthermore,
to demonstrate specificity, antisera raised to the C-term His full,
C-term His truncated, and N-term His full rMIP (LP) proteins in
liposomes did not react with the MC58Amip mutant strain (Fig.
4A and B). Representative IF images show the characteristic
“doughnut-like” OM staining by antisera that were raised to full
and truncated proteins (Fig. 4C).
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FIG 2 ELISA reactivity of antisera raised against different recombinant MIP
proteins. Antisera from individual animals raised against the rMIP proteins in
either saline solution or liposomes were reacted against their immunizing pro-
tein (A), the N-term His full tMIP (LP) (B), and MC58 OM (C). The columns
represent the geometric mean reciprocal ELISA titers [#n = 5 animals per
group, with the exception of the N-term His full rtMIP (LP), where n = 15
animals were used], and the error bars represent the 95% confidence limits.
Similar reactivity was observed with the H44/76 OM preparation, expressing
identical type I MIP (data not shown). No reactivity (absorbance of <0.1) was
observed with sera from sham-immunized animals.

Truncated recombinant MIP proteins elicit cross-type strain
bactericidal antibodies. Initially, murine antisera were tested for
their ability to promote complement-mediated killing of homol-
ogous meningococcal strain MC58 (Table 2). No bactericidal ac-
tivity was shown by antisera raised to recombinant full or trun-
cated MIP constructs that lack the signal LP when delivered in
saline solution, whereas the N-term His full rtMP (LP) induced a
median bactericidal titer of 128, similar to previously published
activity (22). The C-term His full rtMIP and C-term His truncated
rMIP were able to induce bactericidal antibodies when delivered
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Sham

Neterm HIS Ful (LP) {

rMIP immunisation

FIG 3 Western blot analysis of the reactivity of murine antisera raised to rMIP
proteins with whole-cell lysate of homologous type I MIP strain. Pooled mu-
rine antisera (1/100 dilution) were reacted against whole-cell lysate of strains
MC58 and H44/76 (type I MIP*) and MC58Amip mutant (MIP ™). Positive
antiserum reactivity on Western blot is indicated with a band of ~29 kDa
(MIP) with both strains (MC58 strip blots are shown). Identical results were
obtained using whole-cell lysate of strain H44/76 (data not shown). No reac-
tivity to the MC58 Amip mutant was observed (not shown). Sham-immunized
mice also show no reactivity (a representative strip blot is shown). S, saline
solution; L, liposomes.

in liposomes, with median titers of 128 to 256, which were similar
to those observed with the N-term His full rMP (LP) (Table 2)
(22). However, no bactericidal activity was observed for antisera
raised to the N-term His full rtMIP or N-term His truncated rMIP
proteins that lacked the LP, delivered in liposomes. Similar data
were obtained when the antisera were tested against another me-
ningococcal strain MC168, expressing an identical type I MIP pro-
tein (Table 2).

Murine antisera were tested for their ability to promote com-
plement-mediated killing of meningococcal strains expressing
heterologous type I or III MIP protein (Table 2). Against the type
II MIP MC90 strain, some bactericidal activity was observed with
antisera raised against the full and truncated rMIP proteins con-
structs in saline solution (median titer of 64), but the data were not
significant (P > 0.05) compared to control results. In contrast,
bactericidal activity against MC90 was observed for some of the
antisera raised to rMIP proteins delivered in liposomes. The C-
term full and truncated rMIP protein antisera showed significant
median SBA titers of 256 to 512, which were similar to that ob-
served for N-term His full rtMIP (LP), whereas the median titer for
antisera to the N-term His full and truncated rMIP proteins of 128
was only 1 dilution more than the value determined for the con-
trol liposomes (64) and probably not significant (P > 0.05).

No significant bactericidal activity against type III strain MC54
was observed with antisera raised to the full or truncated rMIP
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FIG 4 Antibodies to rMIP proteins recognize MIP on the surface of meningococci. (A) FACS analysis demonstrates anti-rMIP antibody binding to the surface
of meningococci. Pooled murine antisera to rMIP constructs in either saline solution or liposomes were reacted (1/10) with fixed whole MC58 cells and the Amip
mutant. The column data are presented as a percentage of the reactivity of the N-term His full rMIP (LP) protein, which has been shown previously to induce
bactericidal antibodies and to bind to meningococcal cells (22). Data are representative of the results of experiments done with the pooled samples (n = 2
experiments). (B) Immunofluorescence (IF) staining confirms binding of anti-rMIP antibodies to the surface of meningococci. Pooled murine antisera to rMIP
constructs were reacted (1/50) with fixed whole MC58 cells and the Amip mutant. IF staining was quantified as described in Materials and Methods. The columns
represent the mean ROI values, and the error bars represent the standard errors of the means (of 3 independent areas of staining measured in triplicate). The data
are from a representative experiment (n = 3 experiments for pooled samples). (C) Representative confocal images of immunofluorescence staining of MC58
meningococcal surfaces with antisera raised to N-term His full rtMIP (LP), C-term His full rMIP, and C-term truncated rMIP, delivered in liposomes. Similar
staining patterns were observed with antisera raised to N-term His full and truncated rMIP proteins in liposomes. The positive control was antisera raised to
whole MC58 OM, and a representative negative-control (sham immunization) image is shown. Images were captured at X 60 magnification.

proteins delivered in saline solution, whereas the N-term His full ~ bactericidal activity against the heterologous serogroup B strains,
rMIP (LP) protein induced high levels of SBA (median titer, 128),  were tested also against meningococci expressing other serogroup
as observed previously (22). Interestingly, all of the proteins de-  capsules and against gonococci (Table 3). All of the different me-
livered in liposomes induced high levels of cross-reactive bacteri- ningococcal serogroup isolates expressed type I MIP, whereas the
cidal antibodies (median titer of 256 or 512) against the heterolo- ~ P9-17 gonococcal MIP protein showed ~97% similarity to me-
gous type III MIP strain which were similar to the titer obtained ningococcal type I protein between amino acids 1 and 143. Anti-
with the N-term His full rMIP (LP) protein (256) (Table 2). sera raised to the C-term truncated rMIP protein in liposomes

Antisera raised to rMIP proteins in liposomes, which showed  showed significant SBA against strains of serogroups A, C, Y, and
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TABLE 2 Serum bactericidal activity of murine antisera raised against rMIP proteins”

Reciprocal SBA titer (50% endpoint) against:

Delivery vehicle Protein for immunization MC58 (I) MC168 (I) MC90 (II) MC54 (IIT)
Saline solution N-term His Full rMIP <4 <4 64 <4
N-term His Truncated rMIP <4 <4 64 (16, 64) 4
C-term His Full rMIP <4 <4 64 (32, 64) <4
C-term His Truncated rMIP <4 <4 64 (32, 64) <4

N-term His Full rtMIP (LP)

128 (64, 128)

256 (64, 512) 256 (128, 256) 128 (64, 256)

Liposomes N-Term His Full rMIP <4 <4 128 512
N-term His Truncated rMIP <4 <4 128 (64, 256) 512
C-term His Full rMIP 128 (64, 256) 512 256 256 (256, 512)
C-term His Truncated rMIP 128 (128, 256) 256 (128, 256) 512 (128, 512) 512 (128, 512)
N-term His Full rtMIP (LP) 256 (256, 512) 256 (128, 512) 256 256 (128, 256)
Controls Saline solution only <4 <4 <4 <4
Liposomes only <4 <4 64 (32, 64) <4
Normal mouse serum 8 8 64 (32, 64) 8

“ Antisera were tested against the homologous strains expressing type I MIP protein (MC58 and MC168) and against heterologous strains expressing type II (MC90) and type III
(MC54) MIP proteins. The titers are expressed as the reciprocal of the highest dilution at which 50% killing was observed, using baby rabbit complement (5%, vol/vol) as an
exogenous source. The titer for mice immunized with native LOS-replete MC58 OM was 20,000 (internal positive control). Data are the median values, with the range of values in
parentheses, for SBA from between a minimum of 3 and a maximum of 11 independent measurements of bactericidal activity of all pooled serum samples. Single values denote that
the SBA titers from the independent experiments were identical. Sera from sham-immunized mice showed no significant bactericidal activity (<4 to 64, depending on the strain

tested).

W (P < 0.05), whereas antisera to the full rtMIP proteins were
nonbactericidal (titers of <16). In contrast, antisera to all three
recombinant proteins killed gonococcal strain P9-17, with a sig-
nificant 4-fold increase in the SBA titer (2,048) above the back-
ground SBA titer (512).

Reactivity of antisera to rMIP proteins with human FKBP2
protein. Initially, bactericidal antisera raised to rMIP proteins de-
livered in liposomes were tested for their ability to recognize hu-

TABLE 3 Serum bactericidal activity of murine antisera raised against
rMIP proteins in liposomes for other serogroup meningococci and for
gonococci”

Reciprocal SBA titer (50% endpoint) against:

Immunization P9-17
protein A C w Y Ngo
C-term His 128 (64,256) 256 256 (32,1024) 32(16,128) 2,048
Truncated
rMIP
C-term His <16 <16 <16 <16 2,048
Full rtMIP
N-term His <16 <16 <16 <16 2,048
Full rMIP
(LP)
Control NMS <4 <4 <4 <4 5120

“ Antisera raised to rMIP proteins in liposomes which showed bactericidal activity
against heterologous serogroup B strains were tested against other serogroup
meningococci and against P9-17 gonococci (Ngo) (see Materials and Methods for
details; the serogroup C strain is MC173, which was described previously [22]). All the
meningococcal strains expressed type I MIP, whereas the Ngo MIP showed ~95%
similarity to complete meningococcal type I MIP. The titers are expressed as the
reciprocal of the highest dilution at which 50% killing was observed, using baby rabbit
complement (5% [vol/vol]) as an exogenous source. Data are the median values, with
the range of values in parentheses where shown, for SBA from between 2 and 6
independent measurements of bactericidal activity of pooled serum samples. Single
values denote that the SBA titers from the independent experiments were identical.
NMS, normal mouse serum.

b Strain P9-17 is serum sensitive.
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man FKBP2 protein by Western blot analysis. No reactivity with
denatured 15-kDa human FKBP2 protein, present in lysate of hu-
man Chang conjunctival cells, was observed for murine antisera
raised to any of the full or truncated recombinant proteins, with or
without the signal LP, or for rabbit antisera raised to the full rMIP
protein (Fig. 5A).

However, in order to examine the reactivity of anti-rMIP an-
tisera against native, nondenatured FKBP2 protein, an ELISA was
developed in which either a Chang cell lysate or purified active
human FKBP2 recombinant full protein was reacted with the
same murine and rabbit antisera as tested in Western blot analysis.
Specificity of the ELISA was demonstrated by reactivity of the
positive-control commercial rabbit polyclonal antibody to human
protein present in the Chang cell lysate and purified FKBP2 pro-
tein (Fig. 5B and C). In addition, the pure FKBP2 protein ELISA
showed greater sensitivity than the Chang cell lysate ELISA, which
was likely due to differences in the relative amounts of FKBP2 used
to coat the wells, and was reflected by the higher serum dilutions
required to titer out the anti-FKBP2 responses using pure protein
as the capture antigen. Significant reactivity with FKBP2 protein
in the Chang cell lysate and with the pure FKBP2 protein was
shown by murine antisera raised to N-term His full and C-term
His full rtMIP proteins and by both murine and rabbit antisera
raised to N-term His full rMIP (LP). In contrast, the reactivity of
murine antisera to the C-term His and N-term His truncated
rMIP proteins was significantly lower than that to the full rMIP
proteins, showing reductions in ELISA absorbance values of
~70% (1/20 dilution, P < 0.05) and >95% (1/100 dilution, P <
0.05) with the protein present in Chang cell lysate (Fig. 5B) and
>95% (at all dilutions tested, P < 0.05) with pure FKBP2 protein
(Fig. 5C).

DISCUSSION

The MIP protein of Neisseria meningitidis can induce cross-strain
bactericidal antibodies (22), thus fulfilling a major criterion for a
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FIG 5 Reactivity of anti-rMIP sera with human FKBP protein. (A) For Western blot analysis of denatured protein reactivity, strip blots were prepared from a
sonicated lysate of human Chang conjunctiva epithelial cells and reacted with polyclonal rabbit anti-human FKBP2 antibody (1/20 dilution), reacting with a
protein band with a molecular mass of ~15 kDa, identified by an arrow (lane 1). Reactions were performed with murine antisera (1/20 dilution) raised to the
following proteins in liposomes: N-terminal full rMIP (lane 2), N-terminal truncated rMIP (lane 3), C-terminal full rMIP (lane 4), C-terminal truncated rMIP
(lane 5), N-terminal full rMIP (LP) (lane 6), murine serum to a liposome control (no protein) (lane 7), normal mouse serum (lane 8), and rabbit anti-N-terminal
full rMIP (LP) serum (lane 9) (22). M denotes the protein M, markers. The single band observed in lane 2 does not correspond to human FKBP2 protein and is
an unknown protein present in the Chang cell lysate that is recognized by the N-terminal full rMIP-liposome serum pool. (B and C) Reactivity of antisera with
native FKBP2 protein in Chang cell lysate (B) and with pure active human FKBP2 protein (C), examined by ELISA. Serial dilutions of the same murine and rabbit
antisera tested in Western blot analysis were reacted against a Chang cell lysate and against pure active human FKBP2 protein. The polyclonal rabbit anti-human
FKBP2 antibody was used as a positive control. The columns in panel B and symbols in panel C represent the mean absorbance values from triplicate wells, and
the error bars represent the standard deviations (n = 3 independent experiments). For murine sera, data are shown after subtraction of background absorbance
values for the no-antibody control and for normal mouse serum; for rabbit anti-rMIP serum, background absorbance values for the no-antibody control and
preimmunization bleed are subtracted. The asterisks in panel C denote that absorbance values for the preceding serum dilutions exceeded the upper detectable
range of the microplate reader (>3.0).
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potential antigen for inclusion in defined serogroup B meningo-
coccal vaccines. However, we determined that meningococcal
MIP shows some amino acid sequence similarity to human FKBP
proteins, which could potentially preclude its use. In order to cir-
cumvent the possibility of inducing antibody responses that rec-
ognize human proteins, using a structural prediction model based
on the L. pneumophila MIP protein, we constructed recombinant
MIP proteins that were truncated after the extended a-helix, thus
removing the putative globular domains that contain PPIase ac-
tivity and sequence similarity. The abilities of these truncated pro-
teins to induce bactericidal antibodies were compared alongside
those of the recombinant full proteins that contained the putative
globular domains.

Immunization in saline solution with full or truncated rMIP
constructs that lack the LP did not induce bactericidal antibodies.
This lack of SBA correlated with low levels of antibody production
as judged by ELISA against both the immunizing protein and the
full protein containing the LP and the absence of both Western
blot reactivity and of antibody binding to MIP on meningococci.
In contrast, and confirming the findings of our previous study
(22), immunization in saline solution with the N-term full rMIP
(LP) fusion protein induced high levels of bactericidal antibodies
that correlated with reactivity with MIP protein in ELISA, West-
ern blot analysis, and surface labeling of meningococci.

Immunization in liposomes did enable some of the rMIP con-
structs to induce bactericidal antibodies, and the position of the
His tag appeared to influence SBA. With His at the N terminus, the
full and truncated rMIP proteins lacking the LP did not induce
SBA against the homologous type I strain, which could possibly be
due to induced and deleterious steric conformational changes
within potential protective epitopes near the N terminus. No sig-
nificant SBA was observed against the heterologous type II strain,
although some SBA was observed against the type III strain, which
may reflect increased sensitivity of this strain to serum antibodies.
In comparison, the N-term full rtMIP (LP) protein was capable of
inducing homologous bactericidal antisera and it is possible that
retaining the LP and fusion peptide sequence from the expression
vector provides sufficient distance between the His tag and the
mature protein to facilitate folding to a more native conforma-
tion. It is interesting that Tsolakos et al. were unable to generate
bactericidal antibodies to a recombinant MIP protein that was
produced without the LP sequence and delivered with monophos-
phoryl lipid A (MPLA) in saline solution (39). Despite the ability
of MIP-specific antisera to bind to the surface of meningococci
(22) and to facilitate the deposition of complement factors and
promote opsonophagocytosis (39), the inability of Tsolakos et al.
to induce SBA in their study may have been the consequence of a
lack of self-adjuvanticity and the deleterious effects of MPLA on
the conformation of meningococcal proteins (38, 40).

A contributory explanation for how inclusion of the LP se-
quence impacts the immunogenicity of pathogen-associated anti-
gens could be related to the influence of the protein isoelectric
point (IP), charge, and hydrophobicity on protein-protein inter-
actions and antigen presentation and processing. Several studies
have demonstrated a role for LP sequences in enhancing immu-
nogenicity: for example, comparison of the antigenicity of a re-
combinant mature low-M, antigen secreted by Mycobacterium tu-
berculosis with the equivalent full protein containing the LP
showed that the full protein elicited stronger in vitro proliferative
responses of peripheral blood mononuclear cells than the mature
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protein (41). Those authors suggested that the hydrophobic LP
may have contributed to the antigenicity of the full molecule. This
observation was reproduced subsequently for a panel of LP pep-
tides derived from M. tuberculosis proteins, which similarly
showed higher proliferative responses than the same peptide an-
tigens lacking the LP (42).The advantage of including the LP has
also been shown in a study of coccidioidomycosis infection, in
which vaccination of mice with an 18-amino-acid LP derived
from a specific antigen, Ag2/panel reactive antibody (PRA), in-
duced protective immunity to the pathogen that was superior to
that provided by the mature protein lacking the LP (43). In our
current study, the LP sequences among different meningococci
showed a high degree of similarity (see Fig. S1 in the supplemental
material), and the IP value for LP amino acid sequence 1 to 21 is
7.98 (http://web.expasy.org/compute_pi/). The IP values for the
full and truncated N-term and C-term His proteins are similar
(i.e., between 6.17 and 6.21), and these proteins start with a glycine
(position 22) and two positively charged lysine residues. However,
inclusion of the fusion-LP sequence (IP value of 5.99) reduces the
IP value to 5.73 for the full N-term His (LP) protein and it is
possible that these changes in IP and hydrophobicity influence the
immunogenicity of this protein in the absence of adjuvants, al-
though the mechanisms involved are not known and are outside
the scope of the current article. While it would be interesting to
examine whether an N-term and/or C-term His truncated con-
struct containing the LP, alone or as part of the fusion protein, has
self-adjuvant properties and is capable of inducing SBA in saline
solution alone, this issue is academic and unlikely to be important
for human immunization, where liposomal incorporation not
only would provide the adjuvant effect in lieu of protein self-ad-
juvanticity but also would allow slow antigen release from a depot
and the potential for mimicking in vivo protein conformation
(44, 45).

The possibility cannot be excluded that the presence of the LP
might also allow some lipidation of rMIP during expression in E.
coli, thus potentially contributing to the inherent self-adjuvantic-
ity that enabled generation of bactericidal antibodies by this pro-
tein delivered in saline solution alone (22). In our current study,
the N-term His full rMIP (LP) protein was expressed in E. coli
strain BL21(DE3) and the other proteins (full and truncated) in a
derivative of the BL21 strain lacking recA, E. coli BLR(DE3). How-
ever, it has been shown that recombinant protein expression using
E. coli BL21(DE3) results in little or no lipidation and that to
obtain lipidated protein, other E. coli BL21(DE3) derivative
strains, e.g., C41 or C43, should be used for overexpression of
membrane proteins (46, 47).

The presence of the His tag at the C terminus was preferential
for generating SBA, with the full and truncated rMIP proteins in
liposomes inducing similar and high levels of SBA against the
homologous type I MIP strain and also showing cross-protection
against the heterologous type Il and III strains. Significantly, these
SBA titers were identical to those induced by the N-term His full
rMIP (LP). However, capsule serogroup did appear to influence
the bactericidal activity of anti-rMIP sera, with only antisera
raised to the C-term truncated rMIP protein in liposomes show-
ing bactericidal activity against meningococci expressing different
capsule polysaccharides. One possible explanation is that sera
raised to the C-term truncated rMIP protein contain antibodies
that bind more avidly to surface-exposed epitopes on the non-
globular domain, whereas sera raised to the full rMIP proteins
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could contain a lower proportion of avidly binding antibodies
relative to the proportion of antibodies directed against both the
globular and nonglobular domains of the whole protein. Capsule
structure could play a role in hindering the binding of bactericidal
antibodies, and it is interesting that antisera raised to these full and
truncated rMIP proteins showed similar levels of bactericidal ac-
tivity against gonococci that do not express capsule. However,
since only single strains representative of these other serogroups
could be tested due to serum limitations, definitive confirmation
of these observations would require testing against a much larger
panel of strains, alongside comparison with sera raised to licensed
capsule polysaccharide-conjugate vaccines.

In our previous study, we had identified the type I, II, and III
MIP proteins in a small collection of strains (22). However, the
expanding http://pubmlst.org/neisseria/ database of sequenced
Neisseria strains has allowed us to examine the distribution of MIP
alleles and proteins among 3,716 pathogenic Neisseria isolates (da-
tabase accessed 27 October 2014) (23). We have generated a
Clustal alignment of the nonredundant amino acid sequences for
MIP protein in both meningococci and gonococci as well as the
corresponding dendrogram and determined the distribution and
number of isolates for each allele and protein (see Fig. S1 and S2
and Table S1 in the supplemental material). There are 37 and 6
nonredundant alleles expressing different MIP proteins for me-
ningococci and gonococci, respectively. For serogroup B menin-
gococci, the previously identified type I (allele 2), IT (allele 1), and
III (allele 6) MIP proteins together provide 82% coverage of the
sequenced isolates and 78% coverage if all other serogroups are
included (see Table S1). However, it is likely that other meningo-
cocci expressing other MIP types would also be killed by cross-
type antibodies, so these figures probably represent a minimum
percentage of susceptible strains. Thus, immunization with a type
1 C-term His full, C-term His truncated, or N-term His full rMIP
(LP) protein in a liposomal formulation could potentially provide
at least 78% to 82% coverage of meningococcal strains. Notably,
anti-rMIP sera could also kill the gonococcal P9 strain; examina-
tion of the complete amino acid sequences of the gonococcal MIP
proteins encoded by the 6 different alleles and the type I, II, and III
meningococcal MIP proteins shows ~95% sequence identity,
which increases to ~97% identity within amino acid sequence 1 to
143 (see Fig. S1 in the supplemental material).

In the current study, the concept of a truncation strategy was
validated by the observation that bactericidal antisera raised to the
truncated rMIP proteins did not cross-react with native pure hu-
man FKBP2 protein or with a nondenatured human epithelial cell
lysate, whereas significant reactivity was observed with antisera
raised to the full rMIP proteins. Thus, this successful strategy used
with meningococcal rMIP to obviate any concerns regarding
cross-reactivity with human proteins could be applied also to
other bacterial MIP antigens proposed as vaccine candidates, e.g.,
an immunodominant chlamydial MIP protein that has been
shown to induce protective immune responses during murine in-
travaginal infection (48). Our current study results suggest also
that a functional bactericidal epitope(s) possibly resides within
surface-exposed N-terminal a-helix amino acid sequence 21 to
143. Surface exposure has been reported for the whole meningo-
coccal MIP (22, 39), the homologous gonococcal MIP (21), the
Legionella MIP (49), and a MIP lipoprotein from Chlamydia tra-
chomatis (50). Interestingly, it has been suggested that the long
al-helix located at the N terminus of the MIP protein from
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Trypanosoma cruzi is exposed to the exterior and could play a role
in host cell interactions (51). However, the crystal structure of the
meningococcal MIP and how the protein anchors to the bacterial
membrane remain to be determined.

In summary, immunization with a C-term His truncated rMIP
protein is capable of inducing cross-type reactive bactericidal an-
tibodies while circumventing potential cross-reactivity with hu-
man FKBP proteins and deserves serious consideration for inclu-
sion in a defined serogroup B meningococcal antigen vaccine.
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