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A gene encoding a 29-kDa protein from Neisseria meningitidis serogroup B strain MC58 with homology to the
macrophage infectivity potentiator (MIP) protein of Legionella pneumophila was cloned and expressed in
Escherichia coli, and the purified soluble recombinant protein (rMIP) was used for immunization studies.
Analysis of the predicted amino acid sequences of MIP from 13 well-characterized meningococcal strains,
isolated from carriers or patients and differing in serogroup, serotype, and subtype, showed that the protein
was highly conserved (98 to 100%), with only three distinct sequence types (designated I, II, and III) found.
Western blotting showed that the MIP protein was expressed at similar levels by all of these strains. Immu-
nization of mice with type I MC58 rMIP in detergent micelles and liposomes containing monophosphoryl lipid
A (MPLA) induced high levels of surface-reactive antibodies with serum bactericidal activity (SBA) titers of
1/1,024 against the homologous strain. Bactericidal antibodies were also induced with the protein in saline
alone and liposomes alone (titers, 1/128) but not following adsorption to Al(OH)3. Significantly, antisera raised
against type I rMIP administered in saline or liposomes killed strains of heterologous sequence types II and
III with similar SBA titers (1/128 to 1/256). Taken together, these findings suggest that rMIP can provide
cross-strain protection against meningococci and should be considered a potential antigen for inclusion in new
vaccines against meningococcal infection.

Infections caused by Neisseria meningitidis (meningococcus)
are significant causes of mortality and morbidity worldwide.
Despite the success of the meningococcal serogroup C conju-
gate vaccines introduced into the routine immunization sched-
ules of developed countries (2), no such vaccines exist for
serogroup B infection. The conjugate strategy that has been
successful for both serogroup C and serogroup A capsular
polysaccharides is unlikely to be effective for serogroup B
strains due to structural similarities between the B capsule and
human fetal brain neural cell adhesion molecules (13). As a
result, serogroup B vaccine development has focused on the
use of isolated outer membranes (OMs) for epidemic control,
but these are complex and protection is largely directed against
the PorA protein and therefore serosubtype specific (25, 36,
38). In addition to PorA, many other OM proteins, including
porin PorB (59), the opacity proteins Opa (3) and Opc (31),
factor H binding protein (fHBP) (15, 30), and other adhesins
(17, 19), have been prepared as recombinant proteins and
investigated as vaccines in preclinical studies. In addition, hu-
man clinical trials with bivalent and multivalent vaccines con-
taining recombinant OM antigens have recently been carried
out (12, 19, 45, 46). However, due to immune pressure, many
OM antigens are variable and the goal for effective vaccine de-

velopment is to identify those antigens that are more conserved
and capable of inducing cross-protective antibody responses.

Recently, we used nanocapillary liquid chromatography-tan-
dem mass spectrometry to investigate the proteome of the
meningococcal OM. These studies identified the presence in
relatively high abundance of a protein with an Mr of �29,000
and with homology to the macrophage infectivity potentiator
(MIP) protein of Legionella pneumophila (Lp-MIP), which
we have termed the meningococcal MIP (57). Concurrently,
Leuzzi and colleagues reported the presence of a surface-
exposed lipoprotein on the closely related organism Neisseria
gonorrhoeae with an Mr of �30,000, which they termed Ng-
MIP (34). The bacterial MIP proteins may represent a new
class of bacterial pathogenicity factors. The first MIP protein
to be studied in detail was from Legionella pneumophila, and its
potential role was identified by inactivating a gene encoding an
�24-kDa protein which reduced the bacterium’s ability to in-
fect monocytes/macrophages (8, 55). The protein is exposed on
the cell surface of Legionella (23), and sera from patients with
Legionella infection have been shown to react with Lp-MIP (1),
demonstrating its expression during infection. MIP homo-
logues have subsequently been found in other bacteria, includ-
ing Chlamydia trachomatis (35) and C. psittaci (47), Salmonella
enterica serovar Typhimurium (26), Trypanosoma cruzi (40,
42), Mycoplasma (53), Coxiella (39), and Rickettsia, Ehrlichia,
and Rochalimaea species (9).

The L. pneumophila MIP protein shows some similarity to
the immunophilin family of human FK506-binding proteins
(FKBPs), which are a family of conserved, widely distributed
eukaryotic proteins (10, 49) that are active as peptidyl-prolyl-
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cis-trans-isomerases (PPIases) (50) and are targets for the mac-
rolide immunosuppressants FK506 (14, 44) and rapamycin
(16). Although contradictory evidence has been presented for
the requirement of the active enzyme site within the protein
for virulence of Legionella (22, 33), many of the studies de-
scribed above clearly demonstrated that expression of micro-
bial MIP (and homologues) appeared to have direct relevance
to the survival of important human pathogens that have intra-
cellular stages in their life cycles (20).

The high abundance of meningococcal MIP in the OM and
evidence that a similar protein in gonococci was surface ex-
posed (34, 57) suggested to us that MIP may have potential as
a vaccine antigen. In the current study, we therefore cloned
and expressed MIP as a recombinant protein and tested its
ability to induce functional bactericidal antibodies, the gener-
ally accepted laboratory correlate of protection for serogroup
B meningococci (52), using a variety of adjuvant formulations
suitable for human use.

MATERIALS AND METHODS

Bacterial strains, vectors, and growth conditions. Neisseria meningitidis strain
MC58 (B:15:P1.7,16b: Cap� Opa� Opc� PorA� PorB� Pil� [class I] Rmp�

LOS�) was isolated from an outbreak of meningococcal infection that occurred
in Stroud, Gloucestershire, United Kingdom, in the mid-1980s (37). The other
strains included in the study are listed in Table 1. Meningococcal strains were
grown on supplemented proteose-peptone agar (GC agar) at 37°C for 18 h in an
atmosphere containing 5% (vol/vol) CO2. Outer membranes of strain MC58
were prepared by extraction of whole cells by lithium acetate as previously
described (57).

The pRSETA plasmid (Invitrogen, United Kingdom), maintained in Esche-
richia coli DH5� (Invitrogen, United Kingdom), was used for cloning genes
encoding MIP. E. coli BL21(DE3)/pLysS (Invitrogen, United Kingdom) was
transformed by recombinant pRSETA for protein expression. E. coli strains were
grown using Luria-Bertani (LB) broth and agar. For protein expression, trans-
formed BL21(DE3)/pLysS bacteria were cultured on super optimal broth (SOB)
medium (Invitrogen) supplemented with ampicillin (50 �g/ml; Sigma-Aldrich,
Poole, United Kingdom) and chloramphenicol (30 �g/ml; Sigma-Aldrich, United
Kingdom).

Cloning and expression of mip gene in E. coli. Genomic DNA of strain MC58
was extracted by alkaline lysis as described previously (6). A single colony of
overnight growth of MC58 was suspended in 10 �l of ultra-high-quality (UHQ)
water and was lysed by the addition of 10 �l of 0.25 M potassium hydroxide,
followed by boiling for 5 min. The sample was neutralized by the addition of 10
�l of 0.5 M Tris-HCl buffer, pH 7.5, the final volume was adjusted to 130 �l with
the addition of UHQ water, and the sample was stored at �20°C until used.

Using the gene sequence encoding MIP (NMB1567), two primers were de-
signed to amplify the MIP protein by PCR, with the forward primer (NMB1567F,
5�-GGCTATCTCGAGATGAACACCATTTTCAAAAT-3�) incorporating the
restriction site for XhoI (underlined) and the reverse primer (NMB1567R;

5�-GGCTATAAGCTTCTATTAATTTACTTTTTTGATGT-3�) incorporating
the restriction site for HindIII (underlined). Amplification of the target DNA
sequence from MC58 genomic DNA was done using the 2� Phusion PCR
master mix (Finnzymes, United Kingdom) with the following PCR conditions:
initial denaturation (98°C, 30s) and then 30 cycles of denaturation (98°C, 10 s),
annealing (60°C, 30s), and extension (72°C, 25s) and a final extension at 72°C for
5 min. The PCR product was subjected to gel purification using a Wizard SV gel
and PCR cleanup system (Promega, United Kingdom). The purified PCR prod-
uct was digested with XhoI and HindIII restriction enzymes (Promega, United
Kingdom) at 37°C for 3 h and then cleaned as described above.

The pRSETA plasmid was digested with XhoI and HindIII restriction en-
zymes at 37°C for 3 h prior to dephosphorylation using calf intestinal alkaline
phosphatase (Promega, United Kingdom). The DNA was subsequently purified
using the Wizard SV gel and PCR cleanup system. For ligation of insert and
vector, a molar ratio of insert/vector of 3:1 was used and a 10-�l ligation reaction
mixture contained 10 ng of vector, an appropriate amount of insert, 1 �l (3 U)
of T4 DNA ligase (Promega, United Kingdom), and 5 �l of 2� rapid ligation
buffer (Promega, United Kingdom). The mixture was incubated at room tem-
perature for 15 min and then used for transformation of competent E. coli strain
DH5� (Invitrogen) with selection on LB-ampicillin agar plates. Colonies were
selected and DNA templates were prepared for PCR screening for the presence
of recombinant plasmid, which was then transformed into competent E. coli
BL21(DE3)/pLysS. Transformants were selected on LB agar plates containing
ampicillin (50 �g/ml) and chloramphenicol (30 �g/ml).

Expression of recombinant MIP (rMIP) was induced in a 2-liter culture of
transformant in SOB medium using 1 mM isopropyl-�-D-thiogalactopyranoside
(IPTG) (final concentration, 1 mM) for 5 h, as determined by pilot experiments.
The bacterial cell pellet was collected by centrifugation and suspended in 50 mM
NaH2PO4, pH 8.0, lysis buffer containing 300 mM NaCl and 10 mM imidazole (4
to 5 ml/g pellet). The bacterial suspension was subjected to three cycles of freeze
(�80°C)-thaw and sonicated (Soniprep 150; MSE, United Kingdom) on ice,
using 10-s bursts 10 to 20 times. The lysate was then centrifuged at 10,000 � g for
30 min at 4°C. Recombinant protein was produced as a soluble protein, as judged
by its presence in the supernatant following repeated freeze-thaw cycles and
analysis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).

Purification of rMIP protein. The soluble rMIP protein was purified using
nickel-nitrilotriacetic acid (Ni-NTA) metal-affinity chromatography (Qiagen,
Crawley, United Kingdom). Bound protein was eluted with 50 mM NaH2PO4

buffer, pH 8.0, containing 300 mM NaCl and 250 mM imidazole, and eluate
fractions were analyzed by SDS-PAGE and then pooled and dialyzed against
repeated changes of phosphate-buffered saline (PBS; pH 7.4) containing thimer-
osal (1/10,000, wt/vol). The protein concentration of the purified rMIP was
determined by bicinchoninic acid protein assay (Pierce, United Kingdom), and
the protein was stored at �20°C in aliquots until used. The presence of any
contaminating lipopolysaccharide (LPS) in the pure rMIP protein preparation
was investigated by low-Mr SDS-PAGE using the method of Schagger and von
Jagow (48) with silver staining (24). In addition, rMIP was evaluated using the
Limulus amebocyte lysate assay (Lonza Biologics, Slough, United Kingdom)
according to the manufacturer’s instructions, in order to quantify the level of any
contaminating LPS.

Sequencing of PCR product amplified from other meningococcal strains.
Genomic DNA was extracted from a selection of meningococcal strains (Table 1)
using a QIAamp extraction kit according to the manufacturer’s instructions
(Qiagen, United Kingdom). Next, the target gene was amplified by PCR with
forward primer 5�-GAAACATTCAAACTCGGCTA-3� and reverse primer 5�-
GTTTCAGACGGCATTTGCCG-3�. The PCR mixture and PCR were the same
as those for cloning the mip gene from MC58. All sequencing was done by Source
BioScience (Oxford, United Kingdom).

Preparation of adjuvant and delivery vehicles for rMIP. (i) Incorporation into
liposomes. Liposomes were prepared by dialysis-sonication as previously de-
scribed (27). Briefly, L-�-phosphatidylcholine and cholesterol (Sigma-Aldrich)
were combined at a 7:2 molar ratio and dissolved (20 mg total) in 3 ml of
chloroform in a glass round-bottom flask, and the solvent was removed under
vacuum at 25°C with rotation to achieve an even lipid film. A solution of purified
rMIP (1 mg) and 100 mg of octyl �-D-glucopyranoside (Sigma-Aldrich) was
prepared in 5 ml of 10 mM HEPES (Sigma-Aldrich) buffer, pH 7.2, and this was
then incubated at room temperature for 3 h. The lipid film was then dissolved in
this protein solution by incubation at room temperature for 1 h. Subsequently,
the detergent-protein solution was extensively dialyzed against PBS containing
thimerosal (1/10,000, wt/vol) for 72 h at 4°C and then subjected to sonication
(MSE Soniprep 150 sonicator; 15 �m for 20 to 30 bursts of 60 s each) to induce
vesicle formation. Any insoluble material was removed by centrifugation at 1,000 �

TABLE 1. Meningococcal strains used in the study

Strain Phenotype Reference

MC58 B:15:P1.7,16b 37
MC54 B:2b:P1.18-1,3 27
MC90 B:9:P1.5,2 27
MC168 B:4:P1.5,2 32
MC172 B:1:P1.22,14 32
MC179 B:1:P1.19-2,13-1 58
MC180 B:1:P1.22,14 58
L2470 B:4:P1.7-2,4 27
MC161 C:2-37, P1.5-1,10-4 56
MC162 C:2-36:P1.5,2 56
MC173 C:2b:P1.5,2 32
MENC11 C:16, P17a,1 56
MC174 29E:4:P1.5-1,10-8 32
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g for 10 min. Liposomes were also prepared by incorporating the adjuvant mono-
phosphoryl lipid A (MPLA; Sigma-Aldrich) at an adjuvant/protein ratio of 1:1.
Control liposomes without protein and with or without MPLA were also prepared.
All liposome preparations were stored in aliquots at �20°C until used.

(ii) Incorporation of rMIP into Zwittergent micelles (29, 54). rMIP protein-
Zwittergent mixtures were prepared in PBS containing rMIP (0.5 mg ml�1) and
Zwittergent 3-14 micelles (8 mg ml�1; Calbiochem, Nottingham, United King-
dom), with or without MPLA (0.5 mg ml�1 dissolved in PBS), and then incu-
bated overnight at room temperature. For immunization, the solutions were
diluted with saline to a final concentration of 200 �g of rMIP ml�1, and each
mouse was injected with 20 �g of protein. Control micelle preparations without
rMIP and/or MPLA were also prepared. All micelle preparations were stored at
�20°C in aliquots until used.

(iii) Adsorption to Al(OH)3. Aluminum hydroxide [Al(OH)3; alum] gel adju-
vant (2.0%; Superfos Biosector, Denmark) was used to adsorb rMIP or an MC58
OM preparation. The mixture was composed of 500 �l of alum, 200 �g of rMIP,
or OM in saline to make a final volume of 1 ml. Antigen was adsorbed by mixing
overnight at 4°C on an angled rotary mixer. These preparations were used
immediately for immunization, and the injection dose for each animal was 100 �l
containing 20 �g of protein.

(iv) Saline preparations. Solutions of rMIP (200 �g ml�1) were prepared in
saline and used immediately.

Immunization of animals. BALB/c mice (H-2d haplotype) and New Zealand
White rabbits were housed under standard conditions of temperature and hu-
midity with a 12-h lighting cycle and with food and water available ad libitum.
Groups of five mice of approximately equal size and weight were immunized
intraperitoneally with the following rMIP preparations: rMIP-saline, rMIP-alum,
rMIP-liposomes, rMIP-MPLA-liposomes, rMIP–ZW 3-14 micelles, and rMIP–
MPLA–ZW 3-14 micelles. The dose of rMIP was 20 �g/mouse, and the immu-
nization schedule was three doses, administered on days 0, 14, and 28. Groups of
five mice were also injected with control preparations consisting of saline, saline-
MPLA, alum, empty liposomes, and empty ZW 3-14 micelles, with and without
MPLA. In addition, one group of mice was injected with OM (20 �g/mouse)
adsorbed to alum, and another group was maintained for normal serum. Mice
were terminally bled by cardiac puncture under anesthesia on day 42.

Rabbits (n 	 2) were immunized subcutaneously with rMIP emulsified in
Freund’s complete adjuvant for the primary injection and Freund’s incomplete
adjuvant for a subsequent three injections. Each dose contained 20 �g of protein
administered at 14-day intervals. The rabbits were terminally bled from the
middle ear vein and by cardiac puncture under anesthesia 14 days after the last
dose. To express serum, whole animal blood was allowed to clot at 37°C for an
hour, left at 4°C overnight, and then centrifuged at 8,000 � g for 6 min. The
resulting sera were removed and stored at �20°C until required. This study
complied with the animal experimentation guidelines of the Home Office and the
authors’ institution, and no animals suffered significant adverse effects.

Characterization of biological and functional properties of antibodies to
rMIP. (i) ELISA. Individual murine antisera were reacted in an enzyme-linked
immunosorbent assay (ELISA) with either purified rMIP protein or MC58 OM,
as described previously (7). Absorbance was measured at 450 nm after 10 min of
incubation with enzyme substrate, and the ELISA titer, extrapolated from the
linear portion of the serum titration curve, was taken as the reciprocal dilution
which gave an increase in absorbance of 0.1 U after 10 min. A two-sample t test
was used to compare differences between mean values for ELISA data sets as
previously described (7).

(ii) SDS-PAGE and Western immunoblotting. SDS-PAGE was done with a 10
to 25% linear gradient gel at 200 V for 18 h at 4°C (21). Samples containing rMIP
protein were loaded at 10 to 20 �g per well; OM and whole-cell lysate prepa-
rations were loaded at 20 �g per well. The separated proteins were transferred
to nitrocellulose by semidry blotting with a current limit of 0.8 mA/cm2 for 1 h,
and after incubation with murine or rabbit sera, immunological reactivity was
detected by using anti-mouse/rabbit immunoglobulin–alkaline phosphatase
conjugate (Bio-Rad, Hemel Hempstead, United Kingdom) as described pre-
viously (7).

(iii) IF. Pooled murine antisera, diluted 1/100, were reacted with fixed whole
meningococci as described previously (31). Antibody bound to meningococci was
detected by reaction with anti-mouse immunoglobulin–fluorescein isothiocya-
nate conjugate (Dako; diluted 1/100 in PBS), and the samples were then viewed
with a Leica SP2 confocal microscope. Immunofluorescence (IF) reactivity was
scored as nonreactivity (�), weak (
), medium (�), and strong (��), deter-
mined as previously described (31). For comparison, antiserum raised to OM
showed very strong (���) reactivity with whole cells.

(iv) Complement-mediated killing of meningococci. The bactericidal activities
of pooled antisera were determined with 5 to 10% (vol/vol) baby rabbit serum

(AbD Serotec; Kidlington, United Kingdom) as a source of exogenous com-
plement, as previously described (7). Murine antisera raised to purified outer
membranes were used as a positive control. Complement-dependent bacte-
ricidal activity was determined from the numbers of bacteria surviving in the
presence of serum and complement compared to the numbers surviving with
complement but without test serum. Sera that showed bactericidal activity in
two or more dilutions were considered positive, and statistical significance
was analyzed using F and t tests (7). P values of �0.05 were considered to be
significant.

RESULTS

Cloning of mip gene in E. coli using pRSETA system: ex-
pression and purification of rMIP. In order to obtain MIP free
from other meningococcal components, the pRSETA vector
system was used, in which the gene of interest is expressed as
a fusion protein with an N-terminal 39-amino-acid polypeptide
that contains the 6 histidine residues which function as a
nickel-binding domain to facilitate purification by affinity
chromatography (5, 31, 59). The plasmid constructed con-
tained the entire coding sequence for MIP protein under the
control of the T7 promoter. Pilot experiments demonstrated
that following induction with IPTG, optimal expression of
rMIP occurred by 5 h and that following freeze-thawing and
centrifugation, the protein was present in the supernatant frac-
tion.

In large-scale experiments conducted to prepare sufficient
rMIP for immunization studies, the protein was readily puri-
fied from the supernatant fraction under native conditions by
affinity chromatography on a Ni2� column. Following elution
with imidazole, the fractions containing the highest levels of
rMIP protein were pooled and dialyzed exhaustively against
PBS. SDS-PAGE showed a single homogeneous band with an
apparent Mr of 33,000 (Fig. 1A), which corresponds to the
expected Mr of the whole MIP protein plus the additional
N-terminal 39-amino-acid fusion polypeptide. From a typical
2-liter culture volume, the yield of rMIP was estimated to be
approximately 74 mg per liter of culture. PAGE and silver
staining also showed that no contaminating LPS was visible in

FIG. 1. Purification of recombinant MIP. (A) The protein was pu-
rified to homogeneity using nickel affinity chromatography under na-
tive conditions. Lane 1, molecular mass markers; lane 2, rMIP (10 �g)
as a single band with a molecular mass of �33 kDa. (B) Silver staining
shows that no contaminating LPS is visible in the rMIP preparation.
Lane 1, molecular mass markers; lane 2, rMIP (10 �g); lane 3, loading
buffer only; lanes 4 and 5, E. coli LPS (10 �g and 1 �g, respectively).
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the rMIP preparation (Fig. 1B), and the Limulus amebocyte
lysate assay confirmed the presence of a very low level of LPS
(�0.7%, wt/wt).

Humoral immune response to rMIP protein. The purified
rMIP was used for immunization studies in adjuvant formula-
tions that are suitable for human immunization, including ad-
sorption to aluminum hydroxide gel and incorporation into
liposomes with and without the nontoxic adjuvant MPLA. In
addition, mice were immunized with protein in ZW 3-14
micelles with and without MPLA and in saline alone. The murine
humoral immune response was initially studied by ELISA
against purified rMIP (Fig. 2A). High titers of antibodies that
reacted with purified rMIP were raised using all the different
adjuvant and delivery systems. rMIP in ZW 3-14 micelles or
adsorbed to Al(OH)3 induced statistically higher titers than
protein delivered in liposomes only (P � 0.05). The addition of
MPLA did not significantly increase the induction of anti-rMIP
antibody in either ZW 3-14 micelles or liposomes (P � 0.05).
Significantly, antibodies to rMIP could be induced by immu-
nization with protein in saline alone. In addition, immunization
with MC58 OM also induced antibodies that reacted with the
recombinant MIP protein (Fig. 2A). Animals that were sham
immunized did not produce antibodies that reacted with rMIP
in ELISA.

Humoral immune response to OM. Antisera raised against
rMIP were also tested in ELISA against OM from the homol-

ogous strain MC58 (Fig. 2B). Significant reactivity to MIP
present in OM was observed with antisera raised with all the
different adjuvants and delivery systems, and there were no
statistically significant differences between the mean antibody
levels observed for any of the groups (P � 0.05). As expected,
significantly higher (P � 0.05) levels of anti-OM antibodies
were induced by immunization with OM than rMIP prepara-
tions. No significant reactivity against OM was observed with
antisera from sham-immunized animals.

The specificity of the immune response against rMIP was
also investigated by Western blotting with whole-cell lysate and
an OM preparation of the homologous strain MC58. All anti-
sera raised to rMIP showed strong reactivity with a band with
an apparent Mr of 29,000, and sera from the corresponding
sham-immunized animals were nonreactive (data not shown).

Antibody binding to MIP on meningococcal cells. IF was
used to investigate the ability of sera to recognize and bind to
MIP on meningococcal cells. Antisera raised against rMIP in
ZW 3-14 micelles and liposomes alone showed weak (
) IF
binding reactivity with meningococcal cells, but with the addi-
tion of MPLA, raised antibodies showed stronger (��) reac-
tivity. Similarly, strong (��) IF signals were observed when
sera raised to rMIP adsorbed to Al(OH)3 or in saline were
reacted with bacteria. All sera from the corresponding sham-
immunized animals were nonreactive (�).

Bactericidal activity of antisera raised to rMIP for homol-
ogous strain MC58. The murine antisera were tested for their
ability to promote complement-mediated killing of the homol-
ogous meningococcal strain MC58 (Table 2). No bactericidal
activity was shown by antisera raised to rMIP adsorbed to alum
or incorporated into ZW 3-14 micelles. rMIP administered in
liposomes alone showed bactericidal activity, with a median
titer of 1/128. However, the incorporation of MPLA into both
ZW 3-14 micelles and liposomes significantly increased median
bactericidal titers to 1/1,024. Interestingly, rMIP injected in
saline alone was also able to induce bactericidal antibodies,
with a median titer of 1/128 (Table 2). In addition, colonies of
bacteria that survived in the presence of rMIP antisera were
selected from agar plates and were run on SDS-polyacrylamide
gels, and the expression of MIP was detected by Western
blotting. All selected surviving colonies expressed MIP protein,
demonstrating that MIP-negative strains were not induced

TABLE 2. Bactericidal activity of pooled antisera raised against
rMIP protein for the homologous strain MC58

Formulation
Serum bactericidal titera against MC58

With rMIP Without rMIP

Saline 128 �8
Al(OH)3 �4 �4
ZW 3-14 micelle �4 8
ZW 3-14 micelle � MPLA 1,024 �4
Liposome 128 �4
Liposome � MPLA 1,024 (512, 2,048) �4

a Titers are expressed as the reciprocal of the highest dilution at which 50%
killing was observed. Titers for normal mouse serum and sera from mice immu-
nized with MC58 OM were �8 and 20,000, respectively. Data are the median
values, with the range of values in parentheses, for serum bactericidal activity
from three or more independent measurements of bactericidal activity of all
pooled serum samples. Single values denote that the serum bactericidal activity
titers were identical from the independent experiments.

FIG. 2. ELISA reactivity of antisera raised against different rMIP
formulations. Antisera from individual animals raised against rMIP in
various formulations were reacted against homologous rMIP protein
(A) and OM from MC58 (B). The columns represent the geometric
mean reciprocal ELISA titers (n 	 5 animals per group), and the error
bars represent the 95% confidence limits. No reactivity was observed
with sera from sham-immunized animals.
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(data not shown). No significant bactericidal activity was ob-
served for antisera from sham-immunized animals.

Conservation and expression of MIP in Neisseria menin-
gitidis. In order to investigate the conservation of MIP in me-
ningococci, the mip gene encoding the protein from a collec-
tion of carriage isolates and strains isolated from patients was
amplified and sequenced (Fig. 3). The inferred amino acid
sequences showed that MIP had a high degree of conservation
across the strains, with only three sequence types being iden-
tified in a total of 13 strains of different serogroups, serotypes,
and serosubtypes. The MIP proteins of five strains (MC168,
MC172, MC174, MC180, and L2470) showed 100% homology
with the MIP of MC58 (sequence type I), the MIP proteins of
five strains (MENC11, MC90, MC161, MC162, and MC179)
shared a sequence that showed 97.8% homology with the MIP
protein of MC58 (sequence type II), and the MIP proteins of
two strains (MC54 and MC173) had a sequence with 98.9%
homology with the MIP protein of MC58 (sequence type III).

The levels of expression of MIP were also investigated across
the same 13 strains. Western blotting with rabbit antisera to
rMIP showed that the protein was expressed to high and sim-
ilar levels in all the strains tested (Fig. 4). The bands also
showed a small difference in apparent Mr between the different
sequence types, with the protein from strains expressing se-
quence type II MIP migrating at a marginally lower molecular
weight than the protein from strains expressing type I or III
MIP, corresponding to the deletion of 4 amino acids observed
in the type II proteins (Fig. 4).

Antisera to rMIP shows cross-strain bactericidal activity.
The antisera raised against rMIP from MC58 (type I) were
tested for their ability to promote complement-mediated kill-
ing of other strains from sequence types II and III (Table 3).
Antisera from animals immunized with rMIP in saline, lipo-
somes only, and liposomes and ZW 3-14 micelles with MPLA,

which showed the highest levels of reactivity against the ho-
mologous strain MC58 (Table 2), were tested against heterol-
ogous strains of types II and III. For type II strain MC90, the
median levels of bactericidal activity were similar to those for
strain MC58. In addition, for type III strain MC54, antisera
raised to rMIP in saline or liposomes also showed similar
bactericidal activity. In contrast, in formulations that contained
MPLA, lower levels of bactericidal activity were observed with
strain MC54 (Table 3).

DISCUSSION

Our studies show that the MIP protein of Neisseria menin-
gitidis meets several important criteria for a potential menin-
gococcal vaccine antigen. We identified only three different

FIG. 3. Sequencing of MIP across Neisseria strains. The target mip gene for the meningococcal strains listed in Table 1 was amplified by PCR
and sequenced, and the amino acid sequences were annotated. Amino acid sequences for MIP from strains MC168, MC172, MC174, MC180, and
L2470 were identical to those of MIP from MC58 (I); the amino acid sequences for MIP from strains MC90, MC161, MC162, MC179, and
MENC11 were similar (II); and the amino acid sequences for MIP from strains MC54 and MC173 showed a third amino acid sequence type (III).
Shading denotes amino acid deletions or changes.

FIG. 4. Western blot reactivity of antisera raised to rMIP against
lysates of sequenced meningococcal strains. Rabbit antiserum (1/100)
to rMIP from strain MC58 was reacted with lysates of meningococcal
strains of different sequence types (I, II, and III). In order from the
left, unnumbered lanes are as follows: lane 1, molecular mass markers;
lanes 2 and 3, recombinant MIP (0.1 �g/well); lanes 4 to 11, MC58,
L2470, MC168, MC172, MC174, MC180, MC173, and MC54 (type I
and III MIP proteins; 15 �g of each lysate/well); lanes 11 to 15, MC90,
MC161, MC162, MC179, and MENC11 (type II MIP; 15 �g of each
lysate/well).
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MIP protein sequences in 13 meningococcal strains isolated
from carriers or patients of different serogroups, serotypes, and
serosubtypes (32, 56, 58). Type I MIP was expressed by MC58
and is �99% homologous to the surface-exposed lipoprotein
Ng-MIP, which is found on the closely related organism Neis-
seria gonorrhoeae (34). Type II MIP showed �98% homology
to type I MIP (strain MC58), containing a deletion of four
sequential amino acids and the substitution of two amino acids
only. Type III MIP showed �99% homology to type I MIP,
with only three closely spaced amino acid substitutions. Unlike
variable OM proteins such as PorA, PorB, and Opa, these
limited variations did not appear to be clustered in discrete
regions that might indicate immunogenic regions most suscep-
tible to immune attack. In addition, MIP showed similar levels
of expression across this collection of meningococcal strains, as
judged by reactivity on a Western blot with rabbit anti-rMIP
serum.

The key findings from our study were that MIP induced
antibodies that activated complement-mediated killing of
meningococci, which is the generally accepted correlate of
protection against meningococcal infection (18, 52). For
OM proteins, the generation of serum bactericidal antibod-
ies is dependent on refolding to a native-like conformation,
and we therefore incorporated rMIP protein into liposomes
and ZW 3-14 micelles, which we and others have used success-
fully with other meningococcal OM proteins, e.g., PorA (27,
28), PorB (59), and Opc (31), as well as the gonococcal PorB
(54). MPLA was also included in several of these formulations
as a potent and nontoxic immunomodulator. Moreover,
MPLA is acceptable for human vaccines and is included in the
human papillomavirus vaccine Cervarix and in the hepatitis B
vaccine Fendrix (43) and functions by acting through Toll-like
receptor 4 to increase antibody production (4), induce antigen-
specific CD8� T-cell responses (41), and enhance the intrinsic
adjuvant effect of liposomes (51).

The addition of MPLA into both rMIP-liposomes and
rMIP-ZW 3-14 micelles resulted in a significant increase in
antibodies that were bactericidal for the homologous strain
MC58 compared with the equivalent formulation delivered
without the adjuvant. These findings are similar to previous
observations on the adjuvant effect of MPLA on the PorB (59)
and Opc (31) OM proteins. However, a significant property of
rMIP was its ability to induce bactericidal antibodies, when it
was administered in saline alone, which were not observed with
the major OM proteins PorA, PorB, and Opc. This functional
immunogenicity could be due to the fact that rMIP is able to
refold to a native-like conformation without the need for in-

corporation into liposomes or detergent micelles. Thus, remov-
ing the need to both use liposomal technology and include
extrinsic adjuvants would be useful properties for commercial
vaccine manufacture in eliminating processes that could intro-
duce batch-to-batch variation.

Most importantly, antiserum raised to rMIP from the type I
MIP strain MC58 was capable of promoting complement-me-
diated killing of heterologous strains expressing type II and III
MIP proteins. Cross-reactive killing was observed against the
type II strain (MC90) at similar levels to the type I strain. In
addition, antisera raised to protein in saline or liposomes alone
killed the type III strain (MC54) as effectively as the type I and
II strains. In contrast, with the type III strain, the level of
cross-reactive bactericidal activity was significantly lower with
antisera raised against both preparations that contained MPLA.
Clearly, the presence and type of adjuvant can influence im-
munogenicity, and it is possible that MPLA can bind to the
protein and subtly alter the folding and native-like conforma-
tion of the protein. The consequence of this may be that the
antibodies generated do not recognize the functional epitope(s)
on the type III MIP protein. A similar observation was re-
ported for recombinant PorA porin incorporated into lipo-
somes, where the addition of MPLA resulted in a complete
loss of porin-induced bactericidal activity, which was attributed
to interference with the native conformation of the porin in the
lipid bilayer (5). In contrast, although lower levels of antibody
are induced by rMIP protein delivered in saline or liposomes
alone, these antibodies appear to recognize bactericidal epitopes
on the different MIP proteins equally. In addition, care needs
to be taken in the choice of exogenous adjuvant used: indeed,
this is exemplified by the use of alum, which, although it is a
potent adjuvant in stimulating high levels of antibodies reactive
with MIP on meningococci, as judged by IF labeling, failed to
induce a bactericidal response. The likely explanation for this
finding is that physical adsorption to alum alters the native-like
conformation of the rMIP bactericidal epitope(s). This expla-
nation is supported by the study from Wetzler and colleagues
(54) with gonococcal PorB protein, where adsorption to alum
resulted in the induction of antiporin antibodies with dimin-
ished functional activity compared to antibodies induced by
PorB in liposomes. In our study, IF labeling also demonstrated
that antibodies raised to rMIP with other preparations could
bind to meningococcal cells. Thus, IF labeling appeared to be
useful for demonstrating the surface accessibility of the MIP
antigen, but it was not wholly predictive of serum bactericidal
activity. Similar observations have also been reported for the

TABLE 3. Cross-strain bactericidal activity of rMIP antiseraa

Sequence type/
representative strain

Serum bactericidal titer of antisera raised to rMIP in:

Saline Liposomes Liposomes � MPLA ZW 3-14 micelles � MPLA

I/MC58 128 128 1,024 (512, 2,048) 1,024
II/MC90 256 (256, 512) 256 (128, 256) 512 (512, 1,024) 2,048 (1,024, 4,096)
III/MC54 256 256 �4 64

a Pooled antisera raised to rMIP from MC58 were tested against heterologous strains with variations in MIP sequence. The titers are expressed as the reciprocal of
the highest dilution at which 50% killing was observed. Titers for normal mouse sera and sera from mice immunized with controls without rMIP were �4. Data are
the median values, with the range of values in parentheses, for serum bactericidal activity from three or more independent measurements of bactericidal activity of all
pooled serum samples. Single values denote that the serum bactericidal activity titers were identical from the independent experiments.
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major surface-exposed OM antigens PorA, PorB, and Opc (27,
31, 59).

In our study, a recombinant meningococcal OM protein,
rMIP, was shown to induce antibodies with high levels of cross-
strain bactericidal activity against meningococci. MIP is also
highly conserved and expressed by all the meningococcal
strains tested thus far. In addition, since MIP shares 99%
homology to surface-located gonococcal MIP, which has been
shown to play a role in bacterial persistence within macro-
phages (34), it is possible that MIP is also important during
interactions of meningococci with immune effector cells and
potentially at other intracellular sites of infection, e.g., during
invasion of epithelial and endothelial cells. Indeed, a role for
MIP in virulence has recently been suggested by the observa-
tion that expression of the mip gene was upregulated in an ex
vivo human whole-blood model of wild-type MC58 infection;
moreover, a mutant strain lacking MIP protein expression was
found to be sensitive to killing by human blood compared to
the wild-type strain (11). In light of all these observations, MIP
may be a significant candidate for inclusion in novel meningo-
coccal vaccines, either singly or in combination with other
protective antigens.
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