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Factor H-binding protein (fHbp) is a novel meningococcal vaccine candidate that elicits serum antibodies
that activate classical complement pathway bacteriolysis and also inhibit binding of the complement down-
regulatory protein, factor H, to the bacterial surface. One limitation of fHbp as a vaccine candidate is antigenic
variability, since antibodies to fHbp in the variant 1 (v.1) antigenic group do not protect against strains
expressing v.2 or v.3 proteins, and vice versa. We have identified amino acid residues of epitopes recognized by
bactericidal anti-fHbp monoclonal antibodies prepared against fHbp from each of the variant groups. One
epitope expressed by nearly all v.1 proteins mapped to the B domain, while epitopes expressed by fHbp v.2 or
v.3 mapped to the C domain. The results provided the rationale for engineering chimeric fHbp molecules
containing the A domain (which is conserved across all variant groups), a portion of the B domain of a v.1
protein, and the carboxyl-terminal portion of the B domain and the C domain of a v.2 protein. By enzyme-
linked immunosorbent assay, the resulting recombinant chimeric proteins expressed epitopes from all three
variant groups. In mice, the chimeric vaccines elicited serum antibodies with bactericidal activity against a
panel of genetically diverse strains expressing fHbp v.1, v.2, or v.3. The data demonstrate the feasibility of
preparing a meningococcal vaccine from a single recombinant protein that elicits broad bactericidal activity,
including group B strains, which account for 50 percent of cases of meningococcal disease and for which there

currently is no broadly protective vaccine.

Neisseria meningitidis is a gram-negative bacterium that col-
onizes the nasopharynxes of 10 to 20 percent of healthy hu-
mans (1, 9, 10, 23, 26, 41). Rarely, an encapsulated strain
invades the bloodstream, which can lead to sepsis or meningi-
tis, both of which can cause death or permanent sequelae. N.
meningitidis strains can be divided into different capsular
groups based on the presence of structurally and antigenically
distinctive polysaccharides.

Conjugated capsular polysaccharide-protein vaccines are
available for prevention of disease caused by strains with cap-
sular group A, C, W-135, or Y (reviewed in reference 19) but
not that caused by group B strains, which elaborate a polysac-
charide capsule that is an autoantigen (15), which is poorly
immunogenic (12). Group B strains currently are responsible
for 40 to 50 percent of cases of sporadic meningococcal disease
in the United States (22) and up to 90 percent of those in
certain European countries (20, 40). Group B strains also have
a propensity to cause epidemics such as those reported in
Norway in the 1970s (5, 6), Cuba in the 1980s (38), and New
Zealand in the 1990s and early 2000s (2, 13). Without vacci-
nation, these epidemics can be difficult to control and can last
for more than a decade. Outer membrane vesicle (OMV) vac-
cines have been effective in controlling epidemics caused by a
dominant strain (24). However, OMYV vaccines are of limited
use for prevention of endemic disease caused by genetically
diverse strains since the bactericidal antibody responses are
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directed largely against PorA protein, which is antigenically
variable (30). Therefore, the serum bactericidal responses to
OMV vaccines tend to be strain specific (39).

Recent genomic studies identified several protein antigens
that are promising vaccine candidates for prevention of group
B disease (8, 11, 31, 34). One of the most promising candidates
is factor H-binding protein (fHbp) (previously referred as ge-
nome-derived neisserial antigen 1870 [GNA1870] [31] or
lipoprotein 2086 [16]). The fHbp gene encodes a surface-ex-
posed lipoprotein that is present in all N. meningitidis strains
tested to date (4, 16, 31). The protein is a unique vaccine
antigen since it elicits serum antibodies that both activate clas-
sical complement pathway bacteriolysis (43) and inhibit bind-
ing of the complement down-regulatory protein factor H (fH)
to the bacterial surface (27, 43). Without bound fH, the organ-
ism becomes more susceptible to complement-mediated bac-
tericidal activity, particularly by the alternative pathway (27,
37). However, one limitation of fHbp as a vaccine candidate is
antigenic variability; the protein can be classified into three
major antigenic variant groups (31). In general, antibodies
prepared against fHbp from the variant 1 (v.1) group were
bactericidal only against other strains expressing fHbp from
the v.1 group, and the same is true for anti-v.2 or -v.3 antibod-
ies, which are bactericidal only against strains expressing fHbp
in the v.2 or v.3 group (4, 16, 31).

In a recent study, we identified the amino acid residues
involved in the epitopes recognized by a panel of murine bac-
tericidal monoclonal antibodies (MAbs) prepared against
fHbp from each of three variant groups (P. T. Beernink et al.,
submitted for publication). One epitope that was present in
nearly all fHbp v.1 proteins mapped to G121 of the B domain,
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TABLE 1. Characteristics of strains used in this study
Strain Origin ST comglex Porin protein type”

(ST) PorB PorA
H44/76 Norway ST-32 (32) 15 1.7,16
SK080 California ST-162 (162) 3-73 1.22,14
SK084 California ST-32 (32) 3-24 1.7,16
NZ98/254 New Zealand ST-41/44 (42) 4 1.7-2,4
SK141 Tennessee ST-213 (213) 3-14 1.22,14
8047 United States ST-8 (8) 2b 1.5-1,2-2
MD1435 Maryland ST-35 (35) 339 1.22-1,14
MD1321 Maryland ST-41/44 (44) 3-45 1.7-1,1
03S-0658 California ST-32 (1364) 3-38 1.7-2,13-1
M1239 United States ST-41/44 (437) 14 P1.23,14
SK104 North Carolina ST-162 (5748) 3-73 1.22,14

“ ST, sequence type. STs were determined by multilocus sequence typing (28).

b Porin types were determined by DNA sequencing of variable-loop regions (35, 36).

while other epitopes associated with fHbp v.2 or v.3 proteins
mapped to residues between positions 174 and 216 of the C
domain. The results provided the rationale for engineering
chimeric fHbp molecules that contained epitopes from all
three antigenic variant groups. The purpose of the present
study was to investigate the immunogenicity in mice of two
prototype chimeric fHbp vaccines for their ability to elicit
serum bactericidal antibody responses against N. meningitidis
strains expressing fHbp from different variant groups.

MATERIALS AND METHODS

Gene cloning and protein expression and purification. Wild-type fHbp v.1 and
v.2 expression plasmids were constructed by PCR amplification of the genes from
genomic DNAs from strains MC58 and 8047, respectively, as described previ-
ously (31). The PCR products were cloned into a T/A plasmid (pGEM-T-Easy;
Promega), and the approximately 800-base-pair NdeI-XhoI fragment was sub-
cloned into pET21b (Novagen). The encoded protein lacked 26 amino acid
residues at the N terminus (including the signal sequence and seven presumably
flexible residues) and included a hexahistidine tag at the C terminus.

The fHbp chimera I was constructed by amplifying the region encoding resi-
dues 8 to 135 from strain MC58 (fHbp v.1) and that encoding residues 136 to 255
from strain 8047 (fHbp v.2). Note that the numbering is based on the mature
protein sequence of fHbp from strain MC58. Primers for the junction point
between the v.1 and v.2 gene fragments included 24 bp from each sequence. The
two PCR fragments, which shared an overlapping region of 48 bp, were gel
purified, assembled by PCR amplification using a 5" primer for the v.1 gene and
a 3’ primer for the v.2 gene, and cloned as described above for the wild-type
genes. fHbp chimera II was constructed by site-specific mutagenesis of the
plasmid encoding fHbp chimera I to introduce the A174K substitution (associ-
ated with expression of the JAR 32 epitope [see below]) using the QuikChange
1I site-directed mutagenesis kit (Stratagene). The fHbp genes in the expression
plasmids were confirmed by DNA sequencing.

Wild-type and chimeric fHbps were expressed in Escherichia coli BL21(DE3)
(Novagen). Mid-exponential-phase cultures (1 liter) were grown at 37°C in Super
Broth (30 g/liter Bacto-tryptone, 20 g/liter yeast extract, 10 g/liter MOPS [mor-
pholinepropanesulfonic acid]; pH adjusted to 7.0 with NaOH). When the cul-
tures reached an optical density at 600 nm (ODyy) of 0.5 to 0.6, gene expression
was induced by the addition of 0.5 mM B-p-isopropylthiogalactoside and the
cultures were incubated for an additional 3 to 4 h. The bacteria were harvested
by centrifugation, resuspended in phosphate-buffered saline (PBS) containing a
protease inhibitor cocktail (Complete EDTA-free; Roche), and lysed by incuba-
tion with chicken egg white lysozyme (Sigma) and two freeze/thaw cycles. Bac-
terial lysates were treated with DNase and RNase (Sigma) and were clarified by
centrifugation at 13,000 X g. Recombinant fHbps (rfHbps) were purified by
nickel chelate chromatography using Ni-nitrilotriacetic acid agarose (Qiagen)
and buffers recommended by the supplier. Fractions containing purified fHbp
were pooled and dialyzed against PBS (Roche) containing 5% (wt/vol) sucrose
and 1 mM dithiothreitol, filter sterilized, and stored at 4°C.

ELISA. Binding of the MAbs to wild-type and chimeric rfHbps was measured
by enzyme-linked immunosorbent assay (ELISA). The wells of a microtiter plate
(Immulon 2B; Thermo Electron Corp.) were coated with 1 pg/ml of rfHbp in
PBS and incubated overnight at 4°C. The plates were blocked with PBS contain-
ing 0.1% Tween-20 (Sigma) (PBST) and 1% (wt/vol) bovine serum albumin
(BSA) (Sigma). Concentration-dependent binding of the anti-fHbp MAbs was
measured at 0.008 to 50 pg/ml in PBST-BSA. After incubation (2 h at room
temperature), the plates were washed and rabbit anti-mouse immunoglobulin G
(IgG)—alkaline phosphatase (Zymed; 1:5,000 diluted in PBST/BSA) was added.
After 1 h at room temperature, alkaline phosphatase substrate (Sigma) was
added, and the absorbance at 405 nm was measured after 30 min. Binding of
purified human fH (Complement Technologies, Inc.) to wild-type and chimeric
fHbps was measured by a similar procedure, except that the primary antibody
was goat polyclonal anti-fH (Bethyl Laboratories) diluted 1:2,000 and the sec-
ondary antibody was mouse anti-goat IgG-alkaline phosphatase conjugate
(Santa Cruz Biotech) also diluted 1:2,000.

Immunization. Groups (five mice each) of five-week-old CD-1 female mice
(Charles River) were immunized intraperitoneally with four doses of wild-type or
chimeric fHbp vaccines, which were given at 2-week intervals. Each 100-ul dose
contained 20 g of recombinant protein mixed with an equal volume of Freund’s
adjuvant (FA) (Sigma) (complete FA for the first dose and incomplete FA for
subsequent doses). At 2 1/2 weeks after the last dose, blood samples were
obtained by cardiac puncture and the animals were sacrificed. Aliquots of serum
were stored at —70°C for assay. The animal procedures were performed under a
protocol approved by the Institutional Animal Care and Use Committee of the
Children’s Hospital Oakland Research Institute.

Serology. IgG antibody titers were measured by ELISA as previously described
using rfHbp v.1 (strain MC58) or v.2 (strain 8047) as the antigen on the plate. For
measurement of serum bactericidal activity, test sera were heated for 30 min at 56°C
to inactivate complement. The group B strains used to measure bactericidal antibody
were selected based on diversity of their sequence type complexes and PorA and
PorB variable regions (Table 1). An additional criterion was diversity in fHbp based
on the extent of amino acid sequence identity and reactivity with a panel of murine
anti-fHbp MADbs (Table 2). Serum bactericidal activity was measured as previously
described using washed, exponential-growth-phase bacteria grown in Mueller-Hin-
ton broth supplemented with 0.25% glucose and 0.02 mM CMP-N-acetylneuraminic
acid to an ODyy, of 0.6 as previously described (42). The buffer was Dulbecco’s PBS
containing 0.9 mM CaCl, and 0.5 mM MgCl, - 6H,O (Mediatech, Inc.) with 1%
(wt/vol) BSA. The complement source was human serum from a donor lacking
bactericidal activity against N. meningitidis group B strains. The serum bactericidal
titer was defined as the reciprocal dilution that gave a 50% decrease in the number
of CFU after 60 min of incubation at 37°C compared with the CFU at time zero in
the negative control reactions.

Statistical analysis. The geometric mean titers (GMTs) were calculated from
the inverse of the mean log,,. For calculation of confidence limits about the
GMT, 2 times the standard error (SE) of the mean log;, was added or subtracted
from the mean log;, values. The confidence limits are reported as the inverse
log,, of these values. Differences in the GMTs for two groups of mice were
determined by a ¢ test (two tailed) performed on the log,,-transformed data
using Prism software (GraphPad). Differences between GMTs for the same
group of mice were determined by a paired ¢ test.
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TABLE 2. Characteristics of fHbps expressed by strains

% Amino acid identity” to: Reactivity with MAb JAR®:

Strain Variant?

v.l v.2 v.3 1 4 5 10 11 13 32 33 36
H44/76 1 100 72 59 1 1 1 0 0 0 0 0 0
SKO080 1 93 69 61 0 1 1 0 0 0 0 0 0
SKO084 1 96 72 61 0 1 1 0 0 0 0 0 0
NZ98/254 1 91 74 61 0 1 1 1 0 0 0 0 0
SK141 1 89 71 63 0 1 1 1 0 0 0 0 0
8047 2 72 100 85 0 1 0 1 1 1 0 0 1
MD1435 2 72 99 86 0 ND4 0 1 1 1 0 0 1
MD1321 2 72 94 84 0 ND 0 1 1 0 0 0 1
03S-0658 2 69 94 88 0 1 0 0 0 0 1 1 1
M1239 3 59 85 100 0 1 0 0 0 1 1 1 1
SK104 3 59 85 97 0 ND 0 0 0 1 1 1 1

“ Determined by quantitative PCR as described previously (3).

® The amino acid sequence of the mature protein was compared with that of prototype fHbp v.1 (strain MC58), v.2 (strain 8047), or v.3 (strain M1239).

¢ MAD reactivity as determined by ELISA (see Materials and Methods). In measuring reactivity, the background OD,,s was <0.05. An OD >10-fold above
background was considered positive (designated “1”), and an OD <5-fold above background was considered negative (designated “0”). JAR 1, 4, and 5 were derived
from a mouse immunized with fHbp v.1 (strain MC58); JAR 10, 11, and 13 were from a mouse immunized with fHbp v.2 (strain 2996); and JAR 32, 33, and 36 were

from a mouse immunized with fHbp v.3 (strain M1239).
4 ND, not determined.

RESULTS

Expression of MAb epitopes by chimeric fHbp molecules. To
generate chimera I, we engineered a recombinant protein that
combined the A domain, which is highly conserved across
fHbps from all three variant groups, and a portion of the B
domain of fHbp v.1 from strain MC58 up to amino acid G136
with the remainder of the B domain and the C domain of fHbp
v.2 from strain 8047 (Fig. 1). Chimera I expressed the JAR 11
epitope, which is expressed by about one-third of disease-
producing group B strains in the United States that have fHbp
in the v.2 or v.3 antigenic group (4). Among the JAR 11-
negative fHbp v.2 or v.3 strains, about 50 percent express the
JAR 32 epitope (4). JAR 11-positive fHbp has an alanine at
residue 174 (A174), while JAR 32-positive fHbp has a lysine at
that position. In an attempt to increase coverage against JAR
11-negative strains, we prepared a second chimeric vaccine,

JAR 10
¥ (K180)

JAR 10
(E192)

JAR 13
(S216)

C domain

designated chimera II, which was identical to chimera I except
that chimera II had a single amino acid substitution, A174K,
associated with JAR 32 reactivity.

The reactivities of the two chimeric proteins with the differ-
ent MAbs were measured by concentration-dependent binding
in an ELISA (Fig. 2). As expected, JAR 1, which binds to a v.1
epitope in the C domain (R204) (our unpublished results), did
not bind to either of the chimeric proteins (Fig. 2A). JAR 5,
which is specific for an epitope on the B domain of fHbp v.1,
and JAR 4, which cross-reacted with an epitope that is not yet
defined but was expressed by most strains expressing fHbp v.1
or v.2, showed identical respective concentration-dependent
binding with the two chimeric proteins compared with the
respective wild-type v.1 and/or v.2 protein.

JAR 10, 11, and 13 recognized epitopes on the C domain of
fHbp v.2 of strain 8047. All three MAbs showed similar re-

JAR 11
(A174)

B domain

Crossover
(G136)

JAR 3/5
(G121)

FIG. 1. Schematic model of fHbp chimera I. The A domain (not shown) and N-terminal portion of the B domain (right, dark gray) are encoded
by the fHbp gene from strain MC58 and express the v.1 epitopes recognized by anti-fHbp MAbs, JAR 3 and JAR 5. The carboxy-terminal portion
of the B domain and the C domain (left, light gray) are encoded by the gene from strain 8047 and contain epitopes recognized by JAR 10, 11, 13,
and 36 (v.2 and v.3). The junction point between the two portions of the chimera is residue G136, which immediately precedes the alpha-helix.
Chimera II differs from chimera I in having the A174K substitution, which eliminated the JAR 11 epitope and introduced the JAR 32 and JAR
35 epitopes. The coordinates were from the nuclear magnetic resonance solution structure of the combined B and C domains of fHbp v.1 (7). The
amino terminus (residue 109) and carboxyl terminus (residue 255) are labeled N and C, respectively.
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FIG. 2. Concentration-dependent binding of anti-fHbp MADs to epitopes on wild-type and chimeric fHbps. The chimera I and II vaccines are
identical except for a single amino acid substitution in chimera II (A174K). (A) Binding of MAbs prepared against fHbp v.1. JAR 1 and 5 are
specific for v.1 proteins, while JAR 4 cross-reacts with v.1, v.2, and, to a lesser extent, v.3 (44). (B) Binding of MAbs prepared against fHbp v.2.
JAR 10 cross-reacts with fHbp v.1, v.2, and v.3 (4), and JAR 11 and 13 cross-react with v.2 and v.3. (C) Binding of MAbs prepared against fHbp

v.3. JAR 32 and 36 cross-react with v.2 and v.3.

spective concentration-dependent binding with the chimera I
protein as they did with the wild-type rfHbp v.2 control protein
(Fig. 2B). As expected, JAR 11 did not bind to chimera II,
since this protein had lysine substituted for alanine at position
174 (A174K), which eliminated the JAR 11 epitope and intro-
duced the JAR 32 epitope (Fig. 2C). JAR 36, which cross-
reacted with an epitope not yet defined but present on most
strains expressing fHbp v.2 or v.3 fHbp, bound to both of the
chimeric proteins and to the wild-type rfHbp v.2 control but
not to the fHbp v.1 control (Fig. 2C). Collectively, the data
showed that the two chimeric fHbps expressed epitopes asso-
ciated with fHbp v.1, v.2, or v.3 proteins and reacted as ex-
pected with the various MADbs in accordance with our previous
studies localizing the epitopes (Beernink et al., submitted). By
ELISA, both chimeric proteins also showed similar concentra-
tion-dependent binding with purified human fH compared
with binding by the two control v.1 and v.2 rfHbps (data not
shown).

Immunogenicity. The IgG anti-fHbp v.1 antibody response
of control mice immunized with wild-type fHbp v.1 was higher
than that of the control mice immunized with fHbp v.2 (Fig. 3),
but the difference was not statistically significant (P = 0.097).
The IgG anti-fHbp v.2 antibody response of the control mice

immunized with rfHbp v.2 was higher than that of mice immu-
nized with fHbp v.1 (P = 0.005). In contrast, mice given either
of the chimeric vaccines had anti-v.1 responses similar to those
of control mice immunized with rfHbp v.1 and had anti-v.2
responses similar to those of the control mice immunized with
rfHbp v.2 (Fig. 3).

The GMTs of the bactericidal antibody measured with hu-
man complement in sera from the different groups of mice as
measured against different strains expressing fHbp v.1 or sub-
variants of v.1 are summarized in Fig. 4. As expected, the
control mice immunized with wild-type rfHbp v.1 had high
responses when measured against strain H44/76, which ex-
pressed fHbp with an amino acid sequence identical to that of
the recombinant v.1 protein vaccine (GMT of ~1:10,000). The
GMTs against the other test strains that expressed subvariants
of fHbp v.1 ranged from <1:10 (strain NZ98/254) to >1:1,000
(strain SK084). The corresponding titers of the sera from con-
trol mice immunized with rfHbp v.2 were either negative
(GMT of <1:10) (four strains) or low (GMT of 1:10) (strain
SK141). The mice immunized with either chimeric recombi-
nant protein vaccine developed serum bactericidal antibodies
against all four v.1 strains that were susceptible to bactericidal
activity of sera from the control mice immunized with the
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FIG. 3. IgG anti-fHbp antibody responses (1/GMT = 2 SE) of mice
(n = 5 per group), measured by ELISA using rfHbp v.1 (gene from
strain MCS8, top panel) or fHbp v.2 (gene from strain 8047, bottom
panel) as the antigen on the plates. Mice immunized with wild-type
rfHbp v.1 had a higher anti-rfHbp v.1 reciprocal GMT than mice
immunized with fHbp v.2 (P = 0.097). Mice immunized with rfHbp v.2
had a higher anti-fHbp v.2 reciprocal GMT than mice immunized with
fHbp v.1 (P = 0.005). There were no significant differences between
the respective anti-v.1 antibody responses of mice given the chimera I
or II vaccine and those of control mice immunized with the wild-type
v.l protein, and there were no significant differences between the
respective anti-v.2 antibody responses of mice given the chimera I or II
vaccine and those of control mice immunized with the wild-type v.2
protein.

wild-type fHbp v.1. For three of the four test strains, the
respective GMTs of the chimeric vaccine groups were ~1 log
unit lower than those of control mice immunized with the fHbp
v.1 vaccine. Against the fourth strain, SK141, the responses to
both chimeric vaccines were as high as or higher than those of
the positive control mice that received fHbp v.1.

The serum bactericidal antibody responses measured against
the six strains expressing fHbp in the v.2 or v.3 variant group
(Tables 1 and 2) are shown in Fig. 5. Three of the test strains
were JAR 11 positive (left panel), and three were JAR 32
positive (right panel). Sera from the control mice immunized

Il fHbp v.1
105+ E=fHbp v.2
[JChimeral
IChimeralll

FIG. 4. Serum bactericidal antibody responses (1/GMT = 2 SE) of
mice (n = 5 per group) immunized with chimeric rfHbp vaccines as
measured against strains expressing fHbp in the v.1 antigenic group.
Strain H44/76 expresses fHbp v.1 with an amino acid sequence iden-
tical to that of the fHbp v.1 control vaccine. The remaining strains
express subvariants of fHbp v.1 (Table 2).
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FIG. 5. Serum bactericidal antibody responses (1/GMT = 2 SE) of
mice (n = 5 per group) immunized with rfHbp vaccines against strains
expressing fHbp in the v.2 or v.3 antigenic group. Strain 8047 expresses
fHbp v.2 identical to that of control rfHbp v.2 vaccine. The remaining
strains express subvariants of fHbp v.2 or v.3 (Table 2). The data are
grouped by JAR 11 (left panel) or JAR 32 (right panel) reactivity. The
chimera I and II vaccines are identical except that chimera I'is JAR 11
positive and JAR 32 negative, whereas chimera II is JAR 11 negative
and JAR 32 positive (see text).

with rfHbp v.2 were bactericidal against all six strains. With
one exception, strain 03S-0658, the serum bactericidal titers of
control mice immunized with rfHbp v.1 were <1:10. The sera
from the mice immunized with either chimeric vaccine were
bactericidal against all six strains. For four of the strains (8047,
MD1321, M1239, and SK104), the respective GMTs of the
chimeric groups were ~1 log unit lower than those of the
control mice immunized with rfHbp v.2. For the remaining two
strains (03S-0658 and MD1435), the serum GMTs of one or
both chimeric vaccine groups were similar to those of the mice
given the positive control rfHbp v.2 vaccine. Thus, in contrast
to the control rfHbp v.1 and v.2 vaccines, which elicited strain-
specific bactericidal antibody responses, the chimeric vaccines
elicited bactericidal antibody responses against strains express-
ing fHbp from each of the three antigenic variant groups.

Although the chimera I vaccine expressed the JAR 11
epitope (A174) (Fig. 1) and the chimera II vaccine expressed
the JAR 32 epitope (K174), the respective serum bactericidal
responses of the groups of mice immunized with either chi-
meric vaccine were not significantly different when measured
against strains expressing JAR 11-positive or JAR 32-positive
fHbp (Fig. 5). The only exception was against the JAR 11-
positive strain MD1435, where there was a trend for a higher
GMT in the group of mice immunized with chimera I than in
those immunized with chimera II (P = 0.06).

DISCUSSION

Many of the new protein antigens being investigated as vac-
cine candidates for prevention of group B meningococcal dis-
ease show antigenic variability and/or variable expression by
different N. meningitidis strains (25, 29, 31-33, 43-45).
Achievement of broad protection by a recombinant protein-
based vaccine, therefore, will likely require the use of multiple
antigens (17, 45). However, there may be limits to the number
of different recombinant proteins that can be combined into
one vaccine without loss of immunogenicity. Therefore, for a
multicomponent vaccine containing fHbp, it would be desir-
able to use a single rfHbp capable of eliciting serum bacteri-
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cidal antibodies against strains expressing fHbps from the dif-
ferent major antigenic variant groups.

Chimeric proteins previously have been used for vaccine
development in a variety of ways. One strategy employed a
genetic fusion of two different antigens from the same organ-
ism to enhance cross-protection against strains with antigenic
diversity (18, 46). An example is a multicomponent meningo-
coccal group B vaccine that contains two fusion proteins,
GNA2091 fused with fHbp v.1 and GNA2132 fused with
GNA1030, along with a third antigen, rNadA (17). In mice
each of the individual fusion proteins elicited serum bacteri-
cidal antibody responses that were as high as or higher than
those elicited by the respective individual recombinant protein
antigens. Further, the multicomponent vaccine containing five
meningococcal antigens elicited broader bactericidal responses
than any of the respective individual antigens.

Another strategy has been to construct a fusion of different
serologic variants (“serovars”) of an individual antigen to in-
duce cross-protection against strains with antigenic diversity.
An example is a tetravalent OspC chimeric Lyme disease vac-
cine that induced bactericidal antibody responses against spiro-
chete strains expressing each of the OspC types that were
incorporated into the construct (14). In another example, four
different serologic variants of domain III of the dengue fever
virus envelope protein were fused together for use as a diag-
nostic protein (21). These chimeric antigens consisted of re-
peats of an individual domain with antigenic variability. The
respective variants of the domain were expressed in tandem in
one protein (i.e., the same domain from different strains,
A -A5-As-A,, ete.). In some cases, these recombinant tandem
proteins can be convenient for manufacturing and quality con-
trol. However, they also can be very large and subject to im-
proper folding or degradation.

The chimeric fHbp antigens that we investigated differed
from the fusion proteins described above in that we combined
different individual domains from two proteins (domain A and
part of domain B from a v.1 protein with the remainder of
domains B and C from a v.2 protein, i.e., A;-B,/B,-C,) to form
chimeric proteins that expressed antigenically unrelated
epitopes that were specific for all three fHbp v. groups. There
are few examples of combining epitopes expressed by different
domains into a single chimeric antigen that resulted in an
effective immunogen. In one previous study, the investigators
demonstrated that a truncated meningococcal rfHbp consisting
only of the B and C domains elicited bactericidal titers similar
to those elicited by the respective rfHbp v.1 protein containing
the A domain (18). They then constructed a hybrid of the B
domain of an fHbp v.3 protein with the C domain of an fHbp
v.1 protein. However, in contrast to the A;-B,,,-C, chimeric
proteins investigated in the present study, the B;-C, chimeric
fHbp investigated previously did not elicit serum bactericidal
antibody responses in mice against strains expressing fHbp
from either v.1 or v.3. In retrospect, this chimeric vaccine may
not have worked because the chimeric protein contained the B
domain from fHbp v.3, which lacks the region of the JAR 3/5
epitope (including G121) that may be critical for eliciting high
serum bactericidal antibody titers to strains expressing fHbp
v.1. Also, the C domain of the v.1 protein did not contain the
JAR 10, 11, 13, or 32 epitopes, which interact with bactericidal
antibodies directed at fHbp v.2 or v.3. In contrast, both of the
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chimeric fHbps that we investigated contained the portion of
the B domain of the v.1 protein with the JAR 3/5 epitope and
the C domain of a v.2 protein that expressed multiple epitopes
shown to interact with bactericidal MAbs against strains with
fHbp from the v.2 or v.3 variant group (Fig. 2).

Mice immunized with either chimeric protein vaccine I or II
developed serum anti-fHbp antibodies with bactericidal activ-
ity against N. meningitidis strains that expressed fHbp v.1, v.2,
or v.3, whereas the respective control wild-type rfHbp v.1 or v.2
vaccines elicited bactericidal responses predominantly against
strains that expressed fHbp from the respective variant group
homologous to that of the vaccine. Although the magnitudes of
the serum bactericidal titers of the mice immunized with the
chimeric vaccines were lower than those of control mice im-
munized with the corresponding wild-type rfHbp v.1 or v.2
vaccine, the data from the groups given the chimeric vaccines
provide proof of concept that an individual chimeric protein
can elicit serum antibodies that are bactericidal with human
complement against strains expressing fHbps from all three
antigenic variant groups. One limitation of our study was that
we used FA, which is not suitable for use in humans. There-
fore, additional studies are needed to investigate the immuno-
genicity of the chimeric proteins given with adjuvants that are
more suitable for use in humans.

Despite engineering expression of the JAR 11 epitope in
chimera I and of the JAR 32 epitope in chimera II, we found
no statistically significant differences in the respective serum
bactericidal antibody responses of mice immunized with either
vaccine when measured against JAR 11-positive strains or JAR
32-positive strains. At the time we designed the chimeric vac-
cines, we did not know that binding of antibody to an epitope
located near residue 174 (i.e., JAR 11 in some strains or JAR
32 in others) was not sufficient to elicit complement-mediated
bactericidal activity in the absence of a second antibody that
binds to an epitope associated with an ion pair at residues 180
and 192 (such as JAR 10 in some strains or JAR 33 in others)
(Beernink et al., submitted). Among wild-type strains express-
ing fHbp v.2 or v.3, expression of JAR 32 is usually associated
with expression of JAR 33, while expression of JAR 11 is
usually associated with expression of JAR 10 (see, for example,
our strain panel [Table 2]). Therefore, in the future it may be
possible to generate more effective chimeric fHbp vaccines
against JAR 32-positive strains by engineering a chimeric pro-
tein that also expresses the JAR 33 epitope.
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