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Abstract
We have previously demonstrated the full-length gonococcal transferrin binding proteins (TbpA and
TbpB) to be promising antigens in the development of a protective vaccine against Neisseria
gonorrhoeae. In the current study we employed a genetic chimera approach fusing domains from
TbpA and TbpB to the A2 domain of cholera toxin, which naturally binds in a non-covalent fashion
to the B subunit of cholera toxin during assembly. For one construct, the N-terminal half of TbpB
(NB) was fused to the A2 subunit of cholera toxin. In a second construct, the loop 2 region (L2) of
TbpA was genetically fused between the NB domain and the A2 domain, generating a double
chimera. Both chimeras were immunogenic and induced serum bactericidal and vaginal growth-
inhibiting antibodies. This study highlights the potential of using protective epitopes instead of full-
length proteins in the development of an efficacious gonococcal vaccine.
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1. Introduction
The sexually transmitted disease gonorrhea is a global health concern, with increasing infection
rates in many parts of the world [1]. The WHO estimates that there are more than 62 million
new cases of gonorrhea per year [2]. In 2004, the CDC reported approximately 330,000 new
cases of gonorrhea in the U.S. [3]. Both of the above approximations are suggested to be
underestimated by almost half due to inadequate reporting measures, as well as the prevalence
of asymptomatic infection [1]. In men, hallmark symptoms include urethral mucopurulent
discharge and dysuria. Often women suffer asymptomatic infections, with no overt signs or
symptoms of the disease [4]. Symptomatic infections in women can include purulent vaginal
discharge, dysuria, intermenstrual bleeding, and menorrhagia [5]. Complications in women are
common and can include ascension into the upper genital tract resulting in pelvic inflammatory
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disease (PID), which can lead to fallopian tube scarring. This can cause sterility or decreased
fertility, and/or ectopic pregnancy.

Gonorrhea can be effectively treated with antibiotics. However, as with most bacteria under
antibiotic pressure, gonococcal antibiotic resistance has emerged [6]. This has resulted in the
use of newer and more expensive antibiotics for treating this disease. In addition to multiple-
drug resistant organisms, a disturbing finding concerning HIV and gonococcal co-infection
has been reported. Studies have demonstrated an increase in HIV titers in the mucosal
secretions of both males and females during gonococcal/HIV co-infection [7,8]. Co-infected
individuals thus increase the probability of infecting other sexual partners with HIV. For these
reasons, the search for an effective gonococcal vaccine has become more imperative.

There have been a number of attempts to develop vaccines to prevent gonococcal disease.
Vaccines tested in humans using partially-lysed gonococci, pilin, and porin all failed, likely
due to antigenic variation of these or surrounding surface structures [9–11]. These failed
attempts have prompted researchers to look for surface antigens that are conserved in sequence
from strain to strain, and not subject to high frequency variation. The transferrin binding
proteins fit these criteria [12,13]. Vaccine studies using meningococcal Tbps have
demonstrated elicitation of antibodies that are cross-reactive against heterologous strains, are
bactericidal, and can block transferrin utilization [14–17]. Furthermore, in a meningococcal
mouse model, mice immunized with TbpA or TbpA and TbpB were completely protected from
lethal challenge [16]. These studies suggest that the neisserial transferrin binding proteins could
serve as protective antigens to prevent neisserial diseases. A mutant lacking the transferrin
binding proteins was unable to colonize the urethra or cause symptoms of urethritis in a human
male challenge model of gonococcal infection [18]. These data, in conjunction with the vaccine
studies in meningococcal models, represent strong evidence that the transferrin binding
proteins could be an ideal target in the development of a protective gonococcal vaccine.

We demonstrated previously that intranasal immunization with the gonococcal transferrin-
binding proteins chemically conjugated to the cholera toxin B subunit (Ctb) induced systemic
and vaginal antibodies against both TbpA and TbpB [19]. Furthermore, we demonstrated
bactericidal activity of immune sera from mice immunized with these Tbp-Ctb chemical
conjugates [19]. One of the drawbacks to using the chemical conjugation of two proteins
however is the heterologous nature of the vaccine preparation due to differential cross-linking
of two proteins. The adjuvanticity of Ctb is dependent on its ability to bind GM1 ganglioside
[20]. One potential pitfall of a Ctb chemically conjugated vaccine is that a portion of the vaccine
preparation may not be able to bind to its receptor due to steric hindrance caused by a large
co-conjugated protein such as a transferrin binding protein. Furthermore, incorporation of full-
length proteins in a vaccine antigen preparation has the potential to generate a diverse antibody
response, comprising both protective and diversional antibodies. Immunogenic epitopes tend
to vary in sequence between strains, due to immunologic pressure, and to result in non-
functional antibody deposition on the cell surface. Thus, identification of the protective
epitopes within full-length antigens, to be administered with an immune-stimulating adjuvant,
may be a productive path towards efficacious vaccine development.

In an effort to determine whether two specific domains of the transferrin-binding proteins could
elicit protective antibodies, we made genetic chimeras linked to the non-toxic A2 subunit of
cholera toxin. Native cholera toxin is an AB5 exotoxin composed of one catalytic A subunit
(CtA) and 5 surface binding B subunits (Ctb) [21]. The A and B subunits spontaneously
combine in a non-covalent fashion in the periplasm to form the holotoxin [22]. The 5 individual
B subunits combine to form a ring-like structure (Ctb). The non-toxic A2 domain of CtA passes
through the central pore of the B subunit which allows for the tethering of the activity domain
to Ctb [21]. Previous investigators have demonstrated that the replacement of the toxic A1
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moiety of CtA with heterologous proteins genetically fused with the A2 subunit, allowed for
production of holotoxin-like chimeras [23–29]. Employing this approach for TbpA, we focused
on the surface-exposed loop 2 (L2). L2 has a predicted molecular mass of 9 kDa, and the
sequence is well conserved among gonococcal isolates [12]. For TbpB, we focused on the N-
terminal transferrin-binding domain (NB), which was demonstrated to be the smallest
truncation that retained the ability to bind transferrin by Western blot [13]. Portions of this
domain are also relatively well conserved among gonococcal isolates [13].

Because L2 is relatively small in size, and from a protein that is not especially immunogenic
[19], we constructed a double genetic chimera with this peptide. The strategy we employed
expressed NB and L2 together in anticipation that the larger NB would be more immunogenic
and could augment antibody responses to L2. To this end, we genetically linked the L2 region
in frame, immediately downstream of NB to make an NB-L2 chimera. This approach also
afforded us the opportunity to determine what effects the inclusion of both epitopes would have
on bactericidal killing and growth inhibition compared to mice immunized with NB only. We
immunized mice intranasally and parenterally with the chimeric proteins and demonstrated
that both chimeras were immunogenic, eliciting Tbp-specific serum antibodies. Furthermore,
both chimeras induced bactericidal and growth inhibitory antibodies. This study demonstrates
the feasibility of using epitopes instead of full-length Tbps in eliciting protective immune
responses.

Materials and methods
2.1. Bacterial strains and growth conditions

The bacterial strains used in this study are listed in Table 1. E. coli strains were cultured using
Luria-Bertani (LB) agar or LB broth (Difco) containing either ampicillin (100–200 µg/mL) or
kanamycin (25 µg/mL). Gonococci were maintained on plates containing GC medium base
(Difco) plus Kellogg’s supplement I [30]and 12 µM Fe(NO3)3. Agar plates were cultured at
37°C in a 5% CO2 atmosphere. To induce iron stress, gonococci were grown in CDM (a
chemically defined medium) [31], which was pretreated with Chelex-100 (BioRad) to remove
residual iron. As an alternative, GCB broth was employed with the addition of 100 µM Desferal
(desferroxamine mesylate; Sigma). Liquid gonococcal cultures were grown at 35°C in 5%
CO2, with shaking at 200 rpm. For flow cytometry analysis, bactericidal assays and growth
inhibition measurements, gonococci were iron stressed by growth on GCB agar plus Kellogg’s
supplement I and 5–10 µM Desferal, which induces iron stress and Tbp expression (data not
shown).

2.2. Flow cytometric analysis of binding of the L2-specific sera to the gonococcal surface
All buffers were filtered through a 0.22-µm filter (Millipore) to remove particles that could
interfere with flow cytometric analysis. Gonococcal strains MCV601 (Tbp+/Lbp−) and
MCV602 (TbpA−/Lbp−) (see Table 1) were incubated overnight on GCB agar plates
containing Kellogg’s supplement I [30], and 12 µM Fe(NO3)3 at 37°C in a 5% CO2 atmosphere.
Single colonies were passaged onto GCB plates supplemented with 10µM Desferal to induce
iron stress. Bacteria were harvested into PBS + 0.05% Saponin (Sigma) to a density of
approximately 2 × 108 CFU/mL. One mL aliquots of the cell suspension were spun down at
10,000 × g for 2 min and the pellets were washed twice with PBS + 0.05% Saponin. Bacteria
were fixed with 1% paraformaldehyde in PBS for 30 min at room temperature while protected
from light. Fixed cells were washed twice with PBS and resuspended in PBS + 0.1% IgG free
BSA (Sigma) and incubated for one hour at RT. After two washes with the same buffer, cells
were resuspended in L2-specific antisera [32] at the appropriate dilution in PBS + 0.1% BSA
and incubated for one hour at RT. Following one wash with the same buffer, bacteria were
incubated with an Alexa-488 conjugated goat anti-rabbit secondary antibody (Molecular
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Probes) for 30 min at RT. After one wash with the same buffer, cells were resuspended in one
mL of buffer and filtered through a 35 µm nylon mesh to remove any flocculent debris. Antigen-
antibody binding was measured by flow cytometry as median fluorescence intensity with a
Coulter EPICS XL-MCL flow cytometer, with four-decade logarithmic amplification.
Approximately 30,000 events were counted with events triggered on a side scatter (SC) with
a threshold of 1.

2.3. Western blot assays
Western blots were performed using iron-stressed gonococci, or purified recombinant proteins
transferred onto a nitrocellulose membrane (Schleicher & Schuell). For detection of TbpA L2,
blots were probed with rabbit antisera raised against purified recombinant TbpA [33]. NB was
detected with rabbit antisera raised against recombinant TbpB (kindly provided by Christopher
Thomas and P. Frederick Sparling). Ctb was detected using rabbit anti-cholera toxin sera
(Sigma). Blots were developed with nitroblue tetrazolium-5-bromo-4-chloro-3-indolyl
phosphate (BCIP).

2.4. Construction of expression plasmids
The NB-Ctb chimera was constructed by PCR amplification of a region encoding the N-
terminal binding domain (NB) of tbpB [13] using genomic DNA from strain FA19 as template.
The forward primer, oVCU231, (CCATGGCCCTGGGCGGAGGCGGCAGTTTCG)
contained an NcoI site (shown in bold), and encoded the N-terminus of the mature tbpB from
amino acid +2. The reverse primer, oVCU232
(CTCGAGGTCGACAACCAGTCGGGTAGCG), contained an XhoI site (shown in bold),
and amplified the region encoding the C-terminus of the previously described transferrin
binding domain [13]. The resulting PCR product was ligated into pCTΔA1 [23] creating the
expression plasmid pVCU720. The NB-L2-Ctb expression plasmid was constructed by PCR
amplification of the region encoding surface exposed loop 2 of TbpA from genomic DNA of
gonococcal strain FA19. The forward primer, oVCU319
(CTCGAGGGATCCCGCACCGGGCGGCACGCG), contained an XhoI (shown in bold)
site with a nested BamHI site (shown bolded and underlined). The reverse primer, oVCU230
(CTCGAGCGGATCGGCGAGGAAGCGGTTGG), contained an XhoI site (shown in bold).
These primers amplified the region encoding loop 2 of TbpA [32]. The resulting PCR product
was ligated into the XhoI site of pVCU720 creating the expression plasmid pVCU724. The
Ctb expression vector pVCU721 was constructed by PCR amplification of the mature ctb gene
from plasmid pCTΔA1 [23]. The forward primer, oVCU238
(TGGCCACACCTCAAAATATTACTGATTTGTGTG) contained an MscI site (shown in
bold) and amplified the mature ctb gene. The reverse primer, oVCU310
(CTCGAGATTTGCCATACTAATTGCGGCAATCG), contained an XhoI site (shown in
bold) and amplified the 3’ end of the ctb gene just prior to the stop codon. The PCR product
was ligated into pET-22b(+) (Novagen), which resulted in a 6X histidine tag being fused
immediately downstream of the ctb gene. To construct the NB-Ctb(His) and NB-L2-Ctb(His)
expression constructs, pVCU720 and pVCU724 were digested with NdeI. Digestion with NdeI
liberated fragments that encoded either NB-A2 (pVCU720) or NB-L2-A2 (pVCU724) and a
partial fragment of the ctb signal sequence. These gene fragments were inserted into an Nde I
site in pVCU721. This created the expression plasmids pVCU722 and pVCU725. The E.
coli expression host for these recombinant plasmids was C41 (DE3) (Avidis).

2.5. Sequencing the gene fragments that encode NB and L2 from gonococcal strain MS11
The regions encoding NB and L2 from gonococcal strain MS11 were amplified from genomic
DNA employing Platinum Taq High-Fidelity polymerase (Invitrogen) and the primers
described above. PCR products were cloned into pCR2.1 (Invitrogen) and at least six individual
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clones of each PCR product were sequenced. DNA sequence analysis was conducted by the
VCU Nucleic Acids core facility. Amino acid alignments were constructed with Vector NTI
software. Accession numbers corresponding to the MS11 partial gene sequences are as follows:
NB-encoding region, EF547129; L2-encoding region, EF547130.

2.6. Recombinant protein expression and purification
Recombinant E. coli strains containing the chimeric plasmids, pVCU722 (NB-Ctb(His)) and
pVCU725 (NB-L2-Ctb(His)), were grown in 5mL starter cultures using 2x YT medium (1.6%
tryptone w/v, 1% yeast extract w/v, and 0.5% NaCl w/v) supplemented with 1% glucose and
200 µg/mL of ampicillin. After starter cultures became turbid, they were used to inoculate 1L
cultures of 2x YT and allowed to grow at 37°C with shaking at 225 rpm until the OD600 reached
~1.5. Protein expression was induced by the addition of 0.25 mM IPTG followed by incubation
at 27°C for 16–18 hours. Following expression, cultures were centrifuged for 15 min at 4,000
× g and pellets were stored at −80°C.

For chimera purification, proteins were isolated from periplasmic extracts. Cell pellets were
resuspended in ice cold periplasmic extraction buffer (100 mM Tris-HCl, pH 8.0, 20% sucrose,
5 mM EDTA, and 0.5 mg/mL lysozyme) and incubated on ice for 20 min to allow for the
release of periplasmic contents. Following incubation on ice, spheroplasts were pelleted by
centrifugation at 12,000 × g and discarded. Periplasmic contents were subjected to ammonium
sulfate precipitation where the majority of the chimeric proteins precipitated between 30–60%
saturation. Following centrifugation, the precipitated material was resuspended in phosphate
buffer containing 50mM NaH2PO4, 300mM NaCl, and 20mM imidazole, pH 8.0. The
resuspended proteins were batch-bound to nickel resin for one hour at 4°C. Following binding,
the resin was loaded onto a disposable column and washed with 20-bed volumes of 50mM
NaH2PO4, 300mM NaCl, and 20mM imidazole, pH 8.0, and eluted using a buffer containing
50mM NaH2PO4, 300mM NaCl, and 250mM imidazole, pH 8.0. Purified proteins were
dialyzed twice against a 1000-fold excess volume of PBS and stored at −80°C.

2.6. GM1 ganglioside ELISA
Purified chimeras were bound to GM1 ganglioside in an ELISA format and complexes with
binding competent Ctb pentamers were confirmed to contain NB and L2 with specific
antibodies [19].

2.7. Mouse immunizations and sample collection
Female BALB/c mice, 8 weeks old were purchased from Charles River Laboratories
(Wilmington, MA). The mice were housed in microisolator cages and were under the care and
supervision of the Division of Animal Resources. The protocols were approved by the Virginia
Commonwealth University Institutional Animal Care and Use Committee. At the start of the
study the mice were ca. 12 weeks old. Groups of five were immunized either intranasally (IN)
or subcutaneously (s.c.) with one of the Tbp chimeras (refer to table 2 for immunization details).
All groups were immunized 3 times at 10 day intervals. Twenty-five days following the third
immunization, the mice were all boosted intraperitoneally (IP) with 20 µg of total protein. All
groups received two IP boosts 10 days apart. Sera and vaginal washes were obtained as
described previously [19], and collected on days 0, 18, 28 (secretions only), 35, 63, and 82.

2.8. Quantitative ELISAs
Sera and vaginal washes were assayed for antibodies specific for TbpA, TbpB, or total IgG
and IgA (vaginal washes only) as described previously [19,33]. Capture and alkaline
phosphatase-conjugated goat anti-mouse antibodies were purchased from Southern
Biotechnology Associates (Birmingham, Al). The standard curve was generated using a mouse
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reference serum (Bethyl Laboratories), and unknown samples were interpolated from the
standard curve using the four-parameter logistic model. Vaginal antibody levels are presented
as percentage of total corresponding immunoglobulin isotype to compensate for sampling
error, sample-to-sample dilution differences, and isotype fluctuations due to the mouse estrus
cycle [34]. Antibody amounts were transformed to logarithms to normalize the distribution
and variance of the data. For presentation purposes the log transformed data were back
transformed to arithmetic values to generate geometric means ×/÷ SD.

2.9. Serum bactericidal assays
Serum bactericidal assays were performed essentially as previously described [19]. Day 63
sera were pooled by group and heat inactivated at 56°C for 30 min. Gonococcal strains were
plated from freezer stocks onto plates containing GC medium base plus Kellogg’s supplement
I and 5 µM desferal to induce iron stress. Following 16–18 hours growth at 37°C with 5%
CO2, isolated colonies were picked and suspended in 37°C Gey’s balanced salt solution
(Sigma) containing 0.1% gelatin and 5 µM desferal (GBSS+G+D) to an OD600 of 0.2 (0.23
for strain MS11). The suspension was serially diluted to 10−5 in GBSS+G+D. The diluted
inoculum (80µl) was placed in a prewarmed (37°C) microtiter plate containing 10µl of the
appropriate serum samples diluted in GBSS+G+D. The plate was incubated at 37°C and 5%
CO2 for 15 min., then 10 µl of pooled normal human serum (Quidel Corp.) was added and
incubated again as above for 45 min. Because strain MS11 was moderately serum sensitive,
5% human serum was used, and incubated as above for 15 min. Following incubation, cell
viability was determined by plating onto GC medium base plus Kellogg’s supplement I and
12.5 µM ferric nitrate. Following 24 hour incubation as above, colonies were enumerated.
Reported titers were calculated as the reciprocal of the dilution that resulted in > 50% killing
as compared to CFU detected in the presence of the sham-immunized, control sera at the same
dilution. Each assay included sera from animals immunized with PBS and sera from vaccinated
animals. Assays were performed at least in triplicate.

2.10. Growth inhibition assays
Gonococcal strains were plated from freezer stocks onto GCB plates plus Kellogg’s supplement
I and 5µM desferal to induce iron stress. Plates were incubated at 37°C in a 5% CO2 atmosphere
for approximately 18 hours. Isolated colonies were removed from the plate and resuspended
in iron free CDM to an OD600 of approximately 0.15. Eighty-seven microliters of this
suspension was loaded into a sterile 96- well flat-bottomed microtiter plate. Iron saturated
transferrin was then added to a final concentration of 7.5 µM and 10 µL of pooled vaginal wash
was added. Following an initial OD600 reading in a microplate reader, the plates were incubated
at 37°C in a 5% CO2 atmosphere with shaking at 225 rpm. Every two hours, the optical density
was measured as above. All samples were tested in duplicate, and each assay was conducted
3 separate times. The number of viable bacteria at t=0 min. was 2 × 107 for FA19 and 8 ×
106 for FA1090.

3. Results
3.1. Rationale for selection of epitopes for inclusion in a chimeric vaccine

The impetus for incorporation of L2 of TbpA in the subunit vaccine was based on
immunogenicity and surface exposure results obtained with L2-specific rabbit antiserum (Fig.
1). An L2-specific antiserum was previously generated against 83 amino acids of mature TbpA,
from R198 to P280 [32]. As shown in Figure 2A, Western blot analysis with the L2-specific
serum indicated that antibodies reactive with L2 recognized every gonococcal strain tested but
did not react with the negative control strain lacking TbpA (Fig. 1A., lane 1). We also conducted
flow cytometric analysis using pre-immune and post-immune sera to establish surface binding
of the L2-specific antiserum. As shown in Fig. 1B, robust surface binding of the post-immune
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sera to the TbpA+ strain was detected, as compared to the pre-immune sera. Specificity was
demonstrated by reduced binding of the post-immune antisera against a mutant strain that lacks
TbpA (Fig.1C). Surface exposure of the L2 epitope was demonstrated in a previous study
wherein an HA epitope insertion into the L2 domain was also surface exposed in whole
gonococci [35]. We have previously noted that the sequence comprising L2 of TbpA was well
conserved among gonococcal strains [12] and in the current study, this observation was
extended to include L2 from gonococcal strain MS11 (Fig. 2). Cumulatively these data indicate
that the L2 region of TbpA is surface exposed, immunogenic, and conserved among diverse
gonococcal isolates [36,37]. These results stimulated our interest in including this epitope of
TbpA in a subunit vaccine.

The NB region of TbpB encompasses 405 amino acid residues, from L2 to D406. Anti-peptide
serum generated against a portion of this region was broadly cross-reactive against a panel of
diverse gonococcal and meningococcal isolates [13]. The peptide sequences of two regions
within the NB domain were found to be quite well conserved among the Neisseriae [13] . These
peptide regions were also well conserved in the NB domain of MS11 (Fig. 2). Moreover, the
NB domain was capable of binding transferring after SDS-PAGE and electroblotting [13].
These factors prompted us to include the amino-terminal NB region of TbpB in the subunit
vaccine.

3.2. Construction of the Tbp-Ctb chimera expression vectors
Initially, the sequence encoding the NB domain of tbpB was PCR amplified and inserted into
the previously described expression vector pCTΔA1 [23] creating the expression plasmid
pVCU720 (Fig. 3A). To make the double NB-L2 chimera, the L2 domain of TbpA [12] was
PCR amplified and inserted into the XhoI site of pVCU720 creating the expression plasmid
pVCU724 (Fig. 3B). Initial experiments suggested that expression, following addition of IPTG,
from both pVCU720 and pVCU724 was toxic to E. coli strain BL21 (DE3). We reasoned that
this was likely due to the native signal sequence of Ctb interfering with export in E. coli [38].
In order to circumvent the toxicity issues, the regions encoding NB and NB-L2 were excised
from their respective plasmids using NdeI (Fig. 3). These DNA fragments were inserted into
the unique NdeI site in the Ctb expression vector, pVCU721. This plasmid contained the mature
ctb gene immediately downstream of the pelB leader sequence, which mediates export to the
periplasmic space in E. coli. The resulting hybrid expression plasmids, pVCU722 and
pVCU725 (Fig. 3A and 3B), encoded Ctb proteins fused to a 6X-histidine tag on the C-terminus
and a pelB leader sequence on the N-terminus. In addition, these fusion plasmids encoded NB
fused to the non-toxic A2 domain (pVCU722) or NB and L2 fused to the A2 domain
(pVCU725). In the periplasm, the A2 domain enabled the assembly of toxin-like complexes
of NB or NB-L2 antigens with binding-competent Ctb pentamers. E. coli strains containing
both pVCU722 and pVCU725 showed much less toxicity than their predecessors upon
induction with IPTG.

3.3. Purification of the Ctb(his) chimeras
Both chimeric antigens were isolated from periplasmic extracts and purified by nickel affinity
resin. Both NB-A2 and NB-L2-A2 fusion proteins formed complexes with Ctb pentamers,
which were resistant to SDS dissociation by SDS-PAGE (Fig. 4A). The Ctb pentamer migrates
at a molecular mass of approximately 52 kDa as demonstrated in the non-heated, non-reduced
samples. After boiling, the pentamer is dissociated and the monomers migrate at a molecular
mass of approximately 12 kDa (Fig. 4A). Although the Ctb pentamer is resistant to the effects
of SDS, the A subunit dissociates from the B subunit upon SDS-PAGE. The full activity subunit
(CtA) of holo-cholera toxin has a predicted molecular weight of approximately 27 kDa, and
migrated accordingly (Fig. 4A, CT control lanes). The NB-A2 and NB-L2-A2 chimeras have
predicted molecular masses of 53 and 61 kDa, respectively. As detected by SDS-PAGE, the
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chimeric NB-A2 peptides ran as doublets of similar apparent molecular mass (Fig. 4A). The
smaller product likely results from a secondary start site within TbpB, as has been demonstrated
previously [33]. High molecular mass species were apparent in Western blots using TbpB- and
TbpA-specific antiserum (Fig. 4B). The anti-TbpA serum was also highly reactive with a band
of ~22 kDa, although no band of this size was apparent by Coomassie blue staining (Fig. 4A).
The molecular mass of this species is similar to that predicted for L2-A2 without NB (~14
kDa).

Both NB-A2 and NB-L2-A2 chimeras were relatively unstable, resulting in various breakdown
species as visualized in both SDS-PAGE and Western blot analyses (Fig. 4). This result was
not unexpected, as TbpB and TbpB peptides have been previously shown to be unstable,
producing breakdown products following SDS-PAGE [39]. The NB-L2-A2 chimera however
did appear to be more stable as there were fewer breakdown species as demonstrated by
Western blot analysis (Fig. 4B). It is possible that the addition of the L2 peptide between the
NB and A2 domains stabilized the NB domain. This however is difficult to determine as the
NB-L2-A2 domain was poorly assembled resulting in higher free Ctb concentrations and lower
NB-L2-A2 concentrations as compared to the NB-A2-Ctb counterpart (Fig. 4). Therefore the
fewer breakdown products seen with the NB-L2-A2 preparation could have been an artifact of
a lower concentration of NB-L2-A2 compared to the NB-A2. The NB-Ctb chimera appeared
to have fewer free Ctb molecules as it had similar band intensities as seen in CT control lanes
(Fig. 4A). Issues with stoichiometry are complicated however due to the propensity of NB to
breakdown following SDS-PAGE, which could falsely suggest poor assembly. Assembly of
binding-competent Ctb pentamers with associated NB and L2 was verified by GM1 ganglioside
ELISA (data not shown).

3.4. Serum antibody responses
Four groups of five female BALB/c mice were immunized for this study (Table 2). At various
times after immunization of each group, serum antibody levels were measured by quantitative
ELISA against full-length TbpA and TbpB. Following the three initial immunizations, antibody
responses to TbpB in all groups immunized with the chimeras were low (Fig. 5A). The TbpA-
specific antibody levels detected in the groups immunized with the NB-L2-Ctb chimera were
even lower (Fig. 5B). Because low serum antibody responses were detected after three IN
immunizations, we boosted all the immunized groups intraperotoneally (IP). IP immunization
was recently shown to boost serum and vaginal antibody responses following IN priming
immunizations [40]. This IN/IP vaccination strategy significantly enhanced antibody titers to
TbpB in all immunized groups. Antibody levels ranged from 50–100 fold greater than the
antibody amounts measured before IP boost (Fig. 5 days 18 and 35 compared to days 63 and
82).

In addition to enhancing antibody titers against TbpB, IP immunization increased antibodies
directed towards TbpA in all the groups immunized with chimeras containing L2. Although
all groups immunized with the NB-L2 chimeras elicited TbpA-specific antibodies, these levels
were still much lower than the antibody levels measured against TbpB. Comparison of serum
antibody levels in all immunized groups on days 63 and 82 revealed a decline in TbpA-specific
antibody levels (Fig.5B).

3.5. Vaginal antibody responses
Similar to observations made with the sera, vaginal antibody levels to TbpB in the immunized
groups were very low prior to the IP boosts (Table 3). Before IP boosting, the IN primed groups
had low but detectable levels of TbpB-specific IgA (Table 3, day 28). Vaginal IgG levels were
undetectable in either of the IN-immunized groups, but were detected in the group immunized
s.c. (Table 3, day 28).
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Following the IP boosts, all of the groups had measurable TbpB-specific IgA and IgG (Table
3, day 63). Although IP immunization elicited vaginal IgA, as all groups seroconverted, the
ratio of TbpB-specific to total IgA was much lower than the IgG ratio (Table 3). All mice had
detectable TbpB-specific IgG on day 63, which corresponded with their increase in serum IgG
levels. This result was not unexpected as vaginal IgG levels are considered to result from serum
transudation [41]. In contrast to the situation with NB, TbpA-specific antibodies in vaginal
secretions of L2 immunized mice were below the limits of detection for this assay.

3.6. Serum bactericidal activity
In order to determine whether the chimeric antigens could elicit protective antibodies, we
performed in vitro bactericidal assays using pooled human sera as a complement source. We
pooled day 63 sera from the mice in each group and determined relative bactericidal activities
against homologous and heterologous gonococcal strains. All the sera analyzed had similar
bactericidal titers against the homologous strain (FA19) and one heterologous strain (MS11;
Table 4). The other heterologous strain tested, FA1090, was the most resistant to bactericidal
killing by all the sera tested. Surprisingly, the groups immunized with NB-L2-Ctb had
detectable bactericidal antibodies against this relatively resistant strain (Table 4). However, no
detectable bactericidal antibodies were identified within the group of mice immunized with
NB-Ctb, even though this immunization group had the highest amount of TbpB-specific
antibody on day 63 (Fig. 5B).

3.7. Vaginal antibodies from mice immunized with chimeras inhibited gonococcal growth in
vitro

Having demonstrated bactericidal activity of serum antibodies, we next evaluated whether
antibodies obtained from vaginal washes could impede the growth of the gonococcus in vitro.
In media containing transferrin as the sole iron source, growth of the homologous gonococcal
strain (FA19) was inhibited by pooled vaginal wash samples from the NB-Ctb group and the
NB-L2-Ctb group (Fig. 6A). The pooled wash samples from the NB-Ctb immunized group did
not inhibit the growth of the heterologous strain (Fig. 6B); however, the pooled washes from
the NB-L2-Ctb group were growth inhibitory for FA1090 (Fig. 6B). These data are somewhat
incongruent with the fact that we were unable to detect vaginal TbpA-specific antibodies in
any of the vaginal washes. Therefore it is possible that the growth inhibition detected in the
presence of the NB-L2-Ctb vaginal washes was actually due to higher TbpB-specific antibody
concentrations detected within this group of animals, as compared to the NB-Ctb immunized
group (Table 5).

4. Discussion
In this study, we demonstrate that the production of a chimeric vaccine by genetically fusing
epitopes of the gonococcal Tbps to the A2 subunit of cholera toxin is feasible. The subunit
chimeras complex with Ctb pentamers and result in the production of robust and protective
immune responses to A2-fused antigens [23–29]. We focused our efforts on two Tbp-specific
domains, the NB domain from TbpB and the L2 domain from TbpA based largely on surface
exposure and strain-to-strain sequence conservation. Though TbpB is considered to be fully
surface exposed [42,43], we demonstrated L2 surface exposure by flow cytometric analysis.
Because we utilized fixed instead of live cells in our surface binding studies, it is possible
surface accessibility of the L2 domain by L2 antisera was due to non-native conformations of
surface TbpA molecules [44]. However computer generated topology modeling of TbpA in
both N. meningitidis and N. gonorrhoeae demonstrate the L2 domain to be the largest surface
exposed domain [45,46]. In N. meningitidis, L2 is predicted to be the longest surface exposed
structure stretching higher than the outer membrane lipopolysaccharide [46]. This in
conjunction with human studies demonstrating the existence TbpA serum-specific antibodies
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following carriage or infection provide evidence that the L2 epitope is unlikely to be completely
hidden in the live cell [33,47].

We demonstrated in this study that both the NB-only chimera and a double chimera comprised
of both NB and L2 domains elicited biologically-functional, Tbp-specific antibodies in mice
following vaccination. The immunogenicity of these chimeric antigens however was relatively
low in comparison to the antibodies generated against the full-length Tbps chemically
conjugated to Ctb following three intranasal immunizations [19]. Geometric mean titers to
TbpB measured on day 35 in the NB-Ctb and NB-L2-Ctb immunization groups were 3.9 µg/
mL and 1.2 µg/mL respectively. This is in stark contrast to the geometric mean titer of 102 µg/
mL which we measured on day 35 following three IN immunizations with TbpB chemically
conjugated to Ctb [19]. The poor immunogenicity in this study was likely contributed to by
chimera instability, as demonstrated by breakdown products on Western blots, and dilution of
antigen preparations with empty Ctb pentamers. However, after two IP boosts serum anti-TbpB
titers increased dramatically in the NB-Ctb and NB-L2-Ctb groups (305ug/mL and 251 ug/mL
respectively, day 63). These levels surpassed the highest levels measured to TbpB in our
previous study with the group immunized IN with TbpB chemically conjugated to Ctb (102ug/
mL, day 35) [19]. Besides a dramatic increase in serum TbpB IgG titers following the IP boosts,
vaginal IgG antibody levels elicited against the NB domain increased dramatically as well.
Vaginal IgA levels on the other hand were lower than anticipated. Although IP vaccination
successfully elicited robust serum and vaginal IgG to the NB portion of the chimeras, antibody
responses to the L2 epitope of TbpA were poor. The highest serum titer measured to TbpA
was 0.6 µg/mL in the IN primed group (day 63). In our previous study the group immunized
IN with TbpA chemically conjugated to Ctb had a maximal titer of 4.6 µg/mL measured on
day 35 [19]. Serum TbpA titers were low, and vaginal anti-TbpA levels were below the limits
of detection, even after five vaccinations. The explanation for this difference in
immunogenicity to each of these different Tbp domains is likely two-fold. First, there is a large
size difference between these two antigens. The NB domain has a predicted molecular mass
of ~44 kDa, while the L2 domain is ~9 kDa. The small size of L2 could account for its relatively
poor immunogenicity [48]. Second, full-length gonococcal TbpA is not as immunogenic as
TbpB [19]. Thus taking a small peptide from a protein that is poorly immunogenic overall
could account for the low antibody response to L2. It is also possible that the ELISA-based
system for quantitation of TbpA-specific antibody underestimated the amount of functional
antibody present in the serum and secretions. Antibodies capable of binding surface exposed,
conformational epitopes would likely be important in biological function, but could be missed
by ELISA quantitation using recombinant TbpA protein. The rationale for combining the L2
domain with the NB domain was to determine whether combining a longer, more immunogenic
polypeptide (NB) with a smaller, less immunogenic peptide (L2) could enhance the immune
response to the smaller peptide. In this study, combining L2 with NB in the manner described
did not enhance detectable antibody levels to L2, although the biological activities of the
antibodies were augmented by the presence of L2 (see below).

As a correlate of protection, we determined whether antibodies elicited against the NB or NB-
L2 domains could kill heterologous or homologous gonococcal strains. We previously
demonstrated the induction of cross-reactive, bactericidal antibodies following intranasal
immunization using full-length TbpA and TbpB [19]. In the present study, we demonstrated
that regardless of the route of immunization, and regardless of the presence or absence of the
L2 epitope, bactericidal antibodies were induced against the homologous strain FA19.
Immunization with the chimeras even induced bactericidal antibodies against the heterologous
strain MS11, resulting in titres that were similar to those generated by full-length Tbps
conjugated to Ctb [19]. Furthermore, the bactericidal titers against MS11 were 2-fold higher
than those against the homologous strain FA19. Strain MS11 is moderately serum resistant
[49] and therefore may be more prone to bactericidal killing than strain FA19. It is interesting
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to note however that in our previous study, groups immunized with either full-length TbpA or
TbpB chemically conjugated to Ctb had lower bactericidal antibody titers against strain MS11
than the groups immunized in this study with the chimeras [19]. The reason for this is uncertain,
but one could speculate that antibodies generated against a greater variety of antigenic
determinants may have resulted in the development of diversional, or blocking antibodies.
These diversional antibodies may have negated the effects of bactericidal antibodies elicited
against more sensitive domains. It could also be postulated that full-length Tbps generate the
majority of their antibody repertoire to domains that are more antigenically variable; therefore
antibodies elicited to such domains may be less cross-reactive against similar domains in
heterologous strains. Interestingly, the antibodies from the animals immunized with the NB-
Ctb chimera were not bactericidal against FA1090 at the lowest dilution tested; however,
animals immunized with NB-L2-Ctb did generate bactericidal antibodies cross-reactive with
this strain. Since the L2 epitope was the only difference between these chimeras, it is possible
that antibodies elicited to L2 accounted for the bactericidal activity. It is also possible that
improved killing was observed with the NB-L2 chimera because of greater stability of this
chimera as discussed above. The relatively stable NB domain in the larger chimera may have
resulted in presentation to the immune system of a more conserved and intact antigen compared
to that presented by the NB-Ctb construct. Furthermore it is also a possibility that the L2 domain
acted as a spacer to present more of the NB domain to the immune system. Although these
issues cannot be ruled out, we have demonstrated previously, immunization with TbpA- and
TbpB-Ctb conjugates together elicited antibodies that appeared to act in synergy, as this was
the only serum capable of bactericidal killing against strain FA1090 [19]. In the present study,
a similar synergistic effect may have resulted from immunization with the double chimera
comprised of both NB and L2. Needless to say, more studies are necessary in order to discern
whether L2 or other surface exposed loops of TbpA alone can elicit a bactericidal effect.

The question of whether generation of bactericidal antibodies affords immunity to gonococcal
disease remains to be determined. Generation of opsonic antibodies could be critical. In
addition, generation of genital tract IgA and/or IgG could prevent initial attachment of the
gonococcus to the genital mucosa. In this study, we were unable to detect vaginal, TbpA-
specific antibodies, but we were able to induce TbpB-specific antibodies of both IgA and IgG
isotypes. We tested vaginal wash samples in vitro for antibodies that inhibited the growth of
the gonococcus when provided transferrin as the sole iron source. Vaginal wash samples from
animals immunized with either NB or NB-L2 inhibited the growth of the homologous strain,
FA19. Only the vaginal wash samples from animals immunized with the NB-L2 chimeric
antigens were capable of inhibiting the growth of the heterologous strain, FA1090. The ability
to interfere with the growth of FA1090 was notable since the NB domains of FA19 and FA1090
only share 57% identity [13]. Although L2-specific vaginal antibodies were undetectable after
five immunizations, we speculate that growth inhibition in the presence of double chimera-
specific antibodies could be due to a higher degree of sequence identity between the L2 domains
of FA19 and FA1090 (88%). At this point however, we do not know whether the presence of
Tbp-specific antibodies in the growth medium inhibited growth due to iron deprivation or due
to some other Tbp-dependent, but iron-acquisition independent mechanism.

In this study, we established that defined domains from the transferrin binding proteins could
elicit a targeted immune response, specific for epitopes that may be sensitive to the bactericidal
or growth-inhibitory effects of antibodies. This domain-specific approach could be useful in
order to selectively avoid epitopes that are highly variable and could serve as immunogenic
decoys. This study represents a proof-of-principle that chimeric vaccinogens comprised of Tbp
and Ctb can induce relevant and potentially protective antibody responses. Future work in this
laboratory will be aimed at enhancing the antibody response to L2 and other promising, well-
conserved TbpA epitopes. Furthermore, because of the potential synergistic bactericidal effects
of antibodies directed against TbpB and TbpA, other more conserved TbpB epitopes will be
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evaluated for their effectiveness in bactericidal killing and growth inhibition. Finally we intend
to determine whether Tbp-specific antibodies can confer a protective phenotype in vivo using
a murine gonococcal infection model [50].
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Fig. 1.
Immunoblot blot and flow cytometric analysis of L2 epitope sera. Panel A. Immunoblot
containing whole-cell lysates of iron-stressed gonococci probed with the L2 peptide sera. Lanes
contain proteins from the following strains: 1, MCV602; 2, FA19; 3, FA1090; 4, UU1008; 5,
Pgh3-2; 6, DC966; 7, 4102; 8, 4121; 9, 4125; 10, 4141; 11, 4146; 12, 4178; 13, 4196; 14, 4134.
Panel B. Flow cytometry histograms showing surface binding of the L2 epitope sera to
gonococcal strain MCV601 (TbpA+). Gray line represents binding of pre-immune serum. Red
line represents binding of post-immune serum. Panel C. Flow cytometry showing lack of
surface binding of L2 epitope sera to strain MCV602 (TbpA−). Blue line represents pre-immune
sera, and green line represents post-immune sera.
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Fig. 2.
Sequence alignments of the NB and L2 domains. Panel A. Amino acid sequence alignment of
the NB domain of TbpB from strains FA19, MS11, and FA1090. Panel B. Amino acid sequence
alignment of the L2 domain of TbpA from strains FA19, MS11, and FA1090. The MS11
sequences, determined as part of this study, lack the terminal residues of NB and L2 domains
since the regions encoding these amino acids were amplified with FA19-specific primers.
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Fig. 3.
Construction of the NB-Ctb(His) and NB-L2-Ctb(His) expression vectors. Panel A. The
expression plasmid pVCU720 was digested with NdeI liberating a DNA fragment encoding
the PelB leader sequence fused to the NB fragment and the Ctb A2 fragment. This fragment
was inserted into the Ctb(his) expression vector, pVCU721, which was similarly digested with
NdeI, creating the NB-Ctb(his) expression plasmid, pVCU722. Panel B. The expression
plasmid pVCU724 was digested with NdeI liberating a DNA fragment encoding the following,
in order: PelB leader sequence fused to the NB region, followed by the L2 domain, and the A2
region. The NdeI fragment was inserted into the Ctb(his) expression vector pVCU721, which
was similarly digested with NdeI, creating the NB-L2-Ctb(his) expression plasmid pVCU725.
Plasmids and genes are not drawn to scale.
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Fig. 4.
SDS-PAGE and Western blot analysis of purified Ctb chimeras. Panel A. Coomasie-stained
SDS-PAGE of purified chimeric antigens. Lanes labeled NB-Ctb contained NB-A2 fusions
complexed with Ctb; lanes labeled NB-L2-Ctb contained NB-L2-A2 fusions complexed with
Ctb; lanes labeled CT contained commercially-available holo-cholera toxin as a control.
Samples were separated by SDS-PAGE either without prior reduction and heating, or with
reduction and heat (H). Panel B. Western blot analysis of purified chimeric antigens and CT
using antisera specific for TbpB, TbpA, and CT. Lanes are labeled as indicated for panel A
except that all samples were reduced and heated before separation by SDS-PAGE.
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Fig. 5.
Serum IgG levels specific for TbpB and TbpA. Panel A. Serum IgG levels specific for TbpB
detected on days 0, 18, 35, 63, and 82. Panel B. SerumIgG levels specific for TbpA detected
on days 0, 18, 35, 63, and 82. Results are expressed as the geometric mean of antibody titers
×/÷ standard deviation. For all immunization groups n = 5 with the exception of the group
immunized with NB-L2-Ctb (s.c.) where n = 4 on days 63 and 82. Arrows indicate the time at
which all animals were boosted IP. Note: the axes of panels A and B are different.
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Fig. 6.
Growth inhibition of strains FA19 and FA1090 grown in the presence of day 63 vaginal wash
antibodies and human transferrin as a sole iron source. Panel A. Growth inhibition of strain
FA19 in the presence of either NB-Ctb or NB-L2-Ctb vaginal wash samples. Panel B. Growth
inhibition of strain FA1090 in the presence of either NB-Ctb or NB-L2-Ctb vaginal wash
samples. Controls were pooled vaginal wash samples from sham immunized mice obtained on
day 63. Each growth curve was performed in duplicate, with optical density levels measured
every 2 hours. Data are representative of three independently-conducted experiments.
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Table 1
Bacterial strains used in this study

Strain Description Source or ref.

E. coli   
     BL21 (DE3) F- ompT hsdSB (rB

−mB
−) gal dcm (DE3) Novagen

     C41 (DE3) F- ompT hsdSB (rBB−mB
−) gal dcm (DE3) uncharacterized derivative of BL21

(DE3)
Avidis

     TOP 10 F− mcrA Δ(mrr-hsdRMS-mcrBC)Φ80lacZΔM15 ΔlacX74 recA1
araD139Δ(ara-leu)7697 galU galK rpsL (StrR) endA1 nupG

Invitrogen

     NovaBlue endA1 hsdR17 (rk12
−mk12

+) supE44 thi-1 recA1 gyrA96 relA1 lac [F’
proA+B+lacIq ZΔM15∷Tn10 (Tcr)]

Novagen

     HB101 supE44 hsdS20 (rB
−mB

−) recA13 ara-14 proA2 lacY1 gaIK2 rpsL20 xyl-5
mtl-1

[51]

   
N. gonorrhoeae   
     MCV601 Lbp−[lbpB∷Ω (Strr)], derivative of FA19 [52]
     MCV602 TbpA− Lbp− [tbpA∷mTn3(CMr)lbpB∷Ω(Strr)], derivative of FA19 [52]
     FA19 Wild-type strain; serovar PorB1A-1 [53]
     MS11 Wild-type strain; serovar PorB1B-9 [54]
     FA1090 Wild-type strain; serovar PorB1B-3 [55]
     UU1008 Wild-type strain [13]
     Pgh3-2 Wild-type strain [13]
     4102 Wild-type strain [13]
     4121 Wild-type strain [13]
     4125 Wild-type strain [13]
     4141 Wild-type strain [13]
     4146 Wild-type strain [13]
     4178 Wild-type strain [13]
     4196 Wild-type strain [13]
     4134 Wild-type strain [13]
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Table 2
Immunization groups

Group (immunization routea) Immunogen Amt administered (µg)b

NB-Ctb (IN/IP) NB-Ctb complex 20
NB-L2-Ctb (IN/IP) NB-L2-Ctb complex 20
NB-L2-Ctb (s.c./IP) NB-L2-Ctb complex 20
Control (IN/IP) Buffer 0

a
Mice were immunized three times either intranasally (IN) or subcutaneously (s.c.), followed by 2 boosts given intraperitonealy (IP).

b
Groups of mice (n = 5) were immunized three times at 10 day intervals. Twenty-two days following the third vaccination, the mice were boosted two

times at 10-day intervals.
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Table 3
Vaginal antibody levels specific for TbpB detected by ELISAa

 Day 28b Day 63c
Immunization
 IgA IgG IgA IgG

NB-Ctb (IN/IP) 0.4 ×/÷ 4.4 0 0.5 ×/÷ 3.0 7.1 ×/÷ 3.4
NB-L2-Ctb (IN/IP) <0.1d 0 0.6 ×/÷ 5.3 10.8 ×/÷ 1.7
NB-L2-Ctb (s.c./ IP) 0 5.8 ×/÷ 3.5e 0.7 ×/÷ 3.8f 12.8 ×/÷ 1.3f

a
Data are expressed as the geometric mean of the percentage (specific antibody/total antibody) ×/÷ standard deviation.

b
Day 28 is 7 days after final IN prime.

c
Day 63 is 7 days after final boost.

d
Only two mice had detectable TbpB-specific antibodies.

e
Only three mice had detectable TbpB-specific antibodies.

f
n = 4.
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Table 4
Serum bactericidal activities of sera collected on day 63

 Serum bactericidal titera for strain:
Immunization group
 FA19 MS11 FA1090

NB-Ctb (IN/IP) 200 (74% ± 9.2) 400 (79% ± 1.4) >25b
NB-L2-Ctb (IN/IP) 200 (62% ± 0.7) 400 (66% ± 21.2) 50 (60% ± 10.6)
NB-L2-Ctb (s.c./IP) 200 (80% ± 8.5) 400 (58% ± 9.9) 100 (70% ± 3.5)

a
Titers were calculated as the reciprocal of the dilution that gave >50% killing compared to the sham-immunized control sera. The average percent killing

determined from duplicate assays ± standard deviation is shown in parentheses.

b
Less than 50% killing was achieved at a dilution of 1/25. Lower dilution factors were not tested.
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Table 5
TbpB-specific and total antibody concentrations detected by ELISA in vaginal wash samples collected on day
63

 Concentration (ng/mL)a

Immunization Anti-TbpB IgA Anti-TbpB IgG Total IgA Total IgG

NB-Ctb (IN/IP) 70 ×/÷ 6 78 ×/÷ 14 14956 ×/÷ 2 1100 ×/÷ 6
NB-L2-Ctb (IN/IP) 58 ×/÷ 15 222 ×/÷ 6 9114 ×/÷ 4 2049 ×/÷ 4
Control 0 0 33577 ×/÷ 2 870 ×/÷ 2

a
Data are represented as geometric means×/÷standard deviation.
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