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Abstract
A meningococcal group B vaccine containing multiple protein antigens including factor H binding
protein (fHbp) and Neisserial heparin binding antigen (NHba) is in clinical development. The
ability of antibodies against individual antigens to interact and augment protective immunity is
unknown. We assayed human complement-mediated bactericidal activity (SBA) in stored sera
from six immunized adults before and after depletion of antibodies to fHbp and/or NHba. All six
subjects developed ≥4-fold increases in SBA titer against a test strain with fHbp in the variant 1
group with an amino acid sequence that matched the vaccine antigen (GMT <1:4 baseline, to
1:139 after 3 doses of vaccine). By adsorption 88 to >95 percent of the SBA was directed against
fHbp. Four subjects developed ≥4-fold increases in SBA titer against a test strain with a
heterologous fHbp variant 2 antigen and a homologous NHba amino acid sequence that matched
the vaccine antigen (GMT <1:4 baseline, to 1:45). SBA was directed primarily against NHba in
one subject, against fHbp in a second, while depletion of either anti-NHba or anti-fHbp antibody
removed the majority of SBA in sera from two subjects. In all four subjects, depletion of both anti-
fHbp and anti-NHba antibodies removed more SBA than depletion of either antibody individually.
Mixing a mouse non-bactericidal anti-fHbp variant 1 antiserum with a mouse anti-NHba antiserum
also augmented the anti-NHba SBA titer against this test strain. For meningococcal vaccines that
target relatively sparsely-exposed antigens such fHbp or NHba, non-bactericidal antibodies against
individual antigens can cooperate and elicit SBA.
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I. Introduction
Meningococcal vaccines for the prevention of disease caused by group B strains of Neisseria
meningitidis are currently in clinical trials. One of the vaccines contains recombinant factor
H binding proteins (fHbp) from two antigenic variants [1]. Another contains an outer
membrane vesicle vaccine (OMV) [2] combined with three recombinant proteins: NadA,
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and two fusion proteins, fHbp in the variant 1 (v.1) group fused with GNA2091 (GNA2091-
fHbp), and Neisserial heparin binding antigen (NHba) [3] fused with GNA1030 (NHba-
GNA1030) [4]. NHba was previously referred to as GNA2132 [5,6]. In mice immunized
with the three recombinant proteins, the principal antigenic targets of serum bactericidal
antibody (SBA) were fHbp, NHba, and NadA [4]. The combination of the three proteins also
elicited higher SBA titers than any of the individual proteins alone [4].

In humans a vaccine with the three recombinant proteins (no OMV) also elicited SBA
responses [7] but the contributions of the antibodies elicited by the individual antigens
toward the observed SBA were unclear. Investigating the functional contributions of
individual antibody populations in a mixture of serum antibodies can be difficult because of
the potential positive or negative interactions of antibodies binding to multiple antigenic
targets on the bacterial surface [8–10]. The purpose of the present study was to define the
role of antibodies to two of the antigens, fHbp and NHba, in eliciting serum bactericidal
activity in immunized humans. Genes encoding these two antigens are present in nearly all
disease-causing meningococcal isolates [1,11–14].

2. Materials and Methods
2.1. Human serum samples

Stored serum samples were available from six adults immunized intramuscularly with an
investigational meningococcal vaccine that contained recombinant GNA2091-fHbp, NHba-
GNA1030, and NadA [4]. The samples were selected from 36 sera previously investigated
from adult participants of phase I studies primarily designed to evaluate vaccine safety and
tolerability [7]. The participants were given 3 doses of the vaccine spaced one month apart.
Each dose contained 50 µg of each of the three proteins adsorbed with aluminum hydroxide.
Blood samples were obtained immediately prior to the first immunization and one month
after the third immunization. All subjects provided informed written consent. For the present
study, we selected serum samples based on availability of sufficient volumes for the
adsorption studies described below. Use of the serum samples for this study was approved
by the institutional review board of Children’s Hospital & Research Center, Oakland.

2.2. Mouse serum samples
Stored sera were available from previous experiments in female CD-1 mice (Charles River)
immunized with a recombinant NHba vaccine (gene from NZ98/254) [6], or a fHbp ID 1
vaccine. The amino acid sequences of the respective vaccine antigens matched those of the
NHba and fHbp components of the vaccine given to the humans [4]. For the mouse study,
three injections were given, each spaced 3 weeks apart. The fHbp dose was 20 µg, which
was adsorbed with aluminum hydroxide, and the NHba dose was 15 µg, which was given
with Freund’s complete adjuvant for dose 1 and incomplete adjuvant for doses 2 and 3.
Control mice received the respective adjuvants without the vaccine antigens. Blood samples
were obtained 3 weeks after the third dose of vaccine. Sera from 3 to 5 mice from each
immunization group were pooled for use in the present studies. The animal immunization
experiments were conducted under a protocol approved by the Institutional Animal Care and
Use Committee of Children’s Hospital Oakland Research Institute.

2.3. Neisseria meningitidis strains (Table 1)
Three group B test strains were used to measure serum bactericidal antibody activity. Strain
H44/76-SL (B:15:P1.7,16; sequence type 32 [ST-32] [7]), referred to hereafter as H44/76,
expressed a fHbp in the variant 1 group that matched the vaccine fHbp antigen (fHbp ID 1),
and a NHba with 91% amino acid identity to the vaccine antigen. The other two strains,
M4407 (B:NT:P1.15) [15] and S3446 (B:19,14:P1.23,14) [6,16], were from clonal complex
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41/44. Both had fHbp in the variant 2 group (fHbp ID 19), which was a mismatch with the
variant 1 vaccine antigen, and expressed NHba with 98 to 100% amino acid identity to the
vaccine antigen. All three strains lacked NadA genes. By infrared Western blot [17], strain
H44/76 reacted with anti-fHbp mAb JAR 5, which is specific for fHbp in the variant 1 group
[18], and was a relatively low expresser of the NHba protein. Strains M4407 and S3446
reacted with anti-fHbp mAb JAR 31, which is specific for fHbp in the variant 2 and 3
groups [18], and had two- to four-fold higher expression of NHba compared with strain
H44/76 (Table 1).

2.4. Preparation of immunoadsorbents
Recombinant NHba and fHbp were provided by Novartis Vaccines (Siena, Italy). The
recombinant NHba used for coupling with the immunoadsorbent had been prepared from E.
coli BL21(DE3), which expressed a NHba gene isolated from group B N. meningitidis strain
NZ98/254. The same gene encoded the NHba component of the NHba-GNA1030 fusion
protein in the vaccine [4]. The recombinant fHbp (ID 1) was engineered to contain two
amino acid substitutions (E218A/E239A) to prevent binding to complement fH, as
previously described [19,20]. The immunoadsorbents were prepared by covalently coupling
the individual antigens to cyanogen bromide-activated Sepharose 4B (Sigma, St. Louis,
MO) [21]. As a negative control for possible non-specific depletion of antibodies during
adsorption, we used the same method to couple recombinant human albumin (rHA, Sigma,
St. Louis, MO) to cyanogen bromide-activated Sepharose 4B. After overnight incubation,
the coupling reactions were quelled with 0.1M Tris pH 8.0. The immunoadsorbents were
washed extensively, blocked and stored in 1% rHA in phosphate-buffered saline (PBS) and
sodium azide until use. Prior to use, the immunoadsorbents were extensively washed with
PBS to remove all traces of sodium azide.

2.5. Depletion of anti-fHbp and anti-NHba antibodies
Serum samples were diluted 1:5 in PBS and aliquots were added to rHA-, NHba-, or fHbp-
conjugated immunoadsorbents. After tumbling the slurries overnight at 4 degrees C, the
slurries were loaded onto columns (Bio-Rad, Hercules, CA), and washed with PBS. The
flow-through and washes were collected, filtered through a 0.2 µm filter, and concentrated
to the original starting volumes of the undiluted serum samples using 10,000 MWCO
protein concentrators (Corning, Lowell, MA).

2.6. Anti-fHbp and anti-NHba antibody activity
Serum anti-fHbp and anti-NHba antibody concentrations were measured by ELISA using
recombinant fHbp (fHbp ID 1 without the two amino acid substitutions described above), or
recombinant NHba as the target antigens. To favor detection of both high and low avidity
antibody, the dilutions of sera added to wells of a microtiter plate were incubated overnight
at 4°C. After washing, bound antibody was detected with alkaline phosphatase-conjugated
goat anti-human IgG, Fcγ-specific (Jackson ImmunoResearch Laboratories, West Grove,
PA). Antibody concentrations were assigned in arbitrary units per ml as compared with a
reference serum sample from an immunized adult. The reference serum was assigned a
value of 1000 units per milliliter (U/ml) for both anti-fHbp and anti-NHba antibodies.
Percent depletion of anti-fHbp or anti-NHba antibody for each subject was calculated using
the formula: 100 × [1-(antibody concentration of adsorbed sample/concentration of
unadsorbed sample)].

2.7. Serum bactericidal antibody activity
All sera were heated for 30 minutes at 56°C to inactivate endogenous complement. SBA was
measured as previously described using mid-log phase bacteria grown in Mueller Hinton
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broth supplemented with 0.25% glucose and 0.02 mM cytidine 5’-monophospho-N-
acetylneuraminic acid (Sigma, St. Louis, MO) [7]. The complement was serum from a
healthy adult who lacked endogenous bactericidal activity and had normal hemolytic
complement activity. To ensure that IgG antibodies in the complement source did not block
or augment bactericidal activity in the test sera, we depleted IgG from the complement
source using a protein G column (HiTrap Protein G HP, GE Health Sciences, Piscataway,
NJ), which was performed as previously described [22].

2.8. Statistical analyses
Statistical calculations were performed using Prism for Mac version 5.0a (GraphPad
Software, La Jolla, CA). ELISA or SBA titers below the lower limit of detection were
assigned a value of one-half of the lower limit of detection for that assay. Comparisons
between the SBA titers of pre- and post-immunization samples, and of samples adsorbed
with different immunoadsorbents, were performed using paired t-tests on the log10-
transformed values. Titers below the minimum detected were assigned half of the minimum
detected titer (i.e, 1:2 for a titer <1:4).

3. Results
3.1. Adequacy of depletion of anti-NHba or anti-fHbp antibodies

The percent depletion of antibodies by treatment of the sera with the respective
immunoadsorbents was determined by ELISA (Figure 1). As an example, the post-
immunization serum anti-NHba antibody concentration of Subject 1 decreased from 4175 U/
ml in the unadsorbed sample to 35 U/ml after adsorption using the NHba-coupled
immunoadsorbent (>99% decrease comparing the diagonal-hatched and the black bars,
Panel A). There was no corresponding decrease in anti-NHba antibody concentrations after
adsorption using the fHbp- (gray bars) or human recombinant albumin-coupled
immunoadsorbents (white bars). Similarly, adsorption of post-immunization serum from
subject 1 using the fHbp-coupled immunoadsorbent decreased the anti-fHbp antibody
concentration from 2629 U/ml in unadsorbed serum to 120 U/ml after adsorption (>95%
decrease comparing the diagonal-hatched and the gray bars, Figure 1, Panel B). There was
no corresponding decrease in anti-fHbp antibody concentrations after adsorption with the
NHba- (black bars) or rHA-coupled immunoadsorbents (white bars). These data indicated
that the depletion of the antibodies was specific for each of the respective
immunoadsorbents. For all six post-immunization sera, the adsorption method depleted
>98% of the serum anti-NHba activity (Figure 1, Panel A), and >95% of the anti-fHbp
antibody activity (Panel B).

3.2. Serum bactericidal activity against a strain with fHbp v.1
The reciprocal serum bactericidal GMT of the six subjects when measured against strain
H44/76 increased from <4 in pre-immunization sera to 139 in post-immunization samples
(p<0.0001); all six subjects had greater than 8-fold increases in titer after immunization.
There were no significant changes in the respective post-immunization SBA titers after
depletion of anti-NHba antibodies (Figure 2, black bars). After depletion of anti-fHbp
antibodies, the SBA titers decreased by >95% in five of the subjects; and by 88% (1:85 to
1:10) in the sixth subject (subject 3). Thus, for all six subjects the serum bactericidal activity
elicited by the vaccine against strain H44/76 was primarily directed against fHbp.

3.3. Serum bactericidal activity against strains with fHbp v.2
In response to vaccination, four of the six subjects showed 4-fold or greater increases in
serum bactericidal titer against strain M4407, which expressed fHbp ID 19 in the variant 2
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group and was heterologous to the variant 1 antigen in the vaccine. In these four subjects,
the reciprocal GMT increased from <4 in pre-immunization serum to 45 in post-
immunization serum samples (p=0.0003). After depletion of antibodies to both fHbp and
NHba (Figure 3, left panels), the reciprocal SBA titers decreased from 40 (diagonal-hatched
bar) to 6 (green bar) for subject 1 (85% decrease), from 32 to ≤4 for subject 3 (>87%
decrease) and from 56 to ≤4 for subjects 2 and 4 (>93% decrease). Non-specific loss of
bactericidal activity attributable to the adsorption process was not observed since SBA titers
did not decrease in samples that underwent adsorption twice with the rHA-coupled negative
control immunoadsorbent (Figure 3, white bars compared with the reciprocal SBA titers of
the unadsorbed post-immunization sera represented by the diagonal hatched bars).
Collectively the results indicated that the antibodies responsible for SBA were largely
directed at fHbp and/or NHba and that there was minimal, if any, functional contribution of
antibodies to the GNA2091 or GNA1030 components of the respective fHbp- or NHba-
fusion proteins toward SBA against this strain.

To dissect the individual contributions of the anti-fHbp and anti-NHba antibodies to SBA,
we measured the percent survival of strain M4407 when incubated with human complement
and different dilutions of unabsorbed and adsorbed post-immunization sera depleted of
antibodies to fHbp or NHba (Figure 3, right panels). For subject 1 (Panel A), approximately
half of the bactericidal activity was removed after depletion of anti-NHba antibodies (blue
circles), while none of the bactericidal activity was removed by depletion of anti-fHbp
antibodies (yellow circles). The reverse was observed in the post-immunization serum from
subject 2 (Panel B); >80% of the activity was removed after depletion of anti-fHbp
antibodies, but no activity was removed after depletion of anti-NHba antibodies. In subjects
3 and 4, depletion of either anti-fHbp or anti-NHba antibodies removed 50% to 75% or more
of the SBA (Panels C and D, respectively). Note that depletion of both antibodies in sera
from all four subjects removed more bactericidal activity than depletion of either antibody
individually. In contrast, there was no loss of activity after adsorption twice with the
negative control rHA-couple immunoadsorbent. These data indicated that the loss of SBA
after depletion of both antibodies was specific and that there was cooperative bactericidal
activity between antibodies to fHbp and NHba for all four subjects. Similar cooperative anti-
fHbp and anti-NHba bactericidal activity was found against a second group B strain, S3446,
that also expressed a fHbp in the variant 2 group (ID 19), lacked a NadA gene, and was a
relatively high expresser of NHba with 98% amino acid sequence identity to the vaccine
antigen (Table 1). Against the second strain, SBA in subject 1 was mainly directed against
NHba while that of subject 2 was against fHbp (Supplemental Figure 1, Panels A and B,
respectively). The respective cooperative contributions of anti-NHba and anti-fHbp
antibodies of subjects 3 and 4 toward bactericidal activity against S3446 were similar to that
observed against strain M4407 but not as pronounced, in part, because the differences
between the respective pre- and post-immunization titers against strain S3446 were smaller
than against strain M4407. In subjects 3 and 4, depletion of both anti-fHbp and anti-NHba
antibodies decreased SBA titers to 1:4 (Supplemental Figure 2), which was consistent with
cooperative activity between both antibody populations.

3.4. Mouse antibodies to fHbp and NHba elicit cooperative complement-mediated
bactericidal activity against strain M4407

Based on antibody depletion of sera from immunized humans, both anti-fHbp variant 1 and
anti-NHba antibodies exhibited cooperative activity to elicit complement-mediated SBA
against the two strains with fHbp v.2. We therefore investigated whether there was similar
cooperative bactericidal activity against strain M4407 by anti-fHbp variant 1 and anti-NHba
antibodies in sera from immunized mice. For these experiments we had serum pools
available from mice immunized in previous studies with recombinant fHbp variant 1 or
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NHba vaccines [6,23]. The amino acid sequences of the vaccine antigens matched those of
the respective fHbp variant 1 and NHba components of the fusion proteins used to immunize
humans.

Figure 4 shows the percent survival of strain M4407 when incubated for 1 hour with human
complement and different dilutions of 1:1 mixtures of a mouse anti-NHba serum pool and a
non-bactericidal mouse anti-fHbp variant 1 antiserum pool (open triangles, dashed line) or,
as a negative control, a non-bactericidal serum pool from mice given the aluminum
hydroxide adjuvant alone (filled triangles, solid line). The reciprocal SBA titer was ~20
when the anti-NHba antiserum was mixed with the negative control mouse serum pool,
which increased to ~70 when the anti-NHba serum pool was mixed with the non-bactericidal
anti-fHbp variant 1 antiserum pool.

4. Discussion
In a previous study, adults immunized with the meningococcal recombinant protein vaccine
developed high serum bactericidal antibody responses against group B strain H44/76 [7]. In
the present study we confirmed the high bactericidal titers against this strain in all six sera
retested. By adsorption, we found that nearly all of the SBA against this strain was directed
at fHbp. This result was expected. In immunized mice, three of the antigens in the vaccine,
fHbp, NHba and NadA, were responsible for SBA [4]. The H44/76 test strain was a
relatively low expresser of NHba [15] and lacked a gene for NadA, but was a high expresser
of the fHbp v.1 antigen [24] with an amino acid sequence that matched the fHbp ID 1
vaccine antigen.

To investigate the bactericidal role of anti-NHba antibodies, we selected a second group B
strain, M4407, which had been used in a previous study to measure anti-NHba bactericidal
activity [15]. This strain expressed a heterologous fHbp in the variant 2 group, was a
relatively high expresser of NHba with 100% amino acid identity to the antigen used in the
vaccine, and lacked a gene for NadA. Four of the six subjects showed four-fold or greater
increases in SBA titer against strain M4407. For three of the four subjects (subjects 1, 3, and
4), depletion of anti-NHba antibodies individually removed the majority of the SBA, which
was consistent with susceptibility of this strain to anti-NHba antibody activity. Depletion of
anti-fHbp antibodies alone however, removed the majority of the SBA in the fourth serum
(subject 2), and also removed the majority of SBA in two of the three sera in which
depletion of anti-NHba antibodies had decreased SBA. Similar respective results were
observed against a second group B strain, S3446, with fHbp in variant group 2
(supplemental data).

The loss of SBA against strains M4407 or S3446 after depletion of anti-fHbp antibodies
elicited by the fHbp v.1 vaccine antigen was unexpected since in previous studies there was
minimal cross-reactive SBA of mouse anti-fHbp variant 1 antibodies against strains with
fHbp in the variant 2 group [14,23,25]. The present results from studies of sera from
immunized adults indicated that antibodies elicited by the fHbp v.1 vaccine antigen can be
sufficiently cross-reactive with fHbp v.2 to cooperate with antibodies to NHba to elicit
human complement-mediated bactericidal activity. Because human antisera to the individual
fHbp v.1 and NHba vaccines were unavailable, we tested the ability of mouse antisera
produced against the individual antigens to cooperate and augment SBA. The results
confirmed the conclusions from the human serum studies: mouse antibodies to fHbp v.1,
which individually had no bactericidal activity, augmented human complement-mediated
anti-NHba bactericidal activity against strain M4407 (Figure 4).
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Our results differed from those recently reported by Giuliani et al. who investigated the
antigenic targets of bactericidal activity against strain M4407 in sera from adults immunized
with the same three recombinant proteins given together or in combination with an outer
membrane vesicle vaccine [15]. They found that inhibition of serum anti-fHbp antibody did
not decrease bactericidal titers against strain M4407, whereas inhibition of serum anti-NHba
antibodies removed most of the activity. One possible explanation for the discordant data is
that we used an immunoadsorbent coupled to fHbp to deplete serum anti-fHbp antibodies
whereas Giuliani et al. inhibited anti-fHbp antibody activity by the addition of 500 µg/ml of
the GNA2091-fHbp fusion protein to the test sera. The addition of the fusion protein to the
bactericidal reaction mixture would be expected to inhibit both anti-fHbp antibodies and
bind the human complement inhibitor, factor H. Decreased fH complement inhibition would
be expected to increase susceptibility to anti-NHba bactericidal activity. We also used
human serum that had been depleted of IgG as a complement source [22] whereas Giuliani
et al. used a normal human serum that lacked intrinsic SBA, which was not IgG-depleted.
Non-bactericidal IgG antibodies in the human complement source could have cooperated
with vaccine-induced anti-NHba antibodies to augment anti-NHba bactericidal activity in
the fHbp-inhibited sera, and obviated the need for anti-fHbp cooperative activity.

One limitation of the present study was the small number of immunized adults (N=6).
Therefore, it was not possible to predict vaccine efficacy in immunized adults in general or,
importantly, in immunized children who may have a different antibody repertoire than
adults. The adsorption and SBA results described, however, were robust and reproducible in
multiple independent assays of each serum sample. Furthermore, in all four subjects who
developed SBA responses to the test strain with fHbp v.2, depletion of both anti-fHbp and
anti-NHba antibodies removed more bactericidal activity than depletion of either antibody
individually. These data indicated that the two antibody populations can have cooperative
activity even when there is a mismatch between the fHbp variant 1 antigen in the vaccine
and the fHbp variant 2 in the test strain.

A second limitation of our study was that because of insufficient volumes of sera, we tested
bactericidal activity of the adsorbed sera against only two strains with fHbp in the variant 2
group, and both had identical fHbp amino acid sequences (ID 19). Among invasive group B
isolates with fHbp in the variant 2 group, ID 19 is the most common, accounting for 8 to
19% of recent group B disease in the United States, France and the United Kingdom [26].
Therefore, while our data are limited to two fHbp variant 2 strains with ID 19, this sequence
variant is prevalent among group B isolates. Additional studies are needed to determine
whether vaccine-induced anti-fHbp v.1 antibody can elicit cooperative anti-NHba
bactericidal activity against other strains with fHbps in the variant 2 or 3 groups.

The recombinant protein vaccine used for immunization of the adults contained five
antigens, fHbp, NHba and NadA, which in mice elicited SBA responses, and GNA2091 and
GNA1030, which (when tested individually) did not elicit SBA in mice [4]. Although
depletion of antibodies to both fHbp and NHba in post-immunization sera removed >85% of
the bactericidal activity against strain M4407, low-levels of residual bactericidal activity
was observed in three of the adsorbed samples. The residual titers of two of these adsorbed
sera (subjects 3 and 4), however, were at the lower range of detection (titers of 1:3 to 1:4),
and were not significantly different than the <1:4 titers in the respective pre-immunization
sera. Thus, only one subject (subject 1) had definite residual bactericidal activity (titer of
1:6) after adsorption of both anti-NHba and anti-fHbp antibodies. The antigenic target(s) of
this activity were not defined. We can exclude NadA since the test strain did not contain the
NadA gene; among the other four vaccine antigens it is possible that serum antibodies to
GNA2091 and/or GNA1030, either individually or in combination with the low levels of
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residual antibodies to fHbp or NHba, contributed to the bactericidal activity since depletion
of antibodies to fHbp and NHba in the adsorbed sera was not 100% complete.

In conclusion, our results demonstrated that vaccine-induced mouse or human serum
antibodies to fHbp variant 1 can cooperate with anti-NHba antibodies to elicit high SBA
titers against some strains with fHbp variant 2. The data support the hypothesis that for
antibodies directed at these relatively sparsely-distributed antigens, a critical density of
antibodies directed at more than one surface antigen can enhance engagement of C1q and
augment classical complement pathway killing [8]. The results underscore a potential
advantage of using multiple antigens in a meningococcal vaccine that targets sparsely-
exposed antigens.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Adequacy of adsorption of post-immunization serum anti-NHba (Panel A) and anti-fHbp
antibodies (Panel B) as measured by ELISA. The Y-axis shows the mean antibody
concentrations and ranges of duplicate independent dilutions in arbitrary units (U) per ml
(See methods). On some bars, the ranges are not evident because the differences between the
respective replicate titers were small. Diagonal hatched bars, unadsorbed sera; open bars,
sera adsorbed with irrelevant antigen (recombinant human albumin); black bars, adsorbed
with NHba; gray bars, adsorbed with fHbp. The antibody concentrations in unadsorbed sera
obtained before vaccination were <100 U/ml.
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Figure 2.
Human complement-mediated serum bactericidal antibody titer against group B strain
H44/76, which expressed fHbp in the variant 1 group that matched the amino acid sequence
of the vaccine antigen. The titers and error bars represent the respective mean and range of
values measured in two to three independent assays. Pre-immune serum, bar with horizontal
hatching; symbols for bars indicating respective post-immunization unadsorbed and
adsorbed sera are described in legend to Figure 1.

Vu et al. Page 12

Vaccine. Author manuscript; available in PMC 2012 February 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Bactericidal activity against group B strain M4407. Panels A-D show data for subjects 1–4,
respectively. Left panels, mean bactericidal titers of unadsorbed pre-immunization sera
(horizontal hatched bars) and the respective post-immunization sera: unadsorbed (bars with
diagonal hatching), adsorbed two times with the negative control rHA-coupled
immunoadsorbent (open bars) and adsorbed with both anti-NHba and anti-fHbp antibodies
(green bars). The error bars represent the respective ranges of values measured in two to
three independent assays. On some bars, the ranges are not evident because the respective
ranges were small. Right panels, percent survival after incubation of the test strain for 60
minutes with human complement and dilutions of post-immunization test sera before (X
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with solid line) or after depletion of antibodies to fHbp (yellow circles, dashed lines), NHba
(blue circles, solid lines), or recombinant human albumin (negative control, open triangles,
dashed lines). Data shown are from a representative experiment, which were confirmed in at
least two or three independent experiments.
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Figure 4.
Percent survival of group B strain M4407 when incubated for 60 mins with human
complement and dilutions of serum pools from immunized mice. Open circles with solid
line, serum pool from mice immunized with recombinant fHbp variant 1 vaccine; X’s with
dotted lines, serum pool from negative control mice immunized with aluminum hydroxide
adjuvant alone; filled triangles with solid line, 1:1 mixture of the serum pool from mice
immunized with the recombinant NHba vaccine and the pool from negative control mice
immunized with aluminum hydroxide; open triangles with dashed line, 1:1 mixture of the
serum pool from mice immunized with recombinant NHba vaccine and the pool from mice
immunized with the recombinant fHbp variant 1 vaccine. The error bars represent the range
at each dilution for independently diluted serum samples. The respective results were
confirmed in a second independent experiment.
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