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A unique multicomponent vaccine against serogroup B meningococci
incorporates the novel genome-derived proteins fHbp, NHBA, and
NadA that may vary in sequence and level of expression. Measuring
the effectiveness of such vaccines, using the accepted correlate of
protection against invasive meningococcal disease, could require
performing the serum bactericidal assay (SBA) against many diverse
strains for each geographic region. This approach is impractical, especially for infants, where serum volumes are very limited. To address this, we developed the meningococcal antigen typing system
(MATS) by combining a unique vaccine antigen-speciﬁc ELISA, which
detects qualitative and quantitative differences in antigens, with
PorA genotyping information. The ELISA correlates with killing of
strains by SBA and measures both immunologic cross-reactivity and
quantity of the antigens NHBA, NadA, and fHbp. We found that
strains exceeding a threshold value in the ELISA for any of the three
vaccine antigens had ≥80% probability of being killed by immune
serum in the SBA. Strains positive for two or more antigens had
a 96% probability of being killed. Inclusion of multiple different antigens in the vaccine improves breadth of coverage and prevents loss
of coverage if one antigen mutates or is lost. The ﬁnding that a simple
and high-throughput assay correlates with bactericidal activity is
a milestone in meningococcal vaccine development. This assay
allows typing of large panels of strains and prediction of coverage
of protein-based meningococcal vaccines. Similar assays may be used
for protein-based vaccines against other bacteria.
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I

n the global effort to eliminate bacterial meningitis and septicemia, serogroup B Neisseria meningitidis is now among the most
challenging pathogens for vaccine development (1, 2). Vaccines
based on meningococcal serogroups A, C, W135, and Y capsular
polysaccharide conjugates have been licensed in many parts of the
world (3–6). For serogroup B, only strain-speciﬁc outer membrane
protein vaccines were developed (7, 8) because the serogroup
B capsular polysaccharide is not immunogenic and is a potential
autoantigen (9, 10). Both types of vaccine have been evaluated for
immunogenicity by means of complement-mediated killing of
bacteria in the serum bactericidal assay (SBA), an assay for functional antibodies that was established as a correlate of protection in
the 1960s (11–14).
Because protein antigens may vary in their sequence and level of
expression, the use in vaccines of novel proteins identiﬁed by
whole-genome screening creates a challenge for determining which
bacteria will be covered by the vaccine. Typing systems would not
exist for these antigens, and without an efﬁcient method to assess
strain coverage, very large efﬁcacy trials or many functional antibody tests on large panels of isolates would be required. The latter
are impractical because of large specimen requirements and the
www.pnas.org/cgi/doi/10.1073/pnas.1013758107

difﬁculty of scaling up the assays. Solving this problem for
serogroup B meningococci could offer solutions for vaccines
against other important pathogens such as nontypeable Haemophilus inﬂuenzae, Staphylococcus aureus, and Streptococcus groups
A and B and pneumoniae.
The vaccine candidate under study [multicomponent meningococcal serogroup B (4CMenB) vaccine] contains four major immunogenic components (15, 16). Two are recombinant fusion
proteins: GNA2132 or Neisserial heparin-binding antigen (NHBA)
(17, 18) fused with GNA1030, GNA2091 fused with factor H
binding protein (fHbp) (19, 20), Neisserial adhesin A (NadA)
(21, 22), and outer membrane vesicles (OMV) derived from meningococcal strain NZ98/254. The individual constituents of the
fusion proteins and NadA were identiﬁed via whole-genome
screening, a unique method of antigen discovery (23). The NZ98/
254 OMV component, which contains PorA serosubtype 1.4, was
effective in a strain-speciﬁc outbreak in New Zealand (7, 8).
We report a rapid, reproducible method to deﬁne antigen phenotypes that confer susceptibility to killing by the bactericidal
antibodies induced by the 4CMenB vaccine. The antigen phenotype depends on both the extent of immunologic recognition and
the level of expression of the antigens on different isolates of
serogroup B, two important variables that help to determine
whether bacteria are killed in the SBA. We found that the vaccine
can be expected to cover most MenB strains with fHbp variant 1, or
with PorA 1.4, or with sufﬁcient expression of NadA or NHBA.
The inclusion of multiple independent antigens in the vaccine
means that strains with multiple vaccine antigens may be more
susceptible to SBA, and the overall breadth of strain coverage
extended, even if some antigens mutate.
Results
Meningococcal Antigen Typing System (MATS). We assessed whether

particular bacterial strains express antigens that cross-react with
components of the 4CMenB vaccine in a series of assays we have
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Fig. 1. Schematic of the MATS ELISA method. (A) MenB bacteria are grown
overnight on chocolate agar. (B) A suspension of bacteria taken from the
plate is prepared to a speciﬁed OD600. (C) Detergent is added to the suspension to extract the capsule and expose the antigens. (D) Serial dilutions
of extract are tested in the MATS ELISA. A speciﬁc capture antibody (yellow)
binds one of the antigens (example: fHbp, blue) from the extract, which is
then detected with a speciﬁc biotin-labeled antibody (yellow and purple)
and a streptavidin–enzyme conjugate (green and gold). (E) Plates are read at
490 nm in an ELISA reader. (F) Results are calculated by comparing the curve
of OD490 vs. dilution obtained with the serially diluted unknown strain to
a serially diluted reference strain tested in the same ELISA plate.

termed the meningococcal antigen typing system (MATS). These
assays together identify the phenotype of the individual proteins
chosen as vaccine components, fHbp, NadA, NHBA, as well as the
genotype of the variable region of PorA, which was used to assess
the potential for immunologic recognition of the PorA component.
For fHbp, NadA, and NHBA, we developed a sandwich ELISA
(Fig. 1) to deﬁne phenotypes using antigen capture by puriﬁed
polyclonal IgG antibodies. We evaluated PorA using genotypic
characterization (PCR).
Relative Potency of NHBA, NadA, and fHbp in Serogroup B Strains.

The MATS ELISA depends on both the quantity of antigen
expressed by the bacteria and the extent of its immunologic crossreactivity with the corresponding antigen in the vaccine. We compared the MATS ELISA reactivity of each N. meningitidis strain to
that obtained using a reference MenB strain. The difference in
ELISA reactivity, determined mathematically by comparison of
serial dilution curves of the two bacterial extracts, was designated
the relative potency (RP). In this manner, the RP of fHbp, NadA,
and NHBA was measured in 124 serogroup B strains (Table S1)
selected to represent a broad range of multi locus sequence type
(MLST) and PorA types from varying geographic regions, but not
representative of endemic MenB bacteria in any particular country
or region. The strains were diverse in their RP values determined
by the MATS ELISA, differences that could reﬂect variations in
antigen expression, or in the cross-reactivity of the antigens
expressed, or both (Fig. 2). On the basis of MATS, 33 of the 124
strains did not match the vaccine for any of the four major antigens,
41 strains matched the vaccine for a single antigen, 34 for two
antigens, and 16 for three antigens.
For fHbp, variations in amino acid sequence had a signiﬁcant
impact on RP (Fig. 2A). Strains with fHbp variant 1.1, which is
matched to the vaccine, had the highest RP, the values varying from
46 to 140% of the reference strain. Strains classiﬁed within fHbp
variant 1, but not subvariant 1.1, showed lower RP, ranging from
1.6 to 38% of the reference strain. In contrast, for strains that
expressed fHbp variant 2 or 3, representing 40% of all isolates
tested, the RP was below the lower limit of quantitation (LLOQ).
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Fig. 2. (A–C) Frequency distribution of relative potency (RP) of NHBA, NadA,
and fHbp antigens in 124 serogroup B strains. (Upper) Reverse cumulative
distributions of the proportion of strains with antigen RP greater than the
values indicated on the x axis. (Lower) Histograms of frequency distribution of
strains with different values of antigen RP. (A) Antigen RP of different strains
for fHbp. Genetic variants of fHbp (variants 1, 2, or 3, with subvariants denoted
by decimals) are indicated by brackets. (B) Antigen RP of different strains for
NHBA. (C) Antigen RP of NadA in different strains. Brackets denote strains
with low expression and higher expression of NadA. Eighty-eight percent of
the strains not quantiﬁable by the test are PCR negative for the NadA gene. rel.
pot., relative potency for each antigen determined by MATS in comparison
with the reference strains H44/76 (fHbp), 5/99 (NadA), and NGH38 (NHBA).
LLOQ, lower limit of quantitation, lowest antigen RP values with betweenassay CV ≤20%, 27%, and 34% for fHbp, NHBA, and NadA, respectively.

All serogroup B strains possess the gene for NHBA, and 70% of
isolates tested had values above the LLOQ, such that RP was from
20% to 130% of that obtained for the reference strain, an approximately sixfold range (Fig. 2B). One third of panel strains
possess the gene for NadA; up to 20% gave RP results above the
LLOQ (Fig. 2C). RP results for NadA on the panel strains varied
over a 1,000-fold range.
Relationship Between MATS and SBA. To explore the relationship
between bactericidal titers and the MATS ELISA for each individual antigen, we performed SBA testing against 57 serogroup B
strains from the 124-strain panel using pooled sera from 141 infants
who had received three immunizations or three immunizations
plus one booster of 4CMenB. To evaluate the performance of
MATS in marginal coverage situations, the 57 strains were
enriched for those with RP above the LLOQ, but <50% of that of
the reference strain for one antigen only, and with RP below the
LLOQ for the other three antigens. Fifty-four of the 57 strains were
PorA mismatched to 4CMenB. Histograms of MATS ELISA
results and a phylogram showing the MLST and MATS types from
the 57 strains are shown in Fig. S1.
Among the 57 strains, we selected a subset of 23 strains that, in
addition to being mismatched to the vaccine for PorA, had only one
vaccine antigen above the LLOQ in the MATS ELISA. In this
subset of strains (5 for fHbp, 11 for NHBA, and 7 for NadA) it
might be predicted that killing in the SBA would be attributed to
only one of the four antigens. In these subsets, we observed higher
SBA titers in strains that had higher MATS RP. Despite the limited
sample size, the correlations between SBA titers and relative
potency were statistically signiﬁcant (P = 0.005, 0.008, and 0.027
for fHbp, NHBA, and NadA, respectively) (Fig. S2).
To assess the MATS RP as a potential means to estimate strain
coverage, we evaluated the panel of 57 strains using a simple criterion of “killed” or “not killed” by 4CMenB on the basis of a ﬁxed
SBA titer. Strains were considered killed if pooled sera from
infants who received three immunizations plus one booster of
4CMenB achieved an SBA titer ≥8 (if the preimmunization titers
were <4) or achieved at least a fourfold rise (if preimmunization
titers were ≥4). We found that the point measurement of MATS
RP for the majority of strains that were killed in the SBA was
Donnelly et al.

Table 1. Positive and negative predictive values of MATS for
vaccine antigens, based on killing in SBA against a panel of 57
serogroup B strains by pooled sera from 13-mo-old children
immunized with 4CMenB at 2, 4, 6, and 12 mo of age
% positive
predictive
value*
NHBA¶
NadA║
fHbp**
Any vaccine
antigen or
combination
of antigens

82
83
100
89

(9/11)
(5/6)
(7/7)
(39/44)

% negative
predictive
value†

77 (10/13)

%
accuracy‡

P
value§

79
79
85
86

0.006
0.024
0.002
<0.0001

Shown is the number of strains actually killed in SBA and predicted killed
by MATS for the panel of 57 strains and for subpanels in which three of four
antigens were negative or at or below the PBT. Each subpanel contained 13
strains with all four antigens at or below the PBT and 7–11 strains with one
antigen above the PBT. Individual MATS results for each strain are plotted in
Fig. 3.
*Proportion of strains with any of the four antigens above the PBT that are
killed in the SBA by immune serum.
†
Proportion of strains with all of the four antigens below the PBT that are not
killed in the SBA by immune serum.
‡
Accuracy, (number of strains predicted killed by MATS and actually killed in
SBA + number of strains predicted not killed by MATS and actually not killed
in SBA)/total number of strains tested.
§
Fisher’s exact association test for MATS predicted coverage (any of the four
antigens above the PBT) vs. actual SBA killing (titer ≥8) by pooled infant sera.
¶
Twenty-four strains with fHbp, NadA, and PorA <PBT.
║
Nineteen strains with fHbp, NHBA, and PorA <PBT.
**Twenty strains with NHBA, NadA, and PorA <PBT.
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of 4CMenB. Because the intermediate precision of the ELISA
method is known, we can determine 95% conﬁdence limits for the
RP measurements to estimate vaccine coverage. For the same
panel of 57 strains, vaccine coverage predicted by MATS would be
77% [65–88% at 95% conﬁdence limit (CL) determined on the
basis of 95% CL for MATS RP] and the actual proportion of
strains killed in SBA by the infant serum pools was 74%.
We extended our observations to adolescents immunized with
recombinant serogroup B proteins only and to adults immunized
with the 4CMenB vaccine. We used a panel of 64 strains, composed
of the 57 selected for infants plus 7 additional strains below the PBT
for all antigens and excluding PorA-matched strains because the
vaccine given to the adolescents did not contain OMV. We found
that 67% of these strains were killed by pooled serum from adolescents, and the predicted coverage by MATS was 70% (95% CL,
63–75%). Using the entire panel of 124 strains, 85% were killed in
the SBA by pooled serum from adults, and the proportion predicted
by MATS to be covered was 72% (95% CL, 55–81%). Fig. 4 shows
the relationship between killing in SBA by sera from adults, MATS
proﬁle, and clonal complex for the panel of 124 strains.
Advantages of a Multicomponent Vaccine Formulation. The recombinant serogroup B vaccine with OMV contains multiple antigens,
each of which can induce antibodies that can independently kill
serogroup B bacteria in the SBA (16). Using serum pools from
adults immunized with 4CMenB vaccine in the SBA against the 124
serogroup B strains, we found that among strains with no antigens
above the PBT and with a mismatched PorA serosubtype, 22 of
33 (67%) were killed in the SBA (Table 2). In contrast, among
the strains with MATS RP above the PBT for one antigen, 35 of
41 (85%) were killed; and for strains with two or more antigens
above the PBT, 48 of 50 (96%) were killed. Thus, targeting bacteria
with antibodies to multiple antigens increased the proportion of
strains killed. As noted above, the negative predictive value of
MATS for the recombinant proteins with OMV is <50% in adults,
indicating a substantial underestimation of vaccine coverage.
Therefore, MATS is a conservative tool for predicting strain coverage in this age group.

Discussion
The 4CMenB vaccine against serogroup B meningococcus is the
prototype of several vaccines, discovered by genome mining, that
are now in development. In each case, the classical bacterial
typing systems are not useful because the vaccines are based on
novel protein antigens that were previously unknown. Therefore,
new typing systems need to be developed. Here we describe
a unique typing system for the 4CMenB vaccine against meningococcus. This vaccine contains surface proteins that occur
across most strains and elicits bactericidal antibodies that can
confer protective immune responses (8, 23–26).
In contrast to polysaccharides that are homogeneous and highly
conserved, surface proteins are heterogeneous and their level of
expression may vary independently of the markers used in other
typing methods, complicating the development of protein-based
meningococcal vaccines (16). Therefore, we needed to identify
a phenotype of the bacteria predictive of the potential for antibodies raised against the unique components of the vaccine, to kill
those strains in SBA.
We established a sandwich ELISA that could be performed on
a bacterial cell extract as a means of simultaneously assessing both
the cross-reactivity and the abundance of the antigens of interest
and quantitated this signal by comparing the relative potency of
unknown strains with a reference MenB strain selected for high
and consistent expression of one vaccine antigen. We found that
MATS relative potency could predict whether a strain would be
killed in SBA by antibodies to the 4CMenB vaccine. We studied
sera from adults in SBA against a panel of 124 strains, sera from
adolescents against 64 strains, and sera from 7 and 13 mo olds
PNAS Early Edition | 3 of 6
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greater than a value that we termed the positive bactericidal
threshold (PBT). These RP values were 2.1, 29.4, and 0.9% for
fHbp, NHBA, and NadA, respectively.
Among strains having a MATS relative potency above the PBT
for one or more antigens, 89% were killed in the SBA with pooled
serum from 13-mo-old children who were given three immunizations plus one booster of 4CMenB. Among strains with MATS RP
at or below the PBT for all antigens, 77% were not killed. The
overall accuracy of MATS in predicting whether strains were
covered in this age group was 86%, with a statistically signiﬁcant
association (P < 0.0001) between MATS RP and the corresponding SBA result (Table 1). When pooled serum from 7-mo-old
infants given three doses of 4CMenB was analyzed, 83% of strains
above the PBT were killed and 73% at or below the PBT were not
killed, for an accuracy of 80%.
A strain-by-strain comparison of MATS RP with killing of different strains determined in the SBA with serum from immunized
human infants is shown in Fig. 3. Fig. 3 A–C shows killing in the
SBA of strains that were expected to be targeted by only one of
the three major antigens, fHbp, NHBA, or NadA. Fig. 3 D–F shows
the complete set of 57 strains ranked by MATS RP, indicating
whether they were killed. On the basis of the intermediate precision of the ELISA method (Materials and Methods) we determined 95% conﬁdence limits for the MATS RP measurements,
reported as error bars in Fig. 3. In the subset where a single antigen
is expected to provide killing, 100% (fHbp), 82% (NHBA), and
83% (NadA) of strains with point measurements of MATS RP
greater than the PBT are killed. Nonetheless, overall (Fig. 3 D–F),
many strains with a MATS RP at or below the PBT for one antigen
are killed, by antibodies to other antigens that are above the PBT.
Strain coverage therefore can be deﬁned as the proportion of
circulating strains that demonstrate RP above the PBT for at least
one vaccine antigen (NadA, NHBA, or fHbp) in the MATS ELISA
or are matched to the PorA serosubtype of the OMV component

Fig. 3. MATS relative potency (RP) of NHBA, NadA, and fHbp determined by the MATS ELISA in antigen-speciﬁc subpanels (strains mismatched for the other
three antigens, A, B, and C, respectively) and in the 57-strains panel (D, E, and F, respectively). The strains are in ascending order of MATS RP. Strains covered
(as determined by killing in the SBA with pooled postimmune infant sera) are shown with solid red circles, and those not covered are shown with solid blue
circles. The dashed line represents the positive bactericidal threshold (PBT) for each antigen; this threshold is the relative potency above which at least 80% of
MenB strains are killed in SBA with serum from vaccinated subjects. Error bars represent 95% conﬁdence limits for each measurement, deduced from the
intermediate precision of the method.

(from which only very small volumes were available) against
a subset of 57 strains selected from the larger panel. Sera from
adults and adolescents were selected to be SBA positive against the
reference strains H44/76, 5/99, and NZ98/254 and infant sera were
randomly selected from vaccine recipients. We found that MATS
relative potency reﬂected the ability of strains to be killed in SBA
by pooled immune sera. Taken together with conventional PCR
typing of the PorA antigen, we found that the typing system MATS
described the ability of different MenB strains to be covered by
4CMenB in the three age groups.
We found the best agreement between killing in the SBA and
relative potency in the MATS ELISA if the same polyclonal antibodies were used for capture and detection (Table S2). Therefore,
the ability of diverse epitopes on a target antigen to be bound by
different antibodies might be important in determining whether
a particular sequence variant can be a target for bactericidal antibodies against a given parent antigen. Thus, the antibodies induced
by the vaccine might be bactericidal for a sequence variant if it
retained the ability to be bound simultaneously in at least two sites by
different antibody molecules. Granoff et al. (20, 27) observed that
monoclonal antibodies that bound to different sites on fHbp could
be bactericidal when combined, even if individually they were not.
Previously, we studied NHBA, fHbp, and NadA individually to
establish that each contributed to killing in the SBA (16). In
the present study, we used subsets of strains expressing different
variants of the vaccine antigens at different levels to establish
a threshold value for each antigen for killing of the bacteria (the
PBT) and determined the distribution of each antigen within
a population of different serogroup B strains. Together, the vaccine
antigens provided overlapping coverage of the majority of the
serogroup B strains we studied. In the collection of 124 strains that
we studied in this paper, 91 strains had at least one antigen at
sufﬁcient levels that it could independently account for killing of
the strain, and of those, 50 strains had two or more antigens above
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1013758107

this level. All but 2 of these 50 strains were killed in the SBA.
Targeting bacteria with multiple antigens thus increased the proportion of strains killed and also could provide protection even if
any single antigen mutates or is lost on a given strain.
The level of expression of NadA is regulated by the repressor
protein NadR and can be growth phase dependent (28). In our
studies, care was taken to maintain the bacteria under standardized
growth conditions. Nonetheless, we found 11 strains with the NadA
gene that had no NadA expression detectable by MATS and 18
further strains that had very low levels of NadA. As growth conditions in vivo likely differ from those in vitro, our results may not
necessarily predict the ability of bactericidal antibodies to kill
NadA-bearing serogroup B strains during invasive disease. Litt
et al. (29) demonstrated that children recovering from invasive
meningococcal disease produced speciﬁc antibody responses
against NadA, indicating that it can be expressed in an immunogenic form during meningoccal infection.
In pooled adult immune sera, some strains were killed in SBA
that were not expected to be killed using our MATS methods. This
ﬁnding could reﬂect additional antigens in OMV, such as PorB,
Opc, FetA, and LOS, for which we did not perform typing. Wedege
et al. (8) demonstrated that adults immunized with OMV could
mount cross-reactive SBA responses against PorA mismatched
strains. Another explanation for this ﬁnding is a synergistic effect
between vaccine antigens. Giuliani et al. (16) observed that antibodies that were not independently bactericidal could augment the
killing effect of bactericidal antibodies against NHBA in the SBA.
MATS does not directly consider complementary effects of nonbactericidal antibodies or the effects of minor constituents of OMV
and therefore provides a conservative estimate of killing in the SBA.
This result was seen with 4CMenB in infants, children, and adults,
with 27%, 23%, and 67%, respectively, of strains that were predicted by MATS not to be killed actually being killed in SBA. Fig. 4
and Fig. S1 show the coverage of the 4CMenB vaccine in adults and
Donnelly et al.

infants as predicted by MATS and show that the protection is broad
and independent of the genotype determined by MLST.
Estimating the potential protective ability of recombinant multicomponent serogroup B vaccines is challenging because of the difTable 2. Strains killed in the serum bactericidal assay (SBA) by
pooled sera from healthy adults who had received three doses of
4CMenB
Vaccine antigens with
relative antigen potency
above the positive
bactericidal threshold*
None
One
NHBA
NadA
fHBP
Total
Two
fHBP and NHBA
fHBP and PorA
NHBA and NadA
Total
Three
PorA and fHBP and NHBA
fHBP and NadA and NHBA
Total
Any (one, two, or three)

No. killed
in SBA

Total no.
of strains

% (95% CI†)

22

33

67 (48–81)

14
5
16
35

18
6
17
41

78
83
94
85

(52–93)
(36–99)
(69–100)
(70–94)

27
2
3
32

29
2
3
34

93
100
100
94

(76–99)
(20–100)
(31–100)
(79–99)

13
3
16
83

13
3
16
91

100
100
100
91

(72–100)
(31–100)
(76–100)
(83–96)

*Only antigen combinations that apply to one or more strains are included.
†
Ninety-ﬁve percent CIs were calculated using the prop.test() function, with
Yates’ continuity correction, as implemented in the R package, version 2.4.0
(www.r-project.org).
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Materials and Methods
Bacterial Strains. One hundred twenty-four serogroup B strains were obtained
from meningococcal reference laboratories in the United Kingdom, France,
Germany, Italy, Norway, New Zealand, Australia, and the United States. The
panel was not intended to be a representative epidemiologic sample of
serogroup B either globally or in any particular geographic region. These strains
represented a broad range of amino acid sequence variants in NHBA, NadA, and
fHbp. Strains were obtained as frozen stocks and were recovered directly onto
chocolate agar plates (bioMerieux).
Antibodies. Rabbit antisera against fHbp, NadA, and NHBA were obtained by
immunization of rabbits with puriﬁed recombinant proteins produced in
Escherichia coli and formulated in aluminum hydroxide adjuvant. Although
the vaccine contains a fusion protein for fHbp, the individual protein was
used to obtain speciﬁc antisera. The same fusion protein of NHBA with
genome-derived neisserial antigen (GNA) 1030 that is included in the vaccine
was used to immunize rabbits because of its superior immunogenicity.
Recombinant NHBA covalently coupled to a solid phase was then used to
afﬁnity purify the antibodies to NHBA. NadA was given as a single protein in
the same form as used in the vaccine.
Postimmunization Sera Obtained from Human Subjects. Healthy human adult
volunteers were immunized under informed consent with the 4CMenB vaccine
containing 50 μg each of GNA 2091-fHbp, NHBA-GNA 1030, and NadA and 25
μg of outer membrane vesicles from the New Zealand strain NZ394/98, adsorbed to aluminum hydroxide. Adolescents were immunized with 50 μg each of
the recombinant proteins and aluminum adjuvant only without the OMV
component. Serum samples obtained before immunization and after the second (adults) and third (adolescents) dose of vaccine were screened for bactericidal activity against the strains H44/76, 5/99, and NZ394/98. Pools of 10–12
subjects were prepared that were negative in the SBA against these three
strains before immunization and positive after the second dose. Infants were
immunized with parental informed consent at 2, 4, 6, and 12–13 mo of age and
0.1-mL aliquots of sera from randomly selected groups of 50–100 subjects with
unknown SBA status were pooled for testing in the SBA.
Serum Bactericidal Assay. SBAs were performed using exogenous human
complement as described by Borrow et al. (30) Human complement was
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Fig. 4. Phylogenetic reconstruction of the MenB strains used in this study.
MLST-based phylogenetic reconstruction is shown of the 124 strains that
were MATS typed in this study. Color coding shows antigens at or above the
PBT. Strains killed in the SBA with postimmune serum from adult vaccinees
are coded by a thick black border. Major clonal complexes (CC) are indicated
with the founder CC. The phylogenetic tree was obtained with the Neighbor
program from the PHYLIP package, with branch lengths computed from the
Kimura two-parameter distances.

ﬁculty of empirical SBA testing in adequate subjects against
sufﬁcient strains to achieve adequate statistical power. We found
that relative potency determined by the MATS ELISA can be used
as a conservative predictor of SBA outcomes for serogroup B vaccines. The SBA itself, although a generally accepted surrogate
marker of resistance to meningococcal disease, measures only the
total of functional antibodies in a sample and on its own does not
provide information about antibody responses to speciﬁc antigens or
subcomponents of the vaccine (16). For this reason the SBA cannot
precisely deﬁne how much antibody is produced to each speciﬁc
component, whether antibodies to different antigens might have
synergistic effects, or whether speciﬁc vaccine compositions could be
tailored to speciﬁc MenB populations or age groups. Nevertheless,
the MATS approach did succeed in linking killing in the SBA to the
presence of speciﬁc target antigens on the bacteria, even when the
antigens underwent sequence variation and regulated expression.
MATS provides a rapid estimate of strain coverage on the basis
of the vaccine components and the relative antigenic potency
(immunoreactivity and quantity) of serogroup B strains in a population or region. It also may be possible to use this method to
monitor the distribution of vaccine antigens among invasive and
carriage isolates of MenB after introduction of the vaccine and to
detect the possible emergence of variants resistant to vaccine-induced immune responses. To enable further study of this method
we have standardized and transferred it to reference laboratories in
the United States and the European Union. This will enable us to
evaluate its performance against a much larger collection (>1,500)
of national and regional MenB isolates. Methods to measure relative antigenic potency likewise may be a useful tool for evaluating
other protein-based vaccines against meningococci and against
other species of bacteria that exhibit polymorphisms in both sequence and level of expression of their surface proteins.

obtained from volunteer donors under informed consent. Complement donations were screened before use to ensure they lacked endogenous bactericidal
activity at concentrations of both 25 and 50% in the SBA and that they supported bactericidal activity. Both serum and plasma complement were used.
The activity of plasma complement was reconstituted by the addition of divalent cations immediately before use. Although the original papers by Goldschneider et al. (13) deﬁned a protective titer cutoff of ≥4, we set the threshold
for positive killing in the SBA with pooled serum at the more conservative level
of ≥8 because each pool was tested in a limited number of replicates.
Antigen-Speciﬁc Sandwich ELISA (MATS ELISA). A diagram depicting the MATS
ELISA method is shown in Fig. 1. Stock cultures of serogroup B bacteria were
inoculated onto chocolate agar plates (bioMerieux) and incubated at 37 °C
with 100% relative humidity and 5% CO2. After 16–18 h, 10–20 selected
colonies were resuspended in 4 mL of Mueller–Hinton broth to an OD600 of
0.4. Care was taken to avoid clumping of the bacteria and to standardize the
instruments and cuvettetes used to determine the OD. We tested the ability
of various detergents to preserve the antigenicity of the proteins while
giving most efﬁcient extraction of the capsule and selected the zwitterionic
detergent Empigen BB. Empigen BB (5% in 10× PBS with 0.25% proclin as
preservative and 0.01% methylene blue) was added to the bacterial suspension to a ﬁnal dilution of 1:11 (0.45%) and samples were mixed thoroughly to separate capsular polysaccharide. Twofold serial dilutions of
bacterial extract in Mueller–Hinton broth with 0.45% Empigen were plated
in duplicate in ELISA plates (COSTAR) that were precoated with rabbit
polyclonal antibodies against fHbp, NHBA, or NadA. Plates were sealed and
incubated for 1 h at 37 °C and then washed with PBS + 0.05% Tween. Plates
were then incubated with biotinylated rabbit polyclonal antibody for 1 h at
37 °C, washed, and incubated with streptavidin-HRP (Jackson ImmunoResearch) for 30 min at 37 °C. Plates were developed with OPD (Sigma) for 20
min at room temperature and then reactions were stopped by addition of 50
μL of 4 N H2SO4. Plates were read immediately at 492 nm with a Molecular
Devices plate reader. Recombinant protein at a ﬁxed concentration and
serial dilutions of a speciﬁc reference strain of bacteria for each antigen of
interest (H44/76, NGH38, or 5/99) were included on each plate. The relative
potency of each unknown strain was calculated with the appropriate reference strain by comparing ﬁve-parameter logistic regression curves ﬁt to
twofold serial dilutions of extracts from the reference and unknown strains.
The reference strains were as follows: for fHbp, H44/76 (fHbp 1.1, ST-32, ET-
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5, B:15:P1.7,16, NHBA 35.3%, NadA < LLQ, Norway, 1976),;for NadA, 5/99
(fHbp 2.8, ST-1349, ET-34, B:2b:P1.5,2, fHbp and NHBA < LLQ, Norway, 1999);
and for NHBA, NGH-38 (fHbp 2.9, ST-36, B:NT:P1.3, fHbp and NadA < LLQ,
Norway, 1988). The curves were ﬁt and the relative potency was calculated
using the variance-weighted regression method implemented in the StatLIA
software (Brendan Technologies). The reference strain for each antigen was
assigned an arbitrary value of 100.
Characterization of Test Performance. We selected 18 strains covering a wide
range of responses for each of the three antigens and tested them repeatedly
(six or more assays) on different days and by different operators, to determine
acceptance criteria, LLOQ, speciﬁcity, relative accuracy, and intermediate
precision (% CV) of the test. Results are shown in Table S3. From the intermediate precision, we derived 95% conﬁdence intervals for the MATS
relative potency as ±1.96 × (% CV). We also used these data to determine
the correct weights for the nonlinear weighted regression. The relationship
between relative potency and variance was ﬁtted with a power regression
for both unknowns and standard samples, and the regression for the
unknowns was used to determine weights.
Determination of PBT. SBA activity can result from antibodies to many surface
proteins. To identify a MATS cutoff value for each antigen that best predicts SBA
activity, we evaluated all combinations of MATS values for the 57-strain panel
(n = 28, 35, and 15 for fHbp, NHBA, NadA, respectively, giving 14,700 combinations), using a stepwise optimization algorithm: (i) meeting overall and
antigen-speciﬁc positive predictive value (PPV) ≥ 80% was fulﬁlled by 2,349 of
the 14,700 possible combinations of fHbp/NHBA/NadA PBTs; (ii) maximizing
overall and antigen-speciﬁc negative predictive value (NPV) was fulﬁlled by 3
of the 2,349 combinations; (iii) maximizing overall and antigen-speciﬁc accuracy was fulﬁlled by 2 of the 3 previously selected combinations; and (iv)
selecting the most conservative combination (higher PBTs) gives the ﬁnal PBT
values: 2.1%, 29.4%, and 0.9% for fHbp, NHBA, and NadA, respectively.
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