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ABSTRACT

Introduction: Two phase 3 studies in adoles-
cents and young adults demonstrated that
MenB-FHbp, a meningococcal serogroup B
(MenB) vaccine, elicits protective immune
responses after 2 or 3 doses based on serum
bactericidal antibody assays using human
complement (hSBA) against 4 primary and
10 additional diverse, vaccine-heterologous
MenB test strains. Lower limits of quantitation
(LLOQs; titers 1:8 or 1:16; titers C 1:4 correlate
with protection) were used to evaluate

responses to individual strains and all 4 primary
strains combined (composite response). A post
hoc analysis evaluated percentages of subjects
with protective responses to as many as 8 strains
combined (4 primary plus additional strains).
Methods: Immune responses were measured
using hSBAs against 4 primary strains in ado-
lescents (n = 1509, MenB-FHbp; n = 898, hep-
atitis A virus vaccine/saline) and young adults
(n = 2480, MenB-FHbp; n = 824, saline) receiv-
ing MenB-FHbp or control at 0, 2, and
6 months. Ten additional strains were evaluated
in subsets of subjects from approximately 1800
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MenB-FHbp recipients across both studies. Per-
centages of subjects with hSBA titers C LLOQ
for different numbers of primary strains or
primary plus additional strains combined (7 or
8 strains total per subset) were determined
before vaccination, 1 month post-dose 2, and
1 month post-dose 3.
Results: Across the panel of primary plus addi-
tional strains, at 1 month post-dose 3, titers
C LLOQ were elicited in 93.7–95.7% of adoles-
cents and 91.7–95.0% of young adults for
C 5 test strains combined and in 70.5–85.8% of
adolescents and 67.5–81.4% of young adults
for C 7 strains combined. Among adolescents,
99.8%, 99.0%, 92.8%, and 82.7% had titers
C LLOQ against at least 1, 2, 3, and all 4 primary
strains, respectively; corresponding percentages
for young adults were 99.7%, 97.7%, 94.0%,
and 84.5%.
Conclusions: Results support the ability of
MenB-FHbp to provide broad coverage against
MenB strains expressing diverse FHbp variants.
Trial Registration: ClinicalTrials.gov identifiers
NCT01830855, NCT01352845.

Keywords: Adolescents; Bactericidal activity;
Broad coverage; FHbp; hSBA; MenB-FHbp
vaccine; Meningococcal disease; Meningococcal
serogroup B; Neisseria meningitidis; Young adults

Key Summary Points

Why carry out this study?

In many regions of the world,
meningococcal serogroup B (MenB) is the
predominant cause of invasive
meningococcal disease.

MenB disease-causing strains are
characterized by the diversity of antigens
expressed, complicating the development
and evaluation of MenB vaccines.

It is essential to provide evidence that
MenB vaccines protect against the
diversity of MenB disease-causing strains.

This post hoc analysis evaluates the extent
of MenB-FHbp vaccine coverage across
diverse MenB strains in adolescent and
young adults using data from 2 phase 3
studies.

What was learned from the study?

One month after completion of a 3-dose
series of MenB-FHbp, a high percentage of
subjects showed protective responses
against at least 5 (91.7–95.7%) and 7
(67.5–85.8%) of the test strains combined.

These results highlight the broad
protection elicited by MenB-FHbp against
a diverse array of MenB strains.

INTRODUCTION

Invasive meningococcal disease (IMD) is an
infection caused by the bacterium Neisseria
meningitidis [1]. Although IMD incidence is
generally low (0.1 per 100,000 population in the
United States and 0.6 per 100,000 population in
the European Union/European Economic Area
in 2018 [2, 3]), disease progression can be rapid
and the consequences can be severe [4, 5]. The
case fatality rate of IMD ranges from 8 to 23%,
and nearly 20% of survivors suffer long-term
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sequelae such as limb loss or hearing impair-
ment [1, 5, 6]. The rapid progression of IMD
coupled with its potentially devastating conse-
quences underscore the importance of pre-
venting disease by vaccination.

The epidemiology of IMD is dynamic, vary-
ing temporally, geographically, and by age-
based population, thereby necessitating the
adaptation of vaccination strategies for disease
prevention. For instance, although nearly all
IMD is caused by meningococcal serogroups A,
B, C, W, X, and Y [7], meningococcal serogroup
B (MenB) is currently dominant in diverse
regions, such as North America, the European
Union, Japan, Israel, and Australia [2, 8, 9].

Currently available meningococcal vaccines
include capsular polysaccharide conjugate vacci-
nes targeting serogroups A, C, W, and Y
(MenACWY vaccines) [10–12] and, more recently,
MenB vaccines [13, 14]. Because the MenB cap-
sular polysaccharide is poorly immunogenic
[15, 16], licensed MenB vaccines [13, 14] required
identification of surface-exposed protein antigens
to elicit broadly protective bactericidal antibodies,
which correlate with protection against IMD
[17, 18], against diverse disease strains. One such
vaccine antigen is factor H binding protein
(FHbp). Importantly,[90% of MenB strains
worldwide express sufficient levels of FHbp to
induce vaccine-elicited complement-mediated
bactericidal activity [19].

With the use of protein antigens for the
development of contemporary MenB vaccines,
the need arose to demonstrate breadth of cover-
age against diverse circulating MenB disease-
causing strains. Unlike capsular polysaccharides
that have limited variability across strains, protein
antigens can have multiple variants and exhibit
differential expression [20, 21]. For FHbp in par-
ticular, sequences can be highly variable [22].
However, it is not feasible to evaluate breadth of
coverage against strains expressing all the known
variants ([1000 peptide alleles for FHbp) [23].
Therefore, a rational approach is to evaluate
MenB strain panels that are representative of the
global diversity of MenB disease-causing strains to
provide confidence that the vaccine will elicit
protective coverage.

MenB-FHbp (Trumenba�, bivalent rLP2086;
Pfizer Inc, Philadelphia, PA, USA) is a MenB

vaccine composed of 2 recombinant lipidated
FHb proteins, one from each subfamily (variant
A05 from subfamily A and variant B01 from
subfamily B), and was initially approved in the
United States in October 2014 for the preven-
tion of IMD in individuals 10–25 years of age
[13, 24]. More recently, MenB-FHbp was
approved in Europe for individuals C 10 years
of age [25], and has also been approved in a
number of other countries [26–28].

The clinical development of MenB-FHbp
relied on a diverse panel of MenB test strains to
confirm broadly protective immune responses.
These included 4 primary test strains, 2 each
from FHbp subfamily A and subfamily B, rep-
resentative of the epidemiologic diversity of
disease-causing MenB isolates and expressing
FHbps that differ from vaccine antigens [29, 30].
Ten additional test strains were selected from a
pool collected in collaboration with national
reference laboratories to supplement data on
vaccine-elicited protective immune responses
obtained with the primary strains, and to
examine whether immune responses to the
primary strains were predictive of responses
against other antigenically diverse MenB test
strains expressing prevalent FHbp variants [29].
Collectively, these 14 test strains contain FHbp
sequences expressed by approximately 80% of
circulating disease strains in the United States
and Europe. Importantly, for both diverse strain
panels, immune responses in serum bactericidal
antibody assays using human complement
(hSBA) were assessed in which titers 1:8 or 1:16
(depending on the test strain) were used as the
lower limit of quantitation (LLOQ) [29]. These
titers represent a more conservative threshold
than the recognized correlate of protection for
meningococcal disease (i.e., an hSBA titer of
C 1:4) [17, 18]. Additionally, the percentages of
subjects with titers C LLOQ against the 4 pri-
mary strains combined were evaluated [29]; this
measure, termed the composite response, pro-
vides a stringent representation of breadth of
coverage of MenB-FHbp.

Two pivotal phase 3 studies, one in adoles-
cents and the other in young adults, provided
key immunogenicity and safety data for MenB-
FHbp [29]. In both studies, MenB-FHbp recipi-
ents were vaccinated at 0, 2, and 6 months.
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Immune responses were measured by hSBAs
against the 4 primary (assessed in all subjects)
and 10 additional (assessed in random subsets
of subjects) MenB test strains. Using the 1:8 and
1:16 LLOQ thresholds, results for the modified
intent-to-treat populations showed that
1 month after the third MenB-FHbp dose,
86.4–99.5% and 75.3–98.7% of adolescents,
depending on strain, had hSBA titers C LLOQ
against each of the 4 primary test strains and
each of the 10 additional test strains, respec-
tively; 82.7% had hSBA titers C LLOQ against
all 4 primary test strains combined (composite
response). One month post-dose 2, percentages
were 64.0–99.0% (primary strains), 58.8–99.0%
(additional strains), and 53.7% (composite
response). For young adults, percentages at
1 month post-dose 3 were 87.1–99.3% (primary
strains), 71.5–99.3% (additional strains), and
84.5% (composite response); at 1 month post-
dose 2, they were 67.3–97.4% (primary strains),
51.5–98.0% (additional strains), and 63.3%
(composite response). Notably, immune
responses to the 4 primary test strains predicted
responses to the 10 additional strains in the
2 pivotal phase 3 studies.

The high rates of vaccine-elicited immune
responses to diverse MenB strains using LLOQ
thresholds more stringent than the recognized
correlate of protection for meningococcal dis-
ease, coupled with high rates of composite
responses [29], support the breadth of protec-
tion provided by MenB-FHbp. Additionally,
most individuals without demonstrable hSBA
titers C LLOQ for a particular strain still
mounted protective responses to other test
strains.

To further quantify these results, this post
hoc analysis of data from the 2 pivotal phase 3
studies evaluated the percentages of subjects
with hSBA titers C LLOQ against as many as
8 strains (4 primary plus additional test strains)
combined. In addition, composite responses to
at least 1, 2, 3, and all 4 primary test strains were
evaluated. Ultimately, this analysis sought to
further substantiate the breadth of response
against diverse MenB strains in MenB-FHbp
recipients and examined whether there were
any vaccinees who did not respond to any test
strains.

METHODS

Populations for Analysis

In the adolescent lot consistency study
(NCT01830855), subjects 10–18 years of age
were randomized in a 5:2:2:3 ratio to receive
1 of 3 lots of MenB-FHbp or hepatitis A virus
vaccine (HAV)/saline at 0, 2, and 6 months [29].
The current analysis reports results only from
the MenB-FHbp group that received the first lot
of MenB-FHbp and for which all primary test
strains were evaluated (n = 1509 randomized),
as well as the HAV/saline group (n = 898 ran-
domized); subjects receiving lots 2 and 3 were
not included because their sera were tested
against only 2 of the primary test strains to meet
a lot consistency objective. In the young adult
study (NCT01352845), subjects 18–25 years of
age were randomized in a 3:1 ratio to receive
MenB-FHbp or saline at 0, 2, and 6 months;
because all primary test strains were evaluated
in all subjects, results from both groups
(n = 2480 and n = 824 randomized, respec-
tively) are included in the current analysis [29].
Protocols for both previously conducted studies
used for analysis here were approved by the
institutional review boards and/or independent
ethics committees for the respective investiga-
tional centers that participated. Written
informed consent was obtained from all sub-
jects or their legal guardian prior to enrollment
and any study-related procedures. The present
analysis is based on existing data collected from
these studies and therefore did not involve any
new data collection or new studies with human
subjects performed by any of the authors.

Consistent with the primary study publica-
tion [29], the modified intent-to-treat popula-
tions were used for the current analyses. This
included all subjects who were randomized and
had at least 1 valid and determinate assay result
related to the analysis for each study. To sup-
port the current analysis, all analyses were
repeated in the per-protocol population
(i.e., evaluable immunogenicity population),
which included all randomized subjects who
were eligible for the study, received the correct
study product, had post-vaccination blood
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draws within the pre-specified intervals, had
valid and determinate assay results, and had no
major protocol violations. Of note, immuno-
genicity findings in the primary study publica-
tion were consistent between the modified
intent-to-treat and per-protocol populations [29].

Immunogenicity Evaluations

Immune responses were measured using hSBA
assays, the accepted surrogate for MenB vaccine
efficacy [31]. The 4 primary test strains
expressed vaccine-heterologous FHbp variants
A22, A56, B24, and B44; the 10 additional test
strains expressed vaccine-heterologous FHbp
variants A06, A07, A12, A15, A19, A29, B03,
B09, B15, and B16. The LLOQs were determined
as titers 1:16 for the strains expressing FHbp
variants A22, A06, A12, and A19 and 1:8 for the
strains expressing FHbp variants A56, B24, B44,
A07, A15, A29, B03, B09, B15, and B16.

All subjects from both studies were tested for
immune responses against the 4 primary test
strains. Approximately 900 MenB-FHbp recipi-
ents from each study (approximately 1800 sub-
jects total) were also tested for bactericidal
responses against additional strains. Specifi-
cally, these 900 subjects were divided into
3 subsets of 300 subjects each within each
study, with each subset tested against a unique
group of strains, including the 4 primary strains
plus 3 or 4 of the additional test strains; thus,
subjects in all subsets were tested against either
7 (2 subsets) or 8 strains (1 subset) in total. The
specific additional strains included for testing in
each subset are listed in Table S1 in the Elec-
tronic Supplementary Material (ESM). Immune
sera from subjects in each subset were tested in
individual hSBAs specific to the strains assigned
to that subset before vaccination and at
1 month post-dose 3 (i.e., following the full 0, 2,
and 6 month schedule). Fewer subjects in each
subset had sera tested at 1 month post-dose 2
(i.e., after receiving vaccinations at 0 and
2 months) due to limited supply of assay
reagents. The percentages of subjects respond-
ing to different numbers of strains were then
evaluated for each subset. The percentages of
subjects with hSBA titers C LLOQ for at least 1,

2, 3, and all 4 primary test strains were also
evaluated at various time points for each study.
For analyses of primary and primary plus addi-
tional test strains, strains were not considered in
a particular order; therefore, the specific strains
for which an individual had titers C LLOQ for
at least 1, 2, 3, 4, 5, 6, 7, or 8 strains likely varied
between individuals in each responder group
(e.g., while multiple individuals responded to at
least 5 strains, the 5 strains with titers C LLOQ
were not necessarily identical across these
individuals).

For both the primary and additional strains,
only subjects with valid and determinate assay
results for all strains tested in a given subset
were included in the corresponding analysis.
Results are reported as percentages of subjects
with hSBA titers C LLOQ or C 1:4 for different
numbers of test strains combined along with
95% CIs using the Clopper–Pearson method.

RESULTS

Responders to Primary Plus Additional
Test Strains

Among adolescents evaluated for immune
responses against the primary strains and 3 or
4 additional strains, at 1 month post-dose 3
(i.e., 1 month after receiving MenB-FHbp doses
at 0, 2, and 6 months), 93.7–95.7% of subjects
(depending on subset) had titers C LLOQ for at
least 5 strains combined; percentages were
70.5–85.8% for at least 7 strains combined and
71.9% for 8 strains combined (Fig. 1). At
1 month post-dose 2 (i.e., 1 month after
receiving MenB-FHbp doses at 0 and 2 months),
74.7–81.2% of subjects had titers C LLOQ for at
least 5 strains combined, 44.3–57.0% had
titers C LLOQ for at least 7 strains combined,
and 45.6% had titers C LLOQ for 8 strains
combined. Few subjects had pre-vaccination
hSBA titers C LLOQ for at least 5 (3.0–5.8%), at
least 7 (0.4–1.7%), and 8 (0.8%) test strains
combined.

Among young adults, post-vaccination per-
centages of subjects with titers C LLOQ for at
least 5 and at least 7 strains combined were
similar to those for adolescents. At 1 month
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post-dose 3, 91.7–95.0% of subjects (depending
on subset) had titers C LLOQ for at least
5 strains combined; percentages were 67.5–81.4%
for at least 7 and 66.2% for 8 strains combined
(Fig. 2). At 1 month post-dose 2, 74.2–87.2% of
subjects had titers C LLOQ for at least 5 strains
combined, 47.1–61.7% had titers C LLOQ for at
least 7, and 46.1% had titers C LLOQ for 8
strains combined. Pre-vaccination titers C

LLOQ against various numbers of primary and
additional test strains among young adults were
11.0–21.3% for at least 5, 0.8–9.1% for at least 7,
and 5.3% for 8 strains combined.

Percentages of responders among the subset
of subjects with pre-vaccination titers\LLOQ
for all primary plus additional strains are pre-
sented in the Supplemental Results in the ESM.
When applying the recognized correlate of
protection for meningococcal disease (i.e., hSBA
titer C 1:4), percentages of responders were
slightly higher at post-vaccination time points
compared with analyses using hSBA titers
C LLOQ (see Table S2 in the ESM).

Responders to Primary Test Strains

At1 month post-dose 3,percentages of adolescent
MenB-FHbp recipients with hSBA titers C LLOQ
for at least 1, 2, 3, and all 4 primary test strains
combined were 99.8%, 99.0%, 92.8%, and 82.7%,
respectively (Fig. 3). At 1 month post-dose 2, per-
centages were 99.5%, 95.8%, 75.5%, and 53.7%,
respectively. Before vaccination, only 1.4% of
adolescent MenB-FHbp recipients had hSBA
titers C LLOQ for all 4 primary test strains; 42.3%,
18.3%, and 5.9% had hSBA titers C LLOQ for at
least 1, 2, and 3 test strains, respectively. Post-
vaccination and pre-vaccination titers were simi-
lar among adolescents receiving HAV/saline.

Among young adults, percentages of MenB-
FHbp recipients with hSBA titers C LLOQ for at
least 1, 2, 3, and all 4 primary test strains com-
bined were 99.7%, 97.7%, 94.0%, and 84.5%,
respectively, at 1 month post-dose 3 (Fig. 4). At
1 month post-dose 2, percentages were 98.5%,
92.8%, 83.5%, and 63.3%, respectively. A
higher percentage of young adults had
pre-vaccination hSBA titers C LLOQ to the pri-
mary test strains (47.3% to at least 1 strain,
30.4% to at least 2 strains, 18.7% to at least
3 strains, and 6.7% to 4 strains) compared with
adolescents. Similar to observations in adoles-
cents, percentages in young adults receiving sal-
ine remained similar to those before vaccination.

Percentages of responders specifically among
the subset of patients with pre-vaccination
titers\LLOQ for all primary strains are pre-
sented in the Supplemental Results in the ESM.
Applying the correlate of protection threshold
(i.e., hSBA titer C 1:4) rather than the LLOQ of
1:8 or 1:16 resulted in slightly higher percentages
of responders compared with analyses using
hSBA titers C LLOQ (See Table S3 in the ESM).

Characteristics of Subjects Who Did Not
Mount an hSBA Response to Any of the
Strains Tested (Primary Plus Additional
Strains)

Very few subjects did not mount an hSBA
response to any of the strains tested. Nine sub-
jects (3 adolescents and 6 young adults) did not
achieve hSBA titers C LLOQ to any of the

bFig. 1 Percentage of adolescent responders with hSBA
titers C LLOQ to different numbers of primary and
additional MenB test strains before MenB-FHbp vaccina-
tion, 1 month after 2 doses (0, 2 months), and 1 month
after 3 doses (0, 2, 6 months). a Subset 1; b subset 2;
c subset 3. Evaluation included up to 8 test strains.
Subset 1 included the primary test strains (expressing
FHbp variants A22, A56, B24, and B44) and additional
test strains expressing FHbp variants A15, A19, and A29.
Subset 2 included the primary test strains and additional
test strains expressing FHbp variants A06, A07, and A12.
Subset 3 included the primary test strains and additional
test strains expressing FHbp variants B03, B09, B15, and
B16. The number of subjects included at each time point is
indicated below the x-axis. Fewer subjects were evaluated
post-dose 2 than at other time points because of limited
supply of qualified assay reagents. FHbp factor H binding
protein, hSBA serum bactericidal antibody assay using
human complement, LLOQ lower limit of quantitation,
MenB Neisseria meningitidis serogroup B. Error bars
represent the 95% CIs calculated using the Clopper–
Pearson method
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primary strains tested at 1 month post-dose 3
(Table 1). Of these, 3 subjects (2 adolescents and
1 young adult, all female and from North
America) were included in the primary/addi-
tional strain subsets and did not achieve hSBA
titers C LLOQ to any of the strains tested at
1 month post-dose 3 (Table 1: adolescent sub-
jects B and C; young adult subject I). The sub-
jects with titers\LLOQ for all primary test
strains or all primary and additional test strains
had no common medical conditions or other
characteristics that might have contributed to a
lack of a detectable immune response following
vaccination with MenB-FHbp. None of these
subjects reported prior or concomitant use of
immunosuppressive drugs.

DISCUSSION

MenB vaccines must demonstrate protection
against diverse pathogenic MenB strains to be
clinically effective. The relatively low incidence
of IMD makes it impractical to conduct a

bFig. 2 Percentage of young adult responders with hSBA
titers C LLOQ to different numbers of primary and
additional MenB test strains before MenB-FHbp vaccina-
tion, 1 month after 2 doses (0, 2 months), and 1 month
after 3 doses (0, 2, 6 months). a Subset 1; b subset 2;
c subset 3. Evaluation included up to 8 test strains.
Subset 1 included the primary test strains (expressing
FHbp variants A22, A56, B24, and B44) and additional
test strains expressing FHbp variants A15, A19, and A29.
Subset 2 included the primary test strains and additional
test strains expressing FHbp variants A06, A07, and A12.
Subset 3 included the primary test strains and additional
test strains expressing FHbp variants B03, B09, B15, and
B16. The number of subjects included at each time point is
indicated below the x-axis. Fewer subjects were evaluated
post-dose 2 than at other time points because of limited
supply of qualified assay reagents. FHbp factor H binding
protein, hSBA serum bactericidal antibody assay using
human complement, LLOQ lower limit of quantitation,
MenB Neisseria meningitidis serogroup B. Error bars
represent the 95% CIs calculated using the Clopper–
Pearson method

Fig. 3 Percentage of adolescents in the a MenB-FHbp
and b HAV/saline groups with hSBA titers C LLOQ to
different numbers of primary MenB test strains before
vaccination, 1 month after 2 doses (0, 2 months), and
1 month after 3 doses (0, 2, 6 months). LLOQ was
defined as 1:8 for the test strain expressing FHbp
variant A22 and 1:16 for the test strains expressing
FHbp variants A56, B24, and B44. The number of

subjects included at each time point is indicated below
the x-axis. FHbp factor H binding protein, HAV
hepatitis A virus vaccine; hSBA serum bactericidal
antibody assay using human complement, LLOQ lower
limit of quantitation, MenB Neisseria meningitidis
serogroup B, MenB-FHbp bivalent rLP2086, Tru-
menba�. Error bars represent the 95% CIs calculated
using the Clopper–Pearson method
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clinical efficacy study of a meningococcal vac-
cine. As a result, clinical studies of MenB vac-
cines measure immune responses by hSBA,
which is the accepted surrogate of vaccine effi-
cacy and has been used to license a variety of
meningococcal vaccines [17, 32, 33]. MenB-
FHbp contains 2 recombinant lipidated protein
FHbp antigens [13]; this protein has extensive
sequence diversity, with gene sequences segre-
gating into 2 subfamilies (A and B) [23, 34, 35].
Serologic evidence of broad coverage of FHbp
variants by MenB vaccines targeting this protein
is therefore essential to ensure adequate clinical
efficacy against circulating disease-causing
MenB strains.

Although there is no universally accepted
standard of broad protection against MenB dis-
ease, 2 phase 3 studies of MenB-FHbp estab-
lished a rigorous framework to demonstrate the
vaccine’s breadth of coverage [29]. Immuno-
genicity endpoints measuring protective
responses against 4 primary and 10 additional
MenB test strains in these studies used a
threshold of protection that was more stringent
than the accepted correlate of protection

(i.e., LLOQ determined as titers 1:8 or 1:16
rather than 1:4), along with a composite end-
point that reflected responses to all 4 primary
test strains combined [17, 18, 29]; these end-
points may therefore actually underestimate
breadth of coverage. The high threshold defined
for a protective immune response and the
evaluation of the composite response combined
with the diversity of the MenB test strain panel
enabled an estimate of broad coverage elicited
by MenB-FHbp. The rigor of this methodology
is particularly important in that the method
used to evaluate breadth of coverage of MenB
vaccines may influence the ability to predict
real-life clinical effectiveness. Coverage esti-
mates for another licensed MenB vaccine,
MenB-4C (Bexsero�, 4CMenB; GlaxoSmithKline
Vaccines, Srl, Siena, Italy), primarily used the
Meningococcal Antigen Typing System and a
genotyping test to determine immunogenicity
against the vaccine antigens (i.e., FHbp, neisse-
rial adhesin A, neisserial heparin-binding anti-
gen, and outer membrane vesicles) [14, 36, 37].
However, a recent analysis of pre- and post-
vaccination responses conducted during a U.S.

Fig. 4 Percentage of young adults in the aMenB-FHbp and
b saline groups with hSBA titers C LLOQ to different
numbers of primary MenB test strains before vaccination,
1 month after 2 doses (0, 2 months), and 1 month after 3
doses (0, 2, 6 months). LLOQwas defined as 1:8 for the test
strain expressing FHbp variant A22 and 1:16 for the test
strains expressing FHbp variants A56, B24, and B44. The

number of subjects included at each time point is indicated
below the x-axis. FHbp factor H binding protein, hSBA
serum bactericidal antibody assay using human complement,
LLOQ lower limit of quantitation, MenB Neisseria
meningitidis serogroup B, MenB-FHbp bivalent rLP2086,
Trumenba�. Error bars represent the 95% CIs calculated
using the Clopper–Pearson method
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university vaccination campaign with MenB-4C
in response to an outbreak found the serocon-
version (i.e., C 4-fold increase in titers) rate in
hSBA for the particular outbreak strain, which
closely matched 2 of the MenB-4C antigens, to
be only 20.3% following completion of the
licensed 2-dose schedule [14, 38]; this was
approximately 4–5 times lower than that for
2 MenB-4C antigen-specific indicator strains
(83.0–98.3%). These findings reiterate the
requirement for a rigorous approach to
demonstrate breadth of coverage of MenB vac-
cines, and that using vaccine-heterologous,
diverse test strain panels is essential.

By comparison with the MenB-4C findings,
results from the phase 3 MenB-FHbp studies
indicated that although FHbp is naturally
diverse, a bivalent vaccine containing FHbp
from each immunologically distinct subfamily
(subfamilies A and B) is sufficient for broad
coverage against vaccine-heterologous strains,
with large percentages of adolescents and young

adults (78.8–90.2% and 78.9–89.7%, respec-
tively) exhibiting C 4-fold hSBA titer increases
against each of the 4 primary strains after vac-
cination [29]. Broad coverage against diverse
MenB test strains elicited by the vaccine was
further supported by the large percentages
(82.7–84.5%) of adolescents and young adults
who had hSBA titers C LLOQ for all 4 primary
test strains combined at 1 month after dose 3.
Further, an exploratory analysis in a subset of
subjects from previous MenB-FHbp studies also
examined hSBA responses against MenB strains
from the same university outbreak as described
above, reporting 44–67% and 78–100% of ado-
lescents had C 4-fold hSBA titer increases after
2 and 3 doses of MenB-FHbp, respectively; no
bactericidal activity was detected pre-vaccina-
tion (unpublished data). The current post hoc
analysis aimed to further expand this evidence
of MenB-FHbp-mediated broad protection by
evaluating protective responses to more

Table 1 Subjects with hSBA titers\ LLOQ at 1 month post-dose 3 to all primary strains and to additional test strains
assessed in certain individuals

Subject identifiera Sex Continent Strains evaluated for which hSBA < LLOQb

Adolescents

A Male Europe A22, A56, B24, B44

B Female North America A22, A56, B24, B44, A15, A19, A29

C Female North America A22, A56, B24, B44, B03, B09, B15, B16

Young adults

D Female North America A22, A56, B24, B44

E Female Europe A22, A56, B24, B44

F Female Europe A22, A56, B24,c B44

G Male North America A22, A56, B24, B44

H Female North America A22, A56, B24, B44

I Female North America A22, A56, B24, B44, A15, A19, A29

Bold text indicates individuals in whom primary and additional test strains were assessed
FHbp factor H binding protein, hSBA serum bactericidal antibody assay using human complement,
LLOQ lower limit of quantitation
a Subject identifier for the current analysis
b Strains are indicated by FHbp variant
c hSBA titer = 4 at 1 month post-dose 3
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extensive arrays of pathogenic strains in the test
strain panel.

In the current analysis, subjects were tested
against a total of either 7 (2 subsets) or 8
(1 subset) primary plus additional strains. At
1 month post-dose 3, 70.5–85.8% of adolescents
and 67.5–81.4% of young adults had responses
to at least 7 strains combined. Furthermore, a
high percentage of subjects without hSBA
titers C LLOQ to all 4 primary test strains or at
least 7 strains combined still achieved protec-
tive responses to multiple test strains
(e.g., 92.8% of adolescents and 94.0% of young
adults responded to at least 3 primary test
strains combined at 1 month post-dose 3;
93.7–95.7% of adolescents and 91.7–95.0% of
young adults responded to at least 5 strains
combined at 1 month post-dose 3). This indi-
cates that subjects not responding to 1 or more
of the primary test strains would likely still
benefit from vaccination because of demon-
strated coverage of additional strains. Consis-
tent with this, only 3 subjects out of all
vaccinees did not exhibit vaccine-elicited
immune responses against any of the strains
tested. For all analyses, percentages of subjects
responding in the MenB-FHbp groups substan-
tially increased from baseline to 1 month post-
dose 2, and further increased 1 month post-dose
3; percentages in the control groups, where only
the primary strains were examined, remained
similar to baseline. As expected, when data were
analyzed using the accepted correlate of pro-
tection (hSBA titer C 1:4), slightly higher
response rates were observed. These results col-
lectively reiterate the capacity for MenB-FHbp
to provide broad protective coverage against
diverse MenB disease isolates.

Higher percentages of young adults had pre-
vaccination hSBA titers C LLOQ to the primary
and additional test strains compared with ado-
lescents, which is consistent with observations
suggesting that exposure to meningococcus
increases over an individual’s life [18]. Impor-
tantly, percentages were low for both age
groups: 1.4% of adolescents and 6.7% of young
adults had pre-vaccination hSBA titers C LLOQ
for all 4 primary test strains. In addition, very
few adolescents (0.4–1.7%) and young adults
(0.8–9.1%) who were tested against 7 or

8 strains combined had pre–vaccination hSBA
titers C LLOQ against at least 7 test strains.
These observations confirm that, with limited
exceptions, a broad hSBA response to MenB is
only achieved following MenB-FHbp vaccina-
tion [39].

It has been hypothesized that use of an
FHbp-based vaccine could potentially lead to
increased prevalence of escape mutants that
evade bactericidal activity by lacking FHbp or
expressing it at insufficient levels [40]. However,
FHbp is an important virulence factor for
meningococci, as highlighted by the observa-
tion that B 1% of invasive MenB isolates lacked
the fHbp gene and that these isolates all belon-
ged to clonal complexes that were rarely asso-
ciated with MenB disease [41]. In addition, an
intact fHbp gene was detected in 100% of
650 sequenced isolates from the US Centers for
Disease Control and Prevention’s MenB strain
collection [42]. Further, another study found
that 91.4% of strains expressed FHbp at levels
consistently predicted to be killed in hSBA by
sera from subjects vaccinated with MenB-FHbp;
strains with lower expression levels were also
susceptible [19]. These findings are underscored
by a study demonstrating that both healthy
individuals with meningococcal carriage and
patients with invasive disease can robustly
mount antibodies to FHbp despite harboring
meningococcal strains with in vitro FHbp
expression levels below the cutoff [43]. The
evidence supporting the potential of vaccine
escape mutants following widespread use of
MenB-FHbp is not available at present, but the
current understanding of the role of FHbp in
the virulence of serogroup B meningococci
suggests that this is unlikely.

National vaccine technical committees face
the key challenge of assessing data on the
extent of protective immune coverage afforded
by MenB vaccines against IMD-causing strains
circulating in their regions. Approaches that
rely on using pooled immune sera from a small
number of vaccinees tested against a limited
number of meningococcal antigen-specific
strains do not provide an informative measure
of population immune response [44]. In con-
trast, the dataset described in the current anal-
ysis evaluated individual immune sera using
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hSBA assays against a panel of 14 globally
diverse MenB strains in 2 large randomized
control clinical trials [29]. In addition, the post
hoc analyses demonstrate that a large percent-
age of the individual vaccinees responded to as
many as 8 strains combined from the test panel.
Taken together, these data should engender
confidence among immunization policymakers
in the ability of MenB-FHbp vaccine to confer
broad protection against MenB disease.

The findings of this analysis should be con-
sidered along with the potential limitations of
the primary studies [29], including that vaccine
efficacy assessments were precluded by low
MenB disease incidence, and that the persist-
ence of antibody responses was not evaluated.
However, as previously noted, short-term anti-
body responses are the accepted surrogate of
efficacy for meningococcal vaccines, while data
on the persistence of immune responses for up
to 4 years following primary vaccination and
responses to a booster dose in adolescents are
already published [45]. In addition, this study is
limited by the post hoc nature of the analysis;
although exploratory, our findings reinforce the
original study conclusions that MenB-FHbp
provides broad coverage against MenB strains
expressing diverse FHbp variants [29].

CONCLUSIONS

The findings of this post hoc analysis extend
those previously reported [29] and further support
the capacity for MenB-FHbp to provide broad
protective coverage against diverse MenB strains.
Accordingly, these results provide additional
assurance that MenB-FHbp is protective against
contemporary disease-causing MenB strains.
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