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Immunogenicity and safety of an investigational
multicomponent, recombinant, meningococcal serogroup B
vaccine (4CMenB) administered concomitantly with routine
infant and child vaccinations: results of two randomised trials

Timo Vesikari, Susanna Esposito, Roman Prymula, Ellen Ypma, Igor Kohl, Daniela Toneatto, Peter Dull, Alan Kimura, for the EU Meningococcal B
Infant Vaccine Study group

Summary

Background Meningococcal serogroup B disease disproportionately affects infants. We assessed lot-to-lot consistency,
safety and immunogenicity, and the effect of concomitant vaccination on responses to routine vaccines of an
investigational multicomponent vaccine (4CMenB) in this population.

Methods We did primary and booster phase 3 studies between March 31, 2008, and Aug 16, 2010, in 70 sites in
Europe. We used two series of sponsor-supplied, computer-generated randomisation envelopes to allocate healthy
2 month-old infants to receive routine vaccinations (diphtheria-tetanus-acellular pertussis, inactivated poliovirus,
hepatitis B plus Haemophilus influenzae type b, and seven-valent pneumococcal vaccine) wat 2, 4, and 6 months of age
alone, or concomitantly with 4CMenB or serogroup C conjugate vaccine (MenC) in: 1) an open-label, lot-to-lot
immunogenicity and safety substudy of three 4CMenB lots compared with routine vaccines alone (1:1:1:1, block size
eight); or 2) an observer-blind, lot-to-lot safety substudy of three 4CMenB lots compared with MenC (1:1:1:3, block size
six). At 12 months, 4CMenB-primed children from either substudy were randomised (1:1, block size two) to receive
4CMenB booster, with or without measles-mumps-rubella-varicella (MMRYV) vaccine. Immunogenicity was assessed
by serum bactericidal assay with human complement (hSBA) against serogroup B test strains, and on randomly
selected subsets of serum samples for routine vaccines; laboratory personnel were masked to assignment. The first
coprimary outcome was lot-to-lot consistency (hSBA geometric mean ratio of all lots between 0-5 and 2-0), and the
second was an immune response (hSBA titre =5) for each of the three strains. The primary outcome for the booster
study was immune response to booster dose. Immunogenicity data for 4CMenB were for the modified intention-to-
treat population, including all infants from the open-label substudy who provided serum samples. The safety
population included all participants who contributed safety data after at least one dose of study vaccine. These trials
are registered with ClinicalTrials.gov, numbers NCT00657709 and NCT00847145.

Findings We enrolled 2627 infants in the open-label phase, 1003 in the observer-blind phase, and 1555 in the booster
study. Lot-to-lot consistency was shown for the three 4CMenB lots, with the lowest 95% lower confidence limit being
0-74 and the highest upper limit being 1-33. Of 1181-1184 infants tested 1 month after three 4CMenB doses (all lots
pooled), 100% (95% CI 99-100) had hSBA titres of 5 or more against strains selective for factor H binding protein and
neisserial adhesin A, and 84% (82-86) for New Zealand outer-membrane vesicle. In a subset (n=100), 84% (75-91) of
infants had hSBA titres of 5 or more against neisseria heparin binding antigen. At 12 months of age, waning titres
were boosted by a fourth dose, such that 95-100% of children had hSBA titres of 5 or more for all antigens, with or
without concomitant MMRV. Immune responses to routine vaccines were much the same with or without concomitant
4CMenB, but concomitant vaccination was associated with increased reactogenicity. 77% (1912 of 2478) of infants had
fever of 38-5°C or higher after any 4CMenB dose, compared with 45% (295 of 659) after routine vaccines alone and
47% (228 of 490) with MenC, but only two febrile seizures were deemed probably related to 4CMenB.

Interpretation 4CMenB is immunogenic in infants and children aged 12 months with no clinically relevant
interference with routine vaccines, but increases reactogenicity when administered concomitantly with routine
vaccines. This breakthrough vaccine offers an innovative solution to the major remaining cause of bacterial meningitis
in infant and toddlers.

Funding Novartis Vaccines and @

Introduction

Meningococcal serogroup B is now the most prominent
cause of infant bacterial meningitis and septicaemia in
Europe.”* Serogroup B polysaccharide is immunologically

similar to that of human neural-cell adhesion molecules
and thus is poorly immunogenic, obviating its use in the
traditional polysaccharide conjugate-vaccine approach.'
Serogroup B vaccines have been developed on the basis of
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outer membrane vesicles from strains that produce clonal
outbreaks in New Zealand, Norway, and Cuba,** but
these vaccines provide little protection against heter-
ologous serogroup B strains.’

A novel approach to create a broadly protective vaccine
against meningococcal serogroup B strains was the
identification of antigens by genome mining.® Preclinical
assessment identified three primary recombinant anti-
gens as candidates for vaccine development: factor H
binding protein, neisserial adhesin A, and neisseria
heparin binding antigen.” In preliminary studies,
formulations of these three antigens—factor H binding
protein—genome-derived neisserial antigen-(GNA)2091
and neisseria heparin binding antigen-GNA1030 as
fusion proteins,® together with outer membrane vesicle
components from the New Zealand outbreak strain
NZ98/254—induced antibodies in infants that killed
several serogroup B strains in vitro.**

We report the first large-scale, phase 3 trials of primary
doses in infants and a booster dose in children aged
12 months of the investigational formulation, 4CMenB
(Novartis Vaccines, Siena, Italy). In these studies we aimed
to assess three manufacturing lots to establish lot-to-lot
consistency for safety and immunogenicity of 4CMenB
vaccine, and to study the effect of concomitant vaccination
with 4CMenB on responses to routine vaccines.

Methods

Study design and participants

These multicentre, phase 3, primary and booster studies
were done between March 31, 2008, and Aug 16, 2010, in
70 sites in Finland, the Czech Republic, Germany,
Austria, and Italy. After obtaining written, informed
parental consent, we enrolled healthy 2 month-old
infants, excluding infants who had infection within
7 days, or fever within 1 day of enrolment, or those who

Primary series Booster
Routineplus ~ Routineonly  Routineplus ~ 4CMenBplus  4CMenB only
4CMenB (N=659) MenC MMRV (N=789)
(N=2481) (N=490) (N=766)
Sex
Boys 1262 (51%)  341(52%) 256 (52%) 401(52%) 378 (48%)
Girls 1219 (49%) 318 (48%) 234 (48%) 365(48%) 411 (52%)
Ethnic group
Asian 17 (1%) 1(<1%) 22 (4%)
Black 4 (<1%) 0 4 (1%)
White 2432(98%)  654(99%) 449 (92%)
Hispanic 16 (1%) 0 14 (3%)
Other 12 (<1%) 4(1%) 1 (<1%)
Age (days or months)*  73:7(9:5) 747(93) 706 (97) 12:3(0:5) 12:3(0:5)
Weight (kg) 572(0-75)  574(073)  552(072)  10-01(114) 10-02 (1-22)
Data are n (%), or mean (SD). MenC=meningococcal serogroup C conjugate vaccine. MMRV=measles, mumps, rubella,
and varicella vaccine.*Age in days at first dose of primary series, and in months for booster.
Table 1: Baseline characteristics for the enrolled primary and booster populations
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had received any other vaccine except rotavirus vaccine
within 30 days of enrolment. The trials were designed
according to existing principles of good clinical practice
and the Declaration of Helsinki. We obtained approval
from appropriate ethics committees before enrolment.

Procedures

The primary phase and (booster phase were separate
studies with several parts. In the primary phase, all
infants received routine vaccines (diphtheria-tetanus-
acellular pertussis, inactivated poliovirus, and hepatitis B
plus Haemophilus influenzae type b [DTaP-IPV-HBV/Hib;
Infanrix Hexa, GlaxoSmithKline] and seven-valent
pneumococcal vaccine (PCV7; Prevenar, Pfizer) at ages
2, 4, and 6 months. This phase was done in two parts:
an immunogenicity substudy and a safety substudy.

For the immunogenicity study, designed to assess the
effect of the 4CMenB vaccine on immune responses to
routine vaccines, we enrolled infants in Finland and the
Czech Republic and randomly assigned them to four
groups to receive routine vaccines alone, or routine
vaccines concomitantly with one of three lots of
4CMenB. Blood samples were collected from these
participants. For an observer-blind assessment of safety
we enrolled a cohort of infants in Austria, Germany,
Italy, and Finland and randomly assigned them to
receive routine vaccines either concomitantly with one
of the three lots of 4CMenB, or a meningococcal
serogroup C conjugate vaccine (MenC, Menjugate;
Novartis Vaccines and Diagnostics). Blood was not
drawn from this cohort of participants.

Parents of all infants who completed the primary
4CMenB series in either the immunogenicity or safety
parts of the study were invited to enrol their child in the
booster phase of the study at 12 months of age. Par-
ticipants were randomised to receive 4CMenB booster
dose, either concomitantly with measles-mumps-rubella-
varicella vaccine (MMRYV; Priorix-Tetra, GlaxoSmithKline)
or alone, when MMRV was given 1 month later. Blood
samples were collected from these participants.

4CMenB vaccine was supplied in prefilled syringes, each
0-5 mL dose containing 50 pg (each) of factor H binding
protein-GNA2091, neisserial adhesin A, and neisseria
heparin binding antigen-GNA1030, 25 pg of outer
membrane vesicles from NZ98/254, and 1-5 mg of
aluminium hydroxide. Other vaccines were commercial
preparations, prepared and used according to instructions.
On day 1, vaccines were administered as intramuscular
injections in the anterolateral area of the thigh, 4CMenB or
MenC in the right leg and routine vaccines in the left leg
when given concomitantly. When given alone, routine
vaccines were administered in different legs. In the booster
study, MMRV was administered subcutaneously in the
opposite limb to 4CMenB, either deltoid muscle or anterior
thigh when deltoid mass was insufficient.

We observed vaccinees for 30 min after vaccination for
immediate reactions. Parents recorded solicited injection
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site (injection site tenderness, erythema, swelling,
induration) and systemic reactions (change in eating
habits, sleepiness, vomiting, diarrhoea, irritability, un-
usual crying) and other data (rectal temperature, rash, or
antipyretic medication), and any adverse events on diary
cards for 7 days after vaccination. In 12 month-old
children, either rectal or axillary temperature (at parental
discretion) was monitored daily for 7 days after 4CMenB
or for 28 days after MMRYV vaccination. Medically attended
and serious adverse events were to be reported throughout

the study. Investigators assessed spontaneously reported
adverse events for severity and relation to study vaccines.
We collected serum samples from the immunogenicity
cohort at baseline, 1 month after the third dose, and
immediately before and 1 month after 4CMenB booster
and 2 months after MMRV. Immunogenicity assess-
ments were done at the Novartis Clinical Serology Lab-
oratory (Marburg, Germany), with blinding maintained.
The primary endpoints for the primary series were lot-to-
lot consistency, and consistency of post-immune geometric

3630 infants enrolled

v

v

| 2627 randomised in immunogenicity substudy (open label)

| 1003 randomised in safety substudy (observer blind) |

|
v v

1968 allocated to routine
vaccines plus 4CMenB*

659 allocated to routine
vaccines alone

513 allocated to routine
vaccines plus 4CMenB*

490 allocated to routine
vaccines plus MenC

v

v

| Blood drawn at 2 months

v

v

A 4

A 4

Q
_’:Ie 2 months 1967 received first doses 659 received first doses 493 received first doses 468 received first doses
; 1 withdrawal 20 accidental 22 accidental
g unmaskings unmaskings
5 v v v v
4months 1936 received second doses 654 received second doses 482 received second doses 459 received second doses
31 withdrawals 5 withdrawals 11 withdrawals 9 withdrawals
6 months 1926 received third doses 652 received third doses 476 received third doses 453 received third doses
10 withdrawals 2 withdrawals 6 withdrawals 6 withdrawals

‘ v v

| Blood drawn at 7 months

—>| 1555 re-enrolled at 12 months of age |<—

| Blood drawn at 12 months

|
v v

789 randomised to 4CMenB 766 randomised to 4CMenB
alonet with MMRV

v v

779 received booster 754 received booster plus
4 withdrawals MMRV

Booster phase

12 months 5 lost to follow-up 3 withdrawals
1discontinued 7 lost to follow-up
1 protocol deviation
1inappropriate enrolment
~ | Blood drawn at 13 or 14 months |

Figure 1: Trial profile
MenC=meningococcal serogroup C vaccine. MMRV=measles, mumps, rubella, and varicella vaccine. *Originally randomised to three equal groups for 4CMenB
lot-to-lot analyses. tThese children received MMRV one month after 4CMenB booster.
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mean titres across the three 4CMenB lots in a serum
bactericidal assay using human complement (hSBA)
against three serogroup B reference strains.*"™ These
strains were selected because they are each specifically
killed by bactericidal antibodies raised to one of the major
vaccine components (44/76-SL for factor H binding
protein; 5/99 for neisserial adhesin A; and NZ98/254 for
PorA P1.4, the major outer-membrane protein antigen).®
The primary endpoint for the booster study was sufficient
immune response to the booster dose.

Because only small volumes of serum can be obtained
from infants we had to randomise the selection of
serum samples to be able to do all the required
immunogenicity analyses, while ensuring that such
subsets were representative of the whole study popu-
lation. Subsets of 400 infants from each of the three
4CMenB lots were randomly selected to ensure
350 assessable samples for testing for the three antigens
listed, together with 120 randomly selected samples
from the routine vaccines only group. For testing of
routine vaccine antigens we used two randomly selected
groups of 270 samples (consisting of 90 participants
from each of the three 4CMenB lots), one for the polio
antigens and one for the other routine vaccines.
Similarly, we took two randomly selected groups of
270 samples from the routine vaccines only group. The
study randomisation analyst selected serum samples
and supplied four lists of participant numbers (one for
hSBA and three for the routine vaccines, without
vaccine group information) to laboratory technicians for

4CMenB plus routine Routine vaccines
vaccines
n GMT (95%Cl)  n GMT (95% Cl)
44/76-SL (factor H binding protein)
Baseline 1195 12(11-12) 122 11(10-12)
1month afterdose3 1181 91 (88-95) 120 12(1-1-1-4)
GMRt 1129 79 (75-84) 114 11(1-0-1.3)
5/99 (neisserial adhesin A)
Baseline 1193 12(11-12) 123 12(11-13)
1monthafterdose3 1184 634 (606-664) 119  11(1-0-1:3)
GMRT 1129  537(505-571) 114  0:9(0-8-11)
NZ98/254 (outer membrane vesicle)
Baseline 1199 11(1.0-11) 123  1.0(1.0-1.0)
1month afterdose3 1183 14 (13-15) 124 11(1-0-1-2)
GMRT 1132 14(13-15) 117 11(1.0-12)
M10713 (neisseria heparin binding antigen)
Baseline 100 32 (2:5-4-0)
1month afterdose3 100 16 (13-21)
GMRT 100 52(3:8-72)
GMT=geometric mean titre. GMR=GM ratio. *All infants from the open-label
substudy who provided serum samples forimmune testing. tGMR of titres after
vaccination to baseline.
Table 2: Immunogenicity of 4CMenB components before and after the
three dose primary series (modified intention-to-treat analysis*)

preparation of serum samples for testing, so that testing
personnel remained blinded to study groups.

While the study was underway, strain M10713 was
identified as a suitable reference strain for measurement
of bactericidal responses to the neisseria heparin binding
antigen and we did a post-hoc hSBA with this strain on
two subsets (n=100 each) of serum samples from
4CMenB vaccinees, randomly selected from those with
sufficient serum samples remaining from before and
after vaccination in primary and booster phases.

Randomisation and masking

For all parts and phases of the studies, randomisation
was with sponsor-supplied, computer-generated random-
isation envelopes. For the immunogenicity study, partici-
pants were randomised to the four groups in a 1:1:1:1 ratio,
with a block size of eight, stratified according to centre.
This substudy was open label because the 4CMenB
vaccine was evidently an additional injection, but
immunogenicity assessors were masked to assignment.
For the observer-blind assessment of safety, participants
were randomised to four groups in a 1:1:1:3 ratio, with a
block size of six, stratified according to centre. Opening
of randomisation envelopes and vaccine administrations
were done by appropriately qualified study personnel
separate from investigators and parents, who remained
masked to assignment throughout this phase of the
study. For the booster study, participants were random-
ised in a 1:1 ratio with a block size of two, stratified
according to centre. This study was open label, but
immunogenicity assessors were masked to assignment.

Statistical analysis

Immunogenicity data for 4CMenB were based on the
modified intention-to-treat population, including all
infants from the open-label substudy who provided
serum samples for immune testing. The safety popu-
lation included all participants who received at least
one dose of study vaccine and contributed safety data
after vaccination.

Interpolated hSBA titres were based on the reciprocal
of the final serum dilution giving more than 50% killing
at 60 min, compared with the number of colony-forming
units at time 0. We computed geometric mean titres and
95% Cls by exponentiating (base 10) the least square
means of the log-transformed titres from an ANOVA
with factors for vaccine group and centre. Titres below
the limit of detection were set at half the limit of
detection. Percentages of participants with an hSBA titre
of 5 or more, representing 95% confidence of having the
accepted correlate of protection against meningococcal
disease (titre =24),” a four-fold increase in titre from
baseline, and geometric mean ratios were assessed. We
assessed immune responses to routine vaccines with
commonly accepted seroresponse measures.

The planned sample size for lot-to-lot comparison
(350 assessable participants per 4CMenB lot) was based
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on earlier study data.* The present study had 98% power
to assess the first coprimary objective of lot-to-lot
consistency, more than 99% power to show the second
coprimary objective of a sufficient immune response for
each of the three strains (4CMenB lots combined), and
94% power to show sufficient immune response for a
booster dose given with or without MMRV. Lot-to-lot
consistency of response after the primary series was
defined as met when the two-sided 95% CI of the ratio of
hSBA geometric mean titres of all three pairs of lots for
each of the three strains fell between predefined values
(0-5-2-0). A sufficient immune response was defined as
being achieved when the lower limit of the two-sided
95% CI for the percentage of participants with hSBA
titres of 5 or more was at least 70% for the three reference
strains after the primary series and at least 75% after the
booster. For responses to routine vaccines, the predefined
non-inferiority criterion was that the lower limit of the
95% CI around the between-group difference (4CMenB
minus routine) in seroresponders would be 10% or less.
There were no prespecified safety analyses.

These trials are registered with ClinicalTrials.gov,
numbers NCT00657709 and NCT00847145.

Role of the funding source

The investigators and representatives of the study
sponsor (as stated in author affiliations) designed and
did the study. Investigators collected data, which was
collated and analysed by the Biostatistics and Clinical
Data Management department of the study sponsor.
Study authors—investigators and sponsor clinical
staff—interpreted the data for study report and
manuscript preparation. All authors contributed to
manuscript development, the corresponding author
having the final responsibility for the content and
decision to submit for publication.

Results

We enrolled 3630 infants in the primary series
(2627 infants in Finland and the Czech Republic,
immunogenicity substudy; 1003 infants in Austria,
Germany, Italy, and Finland, safety subset) and
1555 children aged 12 months in the booster study
(table 1; figure 1). Baseline characteristics were much the
same across the primary and booster study groups
(table 1). Immunogenicity data for 4CMenB are based on
the modified intention-to-treat population, of 1282 infants
from the open-label substudy who provided serum
samples for immune testing.

For the immunogenicity substudy, lot-to-lot consistency
was shown for the three 4CMenB lots, with the lowest 95%
lower confidence limit in comparison between lots being
0-74 and the highest upper limit being 1-33, so within the
predefined limits of 0-5-2- 0 (appendix). As outlined in the
protocol, we present pooled data for all three lots for the
second coprimary objective. At baseline, geometric mean
titres were low (table 2) such that the proportions of infants
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who had hSBA titres of 5 or more against the indicator
strains were 3-0% (39 of 1317) for factor H binding protein,
4-3% (57 of 1316) for neisserial adhesin A, and 1-2% (16 of
1322) for NZ outer membrane vesicle. We recorded much
the same proportions at 7 months of age in the 122 infants
tested from the routine vaccines only group, with 2-3%
having a titre of 5 or more against any of the antigens (data

100 = = o )

o | H : 1

%

40

20 ‘I‘

= L E 1 1 1
44/76-SL 5/99 NZ98/254 M10713
(fHbp) (NadA) (PorA1.4) (NHBA)
Test strain (antigen)

[ Before booster
[ After booster

Participants with hSBA =5 (%)

[ Before vaccination
[ After primary phase

Figure 2: Participants with hSBA titres of 5 or more against each of the test
strains selective for the four vaccine antigens, before and after three
primary doses of 4CMenB, and before and after a booster vaccination
Modified intention-to-treat analyses, tables 2 and 3 show number of
participants in each group. Primary 4CMenB doses were coadministered with
routine vaccines. Booster 4CMenB was administered alone or with measles,
mumps, rubella, and varicella vaccine. PorA1.4 | the major component of New
Zealand strain outer-membrane vesicle. fHbp=factor H binding protein.
NadA=neisserial adhesin A. NHBA=neisseria heparin binding antigen.

See Online for appendix

4CMenB with MMRV 4CMenB alone

n GMT (95% Cl) n GMT (95% Cl)
44/76-SL (factor H binding protein)
Before booster 213 11.0 (9:3-12-0) 224 10-0 (9-1-12-0)
1 month after booster 212 139 (124-156) 222 119 (105-132)
GMRT 209 13 (12-14) 218 11 (10-13)
5/99 (neisserial adhesin A)
Before booster 212 82 (72-93) 222 80 (70-91)
1 month after booster 211 1500 (1338-1681) 222 1403 (1255-1568)
GMRT 207 18 (16-20) 216 18 (16-20)
NZ98/254 (outer membrane vesicle)
Before booster 213 2:1(1-8-2-4) 224 2:3(2:0-2:6)
1 month after booster 213 39 (33-46) 223 31(27-37)
GMRT 210 19 (16-22) 219 14 (12-17)
M10713 (neisseria heparin binding antigen)
Before booster 100 8.0 (6-1-10-0)
1 month after booster 100 42 (35-50)
GMRT 100 53 (41-6:8)

MMRV=measles, mumps, rubella, varicella. GMT=geometric mean titre. GMR=GM ratio. *All infants from the
open-label substudy who provided serum samples for immune testing. tGMR of titres after vaccination to baseline.

(modified intention-to-treat analysis*)

Table 3: Immunogenicity of 4CMenB components before and after the booster dose at 12 months of age
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not shown), suggesting that these low titres did not evolve
during the primary series. When tested 1 month after their
third 4CMenB dose (n=1149-1152), 100% of infants had an
hSBA titre of 5 or more against factor H binding protein
and neisserial adhesin A indicator strains and 84% (992 of
1183) of infants had an hSBA titre of 5 or more against the
NZ outer-membrane vesicle indicator strain (figure 2). The
lower limits of the two-sided 95% CI of these percentages
were all more than 70%, the lowest being 82% for NZ
outer membrane vesicle, thus meeting the second
coprimary objective. In the subset of 100 infants tested
post hoc for neisseria heparin binding antigen responses
with the M10713 strain, the proportion with hSBA titre of
5 or more increased from 33% (33 of 100) at baseline to
84% (84 of 100) after three doses of 4CMenB (figure 2).
For the booster 4CMenB vaccination substudy, although
antibodies waned such that geometric mean titres were
lower in the immunogenicity subset at 12 months than
1 month after vaccination (tables 2, 3) these values
remained higher than the prevaccination baseline, and
the proportion of children with hSBA titres of 5 or more
were 81% (355 of 437) against factor H binding protein,
99% (429 of 434) against neisserial adhesin A, 22%
(96 of 437) against NZ outer membrane vesicle, and 61%

(61 of 100) against neisseria heparin binding antigen. In
4CMenB vaccine-naive children at 12 months of age, the
proportions of children with hSBA titres of 5 were 4-2%
(11 of 261) against factor H binding protein, 1-5% (11 of
260) against neisserial adhesin A, 0-8% (2 of 262) against
NZ outer membrane vesicle, and 18% (16 of 87) against
neisseria heparin binding antigen (data not shown). We
recorded much the same responses to a fourth dose of
4CMenB when it was administered either concomitantly
with MMRYV (n=211); or alone, with MMRYV given 1 month
later (n=215; table 3). We recorded a booster response
against all test strains, resulting in hSBA titres of 5 or
more against the four antigens in 95-100% of recipients
(figure 2).

We examined the immunogenicity of routine vaccines
in subsets of infants (n=245 with 4CMenB, n=252 with
routine vaccines alone). Responses to all constituent
antigens reached accepted thresholds (tables 4, 5) with no
evidence of interference on the basis of a predefined non-
inferiority analysis, except for poliovirus type 2 responses.
The difference in proportions with a poliovirus type 2 titre
of 8 or more between the groups who received routine
vaccines with 4CMenB (88%; 95% CI 84 to 92) and
routine vaccines only (94%; 90 to 97) was =5% (~11 to -1).

4CMenB plus routine vaccines

Routine vaccines only

Difference between
groups after third
vaccination (95% CI)T

vaccines only.

Baseline 1 month after third Baseline 1 month after third
vaccination vaccination

n Response (95%Cl) n Response (95%Cl) n Response (95%Cl) n Response (95% Cl)
Diphtheria 241  38% (32t0 44) 239  100%(98t0100) 246  38% (32t045) 244  100%(98t0100) 0% (-1to2)
Tetanus 241 93% (88to 96) 239 100%(98t0100) 246  95%(91to97) 244  100%(98t0100) 0% (-2t02)
PRP (Hib) - 54% (4710 60) 239 99% (97t0100) 246  55% (49to 62) 244  100%(98t0100) -1% (-3to1)
HBV 241 22%(17t028) 241 98%(95t099) 248  15% (10t020) 248 100% (99 t0100) 2% (-5 to-1)
Polio 1 245 75% (69 to 80) 243 95% (92t098) 246  72% (66t077) 248 97% (94t099)  -1% (-5t02)
Polio 2 245  68% (62t074) 243 88%(84t092) 246  69% (63t074) 248 94% (90t097)  -5% (-11to-1)
Polio 3 245  48% (41to 54) 243 97% (94t099) 246  49% (4210 55) 248 98% (95t099)  -1% (-4t02)

DTaP-HBV-IPV/Hib=diphtheria-tetanus-acellular pertussis, inactivated poliovirus, hepatitis B plus Haemophilus influenzae type b. PRP=polyribosylribitol phosphate.
*Responses assessed as percentages of participants achieving: ELISA antibodies =0-1 IU/mL for diphtheria and tetanus; ELISA antibodies =0-15 pg/mL against Hib-PRP; ELISA
antibodies =10 mlU/mL against hepatitis B surface antigen; neutralisation test titres =8 against polio type 1, 2, and 3 antigens. t4CMenB with routine vaccines minus routine

Table 4: Responses* to DTaP-HBV-IPV/Hib antigens, and differences between groups receiving routine vaccines with or without 4CMenB

Seroconversion*®

Four-fold increase

vaccines minus routine vaccines only.

4CMenB plus Routine vaccines Difference 4CMenB plus Routine vaccines  Difference between

routine vaccines alone between groups  routine vaccines  alone groupst

(N=238) (N=243) (N=238) (N=243)
Pertussis toxin 98% (95 to 99) 100% (9 to 100) -2% (-5to-1) 92% (88 to 95) 95%(91t097) 2% (-7t02)
Filamentous haemagglutinin ~ 95% (91 to 97) 99% (96 to 100) -4% (-8 to-1) 84% (79 to 88) 87% (82t091) 3% (-9to4)
Pertactin 94% (90 to 96) 98% (95 to 99) -4% (-8to-1) 79% (73 to 84) 88% (84t092) -9% (-16to-3)

*Pertussis seroconversion is defined as a four-fold increase for each pertussis antigen or in individuals who were initially seropositive, persistence of the post-vaccination
antibody concentration to at least the same antibody concentration as before vaccination, to take into account the decay of maternal antibodies.t4CMenB with routine

Table 5: Pertussis antigens 1 month after third vaccination
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Primary series

Booster

4CMenB plus routine vaccines

Routine vaccines only

Routine vaccines plus MenC 4CMenB plus  4CMenB

MMRV administered subcutaneously.

MMRVT (N=789)
(N=765)
4CMenB DTaP PCV7 DTaP PCV7 DTaP PCV7 MenC
(N=2477)  (N=2478)  (N=2478) (N=659)  (N=659) (N=490)  (N=490)  (N=490)
Tenderness 2147 (87%) 1986 (80%) 1961(79%) 388 (59%) 352( 3%)  331(68%) 303(62%) 266 (54%) 546 (71%) 563 (71%)
Severe* 723(29%) 607 (24%) 596 (24) 51(8%)  38(6%) 47(10%)  40(8%)  23(5%) 104 (14%) 115 (15%)
Erythema 2049 (83%) 1900 (77%) 1724 (70%) 469 (71%) 408 (62%) 363 (74%) 307 (63%) 261(53%) 504 (66%) 539 (68%)
Induration 1908 (77%) 1674 (68%) 1360 (55%) 424 (64%) 321(49%) 368 (75%) 271(55%) 227(46%) 388 (51%) 424 (54%)
Swelling 1174 (47%)  919(37%) 794 (32%) 222 (34%) 176 (27%) 146 (30%) 99 (20%) 84 (17%) 284(37%) 287 (36%)

Data are n (%). DTaP=diphtheria-tetanus-acellular pertussis, inactivated poliovirus, hepatitis B plus Haemophilus influenzae type b vaccine. PCV7=seven-valent pneumococcal
vaccine. MenC=meningococcal serogroup C conjugate vaccine. MMRV=measles, mumps, rubella, varicella. *Cried when limb moved. tReactions at 4CMenB site only because

Table 6: Participants with any local and systemic reactions within 7 days of any dose of the respective vaccines

Because reactogenicity profiles in open-label and
blinded study cohorts were much the same, and did not
change with subsequent doses, we pooled the safety data
and report data for all doses combined (tables 6, 7).
Injection-site reactions peaked on day 1, with a steep
decrease in occurrence noted on day 2. The most frequent
reaction was tenderness, reported in 87% of 4CMenB
recipients; 29% of cases were described as severe, defined
as crying when the limb was moved (table 6). When
administered concomitantly with 4CMenB and PCV7,
DTaP-HBV-IPV/Hib vaccine elicited much the same
occurrence of local tenderness—any (80%) and severe
(24%). Without 4CMenB occurrence of any tenderness
was lower: 59% with PCV7 only, and 68% with both PCV7
and MenC (table 6). Although erythema and induration,
and to a lesser extent swelling, were reported frequently
(table 6), fewer than 1% of these reactions were reported
as severe (data not shown). Booster doses of 4CMenB in
children aged 12 months elicited lower occurrence of all
injection-site reactions, including any (71% with and
without MMRV) and severe tenderness (15% with
MMRY, 14% without MMRYV; table 6).

We identified no major differences in safety reporting
between the open-label subset and the smaller blinded
cohort (appendix) except for the proportions of partici-
pants with medically attended fever. In the open-label
substudy, medical attention for fever after any vaccination
was sought for 1-4% (28 of 1966) of infants in the
4CMenB plus routine vaccines group and 1-8% (12 of
659) of infants in the routine vaccines only group. In the
observer-blind substudy these proportions were 5-3%
(26 of 493) for the 4CMenB group and 2-8% (13 of 470)
for the routine vaccines plus MenC group.

Pooled data for both subsets are presented for other
adverse events and reactions (table 7; figure 3). The most
notable systemic reaction in both infants and children
aged 12 months was fever, usually occurring on the same
day as vaccination (figure 3). Temperatures in infants
were highest 6 h after vaccination, decreased on day 2,
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Primary series Booster

4CMenB plus Routine Routine 4CMenB 4CMenB

routine vaccines vaccinesonly vaccines plus plus MMRV  (N=789)

(N=2478) (N=659) MenC (N=490)  (N=765)
Change in eating habits 1787 (72%) 329 (50%) 257 (52%) 312 (41%) 318 (40%)
Sleepiness 2159 (87%) 476 (72%) 353 (72%) 362 (47%) 355 (45%)
Vomiting 662 (27%) 104 (16%) 116 (24%) 54 (7%) 36 (5%)
Diarrhoea 1086 (44%) 218 (33%) 164 (33%) 188 (25%) 160 (20%)
Irritability 2296 (93%) 544 (83%) 370 (76%) 560 (73%) 540 (68%)
Unusual crying 2109 (85%) 424 (64%) 352 (72%) 327 (43%) 294 (37%)
Rash 318 (13%) 77 (12%) 43 (9%) 57 (7%) 56 (7%)
Medically attended fever 57 (2%) 12 (2%) 16 (3%) 8 (1%) 13 (2%)
Antipyretic use 2302 (93%) 471(71%) 325 (66%) 436 (57%) 406 (51%)

Data are n (%). MenC=meningococcal serogroup C conjugate vaccine. MMRV=measles, mumps, rubella, varicella vaccine.

Table 7: Participants with any systemic reactions within 7 days of any dose of the respective vaccines

and were normal by day 3 (figure 3A). Rectal temperature
of 38-5°C or more was reported in 65-3% (1612 of 2468)
of infant 4CMenB recipients within 6 h of vaccination,
compared with 32-2% (212 of 658) receiving routine vac-
cines alone, or 33-7% (165 of 489) with routine vaccines
and MenC. Fever of 40-0°C or more was reported in
1-2% (29 of 2468), 0%, and 0-2% (one of 489) of these
groups, respectively. Antipyretic use was frequent in all
groups (table 7), but rates of medical attention for fever
were low (2-3% of doses), and medical procedures were
infrequent (1-0% [25 of 2468] with 4CMenB, 1-1% [seven
of 658] with routine vaccines alone, 1-0% [five of 489]
after routine vaccines plus MenC).

After a booster dose of 4CMenB alone, 31-6% (248 of
783) of children had a temperature (rectal or axillary) of
38-0°C or more within 6 h. The proportion at 6 h was
similar (30-6% [233 of 761]) when 4CMenB was given
concomitantly with MMRY, but this group then displayed
the characteristic increase in temperature associated
with MMRYV vaccine,* peaking around day 9 when 25-3%
(190 of 727) had temperature of 38.0°C or more
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(figure 3B). Fever of 40-0°C or more was rare in children
aged 12 months—two cases occurring within 6 h with
4CMenB plus MMRYV, no cases in the 4 days after
4CMenB alone, and six cases during the MMRV peak
around day 9.

Seizures temporally associated with 4CMenB vaccin-
ation were rare in infants. Two cases reported as febrile
seizures, and assessed as probably related to 4CMenB,
occurred within 24 h of the second vaccinations with
4CMenB and routine vaccines; one case was a complex
febrile seizure in a child with underlying neurological
and renal pathologies and developmental delay, with no
previous history of seizures. After withdrawal from the
study, this child had another apparent febrile seizure
5 months later. Four other reported febrile seizures,
occurring 2, 6, 8, and 25 weeks after the third vaccinations
with 4CMenB plus routine vaccines, were deemed by

investigators to be associated with underlying infections.
Two additional seizures—one case reported as leg
convulsions and another of jerking movements of the
right arm—occurred on the same day as the first
vaccinations with 4CMenB and routine vaccines. These
events occurred in the presence of fever, were deemed
mild or moderate in severity and possibly related to
4CMenB, and resolved spontaneously. Nine febrile
seizures reported in the booster phase occurred between
9 days and 6 months after receipt of 4CMenB vaccine,
which are beyond the duration of fever associated with
4CMenB vaccination. The case occurring 9 days after
receiving 4CMenB with MMRYV was assessed as possibly
related to MMRYV, because 9 days is a plausible time
interval for fever associated with live viral vaccines."
Four suspected cases of Kawasaki disease were
reported during the primary phase, which were assessed
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Figure 3: Temperatures in infants (A) for 7 days after vaccination with 4CMenB, routine, and MenC vaccines, and in children aged 12 months (B) monitored
for 7 days after administration of 4CMenB alone, or for 28 days after 4CMenB plus MMRYV vaccine
Infant temperatures were rectal, temperatures in children aged 12 months were either rectal or axillary. MenC=meningococcal serogroup C. MMRV=measles, mumps,

rubella, and varicella.
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by an independent expert panel as three confirmed cases
and one unconfirmed case of Kawasaki disease, on the
basis of the classic clinical criteria (appendix).” Two
confirmed cases and the unconfirmed case occurred
among the 2480 infants given 4CMenB and routine
vaccines, 3,7, and 14 weeks after vaccination, respectively;
the other confirmed case was at 23 weeks in one of the
1149 infants who received MenC and routine vaccines.
No cases of Kawasaki disease were reported after the
4CMenB booster.

Most other adverse events were common childhood
illnesses or events consistent with solicited reactions. In
the primary series, serious adverse events were reported
in 210 of 2480 (8%) infants who received at least one
dose of 4CMenB with the routine vaccines, 51 of
658 (8%) who received one or more doses of the routine
vaccines only, and 28 of 490 (6%) who received one or
more doses of MenC with routine vaccines. In
15 children, 17 serious adverse events (one with routine
vaccines alone, 16 with routine vaccines and 4CMenB)
were deemed vaccine-related by investigators. All
events, except for a case of blindness associated with
microcephaly in a 4CMenB recipient, resolved by final
follow-up. After booster, two serious adverse events
were deemed possibly related to vaccination with
4CMenB and MMRYV, the febrile convulsion reported
previously, and pyrexia 2 days after vaccination.

Discussion

In infants given three doses of the 4CMenB vaccine, all
participants developed protective hSBA titres against
strains selective for factor H binding protein and
neisserial adhesin A, and 84% developed protective hSBA
titres against strains selective for NZ outer membrane
vesicle. In a subset, 84% of participants had protective
hSBA titres against neisseria heparin binding antigen.
The three 4CMenB lots used gave consistent results.
Immune responses to routine vaccines were much the
same with or without concomitant 4CMenB, but con-
comitant vaccination was associated with increased
reactogenicity. At 12 months of age, waning titres were
boosted by a fourth dose of 4CMenB, and 95-100% of
participants developed protective hSBA titres for all
antigens, irrespective of whether 4CMenB was adminis-
tered with or without MMRV.

The formulation of several protective protein antigens,
identified by genome mining, into an investigational
vaccine, 4CMenB, is a breakthrough in the effort to
develop a broadly protective vaccine to combat meningo-
coccal serogroup B disease (panel). Use of several
independent surface antigens could provide synergistic
killing, improve strain coverage, and insure against
mutations of individual target proteins. Previous studies*"
assessed 4CMenB responses against strain panels that
were chosen to provide initial information about the
immunogenicity of these components. Data from these
studies showed some enhancement of the response to
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recombinant components by the inclusion of New
Zealand outer membrane vesicle components in addition
to the response directed at the PorA P1.4 component.*"
We have assessed responses to meningococcal sero-
group B indicator strains displaying individual vaccine
antigens—factor H binding protein, neisserial adhesin A,
neisseria heparin binding antigen, or PorA—while lacking
genotypic or phenotypic expression of variant antigens
that elicit cross-reactive antibodies.® We identified robust
immune responses against all four strains in infants after
the primary series and in children aged 12 months after a
booster dose. After infant priming, hSBA titres of 5 or
more, representing 95% confidence of the accepted
correlate of protection against meningococcal disease
(titre =4),” were achieved in 100% of 4CMenB recipients
against two of three recombinant vaccine components,
and in 84% against the NZ outer membrane vesicle
components. The latter response is consistent with the
reported efficacy of the monocomponent MeNZB outer-
membrane vesicle vaccine® We noted no clinically
meaningful immunological interference for coadminis-
tered routine (DTaP-IPV-HBV/Hib, PCV7, MMRYV) vac-
cines. These responses are consistent with a previously
reported phase 2b study? of 4CMenB administered as
three doses with routine vaccines at 2, 4, and 6 months of
age; or 2, 3, and 4 months of age; or as separate vaccin-
ations between routine vaccinations at ages 3, 5, and

Panel: Research in context

Systematic review

The traditional polysaccharide-protein conjugate vaccine approach used for other
meningococcal serogroups is not possible for serogroup B because it is immunologically
similar to the polysaccharide of human neural cell molecules. Vaccines developed to
control local serogroup B outbreaks with outer membrane vesicles containing the
immunodominant antigen PorA are only suitable for homologous strains and do not
provide broad protection.’ Other meningococcal proteins have been shown to elicit
protective immune responses, and a vaccine containing two variants of factor H binding
protein was immunogenic in children aged 18-36 months in a phase 1 study.”® A novel
investigational vaccine, rMenB, was developed with recombinant protein technology to
generate several antigens to provide a broader immune response. Phase 2 studies showed
that the presence of outer membrane vesicles from the New Zealand outbreak strain
enhances the immune response to the recombinant proteins,* and that the resulting
vaccine formulation, 4CMenB, could be administered concomitantly with routine infant
vaccines.” In adolescents, who are one important target for MenB vaccination, two doses
of 4CMenB 1-6 months apart were sufficient to induce immune responses against all
constituent antigens in almost all participants.” We present the results of a pivotal study
of 4CMenB in another important target population, infants from 2 months of age, when
administered concomitantly with their routine infant vaccinations. We did not do a
search of the scientific literature before undertaking this study, because no precedent
exists for this vaccine.

Interpretation

This large phase 3 study confirms the feasibility of administering a three dose primary
schedule of 4CMenB to infants, concomitantly with routine vaccines, which elicited
protective immune responses to all antigen components with an acceptable safety profile.
We identified an anamnestic response to a fourth dose administered at 12 months of age.
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7 months; and studies of investigational formulations of
the recombinant proteins with and without the NZ outer-
membrane vesicle component.*"

A meningococcal antigen typing system (MATS) with
a sandwich ELISA has been developed to predict the
likelihood that strains will be killed in the hSBA. MATS

analysis of a panel of strains can be done in weeks,
rather than the months or years of work that would be
required to test each strain individually and provides
vaccine coverage estimates from large panels of bacterial
strains.”? Reference laboratories worldwide are cur-
rently screening strain collections to estimate potential

local vaccine coverage of serogroup B disease isolates.
We could not assess vaccine efficacy, which must be

inferred regionally from forthcoming meningococcal
antigen typing system coverage data and the sero-
protective responses we have shown. However, a
preliminary report® of meningococcal antigen typing
system analyses of 1011 serogroup B clinical isolates
from six European countries (England and Wales,
France, Germany, Italy, Norway) shows coverage of
77-5% (95% CI 66-3-91-9).

Importantly, factor H binding protein, neisserial
adhesin A, and neisseria heparin binding antigen
proteins, and PorA in the NZ outer-membrane vesicle,
are common to other meningococcal serogroups and
might therefore protect against non-serogroup B strains,
in a similar approach to that currently being explored for
pneumococcal vaccines.* For example, meningococcal
disease outbreaks in Africa due to serogroup X,* for
which no vaccine is available, were caused by a strain
containing the same factor H binding protein component
as 4CMenB.*

We noted an additive effect on reactogenicity of the
routine vaccines in 4CMenB recipients, who had more
frequent and more pronounced solicited reactions and
fevers than did recipients of routine vaccines given alone
or with MenC. However, the occurrence of febrile
seizures and the proportion of infants receiving anti-
pyretics were much the same as those reported from
other combination vaccine studies.” In children aged
12 months, we noted a rapid onset of fever in about 30%
of children, but no cases of high fever. These reactions
might partly be attributable to the NZ outer membrane
vesicle component, because high reactogenicity was also
recorded with the MeNZB vaccine. Therefore, add-
itional information from ongoing studies in which
4CMenB is administered on its own, and studies to
investigate prophylactic use of antipyretics or formu-
lations with different quantities of the NZ outer
membrane vesicle component will be helpful.

We recorded two confirmed and one unconfirmed
case of Kawasaki disease in 4CMenB recipients.
Although causality to 4CMenB and routine vaccinations
is unclear, we could not rule out a possible vaccine
association for the case at 3 weeks—the only one with
cardiac findings—and that at 7 weeks after vaccination,

although this case was deemed less likely to be related
to vaccination. The small numbers identified here
preclude definitive conclusions, but their detection
shows the need for continued surveillance in future
trials and after licensure to determine whether
occurrence is within background rates for the infant
population, as these rates continue to increase with
improving diagnostic techniques and increasing aware-
ness of this disorder.”* Data from this and other
studies suggest that reactogenicity decreases with age,
from infants through toddlers to adolescents.”

In summary, we identified strong immune responses
against four independent meningococcal serogroup B
protein antigens, which were predicted to provide broad
coverage against a representative panel of European
disease isolates. Although 4CMenB contributed to a
noticeable increase in the overall reactogenicity profile
when administered concomitantly with the routine vac-
cinations given at 2, 4, and 6 months to infants in Europe,
infants bear the largest meningococcal disease burden
worldwide,” and the promising immunogenicity of
4CMenB needs to be balanced against this reactogenicity.
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