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ABSTRACT

This phase 3B, open-label, extension study (NCT01962207) evaluated long-term persistence of antibodies
induced by the quadrivalent meningococcal vaccine conjugated to tetanus toxoid (MenACWY-TT) com-
pared with the meningococcal serogroup C vaccine conjugated to CRM (MenC-CRM) and the quadrivalent
meningococcal polysaccharide vaccine (MenACWY-PS) 6 to 10 y after primary vaccination in toddlers
(aged 1-<2 y; MenACWY-TT and MenC-CRM) and children (aged 2-<11 y; MenACWY-TT and MenACWY-
PS). Antibody responses against meningococcal serogroups A, C, W, and Y were assessed by serum
bactericidal antibody assays using rabbit (rSBA) or human (hSBA) complement. A MenACWY-TT booster
dose at Year 10 was given to all eligible subjects regardless of the primary vaccine received. At Year 10, the
percentages of subjects with rSBA titers >1:8 for serogroups A, C, W, and Y were as follows: MenACWY-TT
(toddlers), 65.6%, 82.8%, 31.3%, 43.8%, respectively; MenC-CRM, 88.2% for serogroup C; MenACWY-TT
(children), 88.9%, 84.1%, 67.1%, 65.9%; and MenACWY-PS, 28.6%, 81.0%, 23.8%, and 23.8%. Corresponding
percentages for hSBA titers >1:4 were as follows: MenACWY-TT (toddlers), 31.1%, 91.9%, 44.4%, 41.4%;
MenC-CRM, 93.8% for serogroup C; MenACWY-TT (children), 34.8%, 91.1%, 61.2%, 72.6%; and MenACWY-
PS, 33.3%, 100.0%, 26.3%, and 44.4%. One month after the MenACWY-TT booster, the percentage of
subjects with vaccine response ranged from 75.7% to 100.0% across serogroups in all study groups.
Postbooster vaccine responses were generally comparable between groups across serogroups. No new
safety signals were identified. Antibody responses persisted 10 y after MenACWY-TT vaccination. The
MenACWY-TT booster dose was well tolerated and elicited robust immune responses.
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Introduction either a single dose of MenACWY-TT vaccine or
a monovalent meningococcal C conjugate vaccine
(MenC-CRM; Meningitec®, Pfizer [formerly Wyeth
Lederle], Philadelphia, PA, USA), and healthy children
(aged 2-<11 y) received a single dose of MenACWY-TT
vaccine or a quadrivalent meningococcal polysaccharide
vaccine (MenACWY-PS; Mencevax®, GlaxoSmithKline,
Rixensart, Belgium).””® Toddlers and children were initi-
ally assessed for antibody persistence over 5 y after pri-
mary vaccination. In toddlers vaccinated with MenACWY-
TT, 73.5%, 77.6%, 34.7%, and 42.9% had detectable anti-
bodies against serogroups A, C, W, and Y, respectively, 5y
after vaccination. Corresponding percentages in children
were 90.8%, 90.8%, 78.6%, and 78.6%.

Retrospective data indicate that circulating antibodies after
primary vaccination with some MenACWY conjugate vac-
cines wane within 3 to 8 y.>' However, it is not currently
established whether antibody persistence continues to
decrease over longer periods or when a booster dose following
vaccination with meningococcal vaccines in childhood is
required. Thus, the aim of the current extension study

Neisseria meningitidis causes meningococcal disease, includ-
ing meningitis, bacteremia, and bacteremic pneumonia.1 Even
with treatment, the case-fatality ratio of meningococcal dis-
ease is 10% to 15%; approximately 20% of survivors have
permanent and disabling sequelae, including hearing loss,
limb loss, and neurologic impairment.” The risk of meningo-
coccal disease is highest in infants and toddlers, with
a secondary peak in late adolescence and early adulthood,”*
making these age groups an important target for prevention.

Currently, vaccines are available targeting five meningococcal
disease-causing serogroups (i.e., serogroups A, B, C, W, and Y).5
The quadrivalent meningococcal vaccine MenACWY-TT
(Nimenrix® Pfizer Ltd, Sandwich, UK), which is conjugated to
tetanus toxoid, targets serogroups A, C, W, and Y.® This vaccine
is licensed in the European Union for individuals =6 weeks of
age, with a single dose recommended for individuals >12 months
of age.’

In a phase 2 primary vaccination study
(NCT00427908), healthy toddlers (aged 1-<2 y) received

CONTACT Timo Vesikari @ timo.vesikari@gmail.com @ Nordic Research Network Ltd, Biokatu 10, 33520 Tampere, Finland
Personal classification: Clinical

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/21645515.2020.1746110.

© 2020 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.


https://doi.org/10.1080/21645515.2020.1746110
https://crossmark.crossref.org/dialog/?doi=10.1080/21645515.2020.1746110&domain=pdf&date_stamp=2020-06-23

(NCT01962207) was to further evaluate the long-term persis-
tence of antibodies induced by MenACWY-TT versus MenC-
CRM and MenACWY-PS from 6 to 10 y after vaccination in
individuals 1 to <11 y of age at the time of primary vaccina-
tion. In addition, the safety and immunogenicity of a booster
dose of MenACWY-TT vaccine administered to all eligible
subjects 10 y after primary vaccination were evaluated.

Subjects and methods
Study design and subjects

This phase 3B, open-label, multicenter, extension study
(NCT01962207) is based on a phase 2 primary study
(MenACWY-TT-027 [108658]; NCT00427908), which has been
described previously.””” Briefly, the primary study included four
parallel groups of healthy subjects: toddlers (aged 1-<2 y) who
received MenACWY-TT or MenC-CRM®® and children (aged 2-
<11 y) who received MenACWY-TT or MenACWY-PS.”” In the
primary study, subjects were to receive an extra dose of
MenC-CRM by Year 5 if a suboptimal antibody response to
serogroup C was documented.” The current study uses the same
four parallel groups of healthy subjects as the primary study,
referred to here as MenACWY-TT (toddlers), MenC-CRM,
MenACWY-TT (children), and MenACWY-PS.

The current extension study consisted of a long-term persis-
tence phase and a booster phase (Figure 1). During the persistence
phase, data were collected 6, 7, 8, 9, and 10 y after vaccination with
MenACWY-TT, MenC-CRM, or MenACWY-PS in the primary
study. At each study visit (Years 6, 7, 8, 9, and 10), a blood sample
was collected from each subject enrolled. The booster phase
started 10 y after the primary vaccination, when a MenACWY-
TT booster dose was administered to all eligible subjects regardless
of primary vaccination group and ended with a phone contact at
6 months postbooster.

This study was conducted in accordance with International
Conference on Harmonisation Guidelines for Good Clinical
Practice and the Declaration of Helsinki. The study protocol
and subsequent amendments were reviewed and approved by
local institutional review boards/independent ethics commit-
tees. All subjects or their parents or legal representatives
provided written informed consent.

To be included in this study, subjects had to be healthy
children of either sex who participated in the primary study
and were vaccinated with either the MenACWY-TT, MenC-

Primary vaccination phase

+— MenACWY-TT (n=456)

<+— MenC-CRM (n=76)

Randomization
(3:1)
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CRM, or MenACWY-PS vaccine. In addition, the subject or
subject’s legal guardian had to be able to comply with the
requirements of the protocol in the opinion of the investigator
and provide written informed consent. Female subjects of
childbearing potential could be enrolled in the study if they
had a negative pregnancy test on the day of vaccination.

Exclusion criteria included being a child in care (e.g., one
who is under the protection of an agency, organization, gov-
ernment body, or foster parent); having been previously vac-
cinated with a meningococcal polysaccharide or conjugate
vaccine outside of the primary study (subjects who were
revaccinated with a monovalent MenC conjugate vaccine
because of suboptimal serogroup C response during the per-
sistence phase of the primary study were allowed to partici-
pate); having a history of meningococcal disease due to
serogroup A, C, W, or Y; having been previously vaccinated
with meningococcal B vaccine; having an immunodeficient
condition, a family history of congenital or hereditary immu-
nodeficiency, or a major congenital defect or serious chronic
illness; having a history of drug or alcohol abuse; or with-
drawing consent to be contacted for follow-up studies.

Additional exclusion criteria for the booster phase at
Year 10 included the use of any investigational product
(drug or vaccine) other than the study vaccine within
30 d before the booster dose or planned use during the
follow-up period, administration of a vaccine 30 d before or
planned administration 30 d after the booster dose (inacti-
vated influenza vaccine allowed), chronic administration of
immunosuppressants within 6 months before the booster
dose (inhaled and topical steroids allowed), administration
of immunoglobulins or blood products within 3 months
before the booster dose or planned use during follow-up,
a history of any reaction or hypersensitivity likely to be
exacerbated by vaccines, a history of neurologic disorders,
acute disease and/or fever at the time of vaccination.
Female subjects were excluded if they were pregnant or
lactating; male and female subjects were excluded if they
were planning to discontinue contraception or become
pregnant.

Vaccines

In the booster phase, all eligible subjects received a single
MenACWY-TT booster dose administered intramuscularly
to the deltoid muscle.

Long-term persistence phase Booster phase

+— MenACWY-PS (n=76)

Month 0
Vaccination
Age 1-<11 years

Month 1
Follow-up
visit

Month 6
Phone contact or
follow-up visit

Years 1-5
Follow-up visits

Figure 1. Study design.
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Immunogenicity assessments

Functional antibody response against serogroups A, C, W, and
Y was assessed by serum bactericidal assays using rabbit (rSBA)
or human (hSBA) complement. As both complement assays
have been conventionally used as correlate measures of protec-
tion and for vaccine licensure,!' ! with sometimes differing
results,'* data for both rSBA and hSBA were evaluated in the
current study. The primary immunogenicity endpoint was the
percentage of subjects with rSBA titers >1:8 and >1:128 and
geometric mean titers (GMTs) for serogroups A, C, W, and
Y at 6, 7, 8, 9, and 10 y after primary vaccination. The >1:8
rSBA titer threshold is the established correlate of seroprotection
for serogroup C,'>'>' and was extended to other serogroups in
the current study, as done in the primary study.”” The >1:128
cutoff was also evaluated as a more stringent measure of protec-
tion, as for the primary study.”” Secondary endpoints included
the percentage of subjects with (1) hSBA titers >1:4 and >1:8 and
GMTs for serogroups A, C, W, and Y at 6,7, 8, 9, and 10 y after
primary vaccination; (2) rSBA titers >1:8 and >1:128 and GMT's
for serogroups A, C, W, and Y and rSBA booster responses
1 month after booster vaccination; and (3) hSBA titers >1:4
and >1:8 and GMTs for serogroups A, C, W, and Y and hSBA
booster responses 1 month after booster vaccination. An rSBA
booster response was defined as rSBA antibody titers >1:32 at
1 month after booster vaccination (initially seronegative subjects
with prevaccination titer <1:8) or rSBA antibody titers at least
four times the prevaccination antibody titers at 1 month after
booster vaccination (initially seropositive subjects with prevac-
cination titer >1:8). An hSBA booster response was defined as
hSBA antibody titers >1:8 at 1 month after booster vaccination
(initially seronegative subjects with prevaccination titer <1:4) or
hSBA antibody titers at least four times the prevaccination anti-
body titers at 1 month after booster vaccination (initially sero-
positive subjects with titer >1:4).

Subjects who received additional MenC vaccine because of
a suboptimal response as described above were included in
the antibody response analyses for serogroups A, C, W, and
Y. However, an additional sensitivity analysis was conducted
to compare antibody responses in subjects with versus with-
out the additional MenC vaccination.

Safety assessments

In the persistence phase, the occurrence of vaccine-related
serious adverse events (SAEs) and any event related to lack
of vaccine efficacy (i.e., meningococcal disease) since the last
persistence time point in which the subject participated (and
up to each yearly visit in the current study) were assessed
retrospectively. Safety assessments in the booster phase
included reactogenicity events, including solicited local
(pain, redness, swelling at injection site) and general (fatigue,
fever, gastrointestinal symptoms, headache) symptoms on
days 0 to 3 following booster vaccination as recorded on
diary cards completed by parents/guardians; unsolicited
events up to 31 d following booster vaccination; and SAEs
and new-onset chronic illnesses (e.g., autoimmune disorders,
asthma, type 1 diabetes, allergies) from administration of the
booster vaccine dose until study end. Adverse events (AEs)

were recorded and coded according to the Medical Dictionary
for Regulatory Activities version 21.0.

Statistical analyses

All analyses were descriptive without adjustment for
multiplicity.

Determination of sample size

Assuming enrollment of approximately 80% of the vaccinated
population from the primary study and an annual dropout
rate of 10%, it was anticipated that approximately 488 subjects
would initially participate in the extension phase of this study,
which started at Year 6. This included 183 subjects in each of
the 2 MenACWY-TT groups and 61 subjects each in the
MenC-CRM and MenACWY-PS groups.

Analysis of populations

The according-to-protocol (ATP) population (all eligible sub-
jects who received primary vaccination, complied with blood
sampling intervals and the protocol, and had assay results for
>1 tested antigen) was used in the persistence phase analysis.
The following populations were used in the booster phase: the
booster total vaccinated population (used for a second immu-
nogenicity analysis and safety analyses; included all subjects
from the primary study with a documented booster vaccine
administration) and the booster ATP population (used for
immunogenicity analyses; included all subjects who received
a booster dose of study vaccine, who met previously described
inclusion criteria and had no exclusion criteria, and for whom
the administration site was known).

Antibody persistence immunogenicity analyses

Descriptive statistics were compiled for Year 6 through Year 10
for rSBA and hSBA data for each antigen assessed. GMTs with
95% CIs and percentages of subjects with titers above the
proposed cutoffs with exact 95% Cls were determined for each
vaccine group, blood sampling time point, and antigen assessed.

Postbooster immunogenicity analyses

For each vaccine group, at each blood sampling time point
(before and 1 month after booster vaccination), and for each
antigen examined, the following were assessed: GMTs with
95% ClIs, percentages of subjects with booster vaccine
response (1 month after booster vaccination), and with rSBA
and hSBA titers above the cutoffs with 95% Cls.

For both persistence and postbooster immunogenicity ana-
lyses, exploratory comparisons evaluated differences in
immune responses between MenACWY-TT (toddlers) and
MenC-CRM for serogroup C only and between MenACWY-
TT (children) and MenACWY-PS for all serogroups (A, C, W,
and Y), all with 95% ClIs.

Antibody persistence safety analyses

Safety endpoints were assessed from Year 6 to Year 10 and
included all SAEs, AEs, and SAEs leading to withdrawal, SAEs
related to study vaccine or any event related to lack of vaccine
efficacy, SAEs related to study participation, and intercurrent
medical conditions.



Postbooster safety analyses

The postbooster safety analysis was conducted on all subjects
receiving a booster vaccination. Safety results are presented as
the percentage of subjects with >1 local event, with >1 general
event, or with any AE during the 4-d follow-up period; similar
results are presented by AE grade.

Results
Subjects

Of 243 subjects enrolled in the persistence phase, 197, 220, 221,
208, and 191 subjects completed the Year 6, 7, 8, 9, and 10
visits, respectively (Figure 2). The main reason for discontinua-
tion from the persistence phase was withdrawal of consent for
reasons other than an AE (12.8%). All 181 subjects enrolled in
the booster phase completed the study visits. Median (range)
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age at entry to this study was 9.0 (7-18) y. Most subjects were
white (98.9% [179/181]) and 48.6% (88/181) were boys
(Table 1).

Immunogenicity in the persistence phase

rSBA responses

In all study groups (i.e, MenACWY-TT [toddlers], MenC-
CRM, MenACWY-TT [children], and MenACWY-PS), percen-
tages of participants with rSBA titers 21:8 for each serogroup
remained stable from Year 6 through Year 10 (Figure 3; Table
S1). Ten years after primary vaccination, the percentage of
subjects in the MenACWY-TT (toddlers) group with rSBA anti-
body titers >1:8 was 65.6%, 82.8%, 31.3%, and 43.8% for ser-
ogroups A, C, W, and Y, respectively. For the MenC-CRM
group, rSBA titers >1:8 were 88.2% for serogroup C at 10 y

Total enrolled*
N=243

n=76

n=23

MenACWY-TT (1-<2y) ‘ ‘

MenC-CRM (1-<2y) ‘

n=115

n=29

MenACWY-TT (2-<11y) ‘

MenACWY-PS (2-<11y) ‘

Year 6

Year 7
Antibody
persistence
phase

Completed
visit Year 8
Year9

Year 10

Reasons for
(n=8):

Reasons for
withdrawal (n=31)
-Withdrawal of
consent not due to

Reasons for
withdrawal (n=7):

Completed all ‘ ~Withdrawal of

visits consent not due
to AE, n=4
-Moved from
study area, n=2
~Lost to follow-
up, n=2

Booster

Reasons for
withdrawal (n=6)

AE, n=18
-Nonserious
~Withdrawal of adverse event,
consent not due to =1

AE, n=5

~Lost to follow-up,
n=1

~Withdrawal of
consent not due to
AE, n=4

~Eligibilty criteria
not fulfilled, n=1
~Lost to follow-up,
n=2

~Eligibiity criteria
not fulfilled, n=3
-Moved from
study area, n=4

vaccinated =67

cohort!
Booster
phase

Completed all

booster visitst n=67

n=16

Figure 2. Subject flow chart.

~Lost to follow-up,
n=5

n=21

*The total enrolled cohort includes all subjects enrolled in the study irrespective of the visit at which they were enrolled. TAll subjects who were given the booster
vaccination received MenACWY-TT at Year 10. *Visits in the booster phase include 10 y after the primary vaccination but before the booster vaccination, 1 month
after the booster vaccination, and 6 months after the booster vaccination (phone contact).

AE = adverse event.

Table 1. Demographics in the persistence phase and booster phase.

MenACWY-TT MenACWY-TT
(Toddlers) MenC-CRM (Children) MenACWY-PS
Characteristic n=76 n=23 n=115 n=29
Persistence phase”
Age at enrollment (Study Year 6),f y
Mean (SD) 8.2 (0.7) 8.2 (0.7) 12.5 (2.6) 12.1 (2.9)
Median (range) 8.0 (7-10) 8.0 (7-10) 13.0 (8-18) 12.0 (8-16)
Sex, n (%)
Female 40 (52.6) 12 (52.2) 56 (48.7) 14 (48.3)
Male 36 (47.4) 11 (47.8) 59 (51.3) 15 (51.7)
White race, n (%) 75 (98.7) 22 (95.7) 113 (98.3) 28 (96.6)
Booster phase™*
Age at enrollment (Year 6),} y
Mean (SD) 8.2 (0.7) 8.4 (0.8) 12.0 (2.5) 11.8 (2.9)
Median (range) 8.0 (7-10) 8.0 (7-10) 12.0 (8-18) 11.0 (8-16)
Sex, n (%)
Female 37 (55.2) 8 (50.0) 39 (50.6) 9 (42.9)
Male 30 (44.8) 8 (50.0) 38 (49.4) 12 (57.1)
White race, n (%) 66 (98.5) 16 (100) 77 (100) 20 (95.2)

“Date of birth, sex, and race were collected in the primary study.
TAge was computed based on the age at entry into the extension study.

*All subjects received MenACWY-TT booster vaccine regardless of vaccine received in the primary study.

SAge is based on the age at entry into the extension study.
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Figure 3. Percentages of subjects with rSBA titers >1:8 at 6 to 10 y after primary vaccination with MenACWY-TT, MenC-CRM, or MenACWY-PS (adapted ATP cohort)

for (a) serogroup A, (b) serogroup C, (c) serogroup W, and (d) serogroup Y.

ATP = according-to-protocol; rSBA = serum bactericidal antibody assays using baby rabbit complement. Exact 2-sided Cls are based on the observed proportion of

subjects using the Clopper and Pearson method.

after primary vaccination. Exploratory comparisons found no
difference in the percentages of subjects with rSBA titers >1:8 for
serogroup C between the MenACWY-TT (toddlers) and MenC-
CRM groups at Year 10 (Table S2).

A higher percentage of subjects in the MenACWY-TT
(children) group compared with the MenACWY-PS group had
rSBA antibody titers >1:8 for serogroups A, W, and Y (Figure 3;
Table S1). Ten years after primary vaccination the percentage of
subjects in the MenACWY-TT (children) group with rSBA titers
>1:8 was 88.9%, 84.1%, 67.1%, and 65.9% for serogroups A, C,

W, and Y, respectively. Corresponding percentages of subjects in
the MenACWY-PS group with rSBA antibody titers >1:8 were
28.6%, 81.0%, 23.8%, and 23.8%, respectively. Exploratory com-
parisons found that percentages of subjects with rSBA titers >1:8
at Year 10 were higher in the MenACWY-TT (children) group
than the MenACWY-PS group for all serogroups except ser-
ogroup C (Table S2). rSBA antibody titers >1:128 and rSBA
GMTs during the persistence phase are summarized in Table S1.

When subjects were stratified by whether they received an
additional dose of MenC-CRM during the primary study, the



percentage of subjects with rSBA titers >1:8 for serogroup C was
higher at Years 6 through 10 among subjects who received this
additional dose (113 in the MenACWY-TT [toddlers] group, 42
in the MenC-CRM group, 86 in the MenACWY-TT [children]
group, and 56 in the MenACWY-PS group) compared with
subjects who did not (Figure 4; Table S3). Additionally, children
who were revaccinated generally showed lower responses for
serogroups A, W, and Y compared with children who did not
receive an additional MenC-CRM vaccination.
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hSBA responses

Percentages of subjects with hSBA titers >1:4 for each ser-
ogroup remained stable from Year 6 through Year 10 for all
study groups (Figure 5; Table S4). Ten years after primary
vaccination, the percentages of subjects in the MenACWY-TT
(toddlers) group with hSBA antibody titers >1:4 were 31.1%,
91.9%, 44.4%, and 41.4% for serogroups A, C, W, and Y,
respectively. In the MenC-CRM group, 93.8% of subjects had
hSBA titers >1:4 for serogroup C at Year 10. Exploratory
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Figure 4. Percentages of subjects with rSBA titers =1:8 at 6 to 10 y after primary vaccination among those who did versus did not receive an extra dose of MenC-
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ATP = according-to-protocol; rSBA = serum bactericidal antibody assays using rabbit complement.
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Figure 5. Percentages of subjects with hSBA titers >1:4 at 6 to 10 y after primary vaccination with MenACWY-TT, MenC-CRM, or MenACWY-PS (adapted ATP cohort)

(a) serogroup A, (b) serogroup C, (c) serogroup W, and (d) serogroup Y.

ATP = according-to-protocol; hSBA = serum bactericidal antibody assays using human complement. Exact 2-sided Cls are based on the observed proportion of

subjects using the Clopper and Pearson method.

comparisons found no difference in the percentages of subjects
with hSBA titers 21:4 for serogroup C between the
MenACWY-TT (toddlers) and MenC-CRM groups at Year 10
(Table S2).

Ten years after primary vaccination, the percentages of
subjects in the MenACWY-TT (children) group with hSBA
antibody titers 21:4 were 34.8%, 91.1%, 61.2%, and 72.6% for
serogroups A, C, W, and Y, respectively. Corresponding per-
centages with hSBA antibody titers >1:4 in the MenACWY-PS
group were 33.3%, 100.0%, 26.3%, and 44.4%, respectively.
Exploratory comparisons found that percentages of subjects
with hSBA titers >1:4 were higher in the MenACWY-TT
(children) group than the MenACWY-PS group for

serogroups W and Y but were similar between study groups
for serogroups A and C at Year 10 (Table S2).

Antibody responses determined by hSBA titers >1:8 were
generally consistent with those determined by hSBA titers
>1:4 across vaccine groups (Figure S1; Table S4). The hSBA
GMTs for each study group are summarized in Table S4.

When subjects were stratified by whether they received an
additional dose of MenC-CRM during the primary study, it
was found that all subjects in the MenACWY-TT (toddlers)
and MenACWY-TT (children) groups who received an addi-
tional dose had hSBA titers 21:4 for serogroup C from Year 6
to Year 10 (Table S5). Among subjects who did not receive an
additional MenC-CRM dose, 66.7% to 77.3% in the
MenACWY-TT (toddlers) group and 76.9% to 89.3% in the



MenACWY-TT (children) group had hSBA titers >1:4 for
serogroup C. Similar to observations for rSBA responses,
percentages of children with hSBA titers >1:4 for serogroups
A, W, and Y were generally lower among those who were
revaccinated.

Immunogenicity modeling

A repeated-measurement model assessing the effect of sub-
ject dropout on antibody persistence from Years 6 to 10
indicated that dropout did not affect the conclusion on the
persistency results because the predicted and observed rSBA
GMT values for all 4 serogroups were similar for the
MenACWY-TT (children) and MenACWY-PS study groups
(Figure S2).

Immunogenicity in the booster phase

The percentages of subjects meeting criteria for rSBA vac-
cine response at 1 month after the MenACWY-TT booster
dose ranged from 82.3% to 100.0% across serogroups for
primary MenACWY-TT (toddlers) groups, 87.5% to 100.0%
for MenC-CRM groups, 75.7% to 100.0% for MenACWY-
TT (children) groups, and 882% to 100.0% for
MenACWY-PS groups (Table 2). Exploratory comparisons
found that the percentage of subjects with vaccine
responses for serogroup C was similar between the
MenACWY-TT (toddlers) and MenC-CRM groups. The
percentages of subjects with rSBA responses were similar
between the MenACWY-TT (children) and MenACWY-PS
groups for all serogroups except serogroup W, for which
the percentage was higher in the MenACWY-TT (children)
group (Table S6).
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At 1 month after the MenACWY-TT booster dose, the
percentage of subjects in the MenACWY-TT (toddlers)
group with rSBA titers >1:8 ranged from 98.4% to 100.0%
across serogroups (Table S7). All subjects in the MenC-CRM
group achieved rSBA titers >1:8 for all four serogroups at
1 month after booster dosing. The percentage of subjects
with rSBA titers >1:8 at 1 month after the MenACWY-TT
booster dose ranged from 95.9% to 100.0% across serogroups
in the MenACWY-TT (children) group and 94.1% to 100.0%
in the MenACWY-PS group. Robust antibody responses as
measured by rSBA titers >1:128 at 1 month after MenACWY-
TT booster dosing were observed in all study groups.
Exploratory comparisons found that percentages of subjects
with rSBA titers above both cutoffs for serogroup C were
similar between the MenACWY-TT (toddler) and MenC-
CRM groups. Percentages were comparable between the
MenACWY-TT (children) and MenACWY-PS groups for all
serogroups except serogroup W, for which the percentage was
higher in the MenACWY-TT (children) group for both cut-
offs (Table S6).

A large-fold increase in GMTs was observed 1 month
after MenACWY-TT booster dosing in all groups
(Table 2). Exploratory comparisons found that GMTs for
serogroup C were similar between the MenACWY-TT
(toddlers) and MenC-CRM groups. GMTs were lower for
serogroup C but higher for serogroup W in the
MenACWY-TT (children) group compared with the
MenACWY-PS group, but were similar across the two
groups for serogroups A and Y (Table S6).

In all study groups, the percentage of subjects with rSBA
titers >1:8 at 1 month after the MenACWY-TT booster dose
ranged from 92.9% to 100.0% across serogroups in subjects
who did not receive an extra dose of MenC-CRM and 93.8%

Table 2. Subjects with an rSBA vaccine response and rSBA GMTs before and 1 month after MenACWY-TT booster dose (booster ATP cohort for immunogenicity).

Vaccine response® (95% Clb)

GMT (95% CI)

Before
1 month after MenACWY-TT 1 month after
n MenACWY-TT booster n booster n MenACWY-TT booster

Serogroup A

MenACWY-TT (toddlers) 62 90.3 (80.1, 96.4) 62 289 (16.4, 51.0) 62 5122.3 (3725.6, 7042.6)

MenC-CRM 16 100.0 (79.4, 100.0) 16 5.9 (3.1, 11.3) 16 4871.0 (2465.1, 9624.9)

MenACWY-TT (children) 73 87.7 (77.9, 94.2) 73 96.3 (57.1, 162.5) 74 4626.4 (3040.6, 7039.4)

MenACWY-PS 17 94.1 (71.3, 99.9) 17 8.0 (3.3, 19.3) 17 6414.2 (3878.5, 10,607.8)
Serogroup C

MenACWY-TT (toddlers) 62 82.3 (70.5, 90.8) 62 128.0 (71.1, 230.6) 62 7163.5 (5478.0, 9367.7)

MenC-CRM 16 93.8 (69.8, 99.8) 16 86.7 (29.0, 259.2) 16 5792.6 (3630.6, 9242.2)

MenACWY-TT (children) 74 75.7 (64.3, 84.9) 74 181.0 (105.6, 310.3) 74 4020.0 (3319.0, 4869.1)

MenACWY-PS 17 94.1 (71.3, 99.9) 17 96.2 (28.9, 320.2) 17 15,101.0 (7099.3, 32,121.5)
Serogroup W

MenACWY-TT (toddlers) 62 100.0 (94.2, 100.0) 62 15.8 (9.1, 27.6) 62 25,911.2 (19,119.7, 35,115.2)

MenC-CRM 15 100.0 (78.2, 100.0) 16 4.0 (NE, NE) 15 17,970.4 (11,666.4, 27,680.7)

MenACWY-TT (children) 74 100.0 (95.1, 100.0) 74 206.4 (108.6, 392.1) 74 27,944.4 (22,213.8, 35,153.3)

MenACWY-PS 17 88.2 (63.6, 98.5) 17 15.4 (4.2, 56.4) 17 10,462.5 (3253.5, 33,645.5)
Serogroup Y

MenACWY-TT (toddlers) 62 95.2 (86.5, 99.0) 62 27.4 (147, 51.0) 62 7660.5 (5262.9, 11,150.3)

MenC-CRM 16 87.5 (61.7, 98.4) 16 24.7 (6.0, 100.8) 16 6316.9 (3223.8, 12,377.5)

MenACWY-TT (children) 74 93.2 (84.9, 97.8) 74 98.5 (54.3, 178.7) 74 7529.7 (5827.5, 9729.2)

MenACWY-PS 17 100.0 (80.5, 100.0) 17 10.2 (3.5, 30.2) 17 6959.2 (3636.7, 13,317.1)

ATP = according-to-protocol; GMT = geometric mean titer; n = number of subjects with available results; NE = not estimable; rSBA = serum bactericidal antibody

assays using rabbit complement.

@Vaccine response was defined as an rSBA titer >1:32 in subjects who were seronegative (rSBA titer <1:8) before booster vaccination and as a >4-fold increase from
pre-vaccination titers in subjects who were seropositive (rSBA titer >1:8) before vaccination.

PExact 2-sided Cls are based on the observed proportion of subjects using the Clopper and Pearson method.

“Cls are back transformations of confidence levels based on the Student t distribution for the mean logarithm of the concentrations or the mean of the ratio.



1288 e T. VESIKARI ET AL.

to 100.0% in subjects who received an extra dose of MenC-
CRM during the primary study owing to suboptimal antibody
response to serogroup C (Table S8). In the MenACWY-TT
(toddlers) and MenACWY-TT (children) groups, all subjects
had hSBA titers 21:4 at 1 month after the MenACWY-TT
booster dose regardless of whether they received an extra dose
of MenC-CRM (Table S9).

Safety

Persistence phase

Two (1.7%) subjects in the MenACWY-TT (children) group
experienced an AE between the last study visit in the primary
study and Year 10 of follow-up study (one event each of
juvenile idiopathic arthritis and depression). The AE of
depression resulted in withdrawal from the study. In the
same period, no other AEs, including SAEs, were reported.

Booster phase

Pain was the most common local event following
MenACWY-TT booster dosing in all four study groups
(reported by 56.3%-61.9% of subjects across all study groups;
Figure 6; Table S10); redness and swelling were reported by
23.8%-43.8% and 6.3%-23.0%, respectively. Most local events
were mild to moderate in severity; severe events were reported
by <9.5% of subjects in each study group. Fatigue, gastroin-
testinal events, headache, and fever were reported by 12.5%-
31.3%, 0.0%-17.6%, 20.9%-31.3%, and 0.0%-1.5% across all
study groups, respectively, after MenACWY-TT booster dos-
ing. Severe general events (i.e., fatigue, gastrointestinal events,
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headache) were reported by <6.8% of subjects in each study
group. No subjects experienced fever >39.5°C.

After MenACWY-TT booster dosing, AEs were reported by
23.9%, 31.3%, 35.1%, and 52.4% of subjects in the MenACWY-
TT (toddlers), MenC-CRM, MenACWY-TT (children), and
MenACWY-PS groups, respectively (Table 3). Corresponding
percentages for related AEs were 4.5%, 6.3%, 15.6%, and 4.8%.
Severe AEs occurred in 2.6% - 9.5% of MenACWY-TT booster
recipients across all study groups; none was considered related to
the booster vaccination. One subject experienced an SAE
(abdominal pain in the MenACWY-TT [children] group),
which was not considered related to vaccination. Two subjects
experienced new-onset chronic illnesses (asthma in one subject
in the MenACWY-TT [children] group and celiac disease in one
subject in the MenACWY-PS group).

Discussion

Ten years after primary vaccination of toddlers (aged 1-<2 y)
with MenACWY-TT, rSBA titers >1:8 persisted in the majority
of subjects for serogroups A and C, but not for serogroups
W and Y; antibody persistence for serogroup C was similar
between toddlers who received a primary MenACWY-TT or
MenC-CRM vaccination. However, the majority of children
(aged 2-<11 y) who received primary vaccination with
MenACWY-TT had rSBA titers >1:8 for all serogroups at
Year 10. In addition, those children had higher antibody persis-
tence at 10 y for serogroups A, W, and Y versus children who
received primary vaccination with MenACWY-PS. These
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Figure 6. Reactogenicity events during the 4-d postbooster vaccination phase (booster total vaccinated cohort) in (a) toddlers and (b) children.

Percentages are based on the number of subjects reporting the event at least once. All subjects who were given the booster vaccination received MenACWY-TT at
Year 10 regardless of primary vaccination group. *Mild = grade 1; moderate = grade 2; severe = grade 3. "Mild = 0-20 mm; moderate = >20-50 mm;
severe = >50 mm. *Mild = 37.5°C-38.5°C; moderate = >38.5°C-39.5°C; severe = >39.5°C.



HUMAN VACCINES & IMMUNOTHERAPEUTICS 1289

Table 3. Adverse events during the MenACWY-TT booster phase (total booster-vaccinated cohort).

MenACWY-TT MenACWY-TT
(toddlers) MenC-CRM (children) MenACWY-PS
Type of event, n (%) n =67 n=16 n=77 n=21
All AEs 16 (23.9) 5(31.3) 27 (35.1) 11 (52.4)
AEs reported in =5% of subjects in any group
Pyrexia 2 (3.0) 2 (12.5) 1(1.3) 0
Upper respiratory tract infection 1(1.5) 1(6.3) 7 (9.1) 2 (9.5)
Headache 4 (6.0) 1(6.3) 3 (3.9 0
Injection site pruritus 1(1.5) 1(6.3) 1(1.3) 0
Nasopharyngitis 0 1(6.3) 1(1.3) 1(4.8)
Respiratory tract infection 0 1(6.3) 0 1(4.8)
Fatigue 0 1(6.3) 0 0
Foot fracture 0 1(6.3) 0 0
Related® AEs 3 (4.5) 1(6.3) 12 (15.6) 1 (4.8)
Lymph node pain 0 0 1(1.3) 0
Axillary pain 1(1.5) 0 0 1(4.8)
Injection site bruising 2 (3.0 0 0 0
Injection site hypoesthesia 0 0 1(1.3) 0
Injection site pruritus 1(1.5) 1(6.3) 1(1.3) 0
Muscle tightness 0 0 1(1.3) 0
Musculoskeletal pain 0 0 1(1.3) 0
Hypoesthesia 0 0 1(1.3) 0
Insomnia 0 0 1(1.3) 0
Cough 0 0 1(1.3) 0
Oropharyngeal pain 0 0 1(1.3) 0
All SAEs 0 0 1(1.3) 0
Abdominal pain 0 0 1(1.3) 0
Related® SAEs 0 0 0 0
Fatal SAEs 0 0 0 0
All severe AEs 5(7.5) 1(6.3) 2 (2.6) 2 (9.5)
Related® severe AEs 0 0 0 0

AE = adverse event; n (%) = number (percentage) of subjects reporting the event at least once; SAE = serious adverse event.

“Relationship to MenACWY-TT as assessed by the investigator.

The classification of AEs is based on the Medical Dictionary for Regulatory Activities Version 21.0.

findings are consistent with those observed 5 y after primary
vaccination.”

In subjects who received MenACWY-TT, there was a clear
difference in antibody persistence observed according to the
age of primary vaccination (Figures 3 and 5). Subjects vacci-
nated as children held protective antibodies against ser-
ogroups W and Y more commonly than those vaccinated as
toddlers; the difference for serogroup A was less pronounced
but visible. A MenACWY-TT booster dose administered 10 y
after primary vaccination resulted in robust immunologic
responses in all subjects, regardless of meningococcal vaccine
used for primary immunization. Consistent with studies
showing robust immunologic responses to MenACWY boos-
ter doses in adolescents primed with a MenC vaccine at pre-
school age,'”'® these findings suggest that a booster dose of
MenACWY-TT might be a suitable option for adolescents
who previously received a MenC-CRM, MenACWY-PS, or
MenACWY-TT vaccine in early childhood.

Safety results with up to 10 y of follow-up after primary
vaccination did not reveal any new safety signals. In addition,
immunogenicity, safety, and tolerability findings following
MenACWY-TT booster dosing are consistent with the estab-
lished safety profile of the vaccine in other age groups, includ-
ing children, adolescents, and young adults.>"*'9>2

During the primary study, subjects with suboptimal
responses to serogroup C were to receive an extra dose of
MenC-CRM.” Tt was believed that the risk of contracting
meningococcal serogroup C (MenC) disease during the fol-
low-up was far greater than that of other meningococcal
serogroups included in the vaccine.”> Moreover, MenC

vaccine was licensed and part of routine immunization in
many European countries whereas MenACWY vaccine was
not.” Titers for serogroup C were higher among subjects who
received an additional dose of MenC-CRM compared with
subjects who did not, suggesting that the addition of MenC
vaccine resulted in higher antibody persistence (Figure 4).
Additionally, those who had a suboptimal antibody response
to serogroup C also showed a comparatively lower antibody
response to the other meningococcal serogroups.

The long-term persistence of antibody responses following
primary vaccination with conjugate meningococcal vaccines
continues to be elucidated. Retrospective data suggest that
circulating antibodies after vaccination with some
MenACWY conjugate vaccines decrease within 3 to 8 y after
primary vaccination.>'® To our knowledge, this is the only
study to assess antibody persistence up to 10 y after primary
MenACWY vaccination in toddlers and children. In addition,
this study complements antibody persistence data available up
to approximately 5 y after primary MenACWY-TT vaccina-
tion reported in other age groups, including toddlers, chil-
dren, adolescents, and adults.'*****%°

Limitations of this study include lack of a MenACWY
conjugate vaccine comparator group (notably, no quadriva-
lent meningococcal conjugate vaccines were licensed for tod-
dlers or children at the time of the primary study).”*® As
described previously, the rSBA assay was changed during the
persistence phase, limiting comparison of persistence results
to those at earlier timepoints.” Subject dropout during the
persistence phase is also a limitation; however, the modeling
analysis results indicated subject dropout did not affect overall



1290 e T. VESIKARI ET AL.

outcomes. Additionally, as all analyses conducted in this study
were exploratory in nature, formal conclusions regarding
between-group differences could not be made.

Conclusions

Functional antibody responses persisted 10 y after one dose of
MenACWY-TT in toddlers and children, indicating long-term
protection against meningococcal A, C, W, and Y disease.
A booster dose of MenACWY-TT was well tolerated and elicited
robust immune responses, suggesting induction of immunologic
memory. These results support the administration of
a MenACWY-TT booster dose in adolescents who were vacci-
nated with MenACWY-TT, MenC-CRM, or MenACWY-PS as
toddlers or children.
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