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IMPORTANCE Immunization schedules with pneumococcal conjugate vaccine (PCV) differ
among countries regarding the number of doses, age at vaccinations, and interval between
doses.

OBJECTIVE To assess the optimal primary vaccination schedule by comparing
immunogenicity of 13-valent PCV (PCV13) in 4 different immunization schedules.

DESIGN, SETTING, AND PARTICIPANTS An open-label, parallel-group, randomized clinical trial
of healthy term infants in a general community in the Netherlands conducted between June
30, 2010, and January 25, 2011, with 99% follow-up until age 12 months.

INTERVENTIONS Infants (N = 400) were randomly assigned (1:1:1:1) to receive PCV13 either at
ages 2, 4, and 6 months (2-4-6); at ages 3 and 5 months (3-5); at ages 2, 3, and 4 months
(2-3-4); or at ages 2 and 4 months (2-4), with a booster dose at age 11.5 months.

MAIN OUTCOMES AND MEASURES Primary outcome measure was antibody geometric mean
concentrations (GMCs) against PCV13-included serotypes 1 month after the booster dose
measured by multiplex immunoassay. Secondary outcomes included GMCs measured 1
month after the primary series, at 8 months of age, and before the booster.

RESULTS The primary outcome, GMCs at 1 month after the booster dose, was not significantly
different between schedules for 70 of 78 comparisons. The 2-4-6 schedule was superior to
the 2-3-4 schedule for serotypes 18C (10.2 pg/mL [95% Cl, 8.2-12.7] vs 6.5 pg/mL [95% ClI,
5.4-7.8]) and 23F (10.9 pg/mL [95% Cl, 9.0-13.3] vs 7.3 pg/mL [95% Cl, 5.8-9.2]) and superior
to the 2-4 schedule for serotypes 6B (8.5 pg/mL [95% Cl, 71-10.2] vs 5.1 pyg/mL [95% ClI
3.8-6.71), 18C (6.6 pg/mL [95% Cl, 5.7-7.71), and 23F (7.2 pg/mL [95% Cl, 5.9-8.8]). For
serotype 1, the 3-5 schedule (11.7 pg/mL [95% Cl, 9.6-14.3]) was superior to the other
schedules. Geometric mean concentrations for all 13 serotypes ranged between 1.6 and 19.9
pg/mL. Secondary outcomes demonstrated differences 1 month after the primary series. The
2-4-6 schedule was superior compared with the 3-5, 2-3-4, and 2-4 schedules for 3, 9, and 11
serotypes, respectively. Differences between schedules persisted until the booster dose.

CONCLUSIONS AND RELEVANCE The use of 4 different PCV13 immunization schedules in
healthy term infants resulted in no statistically significant differences in antibody levels after
the booster dose for almost all serotypes. The choice of PCV schedule will require a balance
between the need for early protection and maintaining protection between the primary
series and the booster.
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13-Valent Pneumococcal Conjugate Vaccine in Infants

he World Health Organization (WHO) estimated that
more than 800 000 children younger than 5 years died
from pneumococcal disease in 2000, making it the lead-
ing vaccine-preventable cause of death.' Since the licensure
in 2000 of the first 7-valent pneumococcal polysaccharide con-
jugate vaccine (PCV) for infants, many countries have added
PCV to their existing national immunization programs. Asare-
sult, PCV immunization schedules differ between countries
with respect to number of doses, age at vaccinations, and in-
tervals between doses.? Moreover, some countries imple-
mented a catch-up program for older children. Despite these
differences, the reported overall decline in invasive pneumo-
coccal disease (IPD) in hospitalized children younger than 5
years several years after implementation is approximately 60%
in Western countries.>®
Serum antibody concentrations as measured with the
standardized WHO enzyme-linked immunosorbent assay
(ELISA) are used as correlates of protection against IPD in
children.” Higher antibody levels may be achieved by delay-
ing the first vaccination
from 2 to 3 months of age
because of maturation of
the immune response in
infants.® Previous immu-
nogenicity studies also
highlighted that longer
intervals between doses
yielded higher antibody
levels.?:'°© Moreover,
small differences favor-
ing a full-dose schedule
(3 doses + 1) vs a reduced-dose schedule (2 doses + 1) were
observed for serotypes 6B and 23F." The optimal vaccine
schedule for infants should provide maximal, sustained
direct and indirect protection against IPD while using a
minimal number of doses. The latter is particularly relevant
in the context of overcrowded national immunization pro-
grams, public resistance to vaccines, and cost-effectiveness
estimates.'? To assess the optimal priming regimen with
respect to antibody induction, we compared immunogenic-
ity of 4 different schedules using the 13-valent PCV (PCV13)
(Prevnar 13; Pfizer).

DTaP-IPV-Hib diphtheria, tetanus,
acellular pertussis, inactivated
poliovirus, and Haemophilus
influenzae type b vaccine

GMCs geometric mean
concentrations

IPD invasive pneumococcal disease
MIA multipleximmunoassay
OPA opsonophagocytosis assay

PCV13 13-valent pneumococcal
conjugate vaccine

Methods

Study Design

A single-center, phase 4, randomized controlled parallel-
group trial was conducted in the Netherlands to investigate the
effects of 4 different primary immunization schedules on the
immune response against all serotypes included in PCV13 (ie,
serotypes1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 194, 19F, and 23F).
Between June 30, 2010, and January 25, 2011, 400 infants were
randomly assigned (1:1:1:1) to receive PCV13 either at ages 2,
4, and 6 months (subsequently referred to as 2-4-6); at ages 3
and 5 months (3-5); at ages 2, 3, and 4 months (2-3-4); or at ages
2 and 4 months (2-4). All infants received a booster dose of
PCV13 at age 11.5 months. Irrespective of the assigned sched-

jama.com

Original Investigation Research

ule, diphtheria, tetanus, acellular pertussis, inactivated po-
liovirus, and Haemophilus influenzae type b vaccine (DTaP-
IPV-Hib) (Pediacel; Sanofi Pasteur MSD) was administered to
allinfants at ages 2, 3, 4, and 11.5 months according to the Dutch
national immunization program. According to predefined lim-
its, the first dose at age 2 months was administered at 60 (+7)
days, and the 1-month interval between subsequent vaccine
doses was 28 (+7) days, whereas the 2-month interval was 56
(+7) days. Vaccines were administered intramuscularly in the
right (PCV13) or left (DTaP-IPV-Hib) anterolateral thigh. Ran-
domization was performed by a random number generator'?
using block randomization with randomly varying block size.
Allocations were concealed in sequentially numbered enve-
lopes that were opened during a home visit after enrollment
of the infant. Study staff members and parents were aware of
the child’s allocated immunization schedule, but laboratory
staff was not.

Participants

Parents of newborns eligible for routine childhood immuni-
zation were invited to participate, excluding those targeted
for hepatitis B vaccination according to Dutch guidelines to
prevent inclusion of children receiving different concomi-
tant vaccines.'# Healthy infants born after a gestation period
of at least 37 weeks, not yet having received any infant vac-
cination, and living in the study area in the northwestern
part of the Netherlands were eligible. Exclusion criteria
were any known primary or secondary immunodeficiency,
bleeding disorders, receipt of immunoglobulin or blood
products, or a language barrier. At each visit, a brief survey
was obtained from parents for baseline demographics,
occurrence of illnesses, and medication usage, including
prophylactic acetaminophen administration at the time of
vaccination as this may significantly reduce antibody
responses.'> As PCV7 was introduced in the Dutch national
immunization program for all infants born after March 31,
2006, in a 3 + 1 schedule, an additional fourth PCV13 vacci-
nation was offered free of charge to all infants who received
a 2 + 1 schedule in the current study at age 24 months. Par-
ticipants did not receive any financial compensation. An
independent national ethics committee (Centrale Commis-
sie Mensgebonden Onderzoek'®) approved the study proto-
col. Written informed consent was obtained from each
infant’s parent or guardian before enrollment. The study
was performed in accordance with European guidelines for
Good Clinical Practice, which includes provisions of the
Declaration of Helsinki.

Serological Analyses

Venous blood samples of 2 mL were collected from all par-
ticipants at 4 different time points: 1 month (28 days +7
days) after the primary series (ie, postprimary), at 8 months
of age (-7/+14 days), before the booster dose at age 11.5
months (+15 days), and 1 month (28 days +7 days) after the
booster dose. Blood sampling was postponed in case of
fever (>38.5°C) within 24 hours before the planned visit to
exclude possible interference of immune responses. Sera
were stored at -80°C until analysis in the RIVM (Nether-
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lands National Institute for Public Health and the Environ-
ment, Bilthoven, the Netherlands). Pneumococcal serotype-
specific IgG antibodies to the 13 pneumococcal serotypes
were measured using a fluorescent bead-based multiplex
immunoassay (MIA) as described previously.'” Postprimary
and postbooster antibody avidity indices were determined
with MIA for all 13 serotypes using 0.5-M ammonium thio-
cyanate in a random subset of 40 samples per schedule with
an IgG concentration of 0.25 pg/mL or greater for serotype
14.'® Postprimary opsonophagocytotic activity was deter-
mined for serotypes 6B, 14, 19A, and 23F by multiplex
opsonophagocytosis assay (OPA) in the same random subset
of samples measured at University College London, Insti-
tute of Child Health, United Kingdom.'® Prebooster and
postbooster responses to routine DTaP-IPV-Hib antigens
were determined according to availability of serum by MIA
(for diphtheria, tetanus, pertussis, and Haemophilus influen-
zae type b) and a microneutralization test (for poliovirus)
adopted from WHO guidelines.?%**

Primary and Secondary Outcomes

The primary objective was to determine superiority of one
immunization schedule over another with regard to differ-
ences in serotype-specific geometric mean concentrations
(GMCs) measured 1 month after the booster dose, at age 12
months. Main secondary objectives were (1) to assess differ-
ences in IgG GMCs between schedules measured at postpri-
mary, 8 months, and prebooster time points; (2) to assess
the functional activity (avidity, OPA) of the pneumococcal
antibodies after the primary series and booster dose; (3) to
determine antibody decline between the priming and
booster vaccinations; and (4) to assess the immune
responses to DTaP-IPV-Hib antigens before and after the
booster dose.

Statistical Analysis

Taking into account correction for 6 mutual comparisons be-
tween the 4 vaccination schedules, a sample size of 80 evalu-
able participants was needed to enable detection of a 2-fold
difference in GMCs of IgG antibodies directed against polysac-
charide 6B, the serotype with the highest variance in anti-
body levels in different schedules based on previous data,*
with 80% power and a significance level of .008 (ie, .05/6). Es-
timating that in up to 20% of infants less than the required se-
rum would be available for testing, we aimed to include 100
participants per group.

Statistical superiority analysis was performed on the
intention-to-treat population. For each randomization
group, pneumococcal serotype-specific GMC/geometric
mean titers (GMTs) and their 2-sided 95% confidence inter-
vals were calculated. As exploratory analyses, percentages
of vaccine recipients reaching an IgG threshold of 0.35
pg/mL for all time points and 1.0 pg/mL measured after the
booster dose and reaching an OPA threshold of 1:8 were cal-
culated. The avidity index was expressed as the mean per-
centage of antibodies that remained bound to the antigen.
Antibody responses were also calculated for DTaP-IPV-Hib
antigens and standard correlates of protection were used to
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interpret responses for each randomization group. Differ-
ences in antibody responses between groups were analyzed
using analyses of variance and P values were adjusted for 6
multiple comparisons using Bonferroni correction. All data
were analyzed using SPSS version 20.0 (IBM SPSS Statistics),
all tests were 2-sided, and a P value of less than .05 was con-
sidered statistically significant.

. |
Results

In total, 400 infants were enrolled, of whom 396 (99%) com-
pleted the study. In 1440 of 1590 attempts (90%), a sufficient
blood sample was obtained and results were included in the
intention-to-treat analyses. The missing samples were equally
distributed over the 4 groups, and no child missed more than
1sampling moment. Of the 1440 samples, 1427 (99%) were de-
rived from participants with no protocol deviations (Figure 1).
The baseline characteristics and age at visits between groups
were similar (Table). Acetaminophen was administered pro-
phylactically in less than 2% of the infants, independent of in-
tervention group.

Primary Outcome Measure

One month after the booster dose, there were no differences
in IgG GMCs between the schedules except for 8 of 78 com-
parisons (Figure 2, Figure 3, and eTable 1A in the Supple-
ment). The 2-4-6 schedule was superior to the 2-3-4 sched-
ule for serotypes 18C (10.2 pg/mL [95% CI, 8.2-12.7] vs 6.5
pg/mL [95% CI, 5.4-7.8]) and 23F (10.9 pug/mL [95% CI, 9.0-
13.3] vs 7.3 ug/mL [95% CI, 5.8-9.2]) and superior to the 2-4
schedule for serotypes 6B (8.5 ng/mL [95% CI, 7.1-10.2] vs 5.1
pg/mL [95% CI, 3.8-6.71), 18C (6.6 pg/mL [95% CI, 5.7-7.71),
and 23F (7.2 pg/mL [95% CI, 5.9-8.8]). For serotype 1, the 3-5
schedule (11.7 pg/mL [95% CI, 9.6-14.3]) was superior to the
2-4-6 (6.0 ug/mL [95% CI, 4.7-7.5]), 2-3-4 (6.2 ng/mL [95%
Cl, 5.0-7.6]), and 2-4 schedules (7.8 pug/mL [95% CI, 6.6-9.3]).
Geometric mean concentrations for the 13 serotypes ranged
between 1.6 pg/mL (95% CI, 1.3-1.9) for serotype 3 in the
2-4-6 schedule and 19.9 pg/mL (95% CI, 16.7-23.7) for sero-
type 6A in the 2-4 schedule.

Secondary Outcome Measures

Differences in IgG Levels After the Primary Series

One month after the primary series, significant differences
in IgG levels existed between schedules for all serotypes
(Figure 2, Figure 3, and eTable 1B in the Supplement) with
GMCs for the 13 serotypes ranging between 0.09 pg/mL
(95% CI, 0.07-0.11) for serotype 6B in the 2-4 schedule and
7.8 nug/mL (95% CI, 6.6-9.4) for serotype 6A in the 2-4-6
schedule. The 2-4-6 schedule was superior to the 3-5, 2-3-4,
and 2-4 schedules for 3, 9, and 11 serotypes, respectively,
but inferior to the 3-5 schedule for 1 serotype. The 3-5
schedule was superior to the 2-3-4 and 2-4 schedules for 5
and 11 serotypes, respectively. In addition, the 2-3-4 sched-
ule was superior to the 2-4 schedule for 5 serotypes but
inferior for 1 serotype. Differences in IgG levels between
immunization schedules persisted at age 8 months and
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Figure 1. Enroliment and Study Participation

‘ 7619 Parents of newborns invited ‘

‘ 529 Parents interested ‘

72 Excluded

47 Did not meet inclusion criteria
25 Redundant®

\ 457 Children eligible |

< :7:7400 Randomized

—>‘ 57 Excluded (declined to participate)

100 Randomized to receive PCV13 at
ages 2,4, 6,and 11.5 mo

100 Randomized to receive PCV13 at
ages 3,5,and 11.5 mo
1 Did not receive randomized
intervention (received PCV13
at ages 3, 4, and 5 mo)

v

100 Randomized to receive PCV13 at
ages 2, 3,4, and 11.5 mo

100 Randomized to receive PCV13 at
ages 2,4, and 11.5 mo

100 Completed postprimary assessment
11 No serum obtained
89 Included in ITT analysis
89 Included in PP analysis

100 Completed postprimary assessment
10 No serum obtained
90 Included in ITT analysis
89 Included in PP analysis®

l

l

99 Completed postprimary assessment
11 No serum obtained
1 Consent withdrawn
89 Included in ITT analysis
88 Included in PP analysis

100 Completed postprimary assessment
11 No serum obtained
89 Included in ITT analysis
85 Included in PP analysis®

v

l

100 Completed 8-mo assessment
13 No serum obtained
87 Included in ITT analysis
87 Included in PP analysis

100 Completed 8-mo assessment
13 No serum obtained
87 Included in ITT analysis
86 Included in PP analysis®

99 Completed 8-mo assessment
9 No serum obtained

90 Included in ITT analysis

90 Included in PP analysis

100 Completed 8-mo assessment
7 No serum obtained
93 Included in ITT analysis
93 Included in PP analysis

v

v

v

v

100 Completed prebooster assessment
6 No serum obtained
94 Included in ITT analysis
94 Included in PP analysis

98 Completed prebooster assessment
9 No serum obtained
1 Consent withdrawn
1 Lost to follow-up

89 Included in ITT analysis
88 Included in PP analysis®

v

99 Completed prebooster assessment
11 No serum obtained

88 Included in ITT analysis

88 Included in PP analysis

99 Completed prebooster assessment
11 No serum obtained
1 Consent withdrawn
88 Included in ITT analysis
88 Included in PP analysis

l

100 Completed postbooster assessment
5 No serum obtained

98 Completed postbooster assessment
7 No serum obtained

99 Completed postbooster assessment
10 No serum obtained

99 Completed postbooster assessment
6 No serum obtained

v

v

v

v

95 Included in primary ITT analysis
94 Included in PP analysis®

91 Included in primary ITT analysis
90 Included in PP analysis®

89 Included in primary ITT analysis
89 Included in PP analysis

93 Included in primary ITT analysis

89 Included in PP analysis®

PCV13 indicates 13-valent pneumococcal conjugate vaccine; ITT, intention to

treat; PP, per-protocol.

2Parents of children interested in participating in the study were considered
redundant because the enrollment target had already been achieved and
informed consent procedure was cancelled.

5Sample was excluded from PP analysis due to nonadherence with vaccination

schedule.

“Samples were excluded from PP analysis due to nonadherence with blood

sampling schedule.

before the booster dose at 11.5 months, except for the 2-3-4
vs 2-4 schedule (Figure 2 and eTable 1C-1D in the Supple-
ment).

Differences in Functional Responses of Pneumococcal Antibodies

After the booster dose, except for a single comparison, there
were no differences in avidity between schedules. After the
primary series, higher avidity indices were observed after
the primary time point for the 2-4-6 schedule, particularly
when compared with the 2-3-4 schedule, which yielded the
lowest avidity indices (eTable 2A-2B in the Supplement).
The OPA GMTs demonstrated a similar pattern as observed
for IgG levels, although the 2-3-4 schedule yielded higher
titers for serotype 6B compared with the 3-5 schedule

jama.com

(eTable 2C in the Supplement). The correlation between
log-transformed IgG levels and OPA values was between 0.5
and 0.8.

Pneumococcal Antibody Kinetics

Waning of antibody levels after the primary series was evi-
dent for nearly all serotypes, except for 6B in the 2-3-4, 2-4,
and 3-5 schedules for which an increase in proportion of
responders was observed in the prebooster period (eFigure
2 in the Supplement). High booster responses were
observed for all serotypes, ranging from a 4-fold increase in
GMCs for serotype 14 in the 2-4-6 schedule to a 22-fold
increase for serotype 6B in the 2-4 schedule. Geometric
mean concentrations after the booster dose exceeded
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Table. Characteristics of Participating Children

934

Schedule®
2-4-6 3-5 2-3-4 2-4
Participants, No. 100 100 100 100
Male sex, No. (%) 57 (57.0) 53 (53.0) 55 (55.0) 49 (49.0)
Birth weight, mean (SD), g 3623 (450) 3584 (519) 3631 (458) 3531 (451)
Gestational age, mean (SD), wk 39.6 (1.2) 39.5(1.2) 39.5(1.2) 39.3(1.2)
Presence of siblings <5y, No. (%) 47 (47.0) 53 (53.0) 43 (43.0) 48 (48.0)
Day care attendance, No. (%)“ 61 (61.0) 59 (59.0) 49/99 (49.5) 48 (48.0)
Age at visit, mean (SD), mo 2 Infants were assigned to receive the
2 1.9 (0.1) 1.9(0.1) 1.9(0.1) 1.9 (0.1) 13-valent pneumococcal conjugate
vaccine either at ages 2, 4, and 6
3 2.9(0.2) 2.9(0.1) 2.9(0.1) 2.9(0.2) months (2-4-6); at ages 3 and 5
4 3.9(0.2) 3.9(0.1) 3.9 (0.2) 3.9 (0.2) months (3-5); at ages 2, 3, and 4
5 4.9(0.2) 4.9 (0.2) 4.9(0.3) months (2-3-4); or at ages 2 and 4
6 5.9 (0.2 5.9 (0.2 months (2-4).
9(02) 9(02) b |nformation was asked at
7 6.9 (0.2) enroliment.
8 8.1(0.1) 8.1(0.1) 8.1(0.1) 8.1(0.1) < Defined as at least 4 continuous
11 11.5 (0.2) 11.5 (0.2) 11.5 (0.2) 11.5 (0.2) hours per week with at least 1 child
12 12,5 (0.2) 12.4 (0.2) 12,5 (0.2) 12,5 (0.2) <5 years of age from a different

family, asked at 4 months of age.

Figure 2. Pneumococcal Serotype-Specific Antibody GMCs Measured at 4 Different Time Points

E 1 Month after booster dose ©2, 4, and6mo 1 Month after primary series
254 4 3and5mo 10+
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Error bars indicate 95% Cls; GMCs, geometric mean concentrations.

postprimary levels, except for serotype 3 (Figure 2 and

eTable 1A-D in the Supplement).

Immunogenicity of Coadministered DTaP-IPV-Hib Vaccine

Regarding coadministered DTaP-IPV-Hib vaccine, no signifi-
cant differences between schedules in GMCs/GMTs were found,
except for polio type 2 and diphtheria prebooster. One month
after the booster dose, seroprotection/seropositivity for all

JAMA September 4, 2013 Volume 310, Number 9

DTaP-IPV-Hib components was high (90%-100%) in all groups
(eTable 3A-3B in the Supplement).

Exploratory Outcome Measures

One month after the booster dose, nearly all participants
reached the 0.35 pg/mL seroprotection threshold and 71% to
100% reached the 1.00-pg/mL threshold for all serotypes. One
month after the primary series, seroprotection rates ranged be-

Downloaded From: http://jama,jamanetwork.com/ by a RIVM - Bibliotheek User on 09/04/2013

jama.com



13-Valent Pneumococcal Conjugate Vaccine in Infants

tween 76% and 100% in all schedules but were lower for se-
rotypes 6B (11%, 30%, and 40% for 2-4, 3-5, and 2-3-4, respec-
tively) and 23F (58% for 2-4 and 68% for 3-5). The percentages
of participants with OPA titer at or above the 1:8 threshold
ranged between 69% and 100% (eTable 2C in the Supple-
ment). Reverse cumulative distribution curves emphasize the
influence of different cutoff values on the percentage of sero-
type-specific seroprotection for each of the vaccination sched-
ules for postprimary time points (eFigure 1A-B in the Supple-
ment).

|
Discussion

To our knowledge, this is the first randomized controlled trial
investigating immunogenicity of PCV13 in 4 different pri-
mary immunization schedules that are currently used in most
high-income countries. The primary outcome of this study,
GMCs 1 month after the booster dose, showed that there were
no statistically significant differences between the 4 sched-
ules in IgG levels for most serotypes. However, differences be-
tween schedules were noted in secondary analyses. After the
primary series, the 2-4-6 schedule resulted in the highest IgG
antibody levels, avidity, and opsonophagocytotic activity. The
3-5 schedule with only 2 primary doses was similar to the 2-4-6
schedule, with lower IgG levels only for serotypes 6A, 6B, and
23F. Both the 2-4-6 and 3-5 schedules were superior to the 2-3-4
and 2-4 schedules with respect to postprimary IgG levels for
most serotypes. In an exploratory analysis, all children in all
schedules reached equally high IgG levels above predefined
seroprotection levels after the booster dose. Therefore, we do
not expect a difference in clinical protection against IPD.

Our findings demonstrate that optimal timing of the pri-
mary series, ie, older age at vaccinations combined with lon-
ger intervals between vaccinations, is important to maintain
optimal antibody levels during the period between the pri-
mary series and the booster dose. When PCV13 vaccination
doses were delayed (3-5 vs 2-4), the antibody concentrations
were significantly increased, reflecting the importance of im-
mune maturation especially during the first months of life.®
This is also illustrated by the fact that after the booster dose
atage 11.5 months, differences between schedules largely dis-
appeared. However, the effectiveness of the immune re-
sponse has to be weighed against the need for early protec-
tion. To induce the earliest possible protection against
pneumococcal disease in the absence of herd immunity, ac-
celerated immunization schedules including neonatal vacci-
nations are preferred.>?

Although the effects of age and vaccination interval can-
not be completely separated in our study, schedules with a
2-month interval between doses compared with 1 month in-
duced higher antibody concentrations in line with other stud-
ies investigating PCV'° or diphtheria, tetanus, and pertussis
vaccines.® Longer intervals also proved important for avidity
maturation because the 2-3-4 schedule resulted in lower
postprimary avidity indices compared with the 2-4-6, 3-5, and
2-4 schedules and differences between schedules disap-
peared with time, in line with a previous report.>?
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Figure 3. Pneumococcal Serotype-Specific Geometric Mean
Concentration Ratios Between Schedules

Schedule 1 Month After Primary Series 1 Month After Booster Dose

Serotype 1
2-4-6
3-5 —
2-3-4

Serotype 3
2-4-6 — —
3-5 — ——
2-3-4 —— .

Serotype 4
2-4-6
3-5 — T
2-3-4 —— ——

Serotype 5
2-4-6
3-5 — =
2-3-4 — ——

Serotype 6A
2-4-6
3-5 — —
2-3-4 — e

Serotype 6B
2-4-6 —
3-5 E— -
2-3-4

Serotype 7F
2-4-6
3-5 — -
2-3-4 —— —

Serotype 9V
2-4-6
3-5 — -
2-3-4

Serotype 14
2-4-6
3-5 — —
2-3-4 — —

Serotype 18C
2-4-6
3-5 =
2-3-4

Serotype 19A
2-4-6
3-5 — —
2-3-4

Serotype 19F
2-4-6
3-5 — —
2-3-4

Serotype 23F
2-4-6
3-5 E— S

2-3-4

T T T T
02 05 1 2 5

GMC Ratio (99% CI)

T T |
05 1 2 5

GMC Ratio (99% ClI)

T 1 T
10 20 0.2

The 4 dosing schedules were ages 2, 4, and 6 months (2-4-6); ages 3and 5
months (3-5); ages 2, 3, and 4 months (2-3-4); and ages 2 and 4 months (2-4).
The plots show the ratios of the 2-4-6, 3-5, and 2-3-4 schedules measured 1
month after the primary series and 1 month after the booster dose in the
intention-to-treat population, with the 2-4 schedule as the reference. Not
shown on the plot for the time point 1 month after the primary series is the GMC
ratio for serotype 6B, which was 21.8 (99% Cl, 12.4-38.3) for the 2-4-6 schedule
compared with the 2-4 schedule. Error bars indicate 2-sided 99% Cls (adjusted
for 6 multiple comparisons); GMCs, geometric mean concentrations.

The 3-dose 2-4-6 schedule resulted in the highest anti-
body levels after the primary series for most serotypes. How-
ever, the 2-dose 3-5 schedule proved to yield higher antibody
concentrations for 5 serotypes than the other 3-dose sched-
ule (2-3-4) and similar antibody concentrations for serotypes
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6B and 23F. This might suggest that the number of doses is less
important than optimal timing of doses, although further study
is required to corroborate this finding.

Long-term protection against IPD by PCV depends on a
combination of persistence of protective serum antibody
levels, immunological memory, and herd immunity.** In an
exploratory analysis, we found that protective serum anti-
body levels defined as a level of greater than 0.35 pg/mL
were high after the primary series in all schedules for most
serotypes, except for 6B and 23F in the 2-4, 3-5, and 2-3-4
schedules. However, the use of this threshold value as sero-
protective for all serotypes is likely to be inappropriate,
being too high for serotype 6B and too low for others (eg,
serotype 19F), and no threshold is defined for the 6 addi-
tional serotypes included in PCV13.'%?* Interestingly, waning
of antibody levels after the primary series was observed for
all serotypes except for 6B, for which the antibody levels
increased in the 2-3-4, 3-5, and 2-4 schedules. Because sero-
type 6B carriage in young children in the Netherlands was
low during the study period, we think the increase in 6B
antibodies reflects the poor immunogenic properties of the
6B antigen.?® All schedules resulted in high booster
responses and avidity maturation for nearly all serotypes,
suggesting immunological memory. Herd immunity is estab-
lished independent of the assigned schedule through reduc-
tion of carriage of vaccine serotypes, as previously demon-
strated by nasopharyngeal carriage studies, even for 6B in
the lowest immunogenic 2-4 schedule.'-*”

In our study, we did not assess efficacy against clinical IPD,
which would be the most clinically relevant outcome.” Effi-
cacy studies are difficult to perform and costly because of
sample size requirements and herd effects that may obscure
vaccine schedule differences.?® Head-to-head comparison of
a3+ 1witha2 + 1schedule has been performed in a single clus-
ter-randomized trial in Finland, enrolling infants up to 6
months of age with the 10-valent PCV (Synflorix;
GlaxoSmithKline), although the overall number of IPD cases
was small. No vaccine-type IPD occurred in the 3 + 1 sched-
ule group, and 1 case of vaccine-type IPD (7F) occurred in the
2 + 1schedule. This single case occurred within 2 weeks after
the first vaccination, so it may not be a real vaccine failure.®

Strengths of our study include the longitudinal random-
ized controlled study design with an adequate sample size, per-
formed in a single geographic region, with antibody levels mea-
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sured at 4 different time points, small loss to follow-up, and a
low rate of protocol deviations. In addition, prophylactic use
of antipyretic drugs did not confound our results, because they
were administered only incidentally to infants with an equal
distribution over groups.*®

To put the results of our study in perspective, some limi-
tations have to be addressed. First, although good correlation
has been demonstrated between MIA as used in this study and
standard ELISA,' one needs to be cautious comparing the re-
sults with other studies. Because all samples were analyzed
using validated MIA with independent duplicate runs per-
formed in 1laboratory using single bead batches, comparison
of different schedules within this study is reliable. Second, the
DTaP-IPV-Hib vaccine was administered to all infants at ages
2, 3, 4, and 11.5 months, irrespective of the assigned random-
ization group. Although no significant differences between
schedules were found for DTaP-IPV-Hib components, we can-
not exclude possible interference of the coadministrations on
immune responses against PCV13. However, a previous study
demonstrated that pneumococcal antibody responses after
PCV7 vaccination were unaffected by either concurrent or se-
quential administration of DTaP-IPV-Hib and hepatitis B
vaccines.3° Third, our primary measure was IgG levels, and to
corroborate our findings, functional assays were performed in
a subset of samples and serotypes. Small discrepancies be-
tween the outcomes of the 3 assays might be explained by dif-
ferent subclasses of antibodies detected in these assays. The
interpretation of differences in data generated with these as-
saysinrelation to protection remains to be further elucidated.

. |
Conclusions

The use of 4 different PCV13 immunization schedules in healthy
term infants resulted in no statistically significant differ-
ences in antibody levels after the booster dose at 12 months
of'age for almost all serotypes. The choice of PCV schedule will
require a balance between the need for early protection and
maintaining protection between the primary series and the
booster, in particular before herd effects offer clinical protec-
tion against vaccine serotype disease to as yet unvaccinated
or incompletely vaccinated infants.?* When herd immunity is
established, clinical relevance of the observed differences in
immune responses may become of minor importance.
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