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Background: Transplacentally transferred antibodies induced by maternal pertussis vaccination interfere
with infant immune responses to pertussis primary vaccination. We evaluated whether this interference
remains in toddlers after booster vaccination.
Methods: In a prior phase IV, observer-blind, placebo-controlled, randomized study (NCT02377349),
pregnant women in Australia, Canada and Europe received intramuscular tetanus-reduced-antigen-
content diphtheria-three-component acellular pertussis vaccine (Tdap group) or placebo (control group)
at 270/7–366/7 weeks’ gestation, with crossover immunization postpartum. Their infants were primed
(study NCT02422264) and boosted (at 11–18 months; current study NCT02853929) with diphtheria-teta
nus-three-component acellular pertussis-hepatitis B virus-inactivated poliovirus/Haemophilus influenzae
type b vaccine (DTaP-HepB-IPV/Hib) and 13-valent pneumococcal conjugate vaccine. Immunogenicity
before and after booster vaccination, and reactogenicity and safety of the booster were evaluated descrip-
tively.
Results: 263 (Tdap group) and 277 (control group) toddlers received a DTaP-HepB-IPV/Hib booster. Pre-
booster vaccination, observed geometric mean concentrations (GMCs) for the three pertussis antigens
and diphtheria were 1.4–1.5-fold higher in controls than in the Tdap group. No differences were observed
for the other DTaP-HepB-IPV/Hib antigens. One month post-booster vaccination, booster response rates
for pertussis antigens were � 92.1% and seroprotection rates for the other DTaP-HepB-IPV/Hib antigens
were � 99.2% in both groups (primary objective). Higher post-booster GMCs were observed in controls
versus the Tdap group for anti-filamentous hemagglutinin (1.2-fold), anti-pertussis toxoid (1.5-fold)
and anti-diphtheria (1.4-fold). GMCs for the other DTaP-HepB-IPV/Hib antigens were similar between
groups. Serious adverse events were reported for three toddlers (controls, not vaccination-related).
One death occurred pre-booster (Tdap group, not vaccination-related).
Conclusions: As a consequence of interference of maternal pertussis antibodies with infant immune
responses to pertussis primary vaccination, pertussis antibody concentrations were still lower in toddlers
from Tdap-vaccinated mothers before DTaP-HepB-IPV/Hib booster vaccination. After the booster, anti-
body concentrations were lower for filamentous hemagglutinin and pertussis toxoid but not for pertactin.
The clinical significance of this interference requires further evaluation.
Clinical Trial Registration.
ClinicalTrials.gov: NCT02853929.

� 2021 GlaxoSmithKline Biologicals SA. Published by Elsevier Ltd. This is an open access article under the
CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Vaccination of women during pregnancy (maternal immuniza-
tion) is increasingly being recommended as a strategy to protect
young infants from infectious diseases [1]. The strategy relies on
boosting pathogen-specific maternal antibodies, which are then
transferred through the placenta to the fetus and enhance passive
immunity during the infant’s first vulnerable months of life, before
protection through routine infant immunization is established [1].
One target for maternal immunization is pertussis (whooping
cough), a contagious respiratory tract infection which has its high-
est burden in infants < 3 months [2–4]. Pertussis vaccination of
pregnant women was first recommended in the United States
(US) and the United Kingdom (UK) nearly a decade ago, in response
to the resurgence of pertussis disease in the general population and
multiple deaths in infants [5,6]. It is now implemented in several
industrialized and developing countries [7] and recommended by
the World Health Organization (WHO) in settings with high
pertussis-related infant morbidity or mortality [8]. Several studies
have shown that maternal pertussis vaccination has a favorable
safety profile, results in efficient placental transfer of pertussis-
specific antibodies and provides high effectiveness (69%–93%)
against pertussis in infants < 2–3 months [7,9–19].

We performed a large, placebo-controlled, randomized mater-
nal immunization trial with tetanus-reduced-antigen-content
diphtheria-three-component acellular pertussis vaccine (Tdap),
which confirmed that high levels of pertussis antibodies were
transferred from mother to infant after vaccination during
pregnancy [20]. However, a follow-up study in infants showed that
maternal pertussis antibodies interfered with infant immune
1599
responses to routine primary vaccination with diphtheria-teta
nus-three-component acellular pertussis-hepatitis B virus-
inactivated poliovirus and Haemophilus influenzae type b-tetanus
toxoid conjugate vaccine (DTaP-HepB-IPV/Hib), as evident from
lower antibody concentrations to pertussis antigens in infants from
mothers who received Tdap during pregnancy compared to those
who did not [21]. This was in line with results from prior studies
with Tdap vaccines showing interference of maternal antibodies
with infant immune responses [22–30]. The current paper
describes the results of a subsequent follow-up study of our mater-
nal immunization trial, in which we evaluated whether antibody
concentrations in toddlers from Tdap-vaccinated mothers remain
lower after a DTaP-HepB-IPV/Hib booster dose.
2. Methods

2.1. Study design and participants

We previously performed a phase IV, observer-blind, random-
ized, placebo-controlled maternal immunization trial (ClinicalTri-
als.gov: NCT02377349), in which pregnant women in Australia,
Canada, Czech Republic, Finland, Italy and Spain received either
Tdap (Boostrix, GSK; Tdap group) or placebo (control group) at
270/7–366/7 weeks’ gestation and crossover administration within
72 h postpartum (Fig. 1) [20]. In a follow-up study (‘‘infant study”,
NCT02422264), infants born to these women received 2 or 3 doses
of DTaP-HepB-IPV/Hib (Infanrix Hexa, GSK) and 13-valent pneumo-
coccal conjugate vaccine (PCV13, Prevnar 13, Pfizer Inc.) according
to national/local immunization schedules: 2 doses at 2 and 4 or at

http://creativecommons.org/licenses/by/4.0/


Fig. 1. Study design. DTaP-HepB-IPV/Hib, diphtheria-tetanus-three-component acellular pertussis-hepatitis B virus-inactivated poliovirus/Haemophilus influenzae type b
vaccine; PCV13, 13-valent pneumococcal conjugate vaccine; Tdap, tetanus-reduced-antigen-content diphtheria-acellular pertussis vaccine. aIf the booster vaccination visit
(visit 2) or post-booster vaccination blood sampling visit (visit 3) took place at 18 months of age, the Ages and Stages Questionnaire-3 (ASQ-3) was preferentially completed
during that visit. If visit 3 was completed before 18 months of age, the study staff contacted the parents/legally acceptable representatives to complete the ASQ-3 at
18 months of age via phone. For the Czech Republic, the call at 18 months could be replaced by a clinic visit if preferred by the study team. b2- or 3-dose primary vaccination
schedules according to national/local schedules (2 and 4 months [Spain]; 3 and 5 months [Finland, Italy]; 2, 4 and 6 months [Australia, Canada, Spain]; 2, 3 and 4 months
[Czech Republic]). cBooster vaccination with DTaP-HepB-IPV/Hib and PCV13 according to national/local schedules.
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3 and 5 months; 3 doses at 2, 4 and 6 or at 2, 3 and 4 months of age
(Fig. 1) [21]. In the present follow-up study (‘‘toddler study”,
NCT02853929), toddlers received a DTaP-HepB-IPV/Hib booster
dose, co-administered with PCV13 at 11–18 months of age, accord-
ing to national/local immunization schedules. The toddler study
comprised three visits (at 9, 11–18 and 12–19 months) and, for
some, a phone contact at 18 months of age (Fig. 1 and ‘‘2.5 Safety
assessments” section for further details).

Healthy 9-month-old infants, who were born to mothers from
the maternal immunization trial [20], had completed their primary
vaccination per protocol in the infant study [21] and whose par-
ents/legally acceptable representatives had provided written
informed consent, were enrolled in the toddler study between
September 2016 and May 2018. Infants were excluded if they
had received prior booster vaccination against diphtheria, tetanus,
pertussis, poliovirus, hepatitis B, Hib or pneumococcus or had a
history of the corresponding diseases since the end of the infant
study. Inclusion and exclusion criteria are detailed in the Supple-
mentary methods.

Group allocation (Tdap or control) was based on that of the
mothers in the maternal immunization trial [20]. The toddler study
was open label as all toddlers received the same vaccines. Person-
nel evaluating study endpoints and performing laboratory testing
remained blinded to the mothers’ treatment allocation.

The study was conducted according to the principles of Good
Clinical Practice, the Declaration of Helsinki and applicable regula-
tions. The centers’ ethics committees (Supplementary material)
approved the protocol and other study-related documents. An
independent data monitoring committee oversaw the participants’
safety.
2.2. Vaccines

Each 0.5 mL dose of DTaP-HepB-IPV/Hib contained � 30 inter-
national units (IU) diphtheria toxoid; �40 IU tetanus toxoid (TT);
25 mg filamentous hemagglutinin (FHA); 8 mg pertactin (PRN);
25 mg pertussis toxoid (PT); 10 mg hepatitis B surface antigen
(HBs); 40 D antigen units (DU) IPV type 1 (Mahoney strain); 8
DU IPV type 2 (MEF-1 strain); 32 DU IPV type 3 (Saukett strain);
and 700 mg Al3+; provided as liquid component and mixed with
lyophilized Hib-TT (10 mg Hib polyribosylribitol phosphate [PRP],
~25 mg TT and 0.12 mg aluminum as salts). PCV13 contained
2.2 mg capsular polysaccharide (CPS) of serotypes 1, 3, 4, 5, 6A,
7F, 9 V, 14, 18C, 19A, 19F and 23F, and 4.4 mg CPS of serotype 6B
(each conjugated to diphtheria toxoid variant, CRM197), and
1600
125 mg Al3+. DTaP-HepB-IPV/Hib and PCV13 were injected intra-
muscularly in opposite thighs or deltoids.

2.3. Objectives

The primary objective was to assess booster response rates for
pertussis antigens and seroprotection rates for the other DTaP-
HepB-IPV/Hib antigens 1 month post-booster. Booster response
was defined as a post-vaccination antibody concentration � 4
times the assay cut-off for toddlers with a pre-vaccination concen-
tration below the assay cut-off, a post-vaccination
concentration � 4 times the pre-vaccination concentration for tod-
dlers with a pre-vaccination concentration between the assay cut-
off and < 4 times the assay cut-off, or a post-vaccination
concentration � 2 times the pre-vaccination concentration for tod-
dlers with a pre-vaccination concentration � 4 times the assay cut-
off.

Secondary objectives were to assess the immune response to
DTaP-HepB-IPV/Hib and PCV13 booster vaccination in terms of
antibody concentrations/titers for all vaccine antigens and pertus-
sis seropositivity 1 month post-booster (defined as antibody con-
centrations greater than or equal to the assay cut-offs); and
antibody persistence after DTaP-HepB-IPV/Hib and PCV13 primary
vaccination in terms of pre-booster antibody concentrations/titers
for all vaccine antigens.

The safety and reactogenicity of both vaccines in terms of soli-
cited and unsolicited adverse events (AEs) and serious adverse
events (SAEs); and the toddlers’ neurodevelopmental status at 9
and 18 months of age were also evaluated as secondary objectives.

2.4. Immunogenicity assessments

Blood samples were collected immediately before and 1 month
after the booster dose (allowed interval: 21–48 days between
booster and blood draw). Antibodies against pertussis antigens,
diphtheria, tetanus and Hib PRP were quantified using validated
enzyme-linked immunosorbent assays (ELISAs). Assay cut-offs
defining seropositivity were 2.046 IU/mL (anti-FHA), 2.187 IU/mL
(anti-PRN), 2.693 IU/mL (anti-PT), 0.057 IU/mL (anti-diphtheria),
0.043 IU/mL (anti-tetanus) and 0.066 mg/mL (anti-PRP). Seropro-
tection cut-offs were 0.1 IU/mL for diphtheria and tetanus
[31,32] and 0.15 mg/mL and 1.0 mg/mL for short- and long-term
protection, respectively, for Hib PRP [33,34]. There is no estab-
lished correlate of protection for pertussis [35]. Anti-HBs antibod-
ies were quantified with a commercial chemiluminescence
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immunoassay (ADVIA Centaur anti-HBs2, Siemens Healthcare).
The assay cut-off was 6.2 mIU/mL and seroprotection cut-off 10
mIU/mL [35–37]. Anti-poliovirus types 1, 2 and 3 antibodies were
quantified with a microneutralization test [38]. Antibody titers � 8
ED50 were considered protective. Serotype-specific anti-
pneumococcal CPS antibodies (for the PCV13 serotypes) were
quantified using validated multiplex electrochemiluminescence
(ECL) assays [39]. A threshold of 0.35 mg/mL for the ECL assays is
considered equivalent to the 0.35 mg/mL PCV licensure threshold
established for the WHO pneumococcal reference ELISA [39,40].
All assays were performed at GSK, Rixensart/Wavre, Belgium.

2.5. Safety assessments

The participants’ parents/legally acceptable representatives
received diary cards at the booster vaccination visit to record soli-
cited local and general AEs and body temperature on the day of
vaccination and 3 subsequent days (days 0–3) and unsolicited
AEs occurring on days 0–30. The diary cards were returned at the
next visit, AEs were discussed with the investigator and tran-
scribed onto electronic case report forms. Large injection site reac-
tions (defined as any local swelling with a diameter > 50 mm, any
noticeable diffuse injection site swelling [diameter not measur-
able] or any noticeable increased circumference of the injected
limb) occurring on days 0–3 post-booster were also recorded. SAEs
were collected from booster vaccination until each participant’s
last visit/phone contact. (S)AEs leading to study withdrawal were
recorded from enrollment until study end.

The intensity of solicited and unsolicited AEs was graded on a
scale from 1 (mild) to 3 (severe). Definitions of grade 3 AEs were
crying when the limb was moved or the limb being spontaneously
painful (pain); diameter > 20 mm (swelling, redness); crying incon-
solably or preventing normal activity (irritability); not eating at all
(loss of appetite); temperature � 39.0 �C (fever); preventing nor-
mal activity (drowsiness, unsolicited AEs). The investigators
assessed the causality between each (S)AE and vaccination based
on their clinical judgement. Solicited local AEs were all considered
causally related.

Together with the investigators, the participants’ parents/le-
gally acceptable representatives completed a standardized devel-
opmental screening tool (Ages & Stages Questionnaire, third
edition [ASQ-3]) that assesses five neurodevelopmental domains:
communication, gross motor, fine motor, problem solving and
personal-social skills [41]. This was done at 9 months of age
(max. 9 months + 30 days) during the first visit and at 18 months
of age (±30 days), either during the second visit (booster vaccina-
tion) or third visit (blood draw), or during a separate phone call
if the second and third visits occurred before 18 months. Partici-
pants with a score below the cut-off for any of the five domains
were referred to a developmental specialist for a formal neurode-
velopmental assessment using the Bayley Scale for Infant Develop-
ment, version III (BSID-III), which assesses cognitive, language,
motor, social-emotional and adaptive behaviors [42].

An overview of all congenital anomalies reported in the mater-
nal immunization trial and the infant and toddler studies as AE or
pre-existing condition in the infants’ medical history is also
presented.

2.6. Statistical analyses

All endpoints were analyzed descriptively, i.e., no tests of statis-
tical significance were performed. Claims of interference were
guided by observed differences in antibody GMCs between the
Tdap and the control group and consistency with other published
studies. Sample size calculations for the maternal immunization
trial were described previously [20]. The sample size of the current
1601
toddler study was not based on power-based calculations. Instead,
the cohort of the toddler study consisted of all available, eligible
infants from the preceding infant study, which depended on the
number of mothers enrolled in the maternal immunization trial.
Primary immunogenicity analyses were performed on the
according-to-protocol (ATP) cohort for immunogenicity (all eligi-
ble participants who complied with protocol-defined procedures
and intervals and had post-booster immunogenicity results avail-
able for at least one antigen). A second analysis based on the total
vaccinated cohort (TVC, all toddlers who received the DTaP-HepB-
IPV/Hib booster) was also performed to complement the ATP anal-
ysis. Seroprotection, seropositivity and booster response rates
were calculated with exact 95% confidence intervals (CIs). Geomet-
ric mean antibody concentrations and titers (GMCs, GMTs) were
calculated with 95% CIs by taking the anti-log of the mean of the
log10 concentration or titer transformations. Antibody concentra-
tions/titers below the assay cut-offs were given arbitrary values
of half the cut-offs for GMC/GMT calculations. We performed sub-
group analyses by primary vaccination dose schedule (2-dose and
3-dose), gestational age (27–32 and 33–36 weeks) and mother’s
age (18–24, 25–34 and 35–45 years) at maternal vaccination.

Safety analyses were performed on the TVC. Percentages of tod-
dlers with solicited AEs, unsolicited AEs or congenital anomalies
were calculated with exact 95% CIs. The analysis of neurodevelop-
mental status was performed on the total enrolled cohort (to
account for participants who withdrew between the first and sec-
ond visit). The proportion of participants with scores below the
cut-off for each and any of the ASQ-3 domains, the proportion
referred for BSID-III neurodevelopmental evaluation and those
with at least one indicator of neurodevelopmental impairment
using BSID-III were calculated.

Analyses were performed using SAS Drug Development (SAS
Institute Inc., Cary, NC, USA).
3. Results

3.1. Study population

Of the 686 infants born to women enrolled in the maternal
immunization study [20] and 592 infants completing the infant
study [21], 551 were enrolled in the current toddler study: 270
whose mothers had received Tdap and 281 whose mothers had
received placebo during pregnancy (Fig. 2). 540 toddlers received
the DTaP-HepB-IPV/Hib booster, 536 completed the study and
479 were included in the ATP cohort for immunogenicity (Fig. 2).
Demographic characteristics were comparable between groups
(Table 1). The mean age at booster vaccination was 15 months.

3.2. Immunogenicity

Results are shown for the primary analyses on the ATP cohort
for immunogenicity. Results for the TVC were very similar to those
for the ATP cohort and the same overall conclusions could be
drawn.

3.2.1. Antibody persistence after the DTaP-HepB-IPV/Hib and PCV13
primary series (pre-booster)

Before the DTaP-HepB-IPV/Hib booster, observed antibody
GMCs for FHA, PRN, PT and diphtheria were higher in the control
than in the Tdap group (approximately 1.4- to 1.5-fold). GMCs
for the other DTaP-HepB-IPV/Hib antigens were comparable
between groups (Tables 2 and 3). Comparable proportions of
toddlers in both groups were seroprotected against diphtheria,
tetanus, hepatitis B, polio and Hib (Table 3). The proportions of tod-
dlers with pneumococcal antibody concentrations � 0.35 mg/mL



Fig. 2. Participant flow diagram. ATP, according-to-protocol; N, number of toddlers per cohort/group; n, number of toddlers with the specified elimination code assigned
(excluding those for whom a lower elimination code number was assigned; elimination codes from the maternal immunization trial and the primary vaccination follow-up
study carried forward into the booster vaccination follow-up study); Tdap, tetanus-reduced-antigen-content diphtheria-acellular pertussis vaccine.
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and pneumococcal antibody GMCs were similar between groups
for most PCV13 serotypes (Table 4).
3.2.2. Response to the DTaP-HepB-IPV/Hib and PCV13 booster doses
Substantial increases in antibody GMCs were observed from

pre- to post-booster for each DTaP-HepB-IPV-Hib antigen in both
groups (pertussis antigens: 13.6- versus 11.3-fold [anti-FHA],
48.4- versus 27.3-fold [anti-PRN], 11.9- versus 12.7-fold [anti-PT]
in the Tdap versus the control group, respectively) (Tables 2 and
3). Accordingly, pertussis booster response rates were similarly
high in both groups: 92.1%–98.1% (Tdap) and 96.7%–99.6% (con-
trol) (Table 2), as were seroprotection rates for the other DTaP-
HepB-IPV/Hib antigens: �99.5% (Tdap) and � 99.2% (control)
(Table 3). Higher post-booster antibody GMCs were observed in
controls than in the Tdap group for anti-FHA (1.2-fold), anti-PT
(1.5-fold) and anti-diphtheria (1.4-fold). GMCs for the other
DTaP-HepB-IPV/Hib antigens were similar between groups (Tables
2 and 3).

Fig. 3 shows pertussis antibody GMCs in the two groups from
before the pregnancy dose until the post-booster timepoint.

At least 98.1% of toddlers in the Tdap group and � 98.7% in the
control group had post-booster pneumococcal antibody
concentrations � 0.35 mg/mL for each PCV13 serotype, except
1602
serotype 3 (Tdap: 79.3%; control: 79.6%) (Table 4). Pneumococcal
antibody GMCs were similar between groups (Table 4).

3.2.3. Subgroup analyses
Subgroup analyses by primary series dose schedule, or by gesta-

tional or maternal age at the pregnancy dose did not indicate that
lower post-booster immunogenicity after maternal Tdap immu-
nization was specific to some subgroups (Supplementary tables
1–3 and not shown). In each subgroup, observed post-booster anti-
body GMCs for FHA, PT and diphtheria tended to be higher in the
control versus the Tdap group.

3.3. Reactogenicity and safety

Solicited AEs were reported at similar rates in both groups, with
redness at the DTaP-HepB-IPV/Hib injection site being the most
common local (Tdap: 49.0%; control: 53.5%) and irritability the
most common general solicited AE (Tdap: 63.2%; control: 68.4%)
(Table 5). A minority of toddlers experienced grade 3 solicited
AEs (Table 5). Large injection site reactions occurred in two
toddlers in the Tdap group and three in the control at the
DTaP-HepB-IPV/Hib site and in one toddler in each group at the
PCV13 site. Reporting rates for unsolicited AEs were also similar



Table 2
Booster response rates, seropositivity rates and geometric mean concentrations for pertuss
immunogenicity).

Antibody
(Cut-off)

Time-point Tdap group

N Booster
responsea,

% (95% CI)

N’ Sero-positivity,
% (95% CI)

G
I
(

Anti-FHA
(2.046 IU/mL)

Pre na na 223 96.4
(93.1–98.4)

1
(

Post 215 96.7
(93.4–98.7)

221 100
(98.3–100)

1
(

Anti-PRN
(2.187 IU/mL)

Pre na na 223 83.9
(78.4–88.4)

6
(

Post 214 98.1
(95.3–99.5)

220 100
(98.3–100)

3
(

Anti-PT
(2.693 IU/mL)

Pre na na 223 68.6
(62.1–74.6)

4
(

Post 215 92.1
(87.6–95.3)

221 99.5
(97.5–100)

5
(

%, percentage of toddlers who mounted a vaccine response or were seropositive (antibo
protocol; CI, confidence interval; FHA, filamentous hemagglutinin; GMC, geometric mea
vaccination results available; N’, number of toddlers with results available at the specifie
reduced-antigen-content diphtheria-acellular pertussis vaccine.

a Booster response to FHA, PRN and PT was defined as a post-vaccination concentration
off, a post-vaccination concentration � 4x the pre-vaccination concentration for toddlers
cut-off, a post-vaccination concentration � 2x the pre-vaccination concentration for tod

Table 1
Characteristics of participants in the total vaccinated cohort.

Parameter Tdap
group
(N = 263)

Control
group
(N = 277)

Country, n (%)
Australia 12 (4.6) 12 (4.3)
Canada 66 (25.1) 74 (26.7)
Czech Republic 32 (12.2) 35 (12.6)
Finland 20 (7.6) 29 (10.5)
Italy 4 (1.5) 4 (1.4)
Spain 129 (49.0) 123 (44.4)
Mean age ± SD at booster vaccination, months
Overall 15.1 ± 2.5 14.9 ± 2.5
Australia 17.1 17.1
Canada 15.3 15.4
Czech Republic 12.9 13.2
Finland 12.3 12.3
Italy 11.8 11.5
Spain 16.7 16.6
Female sex, n (%) 122 (46.4) 125 (45.1)
Ethnic origin, n (%)
Whitea 240 (91.3) 262 (94.6)
Asian 3 (1.1) 0 (0.0)
African/African American 4 (1.5) 8 (2.9)
Other 16 (6.1) 7 (2.5)
DTaP-HepB-IPV/Hib primary vaccination schedule,

n (%)
2-dose 26 (9.9) 36 (13.0)
3, 5 months 24 (9.1) 33 (11.9)
2, 4 months 2 (0.8) 3 (1.1)
3-dose 237 (90.1) 241 (87.0)
2, 4, 6 months 205 (77.9) 206 (74.4)
2, 3, 4 months 32 (12.2) 35 (12.6)
Maternal age category at pregnancy dose, n (%)
18–24 years 4 (1.5) 12 (4.3)
25–34 years 164 (62.4) 172 (62.1)
35–45 years 95 (36.1) 93 (33.6)
Gestational age category at pregnancy dose, n (%)
27–32 weeks 156 (59.3) 165 (59.6)
33–36 weeks 107 (40.7) 112 (40.4)

DTaP-HepB-IPV/Hib, diphtheria-tetanus-acellular pertussis-hepatitis B virus-inac-
tivated poliovirus and Haemophilus influenzae type b vaccine; N, total number of
infants per group; n (%), number (percentage) of infants in the specified category;
SD, standard deviation; Tdap, tetanus-reduced-antigen-content diphtheria-acellu-
lar pertussis vaccine.

a Includes White – Caucasian/European heritage (majority) and White – Arabic/
North African heritage (1 in Tdap and 3 in control group).
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between groups (Tdap: 35.7%; control: 40.1%), as were those for
grade 3 AEs and AEs related to booster vaccination (Table 5). The
most common related AEs were vomiting in the Tdap group
(4 [1.5%] toddlers) and injection site mass in the control group
(2 [0.7%] toddlers). No grade 3 unsolicited AEs were considered
vaccination-related.

After the booster dose, three SAEs were reported in three tod-
dlers in the control group (periorbital cellulitis [resolved after
13 days], pneumonia [resolved after 11 days] and sleep apnea syn-
drome [resolved after 133 days]). None of these were deemed
vaccination-related. Before the booster dose, there was one fatality
in the Tdap group: a 16-month-old toddler with congenital cyto-
megalovirus died as a result of several complications (enterovirus
gastroenteritis, encephalopathy, astrovirus gastroenteritis, shock,
increased intracranial pressure, dehydration and rhabdomyolysis).
None of these complications were considered related to prior vac-
cination. This was the only participant who was withdrawn from
the study due to an SAE.

During the maternal immunization trial, the infant and toddler
studies, congenital anomalies were reported for 35 participants
(10.4%, 95% CI 7.3–14.1%) in the Tdap group and 44 (12.9%, 9.5–
16.9%) in the control group (Supplementary table 4). The most
common congenital anomaly in both groups was atrial septal
defect (Tdap: 1.5%, 0.5–3.4%; control: 2.3%, 1.0–4.6%).

At either 9 or 18 months of age, 11.5% of toddlers in the
Tdap group and 11.0% in the control group had an ASQ-3 score
below to cut-off for at least one neurodevelopmental domain;
40.0% and 52.9%, respectively, were referred for formal neurode-
velopmental evaluation (based on BSID-III) and 4.6% and 5.8%,
respectively, had at least one indicator of neurodevelopmental
delay.

Supplementary Fig. 1 represents a plain language summary,
summarizing the findings and highlighting their clinical relevance.
4. Discussion

This study showed that—as a consequence of the interference of
maternally transferred Tdap-induced antibodies with the infant
immune response to pertussis and diphtheria primary vaccination
(as observed in the infant study [21])—antibody concentrations for
is antibodies in toddlers before and 1 month after booster vaccination (ATP cohort for

Control group

MC,
U/mL
95% CI)

N Booster
responsea,

% (95% CI)

N’ Sero-positivity,
% (95% CI)

GMC,
IU/mL
(95% CI)

1.2
9.6–13.1)

na na 244 98.8
(96.4–99.7)

16.5
(14.4–18.8)

52.5
136.3–170.6)

241 96.7
(93.6–98.6)

247 100
(98.5–100)

187.2
(172.7–202.9)

.9
5.8–8.2)

na na 244 87.3
(82.5–91.2)

9.6
(8.3–11.2)

33.9
285.4–390.7)

241 99.6
(97.7– 100)

247 100
(98.5–100)

262.3
(230.9–298.1)

.4
3.8–5.0)

na na 244 82.4
(77.0–86.9)

6.3
(5.5–7.1)

2.4
46.9–58.4)

241 97.5
(94.7–99.1)

247 100
(98.5–100)

80.3
(73.3–88.1)

dy concentration equal to or above the specified assay cut-offs); ATP, according-to-
n concentration; IU, international unit; N, number of toddlers with pre- and post-
d timepoint; na, not applicable; PRN, pertactin; PT, pertussis toxoid; Tdap, tetanus-

� 4x the assay cut-off for toddlers with a pre-vaccination concentration < assay cut-
with a pre-vaccination concentration between the assay cut-off and < 4x the assay
dlers with a pre-vaccination concentration � 4x the assay cut-off.



Table 3
Seroprotection rates and geometric mean concentrations or titers for diphtheria, tetanus, hepatitis B, poliovirus and Hib antibodies in toddlers before and 1 month after booster
vaccination (ATP cohort for immunogenicity).

Antibody (Cut-off) Time-points Tdap group Control group

N Seroprotection,
% (95% CI)

GMC or GMT (95% CI) N Seroprotection,
% (95% CI)

GMC or GMT (95% CI)

Anti-D
(0.1 IU/mL)

Pre 223 81.2 (75.4–86.1) 0.21 (0.18–0.23) 244 90.2 (85.7–93.6) 0.32 (0.29–0.36)
Post 221 100 (98.3–100) 6.11 (5.58–6.70) 247 100 (98.5–100) 8.40 (7.69–9.17)

Anti-T
(0.1 IU/mL)

Pre 223 96.4 (93.1–98.4) 0.75 (0.65–0.88) 244 95.1 (91.6–97.4) 0.58 (0.51–0.66)
Post 221 100 (98.3–100) 8.20 (7.32–9.18) 247 100 (98.5–100) 6.76 (6.14–7.43)

Anti-HBs
(10 mIU/mL)

Pre 219 94.1 (90.1–96.8) 158.7 (129.9–194.0) 243 94.2 (90.5–96.8) 193.4 (158.4–236.1)
Post 216 99.5 (97.4–100) 4858.3 (3918.4–6023.7) 241 99.2 (97.0–99.9) 5031.2 (4072.7–6215.4)

Anti-polio 1
(8 ED50)

Pre 213 88.3 (83.2–92.3) 64.9 (52.0–80.9) 237 89.5 (84.8–93.1) 83.3 (67.7–102.5)
Post 204 100 (98.2–100) 1611.7 (1381.2–1880.6) 228 100 (98.4–100) 1532.1 (1322.2–1775.3)

Anti-polio 2
(8 ED50)

Pre 210 89.5 (84.6–93.3) 71.7 (57.6–89.4) 236 91.1 (86.7–94.4) 79.2 (64.4–97.5)
Post 201 100 (98.2–100) 2232.4 (1931.2–2580.5) 227 100 (98.4–100) 2371.2 (2097.9–2680.1)

Anti-polio 3
(8 ED50)

Pre 205 91.7 (87.1–95.1) 106.0 (84.1–133.4) 226 95.1 (91.5–97.5) 118.4 (97.0–144.5)
Post 188 100 (98.1–100) 2944.6 (2529.4–3427.9) 210 100 (98.3–100) 2891.8 (2496.2–3350.2)

Anti-PRP
(0.15 mg/mL)

Pre 222 72.5 (66.1–78.3) 0.37 (0.30–0.45) 244 68.0 (61.8–73.8) 0.29 (0.24–0.35)
Post 221 100 (98.3–100) 26.19 (22.61–30.33) 247 99.6 (97.8–100) 19.71 (16.89–23.01)

Anti-PRP
(1.0 mg/mL)

Pre 222 22.5 (17.2–28.6) 244 17.6 (13.1–23.0)
Post 221 99.5 (97.5–100) 247 97.6 (94.8–99.1)

%, percentage of toddlers with antibody concentrations equal to or above the specified seroprotection cut-offs; ATP, according-to-protocol; CI, confidence interval; D,
diphtheria; ED50, effective dose causing 50% effect; GMC, geometric mean concentration; GMT, geometric mean titer; HBs, hepatitis B surface antigen; Hib, Haemophilus
influenzae type b; polio 1–3, poliovirus types 1–3; (m)IU, (milli)international unit; N, number of toddlers with available results; PRP, Hib polyribosylribitol phosphate; T,
tetanus; Tdap, tetanus-reduced-antigen-content diphtheria-acellular pertussis vaccine.

Table 4
Percentages of toddlers with pneumococcal serotype-specific antibody concentrations � 0.35 mg/mL and geometric mean concentrations before and 1 month after booster
vaccination (ATP cohort for immunogenicity).

Tdap group Control group

Vaccine serotype Time-point N % �0.35 mg/mL
(95% CI)

GMC, mg/mL
(95% CI)

N % �0.35 mg/mL
(95% CI)

GMC, mg/mL
(95% CI)

1 Pre 211 28.9 (22.9–35.5) 0.22 (0.19–0.24) 232 39.2 (32.9–45.8) 0.27 (0.24–0.30)
Post 208 100 (98.2–100) 3.22 (2.88–3.60) 236 100 (98.4–100) 3.64 (3.28–4.04)

3 Pre 211 3.8 (1.7–7.3) 0.08 (0.07–0.09) 232 5.2 (2.7–8.9) 0.10 (0.09–0.11)
Post 208 79.3 (73.2–84.6) 0.59 (0.53–0.65) 235 79.6 (73.8–84.5) 0.62 (0.57–0.69)

4 Pre 209 13.4 (9.1–18.8) 0.15 (0.13–0.16) 232 27.2 (21.5–33.4) 0.19 (0.17–0.22)
Post 208 99.5 (97.4–100) 2.91 (2.54–3.33) 234 99.1 (96.9–99.9) 3.28 (2.89–3.72)

5 Pre 211 47.4 (40.5–54.4) 0.33 (0.29–0.37) 229 54.1 (47.5–60.7) 0.34 (0.31–0.38)
Post 204 100 (98.2–100) 2.66 (2.39–2.97) 229 99.1 (96.9–99.9) 2.81 (2.52–3.14)

6A Pre 211 53.1 (46.1–60.0) 0.38 (0.33–0.43) 232 62.9 (56.4–69.2) 0.44 (0.39–0.50)
Post 208 100 (98.2–100) 9.07 (8.05–10.22) 236 100 (98.4–100) 9.49 (8.45–10.67)

6B Pre 211 45.5 (38.6–52.5) 0.29 (0.25–0.33) 232 49.6 (43.0–56.2) 0.33 (0.29–0.38)
Post 208 100 (98.2–100) 7.83 (6.82–8.98) 236 99.6 (97.7–100) 8.00 (7.06–9.06)

7F Pre 211 69.7 (63.0–75.8) 0.49 (0.44–0.54) 232 75.4 (69.4–80.8) 0.56 (0.51–0.61)
Post 208 100 (98.2–100) 5.00 (4.55–5.50) 235 100 (98.4–100) 4.96 (4.50–5.48)

9 V Pre 211 33.6 (27.3–40.5) 0.26 (0.23–0.29) 232 45.7 (39.2–52.3) 0.32 (0.28–0.36)
Post 208 100 (98.2–100) 3.74 (3.35–4.16) 235 100 (98.4–100) 3.91 (3.52–4.35)

14 Pre 211 87.2 (81.9–91.4) 0.97 (0.85–1.11) 232 88.8 (84.0–92.5) 1.19 (1.04–1.37)
Post 208 100 (98.2–100) 10.36 (9.22–11.64) 236 100 (98.4–100) 11.62 (10.34–13.06)

18C Pre 211 19.9 (14.7–25.9) 0.19 (0.17–0.21) 232 34.1 (28.0–40.5) 0.23 (0.21–0.26)
Post 208 99.5 (97.4–100) 3.23 (2.86–3.65) 236 100 (98.4–100) 3.57 (3.21–3.98)

19A Pre 211 40.8 (34.1–47.7) 0.32 (0.27–0.37) 232 50.9 (44.2–57.5) 0.37 (0.32–0.43)
Post 208 100 (98.2–100) 7.90 (7.06–8.83) 236 100 (98.4–100) 8.68 (7.82–9.63)

19F Pre 211 49.3 (42.4–56.2) 0.37 (0.32–0.43) 232 61.6 (55.0–67.9) 0.47 (0.41–0.55)
Post 208 100 (98.2–100) 7.66 (6.84–8.57) 236 100 (98.4–100) 8.63 (7.75–9.62)

23F Pre 210 15.7 (11.1–21.4) 0.14 (0.12–0.16) 229 25.3 (19.8–31.5) 0.19 (0.16–0.22)
Post 207 98.1 (95.1–99.5) 2.07 (1.83–2.34) 235 98.7 (96.3–99.7) 2.38 (2.10–2.69)

%, percentage of toddlers with antibody concentrations � 0.35 mg/mL; ATP, according-to-protocol; CI, confidence interval; GMC, geometric mean concentration; N, number of
toddlers with available results; Tdap, tetanus-reduced-antigen-content diphtheria-acellular pertussis vaccine.
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these antigens were still lower in toddlers from Tdap-vaccinated
mothers before DTaP-HepB-IPV/Hib booster vaccination. After the
booster, differences in antibody concentrations between toddlers
from the Tdap versus the control group were still apparent for
FHA, PT and diphtheria but not for PRN. While observed anti-
FHA, anti-PT and anti-diphtheria antibody GMCs were lower in
toddlers born to mothers who had received Tdap during pregnancy
compared to mothers who had not, pre- to post-booster GMC
increases were similarly high in both groups, as were booster
response (for pertussis antigens) and seroprotection rates (for
1604
diphtheria), indicating induction of immune memory in infants
born to Tdap-vaccinated mothers.

For diphtheria, as all toddlers achieved seroprotective antibody
levels after the booster dose, the clinical significance of the lower
antibody GMCs is likely limited. For pertussis, the clinical rele-
vance is difficult to ascertain since no correlate of protection has
been established [35] and only humoral responses were assessed.
Effectiveness studies in the UK and the US, and UK pertussis dis-
ease surveillance data do not indicate an increased risk of pertussis
disease in the first and second years of life in infants and toddlers



Fig. 3. Geometric mean concentrations for pertussis antibodies in mothers before and after the pregnancy dose and in infants and toddlers before and after primary
and booster vaccination (ATP cohorts for immunogenicity). ATP, according-to-protocol; FHA, filamentous hemagglutinin; GMC, geometric mean concentration; IU,
international unit; PRN, pertactin; PT, pertussis toxoid; Tdap, tetanus-reduced-antigen-content diphtheria-acellular pertussis vaccine. Error bars depict 95% confidence
intervals. Timepoints: before and 30 days after the pregnancy dose (pre-vacc and post-vacc), birth (infant cord blood), before and 1 month after 2-dose or 3-dose primary
vaccination (pre-pri and post-pri), before and 1 month after booster vaccination (pre-bst and post-bst).

Table 5
Solicited and unsolicited adverse events after booster vaccination (total vaccinated cohort).

Adverse event Tdap group Control group

n % (95% CI) n % (95% CI)

(N = 257) (N = 275)
Pain

Any
Grade 3

119
8

46.3 (40.1–52.6)
3.1 (1.4–6.0)

137
12

49.8 (43.8–55.9)
4.4 (2.3–7.5)

Redness
Any
>20 mm

126
21

49.0 (42.8–55.3)
8.2 (5.1–12.2)

147
24

53.5 (47.4–59.5)
8.7 (5.7–12.7)

Swelling
Any
>20 mm

103
16

40.1 (34.0–46.3)
6.2 (3.6–9.9)

106
16

38.5 (32.8–44.6)
5.8 (3.4–9.3)

(N = 257) (N = 274)
Pain

Any
Grade 3

113
8

44.0 (37.8–50.3)
3.1 (1.4–6.0)

124
16

45.3 (39.3–51.4)
5.8 (3.4–9.3)

Redness
Any
>20 mm

120
14

46.7 (40.5–53.0)
5.4 (3.0–9.0)

132
14

48.2 (42.1–54.3)
5.1 (2.8–8.4)

Swelling
Any
>20 mm

87
9

33.9 (28.1–40.0)
3.5 (1.6–6.5)

86
15

31.4 (25.9–37.2)
5.5 (3.1–8.9)

(N = 258) (N = 275)
Drowsiness

Any
Grade 3

128
5

49.6 (43.4–55.9)
1.9 (0.6–4.5)

138
7

50.2 (44.1–56.2)
2.5 (1.0–5.2)

Irritability
Any
Grade 3

163
13

63.2 (57.0–69.1)
5.0 (2.7–8.5)

188
28

68.4 (62.5–73.8)
10.2 (6.9–14.4)

Loss of appetite
Any
Grade 3

104
10

40.3 (34.3–46.6)
3.9 (1.9–7.0)

116
10

42.2 (36.3–48.3)
3.6 (1.8–6.6)

Fevera

Any
>39.0 �C

73
7

28.3 (22.9–34.2)
2.7 (1.1–5.5)

85
7

30.9 (25.5–36.7)
2.5 (1.0–5.2)

(N = 263) (N = 277)
Any

Grade 3
Related

94
19
10

35.7 (29.9–41.9)
7.2 (4.4–11.1)
3.8 (1.8–6.9)

111
16
10

40.1 (34.3–46.1)
5.8 (3.3–9.2)
3.6 (1.7–6.5)

AE, adverse event; CI, confidence interval; DTaP-HepB-IPV/Hib, diphtheria-tetanus-acellular pertussis-hepatitis B virus-inactivated poliovirus and Haemophilus influenzae
type b vaccine; N, number of toddlers with the documented dose (for solicited AEs) or with the administered dose (for unsolicited AEs); n/%, number/percentage of toddlers
for whom the specified AE was reported at least once during the follow-up period; PCV13, 13-valent pneumococcal conjugate vaccine; Tdap, tetanus-reduced-antigen-
content diphtheria-acellular pertussis vaccine.

a Any fever was defined as a temperature � 37.5 �C (oral, axillary, tympanic), or � 38.0 �C (rectal).
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born to mothers vaccinated with pertussis-containing vaccines
during pregnancy [13,14,43,44]. A transmission model by Bento
and Rohani showed that maternal immunization is an effective
strategy to protect newborns, but—depending on the settings—if
maternal antibodies interfere with infant immune responses,
increases in pertussis disease can be expected in older children,
with a decade’s (or more) delay [45]. Therefore, continuous surveil-
lance is needed to monitor the pertussis incidence in different age
groups in countries with maternal pertussis immunization pro-
grams. This will further elucidate the clinical impact of maternal
immunization on protection conferred by pediatric vaccines in
infants and toddlers. In addition, further research is needed to fully
understand other factors that can influence clinical protection
through maternal immunization. These include the immune
response of pregnant woman to different vaccine antigens, the rel-
evance of the quantity and composition of the antigens in inducing
functional vaccine-specific immune responses, the optimal timing
of vaccine administration in pregnancy, the duration of vaccine-
induced protection in the mothers and their infants, and the role
of breastmilk antibodies in protecting infants [46].

Our results are in line with those from randomized maternal
immunization trials in Canada and the Netherlands, showing sig-
nificantly lower antibody GMCs for FHA and PT (and PRN, in the
Dutch trial only) after pertussis booster vaccination in toddlers
born to women vaccinated versus not vaccinated with 5-
component or 3-component Tdap during pregnancy [22,23]. A
prospective cohort study in Belgium showed significantly lower
post-booster anti-PT GMCs in toddlers from 3-component Tdap-
vaccinated mothers versus unvaccinated mothers [47]. In other
smaller studies, non-significant trends for lower post-booster anti-
body GMCs for some or all pertussis antigens were apparent in tod-
dlers born to Tdap-vaccinated versus unvaccinated mothers
[24,28,29]. A recent review considered the observed interference
as a class effect of pertussis-containing vaccines, regardless of
the type of maternal or childhood vaccine used [48].

Based on our subgroup analyses, interference was apparent
regardless of the primary series dose schedule and the gestational
and maternal age at the pregnancy Tdap dose; however, the small
sample size in some of these subgroups limits interpretation of
these analyses.

In the infant study, we found no evidence for interference of
Tdap-induced maternal antibodies with the immune response to
tetanus, hepatitis B, poliovirus or Hib, nor with the response to
pneumococcal conjugates [21]. Likewise, in the toddler study, no
interference was observed for these antigens prior to or after
DTaP-HepB-IPV/Hib and PCV13 booster vaccination. While this is
largely in line with previous studies [23,49,50], some have shown
higher post-primary or post-booster tetanus responses
[25,26,28,29] and lower responses to a number of pneumococcal
conjugates after the primary infant series [26,49–51], which
mostly disappeared post-booster [49,51].

The reactogenicity and safety profiles of the DTaP-HepB-IPV/
Hib and PCV13 booster doses in toddlers did not change depend-
ing on the exposure/non-exposure to Tdap during pregnancy.
Solicited and unsolicited AE rates were similar between groups,
no vaccination-related SAEs were reported and no differences
were observed in terms of neurodevelopment and congenital
anomalies.

Limitations of our study include a limited generalizability
because the study was performed in high-income countries and
mothers were mostly white Caucasian with low-risk pregnancies.
In addition, because our study was descriptive and no adjustments
for multiple comparisons were made, the observed differences
between toddlers from mothers who received Tdap during com-
pared to after pregnancy cannot be taken as evidence of statisti-
cally significant differences between these two groups.
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5. Conclusion

Our randomized, placebo-controlled maternal immunization
trial and follow-up infant and toddler studies showed that Tdap-
induced pertussis antibodies were transferred efficiently from vac-
cinated mothers to their infants and persisted in infants during
their first vulnerable months of life. However, these antibodies
caused interference with the immune response to pertussis pri-
mary vaccination, the effect of which was still apparent before
boosting for the three pertussis antigens and after boosting for
FHA and PT. The clinical relevance of this interference requires fur-
ther evaluation through continuous long-term monitoring of the
pertussis incidence in older infants and children in countries with
a maternal pertussis immunization program. We found no evi-
dence for interference with the response to the other DTaP-
HepB-IPV/Hib or PCV13 antigens, aside from potential minimal
interference for diphtheria. The reactogenicity/safety profiles of
DTaP-HepB-IPV/Hib and PCV13 in toddlers did not change depend-
ing on the exposure/non exposure to Tdap during pregnancy.
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