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a b s t r a c t
Background: Pertussis immunization during pregnancy results in high pertussis antibody concentrations
in young infants but may interfere with infant immune responses to post-natal immunization.
Methods: This phase IV, multi-country, open-label study assessed the immunogenicity and safety of
infant primary vaccination with DTaP-HepB-IPV/Hib and 13-valent pneumococcal conjugate vaccine

Abbreviations: AE, adverse event; ATP, according-to-protocol; CI, confidence interval; CPS, capsular polysaccharide; DTaP-HepB-IPV/Hib, diphtheria-tetanus-acellular
pertussis-hepatitis B virus-inactivated poliovirus and Haemophilus influenzae type b vaccine; ECL, electrochemiluminescence; ELISA, enzyme-linked immunosorbent assay;
FHA, filamentous hemagglutinin; HBs, hepatitis B surface antigen; GMC, geometric mean concentration; GMT, geometric mean titer; Hib, Haemophilus influenzae type b; LLoQ,
lower limit of quantitation; PCV13, 13-valent pneumococcal conjugate vaccine; PRN, pertactin; PRP, polyribosylribitol phosphate; PT, pertussis toxoid; RCT, randomized
controlled trial; SAE, serious adverse event; Tdap, diphtheria-tetanus-acellular pertussis vaccine; TVC, total vaccinated cohort.
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(PCV13). Enrolled infants (6–14 weeks old) were born to mothers who were randomized to receive
reduced-antigen-content diphtheria-tetanus-three-component acellular pertussis vaccine (Tdap group)
or placebo (control group) during pregnancy (270/7–366/7 weeks’ gestation) with crossover immunization
postpartum. All infants received 2 or 3 DTaP-HepB-IPV/Hib and PCV13 doses according to national schedules. Immunogenicity was assessed in infants pre- and 1 month post-primary vaccination. The primary
objective was to assess seroprotection/vaccine response rates for DTaP-HepB-IPV/Hib antigens 1 month
post-primary vaccination.
Results: 601 infants (Tdap group: 296; control group: 305) were vaccinated. One month post-priming,
seroprotection rates were 100% (diphtheria; tetanus), 98.5% (hepatitis B), 95.9% (polio) and 94.5%
(Hib) in both groups. Vaccine response rates for pertussis antigens were significantly lower in infants
whose mothers received pregnancy Tdap (37.5–77.1%) versus placebo (90.0–99.2%). Solicited and unsolicited adverse event rates were similar between groups. Serious adverse events occurred in 2.4% (Tdap
group) and 5.6% (control group) of infants, none were vaccination-related.
Conclusions: Pertussis antibodies transferred during pregnancy may decrease the risk of pertussis infection in the first months of life but interfere with the infant’s ability to produce pertussis antibodies, the
clinical significance of which remains unknown. Safety and reactogenicity results were consistent with
previous experience.
Clinical Trial Registration: ClinicalTrials.gov: NCT02422264.
Ó 2019 GlaxoSmithKline Biologicals S.A. Published by Elsevier Ltd. This is an open access article under the
CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction
Despite comprehensive global infant immunization programs,
pertussis (Bordetella pertussis) continues to cause high morbidity
and mortality among infants <2 months of age who are too young
to be vaccinated [1,2]. Several strategies to optimize pertussis control and protection during this susceptible period were pursued
[3]; vaccination of pregnant women is the most commonly
implemented.
Randomized controlled trials (RCTs) and prospective cohort
studies have provided evidence that adult-formulation
diphtheria-tetanus-acellular pertussis (Tdap) immunization during
the second or third trimester of pregnancy results in high levels of
pertussis antibodies in cord blood [4–10].
This maternal immunization strategy has been observed to provide 69%–93% effectiveness against pertussis disease in the first 2
or 3 months of life [11–19]. However, several studies have raised
concerns that transplacentally acquired antibodies could interfere
with the infant’s immune response to pertussis and other antigens
in the primary infant series (i.e., immunological interference or
blunting) [4–8,10,20–23]. We evaluated the immunogenicity and
safety of a childhood hexavalent diphtheria-tetanus-three-compo
nent acellular pertussis-hepatitis B virus-poliovirus and Haemophilus influenzae type b-tetanus toxoid conjugate vaccine
(DTaP-HepB-IPV/Hib) co-administered with the 13-valent pneumococcal conjugate vaccine (PCV13) in infants born to mothers
given reduced-antigen-content Tdap vaccine during pregnancy or
postpartum.

2. Methods
2.1. Study design and participants
This phase IV, multi-center, open-label, non-randomized trial
with two parallel groups was conducted between 22 January
2016 and 7 March 2018 in Australia, Canada, Czech Republic, Finland, Italy and Spain. The trial (ClinicalTrials.gov: NCT02422264)
was performed according to the principles of Good Clinical Practice, the Declaration of Helsinki and applicable regulations. The
centers’ Institutional Review Boards and/or Ethics Committees
(Supplementary material) approved the protocol, informed consent form and other study-related documents. An independent
data monitoring committee oversaw the participants’ safety.

We enrolled healthy infants 6–14 weeks old whose mothers
had participated in a phase IV, observer-blind, randomized,
placebo-controlled maternal immunization trial (NCT02377349)
in which they received reduced-antigen-content Tdap vaccine or
placebo at 270/7–366/7 weeks’ gestation and crossover administration within 72 h postpartum [24]. Infants born prematurely
(<37 weeks’ gestation, but after 27 weeks’ gestation) could be
enrolled if they were medically stable. Exclusion criteria included
a history of diphtheria, tetanus, pertussis, hepatitis B, polio, Hib
or pneumococcal diseases; vaccination against any of these diseases since birth (except hepatitis B vaccination); administration
of long-acting immune-modifying drugs, any chronic drug therapy
or immunoglobulins and/or blood products; and immunosuppressive conditions. The Supplementary methods provide detailed
inclusion and exclusion criteria. The parent(s) or legally acceptable
representative(s) of each participant provided written informed
consent before enrollment.
The infants’ group allocation was determined by the intervention
their mothers received during pregnancy (Tdap or placebo) in the
maternal immunization trial [24]. The study had an open-label
design because all infants received the same vaccines, but investigators and study staff involved in the infants’ care and responsible for
evaluating the study endpoints and laboratory testing remained
blinded to the treatment allocation of the infants’ mothers.

2.2. Procedures
Infants received 2 or 3 doses of DTaP-HepB-IPV/Hib (Infanrix
Hexa, GSK) co-administered with PCV13 (Prevnar 13, Pfizer Inc.)
at 2 and 4 months; or 3 and 5 months; or 2, 4 and 6 months; or
2, 3 and 4 months of age, according to the different countries’ routine primary immunization schedules (Fig. 1). In some countries/
regions with a 3-dose primary DTaP-HepB-IPV/Hib schedule,
PCV13 was given as a 2-dose schedule at 2 and 4 months of age.
DTaP-HepB-IPV/Hib and PCV13 were injected intramuscularly in
opposite thighs. PCV13 contains capsular polysaccharides of 13
pneumococcal serotypes (1, 3, 4, 5, 6A, 6B, 7F, 9 V, 14, 18C, 19A,
19F and 23), each conjugated to the diphtheria toxoid variant
CRM197. The composition of both vaccines is provided in the Supplementary methods.
Blood samples were collected before the first DTaP-HepB-IPV/
Hib dose (2 mL, pre-primary) and 1 month (allowed interval: 21–
48 days) after the last DTaP-HepB-IPV/Hib dose (5 mL, post-
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Fig. 1. Study design. Abbreviations: DTaP-HepB-IPV/Hib, diphtheria-tetanus-acellular pertussis-hepatitis B virus-inactivated poliovirus and Haemophilus influenzae type b
vaccine; PCV13, 13-valent pneumococcal conjugate vaccine; Tdap, reduced-antigen-content diphtheria-tetanus-acellular pertussis vaccine. a2-dose DTaP-HepB-IPV/Hib
primary schedule at 2 and 4 months of age administered in Spain. b2-dose DTaP-HepB-IPV/Hib primary schedule at 3 and 5 months of age administered in Finland and Italy.
c
Only for infants receiving a 3-dose DTaP-HepB-IPV/Hib primary schedule. Infants who received a 2-dose DTaP-HepB-IPV/Hib primary schedule did not attend visit 3. d3-dose
DTaP-HepB-IPV/Hib primary schedule at 2, 3 and 4 months of age administered in Czechia. e3-dose DTaP-HepB-IPV/Hib primary schedule at 2, 4 and 6 months of age
administered in Australia, Canada and Spain. fPCV13 was co-administered as a 2-dose or 3-dose primary vaccination schedule; in some countries, infants received a 3-dose
DTaP-HepB-IPV/Hib schedule but a 2-dose PCV13 schedule (at 2 and 4 months of age).

primary) (Fig. 1). Antibodies against diphtheria, tetanus and the
three pertussis antigens (filamentous hemagglutinin [FHA], pertactin [PRN] and pertussis toxoid [PT]) were measured using validated enzyme-linked immunosorbent assays (ELISAs), with assay
cut-offs (lower limits of quantitation [LLoQs]) of 0.057 IU/mL
(anti-diphtheria), 0.043 IU/mL (anti-tetanus), 2.046 IU/mL (antiFHA), 2.187 IU/mL (anti-PRN) and 2.693 IU/mL (anti-PT) defining
seropositivity. Seroprotection for diphtheria and tetanus was
defined as an antibody concentration 0.1 IU/mL [25,26]. No correlate of protection has been established for pertussis [27]. Antihepatitis B surface antigen (HBs) antibodies were measured using
a commercial chemiluminescence immunoassay (ADVIA Centaur
anti-HBs2, Siemens Healthcare) with an assay cut-off of 6.2 mIU/
mL and a concentration of 10 mIU/mL defining seroprotection
[27–29]. Anti-poliovirus types 1, 2 and 3 antibodies were measured using a validated microneutralization test [30], with antibody titers 8 considered protective. Anti-Hib polyribosylribitol
phosphate (PRP) antibodies were measured using a validated
ELISA, with an assay cut-off of 0.066 mg/mL and concentrations of
0.15 mg/mL and 1.0 mg/mL indicative of short- and long-term protection, respectively [31,32]. Serotype-specific anti-pneumococcal
capsular polysaccharide antibodies (for the PCV13 serotypes) were
measured using validated multiplex electrochemiluminescence
(ECL) assays [33]. A threshold of 0.35 mg/mL for the ECL assays
was shown to be equivalent to the 0.35 mg/mL PCV licensure
threshold established for the World Health Organization pneumococcal reference ELISA [33,34]. All assays were performed at GSK,
Rixensart/Wavre, Belgium.
At each vaccination visit, the infants’ parents or legally acceptable representatives (LARs) received diary cards to record solicited
local (injection site pain, redness, swelling) and general (drowsiness, irritability, loss of appetite, fever) adverse events (AEs) within
4 days and unsolicited AEs within 31 days after each vaccination.
Diary cards were returned at the next visit, during which the investigators asked the parents/LARs about any other possible AEs (or
serious AEs [SAEs]) occurring since the previous visit. SAEs were
collected from the first DTaP-HepB-IPV/Hib dose until study end.
The total safety follow-up time depended on the vaccination
schedule: approximately 5 months for infants receiving a 3-dose
schedule at 2, 4 and 6 months of age and approximately 3 months
for infants receiving the other schedules. The investigators
assessed the intensity of all AEs and their causal relation to infant
vaccination. Solicited local AEs were all considered vaccinationrelated.

2.3. Objectives
The primary objective was to assess the immune response to
DTaP-HepB-IPV/Hib in terms of anti-diphtheria, anti-tetanus,
anti-HBs, anti-poliovirus types 1–3 and anti-PRP seroprotection;
and anti-FHA, anti-PRN and anti-PT vaccine responses 1 month
post-primary vaccination. Vaccine response was defined as a
post-vaccination antibody concentration at least as high as the
LLoQ for infants with a pre-vaccination concentration <LLoQ; and
a post-vaccination antibody concentration at least as high as the
pre-vaccination concentration for infants with a pre-vaccination
concentration LLoQ. Because of the expected decline in maternally transferred pertussis antibodies between the pre- and postvaccination time points, a post-vaccination concentration equal
to the pre-vaccination concentration would correspond to at least
a 2-fold increase in infant-induced antibodies.
Secondary immunogenicity objectives were to assess antibody
concentrations or titers against all DTaP-HepB-IPV/Hib antigens,
seropositivity for pertussis, and serotype-specific antipneumococcal antibody concentrations 1 month after the last
DTaP-HepB-IPV/Hib primary dose; and the persistence of maternally transferred antibodies to all Tdap antigens in terms of concentrations and seroprotection/seropositivity before the first
DTaP-HepB-IPV/Hib infant primary dose.
The reactogenicity and safety of DTaP-HepB-IPV/Hib and PCV13
primary vaccination were assessed as secondary objective in terms
of the occurrence of solicited AEs, unsolicited AEs and SAEs.

2.4. Statistical analyses
The sample size was based on the number of mothers enrolled
in the maternal immunization trial. The primary immunogenicity
analyses were performed on the according-to-protocol (ATP)
cohort for immunogenicity, including all eligible participants
who received at least 1 dose of the study vaccines per protocol,
complied with study procedures and intervals, were born full term
(37 weeks’ gestation) and had immunogenicity results available
for at least one of the study vaccines’ antigens. Seroprotection,
seropositivity and vaccine response rates were calculated with
exact 95% confidence intervals (CIs). Geometric mean antibody
concentrations and titers (GMCs and GMTs) were calculated with
95% CIs by taking the anti-log of the mean of the log10 concentration or titer transformations. Antibody concentrations or titers
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below the assay cut-offs were given arbitrary values of half the cutoffs for the GMC and GMT calculations.
We also performed exploratory subgroup analyses by dose
schedule (2-dose vs 3-dose primary schedule).
The primary safety analyses were performed on the total vaccinated cohort (TVC), including all participants who received at least
1 study vaccine dose. Percentages of participants for whom solicited or unsolicited AEs were reported were calculated with exact
95% CIs. SAEs were described in detail.
Congenital anomalies which became apparent once the maternal immunization trial [24] ended were reported as pre-existing
medical condition in the present study and analyzed post-hoc.
All endpoints were descriptive. Analyses were performed using
SAS version 9.2.
3. Results
3.1. Study population
601 infants were enrolled and included in the TVC: 296 whose
mothers were randomized to receive Tdap (Tdap group) and 305
whose mothers were randomized to receive placebo (control

group) during pregnancy in the maternal immunization trial. 592
infants (98.5%) completed the study and 542 (90.2%) were included
in the ATP cohort for immunogenicity (Fig. 2). Baseline characteristics were comparable between the two groups (Table 1). Most
infants (~88%) received a 3-dose primary DTaP-HepB-IPV/Hib
schedule (mainly at 2, 4 and 6 months of age); of those who
received a 2-dose primary schedule, nearly all received their doses
at 3 and 5 months of age (Table 1).
3.2. Immunogenicity
3.2.1. Response to the DTaP-HepB-IPV/Hib primary series
The percentages of infants who reached the seroprotective
thresholds for anti-diphtheria, anti-tetanus, anti-HBs, antipoliovirus types 1–3 and anti-PRP 1 month post-primary vaccination were similar between groups: 100% in both groups for antidiphtheria and anti-tetanus, 98.5% for anti-HBs, 95.9% for
anti-poliovirus and 94.5% for anti-PRP (Table 2). Vaccine response
rates against the three pertussis antigens were lower in the Tdap
than in the control group (39.6% vs 94.8% for anti-FHA, 37.5% vs
90.0% for anti-PRN and 77.1% vs 99.2% for anti-PT; Table 3). One
month post-primary vaccination, all infants in the Tdap group were

Total enrolled cohort
N=601

Total vaccinated cohort
N=601

Tdap group
N=296

Control group
N=305

Withdrawn (n=5)

Withdrawn (n=4)

Serious adverse event (n=1)
Consent withdrawn (n=1)
Migrated/moved from study area (n=3)

Consent withdrawn (n=2)
Migrated/moved from study area (n=1)
Othersa (n=1)

Completed last visit
N=291

Completed last visit
N=301

Excluded from ATP analysis (n=28)

Excluded from ATP analysis (n=31)

Randomization code broken (n=1)
Study vaccine dose not administered according to
protocol (n=2)
Vaccine temperature deviation (n=2)
Protocol violation (n=4)
Non-compliance with vaccination schedule (n=4)
Non-compliance with blood sampling schedule (n=3)
Essential serological data missing (n=12)

Randomization failure (n=1)
Randomization code broken (n=1)
Vaccine temperature deviation (n=2)
Protocol violation (n=3)
Non-compliance with vaccination schedule (n=7)
Non-compliance with blood sampling schedule (n=5)
Essential serological data missing (n=12)

ATP cohort for immunogenicity
N=268

ATP cohort for immunogenicity
N=274

Fig. 2. Participant flow diagram. Abbreviations: ATP, according-to-protocol; N, number of infants per cohort/group; n, number of infants with the specified elimination code
assigned (excluding those for whom a lower elimination code number was assigned; elimination codes from the maternal immunization trial carried forward into the followup infant immunization trial); Tdap, reduced-antigen-content diphtheria-tetanus-acellular pertussis vaccine. aThis infant was withdrawn from the study at visit 2 as the
infant was vaccinated outside of the study before migrating from the study site.
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Table 1
Characteristics of participants in the total vaccinated cohort.

Mean age ± SD at vaccination dose 1,
weeks
Female sex, n (%)
Ethnic origin, n (%)
Whitea
Asian
African/African American
Other
DTaP-HepB-IPV/Hib schedule, n (%)
2-dose
3, 5 months
2, 4 months
3-dose
2, 4, 6 months
2, 3, 4 months
Mean weight ± SD, kg
Maternal age category at pregnancy
dose, n (%)
18–24 years
25–34 years
35–45 years
Gestational age category at
pregnancy dose, n (%)
27–32 weeks
33–36 weeks
>36 weeks

Tdap group
(N = 296)

Control group
(N = 305)

8.7 ± 1.6

8.9 ± 1.8

141 (47.6)

144 (47.2)

269 (90.8)
5 (1.7)
4 (1.4)
18 (6.1)

288 (94.4)
0 (0.0)
9 (3.0)
8 (2.6)

32 (10.8)
29 (9.8)
3 (1.0)
264 (89.2)
229 (77.4)
35 (11.8)
5.3 ± 0.8

41 (13.4)
37 (12.1)
4 (1.3)
264 (86.6)
228 (74.8)
36 (11.8)
5.4 ± 0.8

7 (2.4)
187 (63.2)
102 (34.5)

12 (3.9)
188 (61.6)
105 (34.4)

174 (58.8)
121 (40.9)
1 (0.3)

179 (58.7)
126 (41.3)
0 (0.0)

Abbreviations: DTaP-HepB-IPV/Hib, diphtheria-tetanus-acellular pertussis-hepatitis B virus-inactivated 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, reduced-antigen-content diphtheria-tetanus-acellular pertussis vaccine.
a
Includes White – Caucasian/European heritage (majority) and White – Arabic/
North African heritage (1 in Tdap and 3 in control group)

3.2.2. Response to the PCV13 primary series
One month post-primary vaccination, the percentages of infants
with serotype-specific anti-pneumococcal antibody concentrations
0.35 mg/mL were similar in both groups for each PCV13 serotype
(Table 4). Serotype-specific antibody GMCs were in the same range
in both groups for most PCV13 serotypes; minimal differences in
GMCs were observed for serotypes 4 and 19F (marginally lower
in the Tdap group) (Table 4).
3.2.3. Persistence of maternally transferred antibodies to Tdap
antigens
Before the first primary dose (i.e., at 2 or 3 months of age
depending on the schedule the infant received), more infants in
the Tdap group were seroprotected against diphtheria (82.6% in
Tdap vs 43.7% in control); against tetanus (99.2% in Tdap vs
88.9% in control); and also more were seropositive for the three
pertussis antigens (90.1%–100% in Tdap vs 34.8%–83.0% in control)
(Table 5). Antibody GMCs at the pre-primary time point in the
Tdap group were significantly higher than those in the control
group for all Tdap antigens (Table 5).
3.2.4. Subgroup analysis by dose schedule
We evaluated the immune response to the DTaP-HepB-IPV/Hib
and PCV13 primary series separately in infants who received a 2dose schedule (nearly all at 3 and 5 months of age) and in infants
who received a 3-dose schedule (predominantly at 2, 4 and
6 months of age). Generally, the trends we described for the overall
population were observed for both schedules (Supplementary
tables 1–3). However, interpretation of these results is limited by
the small sample size of the 2-dose subgroup.
3.3. Reactogenicity and safety

seropositive for all pertussis antibodies but antibody GMCs were
lower in the Tdap than in the control group (68.5 vs 103.5 IU/mL
for anti-FHA, 60.5 vs 92.0 for anti-PRN, and 32.7 vs 54.7 for antiPT; Table 3). Post-primary anti-diphtheria antibody GMCs were
also lower in the Tdap than in the control group. For the other
DTaP-HepB-IPV/Hib antigens, antibody GMCs were similar
between the two groups (Table 2).

Solicited AEs were reported at similar rates in both groups, with
redness being the most commonly reported local AE at the DTaPHepB-IPV/Hib and PCV13 injection sites (Table 6) and irritability
the most commonly reported general AE (Table 6). Most solicited
AEs in both groups were mild or moderate. Unsolicited AEs were
reported for 54.4% and 56.7% of infants in the Tdap and control
groups, respectively, most being mild or moderate (Table 6). Upper
respiratory tract infection was the most common unsolicited AE
(Tdap: 12.2%, 95% CI: 8.7–16.4; control: 10.8%, 7.6–14.9).

Table 2
Seroprotection rates and geometric mean concentrations or titers for diphtheria, tetanus, hepatitis B, poliovirus and Hib antibodies in infants 1 month after primary vaccination
(ATP cohort for immunogenicity).
Antibody (Cut-off)

Anti-D
(0.1 IU/mL)
Anti-T
(0.1 IU/mL)
Anti-HBs
(10 mIU/mL)
Anti-polio 1
(8 ED50)
Anti-polio 2
(8 ED50)
Anti-polio 3
(8 ED50)
Anti-PRP
(0.15 mg/mL)
(1.0 mg/mL)

Tdap group

Control group

N

Seroprotection, % (95% CI)

GMC or GMT (95% CI)

N

Seroprotection, % (95% CI)

GMC or GMT (95% CI)

264

100 (98.6–100)

1.75 (1.60–1.91)

271

100 (98.6–100)

2.75 (2.50–3.02)

266

100 (98.6–100)

2.35 (2.14–2.58)

271

100 (98.6–100)

2.28 (2.07–2.51)

253

99.2 (97.2–99.9)

1322.8 (1116.7–1567.0)

263

98.5 (96.2–99.6)

1339.2 (1132.8–1583.3)

237

98.3 (95.7–99.5)

432.1 (351.8–530.9)

244

99.2 (97.1–99.9)

489.9 (402.6–596.0)

241

99.2 (97.0–99.9)

424.6 (342.7–526.2)

245

95.9 (92.6–98.0)

388.4 (306.3–492.6)

230

99.1 (96.9–99.9)

730.6 (596.5–894.9)

237

99.6 (97.7–100)

775.6 (645.9–931.3)

266

95.9 (92.7–97.9)
64.7 (58.6–70.4)

1.86 (1.55–2.23)

271

94.5 (91.0–96.9)
65.3 (59.3–71.0)

1.72 (1.43–2.06)

Abbreviations: %, percentage of infants 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 infants with available results; PRP, Hib polyribosylribitol
phosphate; T, tetanus; Tdap, reduced-antigen-content diphtheria-tetanus-acellular pertussis vaccine.
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Table 3
Vaccine response rates, seropositivity rates and geometric mean concentrations for pertussis antibodies in infants 1 month after primary vaccination (ATP cohort for
immunogenicity).
Antibody
(LLoQ)

Tdap group
N

Vaccine responsea, %
(95% CI)

N’

Sero-positivity, %
(95% CI)

GMC, IU/mL
(95% CI)

N

Vaccine responsea, %
(95% CI)

N’

Sero-positivity, %
(95% CI)

GMC, IU/mL
(95% CI)

Anti-FHA
(2.046 IU/mL)
Anti-PRN
(2.187 IU/mL)
Anti-PT
(2.693 IU/mL)

240

39.6
(33.4–46.1)
37.5
(31.4–44.0)
77.1
(71.2–82.2)

266

100
(98.6–100)
100
(98.6–100)
100
(98.6–100)

68.5
(63.5–73.9)
60.5
(54.2–67.6)
32.7
(30.2–35.3)

251

94.8
(91.3–97.2)
90.0
(85.6–93.4)
99.2
(97.2–99.9)

271

100
(98.6–100)
99.6
(98.0–100)
100
(98.6–100)

103.5
(95.6–112.1)
92.0
(81.6–103.6)
54.7
(51.0–58.6)

240
240

Control group

266
266

250
251

270
271

Abbreviations: %, percentage of infants who mounted a vaccine response or were seropositive (antibody concentration equal to or above the specified LLoQs); ATP, accordingto-protocol; CI, confidence interval; FHA, filamentous hemagglutinin; GMC, geometric mean concentration; IU, international unit; LLoQ, lower limit of quantitation; N,
number of infants with pre- and post-vaccination results available; N’, number of infants with post-vaccination results available; PRN, pertactin; PT, pertussis toxoid; Tdap,
reduced-antigen-content diphtheria-tetanus-acellular pertussis vaccine.
a
Vaccine response to FHA, PRN and PT antigens is defined as a post-vaccination antibody concentration LLoQ for infants with a pre-vaccination concentration <LLoQ; a
post-vaccination concentration at least as high as the pre-vaccination concentration for infants with a pre-vaccination concentration LLoQ.

Table 4
Percentages of infants with pneumococcal serotype-specific antibody concentrations  0.35 mg/mL and geometric mean concentrations 1 month after primary vaccinationa (ATP
cohort for immunogenicity).
Tdap group

Control group

Vaccine serotype

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
3
4
5
6A
6B
7F
9V
14
18C
19A
19F
23F

232
232
232
226
232
232
232
232
232
232
232
232
230

95.7
74.6
92.2
88.1
95.3
79.7
98.7
91.4
98.7
94.8
93.1
99.1
79.1

1.61
0.54
1.20
1.09
2.16
1.37
2.39
1.33
5.70
1.61
1.61
2.57
0.86

237
237
237
234
237
237
237
237
237
237
237
237
236

95.8
76.4
96.2
91.5
95.4
84.4
99.6
95.8
98.3
94.1
95.8
98.3
86.0

1.92
0.60
1.56
1.27
2.59
1.44
2.67
1.64
6.57
1.79
2.01
3.24
1.02

(92.2–97.9)
(68.5–80.0)
(88.0–95.3)
(83.1–92.0)
(91.7–97.6)
(74.0–84.7)
(96.3–99.7)
(87.0–94.7)
(96.3–99.7)
(91.1–97.3)
(89.0–96.0)
(96.9–99.9)
(73.3–84.2)

(1.43–1.80)
(0.49–0.60)
(1.07–1.35)
(0.96–1.24)
(1.89–2.47)
(1.12–1.68)
(2.15–2.65)
(1.19–1.50)
(4.99–6.52)
(1.42–1.82)
(1.43–1.82)
(2.35–2.82)
(0.74–0.99)

(92.4–98.0)
(70.4–81.6)
(92.9–98.2)
(87.1–94.7)
(91.8–97.7)
(79.1–88.8)
(97.7–100)
(92.4–98.0)
(95.7–99.5)
(90.3–96.7)
(92.4–98.0)
(95.7–99.5)
(80.9–90.2)

(1.73–2.14)
(0.55–0.67)
(1.40–1.75)
(1.13–1.43)
(2.27–2.95)
(1.20–1.73)
(2.43–2.93)
(1.47–1.83)
(5.71–7.56)
(1.59–2.01)
(1.78–2.27)
(2.92–3.60)
(0.88–1.17)

Abbreviations: %, percentage of infants with antibody concentrations 0.35 mg/mL; ATP, according-to-protocol; CI, confidence interval; GMC, geometric mean concentration;
N, number of infants with available results; Tdap, reduced-antigen-content diphtheria-tetanus-acellular pertussis vaccine.
a
1 month after DTaP-HepB-IPV/Hib primary vaccination, which is 1 month after PCV13 primary vaccination for most infants, but 3 months after PCV13 primary vaccination for those who received a 3-dose DTaP-HepB-IPV/Hib schedule at 2, 4 and 6 months of age and a 2-dose PCV13 schedule at 2 and 4 months of age.

Table 5
Seropositivity or seroprotection rates and geometric mean concentrations for diphtheria, tetanus and pertussis antibodies in infants before primary vaccination (ATP cohort for
immunogenicity).
Antibody
(LLoQ or cut-off)
Anti-D (0.1 IU/mL)
Anti-T (0.1 IU/mL)
Anti-FHA (2.046 IU/mL)
Anti-PRN (2.187 IU/mL)
Anti-PT (2.693 IU/mL)

Tdap group

Control group

N

% LLoQ or cut-off (95% CI)

GMC, IU/mL (95% CI)

N

% LLoQ or cut-off (95% CI)

GMC, IU/mL (95% CI)

242
242
242
242
242

82.6 (77.3–87.2)
99.2 (97.0–99.9)
100 (98.5–100)
95.5 (92.0–97.7)
90.1 (85.6–93.5)

0.423 (0.354–0.506)
2.152 (1.925–2.406)
88.3 (77.7–100.4)
70.5 (56.1–88.5)
11.9 (10.3–13.6)

252
253
253
253
253

43.7
88.9
83.0
59.7
34.8

0.089 (0.076–0.103)
0.378 (0.330–0.434)
6.6 (5.7–7.7)
4.5 (3.7–5.4)
2.2 (2.0–2.5)

(37.4–50.0)
(84.4–92.5)
(77.8–87.4)
(53.4–65.8)
(28.9–41.0)

Abbreviations: %, percentage of infants with antibody concentrations greater than or equal to the specified seroprotection cut-offs (for diphtheria and tetanus) or LLoQs (for
pertussis); ATP, according-to-protocol; CI, confidence interval; D, diphtheria; FHA, filamentous hemagglutinin; GMC, geometric mean concentration; IU, international unit;
LLoQ, lower limit of quantitation; N, number of infants with available results; PRN, pertactin; PT, pertussis toxoid; T, tetanus; Tdap, reduced-antigen-content diphtheriatetanus-acellular pertussis vaccine.

Nine SAEs were reported for seven (2.4%) infants in the Tdap
group and 23 for 17 (5.6%) infants in the control group. The difference between the two groups mainly resulted from a greater number of respiratory tract and other infections reported as SAE in the
control compared to the Tdap group (15 vs 2) (Supplementary
table 4). One infant in the Tdap group was withdrawn due to SAEs

(intestinal hemorrhage and milk allergy). No SAEs were deemed
related to infant vaccination and no infants died during the study.
Congenital anomalies were reported for 24 (8.1%, 95% CI: 5.3–
11.8) infants from Tdap-vaccinated mothers and 28 (9.2%, 6.2–
13.0) infants from control mothers, atrial septal defect being most
common (Tdap: 1.4%, 0.4–3.4; control: 2.6%, 1.1–5.1).
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Table 6
Solicited and unsolicited adverse events after primary vaccination (total vaccinated cohort).
Adverse event

Tdap group
(N = 294)
n

Control group
(N = 303)
% (95% CI)

n

% (95% CI)

Solicited local AEs at the DTaP-HepB-IPV/Hib injection site (4 days post-vaccination)
Pain
Any
Grade 3
Redness
Any
>20 mm
Swelling
Any
>20 mm

165
7

56.1 (50.2–61.9)
2.4 (1.0–4.8)

166
14

54.8 (49.0–60.5)
4.6 (2.5–7.6)

185
10

62.9 (57.1–68.5)
3.4 (1.6–6.2)

185
14

61.1 (55.3–66.6)
4.6 (2.5–7.6)

137
4

46.6 (40.8–52.5)
1.4 (0.4–3.4)

138
12

45.5 (39.8–51.3)
4.0 (2.1–6.8)

158
9

53.9 (48.0–59.7)
3.1 (1.4–5.8)

153
8

50.5 (44.7–56.3)
2.6 (1.1–5.1)

163
6

55.6 (49.7–61.4)
2.0 (0.8–4.4)

170
6

56.1 (50.3–61.8)
2.0 (0.7–4.3)

114
8

38.9 (33.3–44.8)
2.7 (1.2–5.3)

128
11

42.2 (36.6–48.0)
3.6 (1.8–6.4)

216
14

73.5 (68.0–78.4)
4.8 (2.6–7.9)

232
16

76.6 (71.4–81.2)
5.3 (3.0–8.4)

255
36

86.7 (82.3–90.4)
12.2 (8.7–16.5)

257
37

84.8 (80.3–88.7)
12.2 (8.7–16.4)

142
8

48.3 (42.5–54.2)
2.7 (1.2–5.3)

157
7

51.8 (46.0–57.6)
2.3 (0.9–4.7)

126
4

42.9 (37.1–48.7)
1.4 (0.4–3.4)

126
1

41.6 (36.0–47.4)
0.3 (0.0–1.8)

(N = 296)
54.4 (48.5–60.2)
5.1 (2.9–8.2)
3.7 (1.9–6.6)

173
18
13

(N = 305)
56.7 (51.0–62.4)
5.9 (3.5–9.2)
4.3 (2.3–7.2)

Solicited local AEs at the PCV13 injection site (4 days post-vaccination)
Pain
Any
Grade 3
Redness
Any
>20 mm
Swelling
Any
>20 mm

Solicited general AEs (4 days post-vaccination)
Drowsiness
Any
Grade 3
Irritability
Any
Grade 3
Loss of appetite
Any
Grade 3
Fever
Any
>39.0 °C

Unsolicited AEs (31 days post-vaccination)
Any
Grade 3
Related

161
15
11

Abbreviations: 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 infants with at least one documented dose (for solicited AEs) or at least one administered dose (for unsolicited AEs); n/%,
number/percentage of infants for whom the specified AE was reported at least once during the follow-up periods after any of the doses; Tdap, reduced-antigen-content
diphtheria-tetanus-acellular pertussis vaccine.
Grade 3 pain was defined as crying when the limb was moved or the limb being spontaneously painful; grade 3 irritability as crying that could not be comforted or irritability
preventing normal activity; grade 3 drowsiness as drowsiness preventing normal activity; and grade 3 loss of appetite as not eating at all; unsolicited AEs were considered
grade 3 if they prevented normal activity.

Supplementary Fig. 1 depicts a plain language summary outlining the findings and highlighting their clinical relevance.

4. Discussion
The key rationale for pertussis immunization during pregnancy
is to protect infants too young to be vaccinated from pertussis disease and death by achieving persistent high levels of maternally
transferred pertussis antibodies in infants between birth and the
first primary immunization dose. Our study—the largest RCT to
date to investigate this—showed that administration of the
reduced-antigen-content Tdap vaccine during the third trimester
of pregnancy resulted in high levels of maternally transferred pertussis antibodies in infants up to the pre-primary vaccination time
point (at 2 or 3 months of age). Infants of Tdap-immunized mothers presented significantly higher antibody levels for all Tdap antigens before the primary series compared to infants of control
mothers. However, immunological interference was evident for

pertussis (in terms of GMCs and vaccine response rates) and to a
lesser extent for diphtheria (in terms of GMC but not seroprotection rate) after the primary DTaP-HBV-IPV/Hib series in infants
born to Tdap mothers.
There was no evidence of maternally derived antibodies interfering with the infant immune response to tetanus, hepatitis B,
poliovirus or Hib PRP in terms of seroprotection rates and GMCs
after the primary DTaP-HBV-IPV/Hib series. Likewise, we observed
no interference with the response to PCV13 in terms of percentages
of infants achieving the 0.35 mg/mL threshold (shown to be equivalent to the threshold used for PCV licensure [33,34]). The minimal
GMC differences observed for serotypes 4 and 19F between the
two groups may be explained by the absence of statistical adjustments for multiple testing.
The concept of immune interference or blunting, where maternal antibodies reduce antibody generation to the infant primary
series [35,36], resulting in lower post-primary antibody concentrations, is not new. Previous studies assessing the administration of
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Tdap vaccines (three- or five-component pertussis vaccines) during
pregnancy have reported significantly lower antibody responses to
one or more pertussis antigens in infants born to Tdap-vaccinated
mothers following completion of their primary series compared to
infants whose mothers had not been Tdap-vaccinated [4–8,10,20–
22]. However, this effect was not consistently observed
[4–6,10,21,22]. Similarly, several studies have shown that maternally transferred diphtheria antibodies can interfere with diphtheria and diphtheria-derived CRM-conjugated pneumococcal vaccine
responses to the infant primary series following Tdap immunization during pregnancy [4,5,10,21,22,37]. In contrast to other studies [4,5,21,22] we did not see an enhancement of the immune
response to tetanus post-primary series, despite higher preprimary anti-tetanus GMCs in infants of Tdap-vaccinated mothers
than in controls.
Maternal antibody interference with the immune response to
infant vaccination has also been described as a natural phenomenon in the absence of maternal immunization in a recent
meta-analysis of 32 clinical trials [38]. This meta-analysis showed
that pre-existing antibodies inhibit infant immune responses to
primary immunization for 20 of 21 measured antigens, and this
in the absence of maternal vaccination [38]. Two-fold higher
maternal antibody levels were estimated to result in 11% lower
post-vaccination antibody levels for PT and FHA, 22% lower for
PRN, 13% lower for tetanus and 24% lower for diphtheria [38].
Given that maternal antibodies decline rapidly over the first
months of life, mathematical modeling indicated that the inhibitory effect of a 2-fold to 5-fold increase in maternal antibody concentrations in infants can be offset by a delay of 2.2–5.0 weeks in
starting primary vaccination [38]. A recent RCT in the Netherlands
investigated the effect of maternal Tdap immunization on pertussis
antibody responses of infants starting primary vaccination at
3 months (instead of 2 months) and still found significant blunting
[8]. In our subgroup analysis by dose schedule, nearly all infants in
the 2-dose subgroup started their primary series at 3 months of
age; interference with the pertussis response seemed to occur in
this subgroup as well; however, the small sample size of this subgroup precludes any sound conclusions.
Importantly, the clinical relevance of the lower post-primary
antibody levels in infants from Tdap-vaccinated mothers remains
unknown, since there is no established correlate of protection for
pertussis. To date, there is no evidence that the observed immunological interference is of clinical significance as there has been no
increase in pertussis disease in infants born to Tdap-vaccinated
mothers following primary series vaccinations in the first year of
life [13,14,39]. However, this requires ongoing monitoring.
This study provides further evidence of the tolerability and
safety of DTaP-HepB-IPV/Hib and PCV13 in infants whose mothers
received Tdap vaccine during pregnancy. Rates of solicited and
unsolicited AEs were similar between groups. SAEs were not
reported more frequently in the Tdap group compared to the control group. Hence, the safety profile of DTaP-HepB-IPV/Hib and
PCV13 in infants did not change depending on whether their mothers received Tdap during pregnancy.
The current study has several potential limitations. It was conducted in six high-income countries, and participants of the original study (NCT02377349) were mainly white Caucasian women
and women with low-risk pregnancies. Hence, the results may
not be generalizable to low- and middle- income countries, to
infants of other ethnic groups or infants born from high-risk pregnancies. In addition, analyses were descriptive with no adjustment
for multiplicity. We also did not assess the effect of breastfeeding
on antibody levels before and after the infant primary series.
Because mothers in the control group received Tdap postpartum,
antibodies to Tdap antigens might have been transferred through
breast milk to infants in the control group.

A follow-up study is ongoing in the same infant cohort to investigate the effect of maternal Tdap immunization on the persistence
of antibodies induced by the primary DTaP-HepB-IPV/Hib and
PCV13 series up to 11–18 months of age and the effect on the
immune response to booster DTaP-HepB-IPV/Hib and PCV13 vaccination in the child’s second year of life (NCT02853929).
5. Conclusion
Our study is the largest RCT to date providing evidence that
immunization against pertussis during pregnancy leads to high
levels of pertussis antibodies in young infants that persist until
the start of the primary immunization series. These high levels of
maternal pertussis antibodies can help to further close the susceptibly gap to severe pertussis disease and death in young infants but
appear to interfere with the infant’s immune response to the primary pertussis immunization series. The clinical significance of
this interference remains unknown in the absence of a correlate
of protection. Ongoing epidemiological surveillance of the maternal immunization strategy is required to further understand if
there is a clinical impact. We found no evidence of maternally
derived antibodies to Tdap antigens interfering with the infant
immune response to tetanus, hepatitis B, poliovirus or Hib PRP
and only minimal potential interference with the response to diphtheria and two pneumococcal serotypes. The reactogenicity and
safety of DTaP-HepB-IPV/Hib and PCV13 in infants did not seem
impacted by whether their mothers received Tdap or placebo during pregnancy.
6. Contributors
ACM, BC, FOT, JTRA, KPP, NMes, OGV, SAH, SOK and TN were
involved in study conception and design.
BAN, FMT, FOT, GVZ, JGS, JMMA, JTRA, LK, MAC, MB, MJCO,
MMV, MV, NMes, NMey, OGV, PGM, PM, SAH, TN and ZS performed
the study and participated in data collection.
BC, FMT, JMMA, LK, MAC, MV, NMes, NMey, PGM, SAH, SOK, TN
and ZS were involved in data analysis and interpretation.
KPP wrote the manuscript and all authors have revised and
approved the manuscript.
Funding
This work was supported by GlaxoSmithKline Biologicals S.A.,
which was the funding source, was involved in all stages of the
study conduct and analysis and paid for all costs associated with
the development and publishing of this manuscript.
Declaration of Competing Interest
The authors declare the following financial interests/personal
relationships which may be considered as potential competing
interests: [BAN reports grant from the GSK group of companies
(GSK) and personal fees from Pfizer, MSD and Sanofi Pasteur. BC,
MAC, NMes, NMey and SOK are employees of GSK, and BC and NMes
own GSK restricted shares. FMT, KPP, OGV, SAH and TN’s institutions received grants from GSK during the conduct of the study.
FMT’s institution received financial support from GSK during the
conduct of the study, as well as financial and non-financial support
outside the submitted work; he also received personal fees from Pfizer, Novavax, MSD and Sanofi Pasteur; his institution also received
financial support as trial fees from Ablynx, Jansen, Regeneron, Medimmune, Pfizer, MSD, Sanofi Pasteur, Novavax and Novartis, as well
as non-financial support from Pfizer and MSD and grants from MSD
and AstraZeneca. JMMA reports receiving fees and non-financial

K.P. Perrett et al. / Vaccine 38 (2020) 2105–2114

support from GSK during the conduct of the study, as well as fees
from GSK, Pfizer and MSD outside the submitted work. LK is working as consultant for GSK. SAH is member of ad-hoc advisory committees for GSK and Sanofi Pasteur and he has a patent for novel
triple adjuvant issued. ACM, FOT, GVZ, JGS, JTRA, MB, MJCO, MMV,
MV, PGM, PM and ZS declare no conflicts of interest.].

[9]

[10]

Acknowledgements
The authors would like to thank all mothers and infants for participating in the study, the members of the independent data monitoring committee and all the research staff at participating
centers. In particular, the authors acknowledge José María Martinón Sánchez, Irene Rivero Calle, Mª Luz Couce Pico, Carmen
Rodríguez-Tenreiro Sánchez (Hospital Clínico Universitario de Santiago, Spain); Giulia Rendo (Ospedale dei Bambini Vittore Buzzi,
Milan, Italy); Joanne M. Langley and Karina Top (Dalhousie University, Halifax, Canada). The authors also thank Modis for editorial
assistance and manuscript coordination, on behalf of GSK; Natalie
Denef provided medical writing support and Michaela Conrad
coordinated the manuscript development and provided editorial
support.

[11]

[12]

[13]

[14]

[15]

Trademarks
[16]

Boostrix and Infanrix Hexa are trademarks of the GSK group of
companies. Prevnar 13 is a trademark of Pfizer Inc.
[17]

Data sharing
The study protocol is available at https://www.gsk-studyregister.com/study/5349. Anonymized individual participant data and
study documents can be requested for further research from
www.clinicalstudydatarequest.com.

[18]

[19]

Appendix A. Supplementary material
[20]

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.vaccine.2019.10.104.
[21]

References
[1] Masseria C, Martin CK, Krishnarajah G, Becker LK, Buikema A, Tan TQ.
Incidence and burden of pertussis among infants less than 1 year of age.
Pediatr
Infect
Dis
J
2017;36:e54–61.
https://doi.org/10.1097/
inf.0000000000001440.
[2] World Health Organization SAGE pertussis working group. Background paper;
SAGE April 2014, [accessed 8 February 2019]. http://www.who.int/
immunization/sage/meetings/2014/april/1_Pertussis_background_FINAL4_
web.pdf.
[3] World Health Organization. Pertussis vaccines: WHO position paper September 2015. Wkly Epidemiol Rec 2015;90:433–58.
[4] Munoz FM, Bond NH, Maccato M, Pinell P, Hammill HA, Swamy GK, et al. Safety
and immunogenicity of tetanus diphtheria and acellular pertussis (Tdap)
immunization during pregnancy in mothers and infants: a randomized clinical
trial. JAMA 2014;311:1760–9. https://doi.org/10.1001/jama.2014.3633.
[5] Hoang HT, Leuridan E, Maertens K, Nguyen TD, Hens N, Vu NH, et al. Pertussis
vaccination during pregnancy in Vietnam: Results of a randomized controlled
trial Pertussis vaccination during pregnancy. Vaccine 2016;34:151–9. https://
doi.org/10.1016/j.vaccine.2015.10.098.
[6] Villarreal Perez JZ, Ramirez Aranda JM, de la O Cavazos M, Zamudio Osuna MJ,
Perales Davila J, Ballesteros Elizondo MR, et al. Randomized clinical trial of the
safety and immunogenicity of the Tdap vaccine in pregnant Mexican women.
Hum
Vaccin
Immunother
2017;13:128–35.
https://doi.org/10.1080/
21645515.2016.1232786.
[7] Halperin SA, Langley JM, Ye L, MacKinnon-Cameron D, Elsherif M, Allen VM,
et al. A randomized controlled trial of the safety and immunogenicity of
tetanus, diphtheria, and acellular pertussis vaccine immunization during
pregnancy and subsequent infant immune response. Clin Infect Dis
2018;67:1063–71. https://doi.org/10.1093/cid/ciy244.
[8] Barug D, Pronk I, van Houten MA, Versteegh FGA, Knol MJ, van de Kassteele J,
et al. Maternal pertussis vaccination and its effects on the immune response of

[22]

[23]

[24]

[25]

[26]

[27]
[28]

2113

infants aged up to 12 months in the Netherlands: an open-label, parallel,
randomised controlled trial. Lancet Infect Dis 2019;19:392–401. https://doi.
org/10.1016/s1473-3099(18)30717-5.
Abu Raya B, Srugo I, Kessel A, Peterman M, Bader D, Gonen R, et al. The effect of
timing of maternal tetanus, diphtheria, and acellular pertussis (Tdap)
immunization during pregnancy on newborn pertussis antibody levels - a
prospective study. Vaccine 2014;32:5787–93. https://doi.org/10.1016/
j.vaccine.2014.08.038.
Maertens K, Cabore RN, Huygen K, Hens N, Van Damme P, Leuridan E. Pertussis
vaccination during pregnancy in Belgium: Results of a prospective controlled
cohort
study.
Vaccine
2016;34:142–50.
https://doi.org/10.1016/
j.vaccine.2015.10.100.
Amirthalingam G, Andrews N, Campbell H, Ribeiro S, Kara E, Donegan K, et al.
Effectiveness of maternal pertussis vaccination in England: an observational
study. Lancet 2014;384:1521–8. https://doi.org/10.1016/s0140-6736(14)
60686-3.
Dabrera G, Amirthalingam G, Andrews N, Campbell H, Ribeiro S, Kara E, et al. A
case-control study to estimate the effectiveness of maternal pertussis
vaccination in protecting newborn infants in England and Wales, 2012–
2013. Clin Infect Dis 2015;60:333–7. https://doi.org/10.1093/cid/ciu821.
Amirthalingam G, Campbell H, Ribeiro S, Fry NK, Ramsay M, Miller E, et al.
Sustained effectiveness of the maternal pertussis immunization program in
England 3 years following introduction. Clin Infect Dis 2016;63:S236–43.
https://doi.org/10.1093/cid/ciw559.
Baxter R, Bartlett J, Fireman B, Lewis E, Klein NP. Effectiveness of vaccination
during pregnancy to prevent infant pertussis. Pediatrics 2017;139:. https://
doi.org/10.1542/peds.2016-4091e20164091.
Bellido-Blasco J, Guiral-Rodrigo S, Miguez-Santiyan A, Salazar-Cifre A,
Gonzalez-Moran F. A case-control study to assess the effectiveness of
pertussis vaccination during pregnancy on newborns, Valencian community,
Spain, 1 March 2015 to 29 February 2016. Euro Surveill 2017;22. https://doi.
org/10.2807/1560-7917.es.2017.22.22.30545.
Saul N, Wang K, Bag S, Baldwin H, Alexander K, Chandra M, et al. Effectiveness
of maternal pertussis vaccination in preventing infection and disease in
infants: The NSW Public Health Network case-control study. Vaccine
2018;36:1887–92. https://doi.org/10.1016/j.vaccine.2018.02.047.
Skoff TH, Blain AE, Watt J, Scherzinger K, McMahon M, Zansky SM, et al. Impact
of the US maternal tetanus, diphtheria, and acellular pertussis vaccination
program on preventing pertussis in infants <2 months of age: a case-control
evaluation.
Clin
Infect
Dis
2017;65:1977–83.
https://doi.org/
10.1093/cid/cix724.
Fernandes EG, Sato APS, Vaz-de-Lima LRA, Rodrigues M, Leite D, de Brito CA,
et al. The effectiveness of maternal pertussis vaccination in protecting
newborn infants in Brazil: A case-control study. Vaccine 2019;37
(36):5481–4. https://doi.org/10.1016/j.vaccine.2019.03.049.
Romanin V, Acosta AM, Juarez MDV, Briere E, Sanchez SM, Cordoba BL, et al.
Maternal vaccination in argentina: tdap vaccine effectiveness during
pregnancy in preventing pertussis in infants less than 2 months of age. Clin
Infect Dis 2019. https://doi.org/10.1093/cid/ciz217 [in press].
Hardy-Fairbanks AJ, Pan SJ, Decker MD, Johnson DR, Greenberg DP, Kirkland
KB, et al. Immune responses in infants whose mothers received Tdap vaccine
during pregnancy. Pediatr Infect Dis J 2013;32:1257–60. https://doi.org/
10.1097/INF.0b013e3182a09b6a.
Ladhani SN, Andrews NJ, Southern J, Jones CE, Amirthalingam G, Waight PA,
et al. Antibody responses after primary immunization in infants born to
women receiving a pertussis-containing vaccine during pregnancy: single arm
observational study with a historical comparator. Clin Infect Dis
2015;61:1637–44. https://doi.org/10.1093/cid/civ695.
Maertens K, Hoang TT, Nguyen TD, Cabore RN, Duong TH, Huygen K, et al. The
effect of maternal pertussis immunization on infant vaccine responses to a
booster pertussis-containing vaccine in Vietnam. Clin Infect Dis 2016;63:
S197–204. https://doi.org/10.1093/cid/ciw551.
Cabore RN, Maertens K, Dobly A, Leuridan E, Van Damme P, Huygen K.
Influence of maternal vaccination against diphtheria, tetanus, and pertussis on
the avidity of infant antibody responses to a pertussis containing vaccine in
Belgium.
Virulence
2017;8:1245–54.
https://doi.org/10.1080/
21505594.2017.1296998.
Perrett KP, Halperin SA, Nolan T, Martínez Pancorbo C, Tapiero B,
MartinónTorres F, et al. Pertussis immunization during pregnancy: evidence
from a large multi-country randomized placebo-controlled trial assessing
immunogenicity, reactogenicity and safety of diphtheria-tetanus-threecomponent acellular pertussis vaccine. Vaccine 2019 (in press).
Melville-Smith ME, Seagroatt VA, Watkins JT. A comparison of enzyme-linked
immunosorbent assay (ELISA) with the toxin neutralization test in mice as a
method for the estimation of tetanus antitoxin in human sera. J Biol Stand
1983;11:137–44.
Camargo ME, Silveira L, Furuta JA, Oliveira EP, Germek OA. Immunoenzymatic
assay of anti-diphtheric toxin antibodies in human serum. J Clin Microbiol
1984;20:772–4.
Plotkin SA. Correlates of protection induced by vaccination. Clin Vaccine
Immunol 2010;17:1055–65. https://doi.org/10.1128/cvi.00131-10.
Centers for Disease Control and Prevention (CDC). Hepatitis B virus: a
comprehensive strategy for eliminating transmission in the United States
through universal childhood vaccination. Recommendations of the
Immunization Practices Advisory Committee (ACIP). MMWR Recomm Rep
1991;40:1–25.

2114

K.P. Perrett et al. / Vaccine 38 (2020) 2105–2114

[29] Jack AD, Hall AJ, Maine N, Mendy M, Whittle HC. What level of hepatitis B
antibody is protective?. J Infect Dis 1999;179:489–92. https://doi.org/10.1086/
314578.
[30] World Health Organization Expanded Programme on Immunization.
Guidelines for WHO/EPI collaborative studies on poliomyelitis: standard
procedure for determining immunity to poliovirus using the
microneutralization test, 1993 [accessed 12 April 2019]. http://www.who.
int/iris/handle/10665/70486.
[31] Kayhty H, Peltola H, Karanko V, Makela PH. The protective level of serum
antibodies to the capsular polysaccharide of Haemophilus influenzae type b. J
Infect Dis 1983;147:1100.
[32] Anderson P. The protective level of serum antibodies to the capsular
polysaccharide of Haemophilus influenzae type b. J Infect Dis
1984;149:1034–5.
[33] Feyssaguet M, Bellanger A, Nozay F, Friel D, Merck E, Verlant V, et al.
Comparison between a new multiplex electrochemiluminescence assay and
the WHO reference enzyme-linked immunosorbent assay to measure serum
antibodies against pneumococcal serotype-specific polysaccharides. Vaccine
2019;37:2208–15. https://doi.org/10.1016/j.vaccine.2019.03.011.
[34] Siber GR, Chang I, Baker S, Fernsten P, O’Brien KL, Santosham M, et al.
Estimating the protective concentration of anti-pneumococcal capsular

[35]
[36]

[37]

[38]

[39]

polysaccharide antibodies. Vaccine 2007;25:3816–26. https://doi.org/
10.1016/j.vaccine.2007.01.119.
Edwards KM. Maternal antibodies and infant immune responses to vaccines.
Vaccine 2015;33:6469–72. https://doi.org/10.1016/j.vaccine.2015.07.085.
Niewiesk S. Maternal antibodies: clinical significance, mechanism of
interference with immune responses, and possible vaccination strategies.
Front Immunol 2014;5:446. https://doi.org/10.3389/fimmu.2014.00446.
Maertens K, Burbidge P, Van Damme P, Goldblatt D, Leuridan E. Pneumococcal
immune response in infants whose mothers received tetanus, diphtheria and
acellular pertussis vaccination during pregnancy. Pediatr Infect Dis J
2017;36:1186–92. https://doi.org/10.1097/inf.0000000000001601.
Voysey M, Kelly DF, Fanshawe TR, Sadarangani M, O’Brien KL, Perera R, et al.
the influence of maternally derived antibody and infant age at vaccination on
infant vaccine responses : an individual participant meta-analysis. JAMA
Pediatr 2017;171:637–46. https://doi.org/10.1001/jamapediatrics.2017.0638.
Becker-Dreps S, Butler AM, McGrath LJ, Boggess KA, Weber DJ, Li D, et al.
Effectiveness of prenatal tetanus, diphtheria, acellular pertussis vaccination in
the prevention of infant pertussis in the U.S. Am J Prev Med 2018;55:159–66.
https://doi.org/10.1016/j.amepre.2018.04.013.

