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IMPORTANCE The design of infant immunization schedules requires an understanding of the
factors that determine the immune response to each vaccine antigen.

DATA SOURCES Deidentified individual participant data from GlaxoSmithKline clinical trials
were obtained through Clinical Study Data Request. The data were requested on January 2,
2015, and final data were received on April 11, 2016.

STUDY SELECTION Immunogenicity trials of licensed or unlicensed vaccines administered to
infants were included if antibody concentrations in infants were measured prior to the first
dose of vaccine.

DATA EXTRACTION AND SYNTHESIS The database was examined; studies that appeared to
have appropriate data were reviewed.

MAIN OUTCOMES AND MEASURES Antigen-specific antibody concentration measured 1 month
after priming vaccine doses, before booster vaccination, and 1 month after booster vaccine
doses.

RESULTS A total of 7630 infants from 32 studies in 17 countries were included. Mean (SD) age
at baseline was 9.0 (2.3) weeks; 3906 (51.2%) were boys. Preexisting maternal antibody
inhibited infant antibody responses to priming doses for 20 of 21 antigens. The largest effects
were observed for inactivated polio vaccine, where 2-fold higher maternal antibody
concentrations resulted in 20% to 28% lower postvaccination antibody concentration
(geometric mean ratios [GMRs], type 1: 0.80; 95% CI, 0.78-0.83; type 2: 0.72; 95% CI,
0.69-0.74; type 3: 0.78; 95% CI, 0.75-0.82). For acellular pertussis antigens, 2-fold higher
maternal antibody was associated with 11% lower postvaccination antibody for pertussis
toxoid (GMR, 0.89; 95% CI, 0.87-0.90) and filamentous hemagglutinin (GMR, 0.89; 95% CI,
0.88-0.90) and 22% lower pertactin antibody (GMR, 0.78; 95% CI, 0.77-0.80). For tetanus
and diphtheria, these estimates were 13% (GMR, 0.87; 95% CI, 0.86-0.88) and 24% (GMR,
0.76; 95% CI, 0.74-0.77), respectively. The influence of maternal antibody was still evident in
reduced responses to booster doses of acellular pertussis, inactivated polio, and diphtheria
vaccines at 12 to 24 months of age. Children who were older when first immunized had higher
antibody responses to priming doses for 18 of 21 antigens, after adjusting for the effect of
maternal antibody concentrations. The largest effect was seen for polyribosylribitol
phosphate antibody, where responses were 71% higher per month (GMR, 1.71; 95% CI,
1.52-1.92).

CONCLUSIONS AND RELEVANCE Maternal antibody concentrations and infant age at first
vaccination both influence infant vaccine responses. These effects are seen for almost all
vaccines contained in global immunization programs and influence immune response for
some vaccines even at the age of 24 months. These data highlight the potential for maternal
immunization strategies to influence established infant programs.
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I t is difficult to overstate the global effect of routine infant
immunization on reducing morbidity and mortality from
infectious diseases. However, the design of immunogenic

schedules for routine immunization is increasingly challeng-
ing owing to the variety of vaccines in use, the use of prenatal
immunization programs for some pathogens, and differ-
ences in the epidemiology of infections. A detailed under-
standing of the variables that influence immunogenicity is
therefore of great importance. Two key factors that can affect
the immunogenicity of infant vaccines are (1) the residual con-
centration of maternal placentally transferred antigen-
specific antibodies at the time of immunization and (2) the age
at which immunizations are given.

Maternal antibodies are transferred to an infant via the pla-
centa during the third trimester of pregnancy and are impor-
tant in providing protection against infection during the first
months of life.1-3 The amount of antibody transferred from
mother to infant depends primarily on the gestational age at
birth, placental function, and serum antibody concentration
in the mother.4,5 Following birth, the concentration of mater-
nally derived antibodies declines over weeks to months while
infant immune competence gradually increases.1

High concentrations of maternally acquired antibodies
have been shown to inhibit the immune response to infant vac-
cination against some antigens.4,6-12 However, owing to the
small size of most studies, there is inconsistent evidence on
the extent of this inhibition and a lack of consensus regarding
which antigens or vaccines are affected. In addition, the mag-
nitude of the infant’s antibody response to vaccination is af-
fected by the age of the infant, with older infants generally re-
sponding better to vaccines than younger infants.1,13,14 Since
transplacentally acquired antibody decays over time, the in-
terference with vaccine responses reduces with age and ob-
served age effects on vaccine responses may therefore be due
to reduced maternal antibody interference. Previous studies
have not been able to separate the influence of these interre-
lated components on the infant immune response, leading to
the observation that, “multivariate analyses on a large num-
ber of infants are required to identify the main determinants
of vaccine antibody responses.”15(p32)

Reduced response to infant vaccination is important in the
context of prenatal immunization programs. Currently, vacci-
nation with a pertussis-containing vaccine in the second or third
trimester of pregnancy is recommended in many countries.16-20

Maternal immunization with diphtheria-tetanus-pertussis-
polio vaccine during pregnancy effectively protects infants
against pertussis disease in the first few months of life.21,22 How-
ever, subsequent diminished responses to infant vaccination
may leave children more susceptible to disease in later infancy
and increase the transmission rates to unvaccinated cohorts.12

In this investigation, we combined serologic data from mul-
tiple randomized clinical trials to create a large cohort of in-
fants vaccinated at various ages under different schedules from
whom serum antibody concentrations were measured both be-
fore and after vaccination. We conducted a meta-analysis and
calculated the effects of preexisting antibody and age at vac-
cination on antibody responses to priming and booster vac-
cines. From these results, we investigated to what extent a

delay in vaccination would offset the maternal inhibition of
infant antibody responses and whether maternal antibody
inhibition was less pronounced in schedules with a wider spac-
ing of doses.

Methods
Data Source
Fully deidentified data from clinical trials were available through
Clinical Study Data Request (https://clinicalstudydatarequest
.com/). Data were obtained as part of a wider series of studies
on immune responses to infant vaccination.23 Studies included
in the present report are a subset of immunogenicity trials in
which antibody concentrations were measured prior to the first
dose of vaccine. All trials from which these data were obtained
were sponsored by GlaxoSmithKline and assays were conducted
in the GlaxoSmithKline central laboratory. The outcomes were
antigen-specific IgG concentrations at 1 month after the third
priming dose (approximate age, 5-7 months) and both before and
1 month after the booster vaccination.

Statistical Analysis
Antibody concentrations were log2-transformed and ana-
lyzed using mixed-effects models for each antigen and time
point separately. Infants were included if antibody concentra-
tions were available at both the prevaccination visit (maternal
antibody) and the postvaccination time point. Children who re-
ceived a placebo or no vaccine were excluded. Some studies
were conducted in multiple countries. Instead of an analysis
grouped at the study level, a country cohort variable was cre-
ated that was unique to countries within studies. Maternal an-
tibody was included in models as a continuous covariate (model
1) and, for comparison, sensitivity analyses were conducted
with maternal antibody as a binary variable (above the lower
limit of assay detection or not; model 2). Mixed-effects mod-
els contained country cohort–level random intercepts and were
adjusted for age at first vaccination (months). Adjustment for
additional factors known to influence antibody responses (eg,
sex, vaccine received, and the scheduled spacing of doses) were
included in models to account for their influence; however, co-
efficients from these parameters are not presented.

Key Points
Question What is the potential for and extent of maternal
antibody interference in infant vaccine responses?

Findings In this individual participant data meta-analysis of the
serum of 7630 infants, maternal antibody concentrations and the
infant's age at first vaccination both influenced infant vaccine
responses. These effects are seen for almost all antigens contained
in global immunization programs, are not removed by more widely
spaced schedules, and influence immune response for some
vaccines even at the age of 24 months.

Meaning Prenatal immunization programs containing
multicomponent vaccines have the potential to interfere with
current immunization programs; however, a delayed start to infant
immunization may mitigate these inhibitory effects.
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The antilog (2x) of the coefficients from models and their
95% CIs are presented as geometric mean ratios (GMRs). These
ratios are interpreted as the relative increase (fold-rise) in an-
tibody response that is associated with a 1-unit change in the
given covariate. For age at vaccination, the GMR is the relative
increase in antibody response for a 1-month older child. For log2-
transformed maternal antibody concentrations, the GMR is the
relative increase in antibody response associated with a dou-
bling in maternal antibody concentrations. Further details of
statistical analyses are contained in the eMethods in the Supple-
ment. A list of all assays and assay thresholds is included in
eTable 1 in the Supplement.

Results
Antibody data were available for 21 antigens from 19 child co-
horts (7630 infants) from 32 studies in 17 countries (eTables 2
and 3 in the Supplement). Children from different studies var-
ied in age at the time of enrollment, resulting in a total age range
of 5 to 20 weeks, with mean (SD) age at baseline 9.0 (2.3) weeks;
3906 (51.2%) of the infants were boys. Children received vac-
cines according to 1 of 4 schedules: 6, 10, and 14 weeks; 2, 3, and
4 months; 2, 4, and 6 months, or 3, 4, and 5 months. Studies
were conducted in Europe (Spain24-26 France,27 Germany,28,29

Greece,24 Poland27,30,31 Czech Republic,32 Finland27), Africa (Mali
and Nigeria),33 Latin America (Chile,34 Nicaragua,35 Argentina,35

Dominican Republic36) East Asia (The Philippines30,37 and
Korea38,39), Russia,40 and Australia.41

Effect of Preexisting Homologous Antibody on Responses
to a Priming Series of Immunizations
Preexisting antibody in the infant inhibited the response to a
priming series of vaccinations for 20 of the 21 measured anti-
gens, the exception being serotype 7F pneumococcal polysac-
charide. A similar result was obtained with preexisting anti-
body modeled as a binary variable with reduced antibody
response seen for 18 of the 21 antigens assessed, the excep-
tions being antibody responses to serotype 7F and 4 pneumo-
coccal polysaccharides and Haemophilus influenzae type b poly-
saccharide capsule (polyribosylribitol phosphate [PRP]). The
largest effects were observed for inactivated polio vaccine re-
sponses, where 2-fold higher preexisting antibody resulted in
20% to 28% lower postvaccination antibody GMRs (type 1:
GMR, 0.80; 95% CI, 0.78-0.83; type 2: GMR, 0.72; 95% CI, 0.69-
0.74; and type 3: 0.78; 95% CI, 0.75-0.82) (Figure 1 and eTable
4 in the Supplement). When preexisting antibody was mod-
eled as a binary variable, infant seropositivity to polio vac-
cines was associated with a 36% to 60% decrease (type 1: GMR,
0.57; 95% CI, 0.50-0.65; type 2: GMR, 0.40; 95% CI, 0.35-
0.46; and type 3: GMR, 0.64; 95% CI, 0.55-0.73) in postvac-
cine responses (eFigure 1 and eTable 4 in the Supplement).

For acellular pertussis antigens (pertussis toxoid, filamen-
tous hemagglutinin, and pertactin), 2-fold higher preexisting
antibody was associated with 11% lower postvaccination an-
tibody for pertussis toxoid (GMR, 0.89; 95% CI, 0.87-0.90) and
filamentous hemagglutinin (GMR, 0,89; 95% CI, 0.88-0.90) and
22% lower pertactin antibody (GMR, 0.78; 95% CI, 0.77-0.80).

For tetanus and diphtheria, these estimates were 13% (GMR,
0.87; 95% CI, 0.86-0.88) and 24% (GMR, 0.76; 95% CI, 0.74-
0.77), respectively (Figure 1; eTable 4 in the Supplement).

In the binary analysis, infants who were seropositive for
pertussis antigens had 23% lower postvaccination pertussis tox-
oid antibody, 27% lower filamentous hemagglutinin anti-
body, and 50% lower pertactin antibody. For both tetanus and
diphtheria, seropositive infants had 53% lower postvaccine an-
tibodies (eFigure 1 and eTable 4 in the Supplement).

Effect of Preexisting Antibody to Carrier Proteins
In an analysis of a subset of participants who received pneu-
mococcal conjugate vaccines (PCV7, n = 466 and PCV10,
n = 1457), the effect of preexisting antibody to related carrier
proteins (diphtheria and tetanus) was assessed simultane-
ously, while also adjusting for preexisting pneumococcal an-
tibodies. For PCV7 vaccine, conjugated to diphtheria cross-
reacting material, preexisting diphtheria antibodies were
associated with reduced responses to serotypes 4 (GMR, 0.93;
95% CI, 0.87-0.98), 6B (GMR, 0.88; 95% CI, 0.80-0.98), and
9V (GMR, 0.91; 95% CI, 0.86-0.97) pneumococcal polysaccha-
rides, whereas preexisting tetanus antibodies had no effect.
In contrast, in PCV10 vaccine recipients, preexisting diphthe-
ria antibodies were associated only with reduced responses to
serotype 19F antibodies (the only serotype conjugated to diph-
theria protein) (GMR, 0.84; 95% CI, 0.80-0.89), whereas pre-
existing tetanus antibodies affected both serotypes 18C and 19F
pneumococcal antibodies (18C conjugated to tetanus pro-
tein) (GMR, 0.94; 95% CI, 0.91-0.99; and 0.92; 95% CI, 0.88-
0.96, respectively) (eTable 5 in the Supplement).

Similarly, in recipients of Haemophilus influenzae type b
vaccine conjugated to tetanus toxoid, a small degree of inhi-
bition of PRP responses was associated with preexisting PRP
antibodies (GMR, 0.96; 95% CI, 0.93-0.99) and preexisting teta-
nus antibodies (GMR, 0.97; 95% CI, 0.94-0.996). Preexisting
diphtheria antibodies had no influence on PRP responses (GMR,
0.96; 95% CI, 0.94-0.99).

The Effect of Age at First Vaccination on Response
to Priming Immunizations
For antibodies against 18 of the 21 antigens studied, children
who were older when initially immunized had between 10%
and 71% higher postvaccination antibody per additional month
of age (Figure 1). These effects remained after adjusting for pre-
existing antibody. The largest effect was seen for PRP anti-
body, where responses were 71% higher per month (GMR, 1.71;
95% CI, 1.52-1.92). No effect of age at first vaccination was seen
for capsular group C meningococcal antibodies and sero-
types 14 and 23F pneumococcal antibodies (Figure 1 and eTable
4 in the Supplement, model 1).

Scheduled Spacing of Doses
Twelve studies were conducted using a 2-, 4-, and 6-month
schedule, and 3 studies used a 2-, 3-, and 4-month schedule.
When models were fitted within these subgroups separately,
the effect of maternal antibodies in terms of proportionate re-
duction in postvaccination responses was similar for both
schedules (Figure 2).
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Figure 1. Influence of Age at First Vaccination and Preexisting Antibody Concentration Prior to Vaccination
on Antibody Concentration After the Third Priming Dose

No. of
Participants

Antigen
Source GMR (95% CI)

4897Diphtheria
Maternal IgG (per 2-fold increase) 0.76 (0.74-0.77)
Age at first vaccination (per month older) 1.26 (1.18-1.35)

4188Tetanus
Maternal IgG (per 2-fold increase) 0.87 (0.86-0.88)
Age at first vaccination (per month older) 1.10 (1.04-1.17)

4941PT
Pertussis

Maternal IgG (per 2-fold increase) 0.89 (0.87-0.90)
Age at first vaccination (per month older) 1.15 (1.10-1.20)

4952FHA
Maternal IgG (per 2-fold increase) 0.89 (0.88-0.90)
Age at first vaccination (per month older) 1.22 (1.16-1.28)

4778PRN
Maternal IgG (per 2-fold increase) 0.78 (0.77-0.80)
Age at first vaccination (per month older) 1.22 (1.14-1.29)

3369PRP
Maternal IgG (per 2-fold increase) 0.97 (0.94-1.00)
Age at first vaccination (per month older) 1.71 (1.52-1.92)

1699Polio 1
Maternal IgG (per 2-fold increase) 0.80 (0.78-0.83)
Age at first vaccination (per month older) 1.33 (1.13-1.57)

1699Polio 2
Maternal IgG (per 2-fold increase) 0.72 (0.69-0.74)
Age at first vaccination (per month older) 1.29 (1.09-1.53)

1699Polio 3
Maternal IgG (per 2-fold increase) 0.78 (0.75-0.82)
Age at first vaccination (per month older) 1.28 (1.08-1.51)

1180Hepatitis B
Maternal IgG (per 2-fold increase) 0.89 (0.85-0.94)
Age at first vaccination (per month older) 1.28 (1.04-1.59)

1082Group C meningococcus
Maternal IgG (per 2-fold increase) 0.90 (0.82-0.98)
Age at first vaccination (per month older) 1.07 (0.73-1.58)

0.6 2.01.0

GMR (95% CI)

Serotype
23871

Maternal IgG (per 2-fold increase) 0.96 (0.94-0.99)
Age at first vaccination (per month older) 1.21 (1.11-1.32)

30574
Maternal IgG (per 2-fold increase) 0.97 (0.95-0.99)
Age at first vaccination (per month older) 1.28 (1.19-1.38)

23875
Maternal IgG (per 2-fold increase) 0.94 (0.92-0.97)
Age at first vaccination (per month older) 1.18 (1.08-1.28)

30576B
Maternal IgG (per 2-fold increase) 0.92 (0.90-0.95)
Age at first vaccination (per month older) 1.22 (1.09-1.37)

23877F
Maternal IgG (per 2-fold increase) 1.01 (0.99-1.02)
Age at first vaccination (per month older) 1.21 (1.11-1.31)

30579V
Maternal IgG (per 2-fold increase) 0.94 (0.93-0.96)
Age at first vaccination (per month older) 1.20 (1.11-1.29)

305714
Maternal IgG (per 2-fold increase) 0.88 (0.87-0.90)
Age at first vaccination (per month older) 1.01 (0.93-1.09)

305718C
Maternal IgG (per 2-fold increase) 0.91 (0.89-0.93)
Age at first vaccination (per month older) 1.32 (1.20-1.45)

305719F
Maternal IgG (per 2-fold increase) 0.92 (0.91-0.94)
Age at first vaccination (per month older) 1.24 (1.13-1.36)

305723F
Maternal IgG (per 2-fold increase) 0.88 (0.86-0.90)
Age at first vaccination (per month older) 1.11 (1.00-1.23)

Lower Responses With
Higher Maternal IgG
or in Older Children

Higher Responses With
Higher Maternal IgG 
or in Older Children

Approximate age, 5 to 7 months.
A, Nonpneumococcal vaccine
antigens, B, Pneumococcal
serotypes. For age at first
vaccination, geometric mean ratios
(GMRs) greater than 1.0 indicate that
children who are older at the time of
their first vaccination have higher
antibody concentrations after the
third dose. For maternal antibodies,
GMRs greater than 1.0 indicate that
children with higher antibody
concentrations prior to vaccination
have higher antibody concentrations
after the third dose. Data are
displayed in eTable 4 in the
Supplement for model 1, which
includes maternal antibody in the
model as a continuous variable (see
Statistical Analysis subsection of
Methods for definition of model 1).
FHA indicates filamentous
hemagglutinin; PRN, pertactin;
PRP, polyribosylribitol phosphate;
and PT, pertussis toxoid.
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Persistence of Antibody at Prebooster Time Points
A subset of 12 trials administered booster vaccinations be-
tween ages 12 and 24 months. At prebooster time points, lower
responses associated with preexisting maternal antibodies at
the time of the first vaccination were still evident for 16 of the
20 antigens. Age at first vaccination also had a significant ef-
fect on antibody levels prior to booster vaccination for all an-
tigens except tetanus and serotype 23F pneumococcal anti-
bodies (eFigure 2 and eTable 6 in the Supplement).

Antibody Concentration After Booster Vaccines
The concentration of maternal antibodies prior to the first vac-
cination was associated with reduced responses to booster
doses for diphtheria, pertussis antigens, inactivated polio, and
5 of 10 (50%) serotypes of pneumococcus (Figure 3 and
Figure 4; and eTable 7 in the Supplement).

For diphtheria, the pertussis antigens pertussis toxoid and
filamentous hemagglutinin, inactivated polio type 3, and 5 of

10 (50%) serotypes of pneumococcus, the age at first vaccina-
tion had a persistent positive effect on postbooster antibody
levels. The largest differences were observed for diphtheria,
pneumococcal serotypes 5 and 18C, and polio type 3, where
antibody levels were between 28% and 48% higher for each
month of delay in the initial vaccination. In contrast, the age
at booster vaccination was associated with higher antibody
concentrations only for tetanus and PRP antibodies (9% and
15% increase per month, respectively).

Overall Effect of Delaying Vaccination
A delay in age at the first immunization resulted in a com-
bined beneficial effect on immunogenicity due to (1) a reduc-
tion in maternal antibody interference associated with anti-
body decay and (2) an increase in infant age. Assuming a
half-life of 26 days for pertussis toxoid maternal antibodies,
the total benefit for acellular pertussis was a 1.06-fold
increase (GMR, 1.06; sensitivity range, 1.05-1.06, using half-

Figure 2. Effect of Preexisting Antibody at the Time of Vaccination in Subgroups of Trials Administering
Different Vaccine Schedules

No. of
ParticipantsAntigen GMR (95% CI)

Diphtheria
1216Trials using 2-, 3-, 4-month schedule 0.37 (0.34-0.40)
2017Trials using 2-, 4-, 6-month schedule

1218Trials using 2-, 3-, 4-month schedule

0.35 (0.31-0.39)
Tetanus

0.89 (0.81-0.98)
2009Trials using 2-, 4-, 6-month schedule 0.58 (0.54-0.62)

PT
Pertussis

1588Trials using 2-, 3-, 4-month schedule 0.64 (0.58-0.69)
2246Trials using 2-, 4-, 6-month schedule 0.69 (0.64-0.75)

FHA
1586Trials using 2-, 3-, 4-month schedule 0.65 (0.61-0.69)
2261Trials using 2-, 4-, 6-month schedule 0.70 (0.66-0.74)

PRN
1599Trials using 2-, 3-, 4-month schedule 0.41 (0.38-0.45)
2057Trials using 2-, 4-, 6-month schedule 0.48 (0.43-0.53)

PRP

Pneumococcal serotypes

1161Trials using 2-, 3-, 4-month schedule 0.90 (0.77-1.05)
1247Trials using 2-, 4-, 6-month schedule 0.83 (0.69-0.99)

4
1587Trials using 2-, 3-, 4-month schedule 0.98 (0.87-1.11)

447Trials using 2-, 4-, 6-month schedule 0.98 (0.80-1.21)
6B

1583Trials using 2-, 3-, 4-month schedule 0.76 (0.67-0.86)
446Trials using 2, 4, 6 month schedule 0.69 (0.56-0.85)

9V
1585Trials using 2-, 3-, 4-month schedule 0.85 (0.77-0.92)

446Trials using 2-, 4-, 6-month schedule 0.84 (0.73-0.97)
14

1579Trials using 2-, 3-, 4-month schedule 0.70 (0.66-0.75)
444Trials using 2-, 4-, 6-month schedule 0.67 (0.58-0.78)

18C
1582Trials using 2-, 3-, 4-month schedule 0.75 (0.68-0.82)

446Trials using 2-, 4-, 6-month schedule 0.65 (0.54-0.79)
19F

1582Trials using 2-, 3-, 4-month schedule 0.78 (0.72-0.86)
447Trials using 2-, 4-, 6-month schedule 0.78 (0.67-0.91)

23F
1582Trials using 2-, 3-, 4-month schedule 0.62 (0.56-0.69)

445Trials using 2-, 4-, 6-month schedule 0.69 (0.58-0.84)

0.3 2.01.0
GMR (95% CI)

Lower Responses
With Higher

Maternal IgG

Higher Responses
With Higher
Maternal IgG

Effect on antibody concentrations
after the third dose (approximate
age, 5-7 months) with 2-, 3-, and
4-month schedules and 2-, 4- and,
6-month schedules. Geometric mean
ratios (GMRs) less than 1.0 indicate
that children with higher antibody
concentrations prior to vaccination
have lower antibody concentrations
after the third dose. Data are from
model 1, which includes maternal
antibody in the model as a
continuous variable and was
unadjusted for the schedule of
administration (see Statistical
Analysis subsection of Methods for
definition of model 1). FHA indicates
filamentous hemagglutinin;
PRN, pertactin; PRP, polyribosylribitol
phosphate; and PT, pertussis toxoid.
4,6B, 9V, 14, 18C, 19F, 23F are
serotypes of pneumococcus.
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lives of 29 to 43 days) in pertussis toxoid antibody concen-
trations per week of delay in the first infant dose of vaccine.

The number of weeks’ delay required to offset a 2- to 5-fold
increase in infant levels of maternal pertussis antibodies due
to prenatal immunization was between 2.2 and 5.04 weeks.
For diphtheria and tetanus, these estimates were 2.6 to 5.9 and
1.7 to 3.9, respectively (Figure 5).

Discussion
Our analysis of the serum of more than 7600 infants from 17
countries surmounts the problem of insufficient statistical
power inherent in previous attempts to investigate maternal
antibody interference with infant vaccine immunogenicity,

which has led to inconsistent and/or nonsignificant findings.
Our analysis comprehensively models the effects of maternal
antibody inhibition and infant age at vaccination on the ma-
jority of vaccine antigens contained in current global infant im-
munization programs and reveals that, for almost all anti-
gens, transplacental antibody inhibits the antibody response
to priming vaccinations and these effects are not diminished
by administration of a booster dose. These analyses further re-
veal the benefit of infants being older when first immunized,
an association that remains after adjusting for waning mater-
nal antibody levels.

In contrast to previous reports,10 the effects of maternal
antibodies and the infant’s age when first immunized are not
only seen in response to a priming series of vaccines, but con-
tinue to affect antibody responses to booster vaccinations at

Figure 3. Influence of Age and Maternal Antibody Concentration on Antibody Concentrations After the Booster
Dose for Nonpneumococcal Vaccine Antigens

No. of
ParticipantsAntigen GMR (95% CI)

Diphtheria 2051
Age at first vaccination (per month older) 1.28 (1.13-1.46)
Age at booster vaccination (per month older) 0.99 (0.95-1.04)
Maternal IgG (per 2-fold increase) 0.90 (0.87-0.92)

Tetanus 1732
Age at first vaccination (per month older) 0.99 (0.89-1.10)
Age at booster vaccination (per month older) 1.09 (1.04-1.14)
Maternal IgG (per 2-fold increase) 1.05 (1.02-1.07)

Polio 1 488
Age at first vaccination (per month older) 1.08 (0.84-1.38)
Age at booster vaccination (per month older) 1.05 (0.94-1.17)
Maternal IgG (per 2-fold increase) 0.90 (0.86-0.95)

Polio 2 484
Age at first vaccination (per month older) 1.13 (0.89-1.43)
Age at booster vaccination (per month older) 1.00 (0.90-1.11)
Maternal IgG (per 2-fold increase) 0.82 (0.78-0.87)

Polio 3 464
Age at first vaccination (per month older) 1.49 (1.15-1.93)
Age at booster vaccination (per month older) 0.96 (0.86-1.08)
Maternal IgG (per 2-fold increase) 0.80 (0.75-0.84)

Hepatitis B 558
Age at first vaccination (per month older) 1.14 (0.80-1.62)
Age at booster vaccination (per month older) 1.13 (0.97-1.32)
Maternal IgG (per 2-fold increase) 0.98 (0.91-1.06)

Pertussis
PT 2079

Age at first vaccination (per month older) 1.15 (1.02-1.28)
Age at booster vaccination (per month older) 0.97 (0.93-1.01)
Maternal IgG (per 2-fold increase) 0.93 (0.89-0.96)

FHA 2412
Age at first vaccination (per month older) 1.21 (1.09-1.34)
Age at booster vaccination (per month older) 0.97 (0.94-1.00)
Maternal IgG (per 2-fold increase) 0.96 (0.93-0.98)

PRN 2124
Age at first vaccination (per month older) 1.11 (0.97-1.28)
Age at booster vaccination (per month older) 0.98 (0.93-1.02)
Maternal IgG (per 2-fold increase) 0.94 (0.90-0.97)

PRP 2044
Age at first vaccination (per month older) 1.04 (0.88-1.23)
Age at booster vaccination (per month older) 1.15 (1.07-1.23)
Maternal IgG (per 2-fold increase) 0.99 (0.95-1.04)

0.7 2.01.0
GMR (95% CI)

Lower Responses
With Higher

Maternal IgG or
in Older Children

Higher Responses
With Increased
Maternal IgG or
in Older Children

For maternal antibodies, geometric
mean ratios (GMRs) less than 1.0
indicate that children with higher
antibody concentrations prior to
vaccination have lower antibody
concentrations after the booster
dose. For age effects, GMRs greater
than 1.0 indicate higher antibody
concentrations after boosters in
those who were older at the time of
priming or booster vaccination. Data
are from model 1, which includes
maternal antibody in the model as a
continuous variable and is displayed
in eTable 7 in the Supplement (see
Statistical Analysis subsection of
Methods for definition of model 1).
FHA indicates filamentous
hemagglutinin; PRN, pertactin;
PRP, polyribosylribitol phosphate;
and PT, pertussis toxoid.
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ages 12 to 24 months for many antigens. This finding sug-
gests the importance of the quality of the immune response
to the first dose of antigen, regardless of subsequent doses.

The influence of maternal antibodies on measles vaccine
immunogenicity has been widely studied to determine the op-
timal age for vaccination. Younger infants (approximately 6
months) have higher maternal antibody concentrations and
lower antibody responses to measles vaccine compared with
older infants (approximately 9-12 months), but also produce
lower neutralizing antibody responses in the absence of ma-
ternally derived measles antibodies.42 In contrast, there is little
consensus in the medical literature regarding the potential for,
extent of, or clinical implications of maternal antibody inter-
ference with vaccines received in early infancy. O’Brien et al10

reported maternal antibody interference with priming doses

of PCV7 in infants, and Englund et al8 reported inhibition for
whole cell pertussis vaccine but observed no association be-
tween maternal antibody to pertussis toxoid and infant re-
sponses to 13 different acellular pertussis vaccines in a com-
bined, yet unadjusted, analysis. Other studies are limited in
size or incorporate only historical control methods prone to
bias. In a small study of 36 infants, Jones et al43 showed that
high levels of maternal antibody inhibited responses to pneu-
mococcal conjugate vaccine as well as to tetanus toxoid, but
no effect was seen against acellular pertussis toxoid or H in-
fluenzae type b, and other small studies have failed to find sig-
nificant effects.44-46 Our analysis reveals that, not only are in-
fant responses inhibited by maternal antibody to the same
antigen, but responses to conjugate vaccines in infancy are also
affected by antibody to related carrier proteins.

Figure 4. Influence of Age and Maternal Antibody Concentration on Antibody Concentrations After the Booster
Dose for Pneumococcal Vaccine Antigens

No. of
ParticipantsSerotype GMR (95% CI)

1 1516
Age at first vaccination (per month older) 1.10 (0.96-1.24)
Age at booster vaccination (per month older) 1.02 (0.95-1.09)
Maternal IgG (per 2-fold increase) 0.96 (0.92-0.99)

4 1972
Age at first vaccination (per month older) 1.11 (1.00-1.22)
Age at booster vaccination (per month older) 1.03 (0.98-1.09)
Maternal IgG (per 2-fold increase) 1.00 (0.97-1.03)

5 1519
Age at first vaccination (per month older) 1.32 (1.16-1.49)
Age at booster vaccination (per month older) 0.98 (0.92-1.05)
Maternal IgG (per 2-fold increase) 1.01 (0.98-1.05)

6B 1961
Age at first vaccination (per month older) 1.14 (0.99-1.30)
Age at booster vaccination (per month older) 1.01 (0.95-1.09)
Maternal IgG (per 2-fold increase) 0.97 (0.94-1.00)

7F 1516
Age at first vaccination (per month older) 1.16 (1.04-1.28)
Age at booster vaccination (per month older) 0.98 (0.93-1.03)
Maternal IgG (per 2-fold increase) 1.02 (1.00-1.04)

9V 1956
Age at first vaccination (per month older) 1.14 (1.03- 1.26)
Age at booster vaccination (per month older) 1.00 (0.95-1.06)
Maternal IgG (per 2-fold increase) 0.99 (0.97-1.01)

14 1950
Age at first vaccination (per month older) 1.08 (0.96-1.20)
Age at booster vaccination (per month older) 1.04 (0.98-1.10)
Maternal IgG (per 2-fold increase) 0.94 (0.92-0.96)

18C 1956
Age at first vaccination (per month older) 1.28 (1.14-1.42)
Age at booster vaccination (per month older) 1.00 (0.94-1.06)
Maternal IgG (per 2-fold increase) 0.98 (0.96-1.00)

19F 1967
Age at first vaccination (per month older) 1.16 (1.02-1.31)
Age at booster vaccination (per month older) 1.02 (0.96-1.10)
Maternal IgG (per 2-fold increase) 0.96 (0.94-0.98)

23F 1960
Age at first vaccination (per month older) 1.07 (0.93-1.22)
Age at booster vaccination (per month older) 1.04 (0.98-1.12)
Maternal IgG (per 2-fold increase) 0.97 (0.94-0.99)

0.7 2.01.0
GMR (95% CI)

Lower Responses
With Higher

Maternal IgG or
in Older Children

Higher Responses
With Higher
Maternal IgG or
in Older Children

For maternal antibodies, geometric
mean ratios (GMRs) less than 1.0
indicate that children with higher
antibody concentrations prior to
vaccination have lower antibody
concentrations after the booster
dose. For age effects, GMRs greater
than 1.0 indicate higher antibody
concentrations after boosters in
those who were older at the time of
priming or booster vaccination. Data
are from model 1, which includes
maternal antibody in the model as a
continuous variable and is displayed
in eTable 7 in the Supplement (see
Statistical Analysis subsection of
Methods for definition of model 1).
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Schedule Comparisons
Schedules with a wider spacing of doses delivered the second
and third doses of vaccine after a longer interval, allowing for
maternal antibody decay. In our analyses, substantial inhibition
was associated with preexisting antibodies for both the 2-, 4-,
and 6-month and 2-, 3-, and 4-month schedules. The interfer-
ence due to maternal antibodies is thus predominantly medi-
ated through the effect on response to the first dose of vaccine.

Policy Implications
In settings where prenatal immunization programs are well es-
tablished with high coverage, maternal antibodies provide pro-
tection against pertussis for most infants in the first few months
of life.21 In such settings, a delay in administration of the first
vaccination would increase responses to infant vaccination if
vaccine coverage is high, and the current schedule already in-
cludes an early first dose (≤2 months). We calculated the mag-
nitude of the expected total increase in vaccine antibody due
to a delay in vaccination by combining model parameters with
the half-life of maternal antibodies. The magnitude of the in-
crease in maternal antibody concentrations in infants due to
prenatal immunization programs has not been well estab-
lished, but estimates from a small randomized trial45 and non-
randomized studies47,48 suggest that, for pertussis, between
2-fold and 5-fold higher antibody concentrations may be in-
duced. Our models show that the inhibitory effect of a 2-fold
to 5-fold increase in maternal antibody concentrations in in-
fants can be offset by a delay in vaccination of between 2.2 and
5.0 weeks—time periods that are short enough to make delayed-
start vaccination a feasible option. Since current prenatal im-
munization programs use diphtheria and tetanus–containing
vaccines, a delay in immunization may improve responses to
other vaccines containing these carrier proteins.

Decisions regarding the timing of infant vaccinations need
to consider the length of time during which direct protection
afforded by prenatal immunization is maintained in infants,
an area in which there are currently few data. Infant immuni-

zation programs need to consider the level of disease risk in
early infancy and the level of coverage of prenatal programs,
as well as balance the complex interaction between the direct
protection afforded the infant early in life by maternal vacci-
nation, against the increased risk of disease later in infancy as
a result of reduced immunogenicity, and the increase risk of
disease in the population due to reduced indirect effects. This
tradeoff is minimized if the vaccine schedule can be im-
proved to increase infant responses to vaccination.

Limitations
The studies included herein were conducted in the absence of
prenatal vaccination programs. The effects of antibodies in-
duced by natural exposure and those induced by vaccination
during pregnancy may differ. In addition, preexisting antibod-
ies in the infant may be due to exposure of the infant to cir-
culating pathogens, such as pneumococcal or pertussis anti-
gens, in the first few months of life rather than being entirely
due to maternal antibody transmission. These models may,
therefore, underestimate the effect of maternal antibody in-
terference for widely circulating pathogens.

Conclusions
Older infants mount greater antibody responses to vaccina-
tion and maternal transplacental antibodies inhibit infant re-
sponses. These effects are observed for both priming and
booster vaccine doses and occur for almost all antigens pres-
ent in global immunization programs. Antibody responses to
conjugate vaccines are not only affected by interference from
preexisting antibodies to the polysaccharide antigen, but also
from antibodies associated with carrier proteins. Therefore,
prenatal immunization programs containing multicompo-
nent vaccines have the potential to interfere with the immu-
nogenicity of current immunization programs. However, the
clinical relevance in terms of potential reductions in disease

Figure 5. Number of Weeks’ Delay Required to Offset the Effect of Increased Infant Concentrations of Maternal Antibody
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A delay in first immunization results in a beneficial effect that is the combination
of less maternal antibody due to antibody decay, and older age when first
immunized. Solid lines indicate estimates based on maternal antibody half-lives as
detailed in eMethods. Dotted lines indicate sensitivity analyses using half-lives of
7 days longer and 7 days shorter. A 5-fold increase in infant levels of maternal

pertussis antibodies due to a prenatal immunization program could be offset with
a 5.04-week delay in first immunization assuming pertussis antibodies decay with
a half-life of 36 days (solid dark blue line). Using a range of half-life estimates of 29
to 43 days gives a range of 4.6- to 5.4-weeks’ delay required (dotted dark blue
line). Details of calculations are provided in the eMethods in the Supplement.
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due to maternal antibody interference on infant vaccine im-
munogenicity is not known.

Decisions regarding the design of infant immunization
schedules are increasingly complex owing to greater num-
bers of vaccine antigens, prenatal immunization programs,

and the addition of booster doses of vaccines throughout
childhood and adolescence. These data on key factors that
influence the immune response will help in the planning of
immunization schedules and provide important factors for
evaluating their cost-effectiveness.
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