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Background: Pertussis vaccination during pregnancy is an effective strategy at reducing
pertussis-related morbidity and mortality in infancy and is recommended across several
countries. However, the optimal timepoint for vaccination in pregnancy to afford maximal
protection to newborns is yet to be elucidated. This multi-country analysis aimed to model
the impact of timing of vaccination during pregnancy on infant antibody titers at birth.

Methods: A multi-country analysis on a cohort of mother-infant pairs (n=698) vaccinated
between 19.6-37.1 weeks gestation was conducted. Data taken from four parent studies
on pertussis vaccination during pregnancy were modelled using natural cubic splines and
linear mixedmodels to study the association of both gestational age at vaccination and the
interval between vaccination and delivery with pertussis-specific cord blood antibody
levels after pertussis vaccination during pregnancy.

Results: Term born infants on average achieve the highest antibody levels at birth if
women are vaccinated before 31 weeks’ gestation. When considering both term and
preterm deliveries, an interval of at least 7.5 weeks between vaccination and delivery is
required to achieve the highest cord blood antibody levels. The models show that
vaccinating earlier than these timeframes will also provide the infant with equally high
antibody levels at birth.

Conclusions: Vaccinating in the second and early third trimester results in the highest
antibody levels at birth. Vaccinating earlier within this window is needed to provide equal
benefits to both term and preterm born infants.
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BACKGROUND

Despite the availability of successful universal pertussis
immunization programs, the World Health Organization
(WHO) reported in 2014 an estimated 24.1 million pertussis
cases and 160,700 pertussis related deaths in children below 5
years of age (1, 2). As most national immunization schedules
only recommend pertussis containing vaccines to be
administered from 6-8 weeks of age, infants below 2 months of
age remain unprotected against pertussis. Therefore, the highest
incidence, hospitalization and mortality rates are observed in this
population (3, 4).

Vaccination with a tetanus, diphtheria, acellular Pertussis
(aP) (Tdap) vaccine during pregnancy is being implemented in
an increasing number of countries to combat neonatal pertussis-
related morbidity and mortality. Administering a Tdap vaccine
during pregnancy prompts an immune response in women
resulting in an increase in pertussis-specific antibody levels
which are transferred to the foetus through the placenta. This
yields improved infant immunity in the first months of life and
offers protection against pertussis disease (5, 6).

Although Tdap vaccination during pregnancy is implemented
in many countries, national health services tend to recommend
their own optimal window to vaccinate during pregnancy. There
is no consensus in national recommendations as the optimal
timing to vaccinate during pregnancy to convey maximum
immunity to the infant (7–10). Most countries recommend
vaccination in the late second or third trimester of pregnancy.
However, more recently several countries have recommended
vaccinations earlier in pregnancy to reach as many pregnant
women as possible with the UK recommending as early as 16
weeks gestational age. Vaccination after 36 weeks has been found
less effective as although antibody levels reach a maximum 2
weeks after vaccination, additional time is required for these
antibodies to pass to the infant (11).

This multi-country analysis investigates the effect of timing of
Tdap vaccination during pregnancy on pertussis-specific infant
antibody levels at birth in both term and preterm born infants to
define an optimal timeframe for vaccination in pregnancy to
achieve high antibody titers at birth in all neonates. The first aim
(Aim 1) of the study was to determine the effect of gestational age
at vaccination (GAV) on infant pertussis antibody titers at birth
in term born infants.

Secondly (Aim 2), we determined the effect of the interval
between vaccination and delivery on infant pertussis-specific
antibody titers at birth in both term and preterm born infants.
METHODS

Study Population
This multi-country analysis utilises data from four parent studies
conducted in either Belgium, Vietnam or Thailand (9, 12–15).
All parent studies were prospective cohort studies looking at the
effect of Tdap vaccination during pregnancy on maternal and
infant immune responses. The study population of the four
parent studies was divided into five study groups for this
Frontiers in Immunology | www.frontiersin.org 2
analysis according to the differing protocols of the original
study (Table 1).

Pertussis-specific antibody concentrations (Pertussis Toxin
(PT), Filamentous Hemagglutinin (FHA), Pertactin (PRN)) in
blood taken from infants at birth (cord) were used in this
analysis. Full details on recruitment, data collection, inclusion/
exclusion criteria and laboratory testing can be found in the
articles published on the parent studies (9, 12–15). Written
informed consent was obtained from all participants in the
parent studies. Women and infants were excluded from this
multi-country analysis if they were missing measurements for
specific antibody titers, or had missing values for just GAV (Aim
1: effect of GAV), or either GAV or gestational age at delivery
(GAD) (Aim 2: effect of interval between GAV and GAD).

Statistical Analysis
Descriptive statistics are reported as means with standard
deviation (SD) or medians with range or interquartile range
(IQR). Laboratory results are reported as geometric mean
concentrations (GMCs) with 95% confidence intervals (CI)
and are expressed in IU/mL (BE1, VN1, TL1) or EU/mL (BE2,
BE3). Antibody titers below the detection limit were replaced by
half the lower limit of quantification (16).

Linear Mixed Models (LMMs) were used to analyse the effect
of GAV (Aim 1) and interval between GAV and GAD (Aim 2),
respectively, on pertussis antibody titers at birth (details below).
The relationship between GAV and antibody titers at birth is
investigated only in term born infants. Due to the lower GAD, a
preterm born infant from a woman vaccinated during pregnancy
has less time for transplacental antibody transfer compared to a
term born infant. As such, we considered GAV not as a reliable
predictor when looking at recommendations intended to include
both term and preterm deliveries. Therefore, we used the interval
between GAV and GAD (in weeks) as a predictor when
investigating term and preterm born infants. One observation
from MATAB 6 with GAV 13.4 weeks was removed from
analysis as there were no further observations in the vicinity to
lend validity to associated findings.
TABLE 1 | Overview of the study groups (BE1: Belgium 1; VN1: Vietnam 1; TL1:
Thailand 1; BE2: Belgium 2; BE3: Belgium 3).

Study
group

Parent study Country Number
of

mothers

Number
of

infants

Term/
preterm
born

Maternal
vaccine‡

BE1 MATAB 4(14) Belgium 57 59 term Boostrix®

VN1 MATAB 4(13) Vietnam 55 55 term Adacel®

TL1 MATAB 5(9,12) Thailand 370 370 term* Boostrix®

BE2 MATAB 6(15) Belgium 112 114 term Boostrix®

BE3 MATAB 6(15) Belgium 82 100 preterm Boostrix®
June 20
22 | Volum
e 13 | Artic
Infants were classified as term or preterm born for analysis on an individual basis, i.e. <37
weeks GAD as preterm and ≥37 weeks GAD as term born. *Not all infants were carried to
term in the study groups classified as term; a small proportion of women still had GAD <37
weeks (but ≥36 weeks GAD). ‡Maternal vaccines: Boostrix® (GSK Biologicals, Rixensart,
Belgium) composition: 5 Lf of Tetanus Toxoid (TT), 2.5 Lf of Diphtheria Toxoid (DT), 8 µg of
inactivated PT, 8 µg of FHA and 2.5 µg of PRN; Adacel® (Sanofi Pasteur, Canada)
composition: 5 Lf of TT, 2 Lf of DT, 2.5 µg of inactivated PT, 5 µg of FHA, 3 µg of PRN and
5 µg of fimbriae types 2 and 3.
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Information on covariates was collected upon enrolment or at
each study visit; depending on parent study. Covariates of
interest related to the mother were age at delivery, country of
residence, parity, maternal vaccine, and number of days
delivered before/after the due date. Infant covariates were sex,
birth weight in grams, whether the infant was part of a twin, and
information on preterm/term delivery if needed. Preterm infants
were defined as deliveries at <37 weeks’ gestation.

LMMs were constructed using the lmer function (R-package:
lme4) (17). Natural cubic splines with predefined boundary knots
at 5th and 95th percentiles of the data were used to model the
non-linear nature of the association (R-package: splines) (18). All
models included a random intercept to account for clustering
within study groups. Models were constructed by backwards
stepwise selection. Selection of variables and degrees of freedom
of cubic splines were based on Akaike Information Criterion
(AIC) values (19). Interaction terms were investigated using the
anova function. Continuous variables were assessed for
collinearity. Covariates exhibiting a moderate correlation or
greater were not included in the same model (20). Results of
the LMMs are presented as graphical representations, keeping
stated variables constant to visualise the effect of timing of
vaccination during pregnancy on cord antibody titers. CIs were
calculated using the bootMer (R-package: lme4) (17). Plots were
constructed using the ggplot function (R-package: ggplot2) (21).

Missing outcome and key exposure measures were treated as
missing completely at random (MCAR) and complete case
analyses were conducted. Due to the likelihood-based methods
of LMMs, missing covariate data were treated as missing at
random (MAR) (22). The amount of missing covariate data was
limited (max: 2.0%). Sensitivity analyses on the robustness of the
models to the presence of twins in the dataset were carried out by
comparing parameter estimates and standard error for models to
alternative models including twins in different ways as described
by Bruyndonck (23).

P-values < 0.05 and changes in AIC ≥ 2 were considered as
statistically significant. All analyses were performed using
statistical software R (version 3.6.3) (18).
RESULTS

Demographic Characteristics
Demographic characteristics of the complete parent population
and the study population by aim are given in Table 2.

Laboratory Results
GMCs within the study populations for both aims are
representative of the parent population (Table 3). Figure 1
shows a comparison of GMCs and the distribution of antibody
titers measured between the 5 study groups. GMCs were found to
differ between individual study groups (Figure 1). The highest
anti-PT GMCs were measured in BE1 and BE2, and the lowest in
VN1. A different trend was observed for anti-FHA antibodies,
with BE2 and TL1 recording highest GMCs, and BE1 and VN1
recording lowest. The highest cord anti-PRN antibody GMCs are
Frontiers in Immunology | www.frontiersin.org 3
reported in BE1 and BE2. The other three study groups report
similar anti-PRN GMCs.

Effect of Gestational Age at Vaccination on
Cord Blood Antibody Titer
In total, 475 anti-PT, and 474 anti-FHA and anti-PRN cord
blood antibody titer measurements were available in term born
infants (Table 3).

The dependence of cord blood antibody titers to PT, FHA and
PRN on GAV in term born infants was modelled by means of
natural cubic splines with fixed boundary knots. Different
covariates were found significant in models for the different
antigens. A brief overview of LMMs constructed are given
in Table 4.

Figure 2 (panels A, C, E), predicted steady cord blood mean
antibody levels for women vaccinated between 19.5-32.5 weeks
gestation for anti-PT, between 19.5-31.5 weeks gestation for anti-
FHA and between 19.5-31.0 weeks gestation for anti-PRN
antibodies. For women vaccinated later than these intervals, a
tendency to lower cord blood antibody levels start to be recorded,
with a consistent steady decrease in antibody titers for all
pertussis-specific antigens observed if vaccinated closer to
delivery up until 37 weeks’ gestation (the upper limit of the data).

Effect of Different Time Intervals Between
Vaccination and Delivery on Cord Blood
Antibody Titer
After adding preterm deliveries to the dataset, 541 cord blood
antibody titer measurements were available for analysis. Half of
all preterm born infants in the parent population have missing
blood samples at birth and were excluded.

The dependence of cord blood antibody titers to PT, FHA and
PRN on interval between GAV and GAD was modelled by
means of natural cubic splines. Covariates included in
individual models and degrees of freedom are shown in Table 4.

Term and preterm infants born to women vaccinated during
pregnancy can expect highest cord blood anti-PT antibody titers
if they are vaccinated 6.5-20.5 weeks prior to delivery
(Figure 2B). The highest cord blood antibody titers against
FHA and PRN were found in infants born to women
vaccinated 7.5-20.5 and 6.0-20.5 weeks prior to delivery,
respectively (Figures 2D, F). Mean estimates are stable for
cord blood antibody titers between 6.0/7.5-20.5 weeks. When
vaccinating closer to delivery than the lowest value of the
interval, a steady decrease in antibody titers is seen as the
interval between GAV and GAD tends to 0.

Covariates Influencing the Impact of
Gestational Age at Vaccination and
Interval Between Vaccination and
Delivery on Cord Blood Antibody Titers
Several factors were found to be influential in the final model
estimates for antibody titer (Table 4). The covariates varied
depending on the antigen investigated but did not impact the
cut-off point for GAV or the interval between GAV and GAD
beyond which lower antibody titers are observed, e.g. lower anti-
June 2022 | Volume 13 | Article 913922
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PT titers were always estimated when vaccinating after 32.5
weeks GA, regardless of infant weight. In Models 1, 2, 5 and 6,
country was found influential and explains a large amount of
variability in the data. In Models 3 and 4, country was not
included and the variable study group explains the largest
amount of variability in the data.

In Models 3 and 4, the use of different maternal vaccines also
has an impact on cord blood antibody titers. In Model 3, where
the variable vaccine was included, study group BE1 (women
receiving Boostrix®) has the lowest predicted GMCs. However,
Frontiers in Immunology | www.frontiersin.org 4
in Model 4 where the variable vaccine was not included, VN1
(women receiving Adacel®) have the lowest predicted GMCs.
DISCUSSION

Although some studies have already demonstrated the benefits of
vaccinating earlier in pregnancy to achieve high antibody titers in
infants at birth, the optimal timeframe for Tdap vaccination
during pregnancy is still under debate (7–10). This analysis
TABLE 3 | GMCs with 95% CIs measured in infants at delivery in total parent population (only 544 infants had information about antibody titers at delivery available) and
study groups by aim.

Anti-PT Anti-FHA Anti-PRN

Parent Population Aim 1 Aim 2 Parent Population Aim 1 Aim 2 Parent Population Aim 1 Aim 2

n 544 475 541 544 474 541 544 474 541
GMC (95% CI) 3.99

(3.90-4.07)
4.01

(3.91-4.10)
3.99

(3.90-4.08)
5.61

(5.51-5.71)
5.70

(5.59-5.80)
5.61

(5.51-5.71)
5.26

(5.10-5.41)
5.28

(5.11-5.44)
5.26

(5.11-5.41)
June 2022 | Vo
lume 13 | Art
*GMCs are expressed in IU/mL (BE1, VN1, TL1) or EU/mL (BE2, BE3), n = number of observations. PT, Pertussis Toxin; FHA, Filamentous Hemagglutinin; PRN, Pertactin.
Aim 1: determine the effect of GAV on cord blood antibody titers in term born infants; Aim 2: determine the effect of the interval between GAV and GAD on cord blood antibody titers in term
and preterm born infants). GMCs are expressed in IU/mL (BE1, VN1, TL1) or EU/mL (BE2, BE3), n = number of observations.
TABLE 2 | General characteristics of parent population and study population by aim.

Parent population
(all women and infants)

Study population used to determine the
effect of Gestational age at Vaccination on
cord blood antibody titers in term born

infants (Aim 1)

Study population used to determine the effect of
interval between Gestational Age at Vaccination and
Gestational age at delivery on cord blood antibody

titers in term and preterm born infants (Aim 2)

Number of participants 698 475 541
Median Gestational Age at
Vaccination (min-max)

30.0 (13.4-37.1) 30.1 (19.6-36.9) 29.9 (19.6-36.9)

Median Gestational Age at
Delivery (min-max)

38.9 (28.4-42.4) 39.3 (37.0-42.4) 39.0* (28.4-42.4)

Median Interval Between
Vaccination and Delivery in
Weeks (min-max)

8.6 (0.4-26.1) NA 9.0 (0.7-20.4)

Mean Maternal Age at
Delivery (SD)

29.9 (5.03) 29.8 (5.25) 29.9 (5.07)

Study Group: n (%)
BE1 59 (8.5) 56 (11.8) 58 (10.7)
VN1 55 (7.9) 45 (9.5) 50 (9.2)
TL1 370 (53.0) 278 (58.5) 284 (52.5)
BE2 114 (16.3) 96 (20.2) 96 (17.7)
BE3 100 (14.3) 0 (0) 53 (9.8)

Study Country: n (%)
Belgium 273 (38.9) 152 (32) 208 (38.4)
Vietnam 55 (7.9) 45 (9.5) 49 (9.1)
Thailand 370 (53.2) 278 (58.5) 284 (52.5)

Parity: n (%)
Primiparous 416 (59.9) 273 (57.5) 314 (58.0)
Multiparous 278 (40.1) 202 (42.5) 227 (42.0)

Preterm-born Infants: n (%)
Term-born 565 (80.9) NA 474 (87.6)
Preterm 133 (19.1) NA 67 (12.4)

Presence of Infants from a
Twin Pregnancy: n (%)
Single birth 654 (93.7) 470 (98.9) 511 (94.5)
Twin 44 (6.3) 5 (1.1) 30 (5.5)
*Median GAD for preterm deliveries was 35.7 weeks (min-max: 28.4-36.9). GAV = gestational age at vaccination, GAD = gestational age at delivery, max =maximum, min =minimum, NA =
not applicable, n = number of observations, SD; standard deviation; BE1, Belgium 1; VN1, Vietnam 1; TL1, Thailand 1; BE2, Belgium 2; BE3, Belgium 3.
icle 913922
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investigates the impact of timing of Tdap vaccination in
pregnancy on infant antibody titers at birth using data from
different studies conducted in several countries, applying a
modelling approach over a continuous range of GAV spanning
from 19.5-37.0 weeks. Our results show clear association between
timing of vaccination during pregnancy and cord blood antibody
titers. In our models, the highest infant antibody titers at delivery
are achieved in women vaccinated earlier than 31.0-32.5 weeks
gestation for term born infants and at least 6.0-7.5 weeks before
delivery for both term and preterm born infants, with variations
observed across the different pertussis-specific antigens. Based on
our models, women vaccinated towards the end of current
recommended national guidelines will not be affording their
infants the highest possible antibody titers at birth, especially if
the infant is born preterm.

When considering the effect of GAV on cord blood antibody
titers in term born infants, our models show the highest titers
against PT, FHA and PRN in women vaccinated in the second,
and early third trimester of pregnancy before 32.5, 31.5 and 31
weeks gestation respectively. A drop in cord blood antibody titers
is observed with increasing GAV in the third trimester of
pregnancy. This corresponds with what has already been
Frontiers in Immunology | www.frontiersin.org 5
reported in literature where several studies report higher
antibody titers in cord blood from infants born to women
vaccinated early in the third trimester than those vaccinated
later in pregnancy (10, 24, 25).

The study by Eberhardt et al. even suggested that higher
antibody titers in cord blood are achieved in infants born to
women vaccinated between 13.0-25.0 weeks gestation compared
to those vaccinated after 25 weeks (8). However, our analysis did
not show notable differences in antibody titers across women
vaccinated between 19.5-31.0 weeks gestation. A reason for these
conflicting results could be that a disproportionate amount of
women within Eberhardt’s study group vaccinated after 25 weeks
were vaccinated later, rather than earlier in the third trimester.
The lower cord blood antibody titers observed in women
vaccinated closer to delivery are in accordance with the
saturable nature of transplacental IgG antibody transfer and
longer in-utero exposures to high antibody concentrations (26).

When including preterm born infants in the analysis, the results
reinforce the conclusions made onGAV. The models estimate that
an interval of at least 6.0-7.5 weeks is required between vaccination
anddelivery to achieve the highest antibody titers in infants at birth,
with cord blood antibody titer estimates plateauing for vaccinations
TABLE 4 | Overview of models. *Aim 1: effect of GAV on pertussis-specific antibody titers at birth; Aim 2: effect of interval between GAV and GAD on pertussis-specific
antibody titers at birth.

Model Aim* Short description Spline degrees of
freedom

Covariates included in model

1 1 LMM showing the association of GAV with cord anti-PT
antibodies

4 Country, birth weight and number of days delivered before/after
the due date

2 2 LMM showing the association of Int with cord anti-PT
antibodies

4 Country and birth weight

3 1 LMM showing the association of GAV with cord anti-FHA
antibodies

5 Vaccine type and birth weight

4 2 LMM showing the association of Int with cord anti-FHA
antibodies

3 Birth weight

5 1 LMM showing the association of GAV with cord anti-PRN
antibodies

3 Country, birth weight, and age of mother at birth

6 2 LMM showing the association of Int with cord anti-PRN
antibodies

5 Country, preterm/term born, birth weight and age of mother at
birth
GAD, gestational age at delivery; GAV, gestational age at vaccination; Int, interval between GAV and GAD; LMM, Linear Mixed Model; PT, Pertussis Toxin; FHA, Filamentous Hemagglutinin; PRN,
Pertactin. *Aim 1: effect of GAV on pertussis-specific antibody titers at birth; Aim 2: effect ofinterval between GAV and GAD on pertussis-specific antibody titers at birth.
FIGURE 1 | Boxplots comparing cord blood antibody titers across study groups for anti-PT (left), anti-FHA (centre) and anti-PRN antibodies (right), reported in
IU/mL (BE1, VN1, TL1) or EU/mL (BE2, BE3). Geometric Mean Concentrations (GMCs) are represented by dashed horizontal lines. BE1, Belgium 1; VN1, Vietnam 1;
TL1, Thailand 1; BE2, Belgium 2; BE3, Belgium 3; PT, Pertussis Toxin; FHA, Filamentous Hemagglutinin; PRN, Pertactin.
June 2022 | Volume 13 | Article 913922
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A B

C D

E F

FIGURE 2 | Observed GMCs (points) and model estimates (solid line) with 95% confidence intervals (shaded area) for antibody titers across covariates. Note, results of
the LMMs are presented as graphical representations, keeping stated covariates constant to visualise the effect of timing of maternal vaccination on cord antibody titers.
(A) Model 1: GMC estimates for cord anti-PT titers at delivery by GAV across country with covariates: weight = mean birth weight, BA-EDD = 0 days. (B) Model 2: GMC
estimates for cord anti-PT titers at delivery by interval between GAV and GAD across country with covariates: weight = mean birth weight. (C) Model 3: GMC estimates
for cord anti-FHA titers at delivery by GAV across study groups with covariates: weight = mean birth weight, vaccine = Boostrix®. (D) Model 4: GMC estimates for cord
anti-FHA titers at delivery by interval between GAV and GAD across study groups with covariates: weight = mean birth weight. (E) Model 5: GMC estimates for cord anti-
PRN titers at delivery by GAV across country with covariates: weight = mean birth weight, age = mean age of mother at birth. (F) Model 6: GMC estimates for cord anti-
PRN titers at delivery by interval between GAV and GAD across country with covariates: weight = mean birth weight, age = mean age of mother at birth, being term born.
BA-EDD = number of days delivered before/after the due date, GAD = gestational age at delivery, GAV = gestational age at vaccination, GMC = geometric mean
concentration, BE1 = Belgium 1, VN1 = Vietnam 1, TL1 = Thailand 1, BE2 = Belgium 2, BE3 = Belgium 3, PT = Pertussis Toxin, FHA = Filamentous Haemmaglutinin,
PRN = Pertactin, LMMs = linear mixed models.
Frontiers in Immunology | www.frontiersin.org June 2022 | Volume 13 | Article 9139226
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further from delivery. The minimum interval between GAV and
GAD to afford the highest antibody titers at birth is therefore
estimated to be greater than 7.5 weeks before delivery. This interval
correspondswith the optimalGAV found for termborn infants, but
the results for termborn infants do not hold for preterm infants due
to their lower GAD. Therefore, vaccination earlier in pregnancy is
necessary to protect both term and preterm born infants as we are
unable to accurately predict how far into a pregnancy a woman
will deliver.

Due to the timing of implementation of infant pertussis
vaccination schedules in Vietnam (1981) and Thailand (1977),
the vaccine administered duringpregnancy in these countries could
be the first aP containing vaccine the women are receiving in their
life, whereas it is likely a booster vaccination in Belgian women (27,
28). As such, women are likely to experience different immune
responses in pregnancy based on whether this was a priming or
booster vaccine dose. Consequently, country was shown to be an
influential covariate in most models, accounting for large
differences in GMC estimates. In models where country was not
included, the largest differences in estimated cord blood antibody
titers were observed between study groups. Although the same
covariates are not present in eachmodel, the information conveyed
to the models by these variables is very similar as individual study
groups did not span multiple countries.

The vaccines Boostrix® and Adacel® contain differing
compositions of antigens and could therefore elicit different
immune responses. This relationship is demonstrated in
Models 3 and 4. Model 3 (effect of GAV on cord anti-FHA
antibodies) estimates infants in VN1 to exhibit higher anti-FHA
antibody titers than infants in BE1 if vaccine is kept constant.
However, type of vaccine was not included in Model 4 (effect of
Int on cord anti-FHA antibodies) and the difference in vaccine
compositions is no longer explained by an independent variable.
As such, infants in BE1 are estimated to exhibit higher antibody
titers than those in VN1 in Model 4.

A key strength of our analysis is the large sample size allowing
us to model GAV on a continuous scale. This allowed us to closer
pinpoint after which timepoint of vaccination during pregnancy
lower antibody titers are expected in the infant at birth. We
analyse data spread across different countries, containing the
biggest collection of pertussis-specific antibody data for preterm
infants to date. This allows us to draw more global conclusions
from our results with greater generalisability. Due to the
distribution of the data, our models can be deemed to be most
reliable between gestational ages 25-35 weeks, and Int <15 weeks,
with CIs widening outside these boundaries in all models.

Our analysis had several limitations. Exclusion criteria were
not entirely consistent across studies, resulting in baseline
differences across study groups. Due to differences in study
protocols, certain data were not available in each study, such
as data on maternal humoral immune response in pregnancy.
Also, this analysis only looked at the impact of timing of
vaccination in pregnancy on infant antibody titers at birth, not
taking into account the possible impact on T-cell mediated
immunity. However, so far, no data are available yet on the
transfer of T-cell immunity across the placenta. Another
Frontiers in Immunology | www.frontiersin.org 7
limitation of the analysis is the large proportion of missing
blood samples in preterm born infants. Complications are
more likely to arise in preterm deliveries; resulting in higher
probability of missing blood samples during delivery or
withdrawal from the study. As such, we surmise that the data
are MAR. Less biased estimates may be possible using multiple
imputation. However, as imputation of outcome variables can
lead to biases of their own, complete case analysis was deemed to
yield valid approximations (29).

To conclude, our results support vaccination in the second
and early third trimester of pregnancy in order to maximise
protection afforded to newborns through vaccination during
pregnancy. In addition, we advocate vaccinating earlier within
this window in order to stand a better chance of affording the
same benefits to both term and preterm born infants. It is
important to take preterm deliveries into account when
defining optimal vaccination windows and based on our
models many women vaccinated towards the end of national
recommendations are not affording their infants the highest
possible antibody titers at birth in-pregnancy vaccination and
provides additional information to guide policymaking.
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