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Introduction: Pertussis is re-emerging worldwide, despite effective immunization pro-
grams for infants and children. Epidemiological studies show a more limited duration of
protection against clinical pertussis in adolescents primed with acellular pertussis (aP)
vaccines during infancy than those who have been primed with whole-cell pertussis (wWP)
vaccines. This study aimed to determine whether memory immune responses to aP,
diphtheria, and tetanus vaccine antigens following booster vaccinations at 4 and 9 years
of age differ between wP- versus aP-primed children.

Methods: In a cross-sectional study, blood was collected of DTwP- or diphtheria, tet-
anus, and aP (DTaP)-primed children before, 1 month, and 2 years after the preschool
DTaP booster administered at 4 years of age (n = 41-63 per time point). In a longitudinal
study, blood was sampled of DTwP- or DTaP-primed children before, 1 month, and
1 year after a preadolescent Tdap booster at 9 years of age (n = 79-83 per time point).
Pertussis, diphtheria, and tetanus vaccine antigen-specific IgG levels, B-cell and T-cell
responses were determined.

Results: After the preschool booster vaccination, IgG levels were significantly higher in
aP-primed as compared with wP-primed children until 6 years of age. Before the pread-
olescent Tdap booster vaccination, humoral and cellular immune responses were similar
in aP- and wP-primed children. However, the Tdap booster vaccination induced lower
vaccine antigen-specific humoral, B-cell, and T-helper 1 (Th1) cell responses resulting
in significantly lower Th1/Th2 ratios in aP-primed compared with wP-primed children.

Conclusion: The memory immune profiles at preadolescent age to all DTaP vaccine
antigens are already determined by the wP or aP combination vaccines given in infancy;,
showing a beneficial Th1-dominated response after wP-priming. These immunological
data corroborate epidemiological data showing that DTaP-primed adolescents are less
protected against clinical pertussis than DTwP-primed children.
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Priming Determines Long-Term Immune Profiles

INTRODUCTION

Since the introduction of whole-cell pertussis (wP) vaccines in the
1940s, widespread vaccination of children strongly reduced the
incidence of clinical pertussis (1). Despite effective infant immu-
nization programs and high vaccination coverage in developed
countries, pertussis is re-emerging worldwide, not only in non- or
partially vaccinated infants but also in adolescents and adults
(2-8). Estimates from the WHO suggest that approximately 16
million cases and 200,000 deaths are due to pertussis annually
(9). Large population-based serosurveillance studies conducted
in the Netherlands reported up to 9% of asymptomatic pertussis
infections in the population above 9 years of age (10, 11).

In a response to the high number of adverse reactions after wP
vaccination, acellular pertussis (aP) vaccines have been developed
and implemented in the USA from the mid 1990s and subsequently
in many national immunization programs (NIP) of high-income
countries in the following decades (12). In the Netherlands, the
wP vaccine was replaced by the aP vaccines for the infant priming
vaccination series in 2005. The switch from wP to aP vaccines
did not cease pertussis re-emergence but rather contributed to
the increased incidence of pertussis. Cyclic outbreaks of pertussis
are being reported regularly, with the epidemic of 2012 being the
largest one since pertussis vaccine introduction (6, 13). The reason
of this resurgence is multifactorial, with improved diagnostics,
enhanced surveillance, and the switch from wP to aP vaccines
but also changes in genetic composition of pertussis strains and
especially rapidly waning immunity after vaccination or even
after natural infection. Epidemiological studies conducted in the
USA and Australia indicated that preschool (at age 4-6 years)
and adolescent (at age 11-13 years) aP booster vaccinations only
protect for a few years against clinical pertussis, and that vaccine
acquired protection wanes more rapidly in individuals primed
with aP vaccines at infancy than individuals who were primed
with wP vaccines at infancy (14-16). Furthermore, another study
also indicated that the increased clinical pertussis incidence in
aP-primed adolescents was not cofounded by age or time since
last booster vaccination (17). This means that significant numbers
of aP-primed individuals become susceptible to infection within
a few years after a booster vaccination. Pertussis vaccine studies
in the baboon model have demonstrated that aP vaccines prevent
clinical disease, but do not preclude asymptomatic infection,
colonization, and transmission, which is associated with a lack of
T-helper 1 (Th1) immune responses (18).

The immune mechanisms important for protection against
pertussis in humans still remain elusive. Protection is suggested
to be mediated by both humoral and cellular immunity (19, 20).
Higher pertussis-specific antibody levels and memory B-cell
responses have been reported in aP-primed versus wP-primed
children after a diphtheria, tetanus, and aP (DTaP) booster at age
4 years (21, 22). In addition, DTaP booster vaccination induced
higher Th1 and Th2 T-cell responses in preschool aP-primed
children compared with wP-primed children (23). Th1 cells are
crucial for bacterial clearance and therefore more associated with
protection against pertussis than Th2 cells (24).

To elucidate the immune mechanism in relation to long-
term protection against pertussis, it is important to evaluate

pertussis-specific immune responses over time. In this study, long-
term humoral and cellular immune responses to pertussis have been
determined in groups of children till adolescent age who received
either DTWP or DTaP combination vaccines in infancy following
two successive pertussis booster vaccinations at the age of 4 and
9 years.

METHODS
Study Design and Participants

For this study, blood samples were collected at six different time
points from children primed with either wP or aP combination
vaccines in the first year of life (Figure 1). The participants received
their vaccinations according to the Dutch NIP: DTwP or DTaP at
2,3,4, and 11 months of age and DTaP at 4 years of age. Blood was
cross-sectionally sampled before the preschool DTaP booster vac-
cination at age 4 years, and 1 month and 2 years after the preschool
booster. After an additional Tdap booster vaccination at 9 years
of age, blood was longitudinally sampled before, 1 month, and
1 year from groups of wP- or aP-primed children. This aP booster
is not implemented in the Dutch NIP, therefore, these children
participated in a longitudinal phase IV intervention study. All
information regarding study recruitment, characteristics, and
flow charts were previously described [ISRCTN65428640 (25)
and ISRCTN64117538 (26, 27)], except for the aP-primed children
9 years of age. Information regarding the recruitment and flow chart
of these aP-primed 9-year olds is given in Method S1 and Figure
E1 in Supplementary Material (2013-001864-50"; NTR4089?). Sex
distribution between the wP-primed and aP-primed groups was
similar at all time points. For all participants, written informed
consent was obtained from both parents and/or legal representa-
tives in accordance with the Declaration of Helsinki.

Vaccination Background

During infancy, children received either a diphtheria, tetanus,
wP, inactivated polio virus, Haemophilus influenzae type b
(DTwP-IPV-Hib; Netherlands Vaccine Institute, Bilthoven, the
Netherlands) (wP-primed children), ora DTaP-IPV-Hib [Infanrix-
IPV-Hib™, GlaxoSmithKline (GSK), Rixensart, Belgium]
(aP-primed children) combination vaccineat 2, 3,4,and 11 months
of age. Children received a pediatric DTaP booster vaccination at
4 years of age [Infanrix-IPV™, GSK; containing 25 pg pertussis
toxin (PT) and filamentous hemagglutinin (FHA), 8 ug pertactin
(Prn), >30 IU diphtheria toxoid (Dd), and >40 IU tetanus toxoid
(Td)]. In addition, a Tdap booster vaccination was administered
to children 9 years of age (Boostrix-IPV™, GSK; containing 8 g
PT and FHA, 2.5 pg Prn, >2 IU Dd, and >20 IU Td).

Blood Samples

Blood was sampled at 4 years of age, before the DTaP booster vac-
cination, 1 month (28 =+ 2 days), and 2 years (+2 weeks) after the
DTaP booster. From children 9 years of age, blood was sampled
just before, 1 month (28 + 2 days), and 1 year (+2 weeks) after

'https://eudract.ema.europa.eu.
Zhttp://trialregister.nl.
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FIGURE 1 | Overview of the study groups. Schematic overview of the six blood sampling time points. Children were primed with either whole-cell pertussis (wP) or
acellular pertussis (aP) combination vaccines in the first year of life (2, 3, 4, and 11 months of age) and received a diphtheria, tetanus, and aP (DTaP) booster
vaccination at 4 years of age, all according to the Dutch national immunization program. Groups of children were sampled cross-sectionally pre-booster, 1 month
and 2 years (at 6 years of age) post DTaP booster vaccination at 4 years of age (indicated in red) (25). In addition, children 9 years of age, primed with either wP
vaccines (26, 27) or with aP vaccines (NTR4089, Figure E1 and Method S1 in Supplementary Material) received an additional Tdap booster vaccination and were
sampled longitudinally before, 1 month, and 1 year after the booster (indicated in green).

a Tdap booster vaccination. Vacutainer cell preparation tubes
containing sodium citrate (Becton Dickinson Biosciences, San
Diego, CA, USA) were used for all blood samplings. Peripheral
blood mononuclear cells were isolated within 18 h and stored at
—135°C, and plasma was stored at —20°C as described (28).

Serological Analysis

Plasma IgG antibody concentrations against PT, FHA, Prn, Dd,
and tetanus toxin were quantified using the fluorescent bead-
based multiplex immunoassay as described (2, 29). The WHO
international standard (Pertussis Antiserum first international
standard, 06/140, NIBSC, Potters Bar, UK) was used to express
pertussis IgG concentrations in IU/mL.

Memory B- and T-Cell Responses

From a randomly selected subset of 20 longitudinal blood samples
of the children aged 9 years, PT, FHA, Prn, and Td-specific enzyme-
linked immunospot assays were performed on purified B-cells to
determine the numbers of antigen-specific IgG producing memory
B-cells (22, 28). The same PBMC samples, depleted of CD19* cells,
were stimulated for 5 days with PT (heat inactivated), FHA, Prn,
Td, or pokeweed mitogen and culture supernatants were stored
at —80°C (23). In these supernatants, the cytokines interferon-
gamma (IFN-vy) (Th1), interleukin-13 (IL-13) (Th2), IL-17 (Th17),
and IL-10 (Treg) were quantified using the Bio-Plex cytokine assay
kits (Bio-Rad Laboratories, Hercules, CA, USA) (27).

Statistical Analyses

Geometric mean concentrations with corresponding 95% con-
fidence intervals were calculated for antigen-specific IgG and
cytokine responses. Numbers of antigen-specific memory B-cells

were counted per 10° B-cells and corresponding geometric mean
values were calculated. Normal distribution of (log-transformed)
data was checked before analysis. Differences in IgG concentra-
tions between independent or paired samples were tested with
corresponding t-tests. Differences in not normally distributed
B-cell numbers and cytokine concentrations were tested with
Mann-Whitney U (independent samples) or Wilcoxon signed
ranks (paired samples) tests. Differences in proportion of chil-
dren with a PT-IgG concentration >50 IU/mL were tested with
Chi-square tests. Within the longitudinal studies, p-values were
corrected for multiple testing according to the Bonferroni test.
p-Value <0.05 was considered statistically significant. Data were
analyzed using GraphPad Prism 6 (GraphPad Software, La Jolla,
CA, USA), and SPSS statistics 22 (IBM, Armonk, NY, USA).

RESULTS
Study Groups

The study characteristics of wP- and aP-primed children 4-6 years
of age and wP-primed children 9 years of age have been described
previously (25-27). The flow chart of aP-primed children 9 years
of age are depicted in Figure El in Supplementary Material.
A schematic overview of all groups is depicted in Figure 1.

IgG Antibody Levels after the Preschool
DTaP Booster Vaccination in Children

4-9 Years of Age

After the preschool DTaP booster, pertussis-specific IgG levels
were significantly higher in aP-primed compared with wP-primed
children until 6 years of age (Figure 2; Table E1 in Supplementary
Material). Moreover, Prn-IgG levels remained significantly higher
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FIGURE 2 | IgG antibody levels in children 4-9 years of age covering two booster vaccinations. (A) Pertussis toxin (PT), (B) flamentous hemagglutinin (FHA),

(C) pertactin (Prn), (D) diphtheria toxoid, and (E) tetanus toxin-specific IgG levels (IU/mL) of 4- to 9-year-old whole-cell pertussis (wP)- (blue circles) or acellular
pertussis (aP)-primed (red triangles) children. Blood was sampled cross-sectionally at 4 years of age before, 1 month, and 2 years (6 years of age) after the
preschool diphtheria, tetanus, and aP booster and from different children longitudinally at 9 years of age before, 1 month, and 1 year after the preadolescent Tdap
booster. Note, black lines indicate geometric mean concentration with 95% confidence interval, *p-value <0.05, and “*p-value <0.01. Note, data of PT, FHA, and
Prn for wP-primed children aged 4-9 years and aP-primed children aged 4—6 years were previously published (25, 26).
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in aP-primed children until 9 years of age (Figure 2). In contrast,
diphtheria-IgG levels were significantly lower until 6 years of age
in aP-primed as compared with wP-primed children, whereas no
differences were observed for tetanus-IgG levels between the two
groups. In general, all pertussis-specific IgG levels were low at
9 years of age, although significantly higher in both groups as
compared with preschool booster levels at 4 years of age, with the
exception of PT-IgG levels in aP-primed children aged 9 years
(Table El in Supplementary Material). Diphtheria-IgG levels

were significantly lower in both wP- and aP-primed children aged
9 years compared with levels before the preschool booster.

IgG Antibody Kinetics after a
Preadolescent Tdap Booster

Vaccination in Children 9 Years of Age
IgG antibody levels specific for all five vaccine antigens (PT, FHA,
Prn, diphtheria, and tetanus) were significantly higher 1 month
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and 1 year after the preadolescent Tdap booster at 9 years of age
compared with pre-booster levels for all children (Table El in
Supplementary Material). However, we observed differences in
dynamics between wP- and aP-primed children. One month
after the preadolescent Tdap booster, aP-primed children had

significantly lower PT-, FHA-, diphtheria-, and tetanus-IgG levels
compared with wP-primed children (all p-values <0.001), a dif-
ference which remained for at least 1 year for FHA-IgG (p-value
<0.001) (Figures 2 and 3; Table E1 in Supplementary Material).
The increase in IgG levels for the three pertussis antigens after the
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preadolescent booster was significantly less in aP-primed children
compared with wP-primed children, while no differences were
observed for diphtheria and tetanus (Table E2 in Supplementary
Material).

To exclude possible differences in exposure to pertussis
between wP- and aP-primed groups, we compared the IgG levels
against PT, which is the specific antigen for Bordetella pertussis.
We found no difference in the proportion of children 9 years
of age with a PT-IgG concentration >50 IU/mL [suggestive
for recent pertussis infection (11, 30)] before the Tdap booster
(p-value = 0.576) (Figure 3A). None of the children indicated to
have had clinical pertussis in the year preceding the preadolescent
booster vaccination.

B-Cell Responses after a Preadolescent
Tdap Booster Vaccination in Children
9 Years of Age

No differences were observed in the number of antigen-specific
memory B-cells between wP- and aP-primed children before the
preadolescent booster (Figure 4). Similar to PT- and FHA-IgG
levels, the numbers of PT- and FHA-specific memory B-cells
were significantly lower 1 month after the booster in aP- com-
pared with wP-primed children (p-value = 0.005 and 0.018,
respectively). This trend was also observed for Prn and tetanus,

but failed to reach significance. One year after the booster, differ-
ences in numbers of memory B-cells had disappeared. Although
numbers of Prn-specific memory B-cells were not significantly
different, a significant smaller increase in numbers between pre
(T0) and 1 month post-booster (T1) vaccination was observed
in aP- versus wP-primed children (GM T1/TO0 ratio = 4.40 and
15.96, respectively; p-value = 0.001).

Overall, the number of antigen-specific memory B-cells was
significantly higher for all four antigens (PT, FHA, Prn, and teta-
nus) in both groups at 1 month and 1 year post-booster compared
with pre-booster (Figure 4). However, the number of circulating
memory B-cells 1 year post-booster had significantly declined in
both groups.

T-Cell Responses after a Preadolescent
Tdap Booster Vaccination in Children
9 Years of Age

We found significantly lower IFN-y levels in aP-primed com-
pared with wP-primed children for FHA before the booster,
for all four antigens (PT, FHA, Prn, and tetanus) at 1 month
and for PT, FHA, and tetanus 1 year post-booster (Figure E2 in
Supplementary Material), while IL-13 levels only differed for Prn
before the booster vaccination between wP- and aP-primed chil-
dren. Although IL-17 cytokine levels were significantly higher in
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wP-primed children for FHA and tetanus 1 month post-booster
compared with aP-primed children, all IL-17 levels remained
low, especially in relation to IFN-y and IL-13 levels. The IL-10
cytokine levels of vaccine antigen-stimulated T-cells were low
and still showed a high variability at all time points (Figure E2 in
Supplementary Material).

With higher IFN-y levels, the ratio of IFN-y/IL-13 (Th1/Th2
cells) was >1 for all antigens and at all time points in wP-primed
children (Figure 5), while this ratio was always <1 in aP-primed
children, except for FHA both before and 1 month after the
preadolescent booster. This resulted in significantly lower Th1/
Th2 (IFN-y/IL-13) ratios at all time points and for all antigens in
aP-primed compared with wP-primed children (Figure 5).

No differences in IFN-vy, IL-13, IL-17, and IL-10 cytokine lev-
els were observed between the time points pre- and post-booster
within the wP- and aP-primed groups of children, except for lower
PT-specific IL-10 production and FHA-specific IL-17 production
in wP-primed children 1 year after the booster compared with
1 month (Figure E2 in Supplementary Material).

DISCUSSION

Based on epidemiological data, waning protection of pertussis-
specific immunity seems to occur more rapidly in children who

received aP vaccines at infant age in comparison with those who
received wP vaccines. In this study, for the first time, we corrobo-
rate these epidemiological data with long-term immunological
data in groups of children up to 10 years of age showing that
priming during infancy with either wP or aP vaccines determines
the humoral and cellular immune responsiveness to additional aP
booster vaccinations until at least preadolescent age. We clearly
showed that replacement of a DTwP combination vaccine by DTaP
combination vaccines has enhanced pertussis immune responses
on the short term till 6 years of age, 2 years after the fifth DTaP
booster at preschool age. However, after the preadolescent Tdap
booster vaccination, humoral and cellular immunity showed a
shift. While Th2 responses were similar between the two groups,
preadolescents primed with wP vaccines during infancy had the
more favorable Th1-dominated immune response compared to
aP-primed preadolescents for at least 1 year after the booster
vaccination. This resulted in a Th2-skewed profile still present
in adolescents primed with repeated aP vaccines during infancy
that corroborates the increased pertussis incidence in aP-primed
adolescents during pertussis outbreaks.

Although the resurgence of pertussis had already started before
the introduction of aP vaccines, the incidence of pertussis has
sharply increased since aP vaccines have been implemented in
all primary and booster vaccination schedules in many countries
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worldwide (31). In the past years, the majority of the pertussis
scientific community has reached consensus that priming with
aP vaccines is less effective than with wP vaccines in maintain-
ing pertussis immunity (31-33). It has been demonstrated that
growing cohorts of older children and adolescents who only have
received aP vaccines continue to be at higher risk of contracting
pertussis than wP-primed individuals and thereby sustaining epi-
demics (34). In the Netherlands, the wP vaccines were replaced
by aP vaccines in 2005. Therefore, we have not yet observed a
difference in adolescent pertussis cases based on a different prim-
ing vaccine regime, as the fully aP vaccinated adolescents now are
reaching the age of 13 years.

We showed that the aP-primed children 6 years of age had
the advantage of having higher pertussis-specific antibody levels
2 years after the preschool booster compared with wP-primed
children. This effect was lost at 9 years of age, with low antibody
levels in both wP- and aP-primed children, although Prn-IgG
levels remained higher in aP-primed children due to the much
higher antibody response shortly after the preschool booster
vaccination. Subsequently, the preadolescent booster vaccination
induced lower pertussis-specific antibody levels and numbers
of memory B-cells in aP-primed compared with wP-primed
children. This implies that germinal center responses after wP-
priming lead to a more sustainable memory B-cell compartment
that is longer boostable during life. Interestingly, we showed that
the rise in antibody levels upon a sixth aP vaccination was less
than after the fifth aP vaccination, indicating that the degree of
antibody production does not persist at the same level despite
several vaccine doses. This might be explained by the lower
pertussis antigen concentration in the preadolescent Tdap
booster vaccination compared with the preschool DTaP booster
vaccination. However, wP-primed children, vaccinated with the
same DTaP and Tdap booster vaccines as the aP-primed children,
showed higher pertussis-specific IgG levels 1 month after the pre-
adolescent booster vaccination compared with 1 month after the
preschool booster vaccination. This is in line with Eberhardt and
Siegrist, who suggest that germinal center reactions induced by
aP-priming vaccines are not effective enough to confer long-term
memory responses (35). Furthermore, the more durable priming
upon wP vaccination might especially be due to the presence of
lipopolysaccharide, a highly immune-stimulatory bacterial cell
wall component, operating as an adjuvant by activating innate
immune cells via toll-like receptor 4 (36). The lack of immune-
stimulatory components in the aP vaccines might explain the
limited duration of effective immune responses against pertussis.

Importantly, the T-cell responses of aP vaccinated children
showed a clear Th2-skewed profile, especially after the sixth aP
vaccination at 9 years of age for the three pertussis vaccine anti-
gens, as well as for the co-administered tetanus toxoid. Previous
studies indicated more Th2 polarization in infants, children, and
even in adults who have been primed with aP vaccines compared
with wP-priming (37, 38). We now show that the polarization
toward a Th2 profile in aP-primed preadolescents was caused by
a decreased production of the Thl cytokines (IFN-y), and not
by a higher Th2 cytokine (IL-13) production. Since Th1 and Th2
cytokine levels remained unchanged upon the preadolescent
booster vaccination in both groups of children, Th1/Th2 ratios

did not substantially change following the booster. This is in
agreement with our earlier findings that aP-primed children
4 years of age showed high Th1 and Th2 responses, more effec-
tor memory and terminally differentiated CD4* T-cells that
remained unchanged or even decreased upon the preschool
booster, whereas those in wP-primed children were low but
increased upon a preschool booster vaccination (23, 39). Others
also described that wP-primed adolescents showed less termi-
nally differentiated pertussis-specific CD4* T-cell responses than
aP-primed adolescents (40). Natural boosting, due to the high
circulation of pertussis, will enhance the vaccine induced T-cell
responses during life. So, once a Th1 and/or a Th2 T-cell response
has been induced by primary immunizations early in life, it most
likely remains stable during life. Since Thl cytokines play an
important role in protection against pertussis (41), this might,
at least in part, explain the better protection found in wP-primed
individuals. Therefore, in future vaccine development strategies,
it is advisable to change the Th2-skewed T-cell responses upon
aP-priming in infancy into a more Thl-skewed response by
introducing other adjuvants in the priming combination vaccines
that stimulate the innate immune response toward a more Thl
profile (42). Another possible vaccination strategy could be to
use a wP vaccine as a first priming vaccination to establish a Th1-
dominated immune response, which is subsequently followed by
aP vaccines to boost the Th1-primed immunity (41, 43).

Although Th17 responses have been reported to play an
important role in protection against pertussis in mice and baboons
(44, 45), we found just low Th17 responses in both wP- and aP-
primed preadolescents, indicating that these responses may be
far less pronounced upon vaccination in humans than in animal
models. IL-10 might be involved in the regulatory T-cell response;
however, we found similarly low values of IL-10 in both groups.

The recruitment of the two groups of 9-year-old preadoles-
cents was conducted in two different years. This could introduce a
different epidemiological background between the cohorts, given
the frequent pertussis epidemics in the Netherlands. However,
the proportion of PT-IgG seropositive participants [>50 IU/mL
as indication of recent infection (11)] was similar in the two
groups. This indicates that the exposure to B. pertussis was most
likely similar and therefore did not affect our study results.

In conclusion, our pertussis immune responses in preadoles-
cents corroborate the epidemiological data showing that adoles-
cents primed with aP vaccines are less protected against pertussis
than those being primed with wP vaccines. New pertussis vac-
cines should be developed that induce a more Th1l-dominated
immune response in the primary vaccination series.
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