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Differential T- and B-Cell Responses to Pertussis in Acellular Vaccine-
Primed versus Whole-Cell Vaccine-Primed Children 2 Years after
Preschool Acellular Booster Vaccination
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This study investigated long-term cellular and humoral immunity against pertussis after booster vaccination of 4-year-old chil-
dren who had been vaccinated at 2, 3, 4, and 11 months of age with either whole-cell pertussis (WP) or acellular pertussis (aP)
vaccine. Immune responses were evaluated until 2 years after the preschool booster aP vaccination. In a cross-sectional study
(registered trial no. ISRCTN65428640), blood samples were taken from wP- and aP-primed children prebooster and 1 month
and 2 years postbooster. Pertussis vaccine antigen-specific IgG levels, antibody avidities, and IgG subclasses, as well as T-cell cy-
tokine levels, were measured by fluorescent bead-based multiplex immunoassays. The numbers of pertussis-specific memory B
cells and gamma interferon (IFN-vy)-producing T cells were quantified by enzyme-linked immunosorbent spot assays. Even 2
years after booster vaccination, memory B cells were still present and higher levels of pertussis-specific antibodies than pre-
booster were found in aP-primed children and, to a lesser degree, also in wP-primed children. The antibodies consisted mainly
of the IgG1 subclass but also showed an increased IgG4 portion, primarily in the aP-primed children. The antibody avidity indi-
ces for pertussis toxin and pertactin in aP-primed children were already high prebooster and remained stable at 2 years, whereas
those in wP-primed children increased. All measured prebooster T-cell responses in aP-primed children were already high and
remained at similar levels or even decreased during the 2 years after booster vaccination, whereas those in wP-primed children
increased. Since the Dutch wP vaccine has been replaced by aP vaccines, the induction of B-cell and T-cell memory immune re-

sponses has been enhanced, but antibody levels still wane after five aP vaccinations. Based on these long-term immune re-
sponses, the Dutch pertussis vaccination schedule can be optimized, and we discuss here several options.

Despite high rates of vaccination coverage in young children
since the 1940s and 1950s, whooping cough is reemerging in
high-income countries. In the Netherlands, this reemergence was
noticed from 1996 onward. Since then, peak incidences were ob-
served every 2 to 3 years, which were most evident in children 4 to
5 years of age who had been vaccinated with whole-cell pertussis
(wP) vaccine at 2, 3, 4, and 11 months of age (1). However, the
vaccine efficacy of the Dutch wP vaccine was not optimal, due to
low concentrations of and low antibody responses to pertussis
toxin (PT), filamentous hemagglutinin (FHA), and pertactin
(Prn) (2—4). Therefore, in 2001 an acellular pertussis (aP) pre-
school booster vaccination at 4 years of age was implemented,
which shifted the age of the highest pertussis incidence toward =9
years of age (5). From 2005 onward, all primary wP vaccinations
have been replaced by aP vaccinations. However, despite the im-
plementation of aP vaccinations in the industrialized world since
the 1990s, the pertussis reemergence has not been halted. In 2012,
anew pertussis incidence peak in the Netherlands was observed in
adolescents and adults, who can infect newborns who have not
been fully vaccinated, with high risks of severe disease and even
death.

The immune mechanisms important for protection against
pertussis in humans remain elusive. Protection against pertussis is
probably multifactorial (6) and is suggested to be mediated by
both humoral (7, 8) and cell-mediated (9-13) immunity. High
levels of antibodies against pertussis indicate previous infection or
recent vaccination and probably are associated with protection
against pertussis (8, 14). In general, higher antibody levels have
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been observed after switching from wP to aP vaccinations (3, 15).
These antibody responses consist of different subclasses with 1gG1
as the dominant subtype, followed by IgG2, IgG3, and IgG4 (16).
The induction of IgG subclasses is regulated by T-cell cytokine
production and is influenced by the nature and dose of the vaccine
antigens as well as the age of the vaccinees (17).

Previously higher memory B-cell responses and greater avidity
of pertussis-specific antibodies in aP-primed children than in wP-
primed children at 4 years of age were reported (2, 18), indicating
a more robust humoral immune response over time after infant
vaccination with aP vaccines. Additionally, aP vaccination in-
duced higher Th1 and Th2 T-cell responses 3 years after the pri-
mary vaccination series than did wP vaccination (19).

For optimal vaccination strategies, it is important to evaluate
the longevity of the pertussis-specific immune response. The aim
of this study is to evaluate the long-term antibody production and
memory B-cell and T-cell immune responses in children 6 years of
age, 2 years after aP preschool booster vaccination. The children
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FIG 1 Groups of children used in the cross-sectional study. wP-primed and aP-primed children received Infanrix-IPV as a booster aP vaccination at 4 years of
age. The children were studied before the booster and 28 days and 2 years after the booster. The total numbers of children recruited in the different study groups
are shown. For the various assays, variable numbers of children were included as indicated. In all groups, male and female subjects were included equally.

had previously been vaccinated during infancy with either the
Dutch wP vaccine or an aP vaccine.

MATERIALS AND METHODS

Study population. The children described in this study represent a
subset from a larger cross-sectional study (registered trial no.
ISRCTN65428640), performed between 2007 and 2009 in the Nether-
lands, that investigated the immunity to Bordetella pertussis in children
3 to 9 years of age. In this study, single blood samples (8 to 15 ml) were
collected by venipuncture in two groups of wP-primed children 4 years
of age (prebooster, n = 61; 28 days postbooster, n = 52), one group of
wP-primed children 6 years of age (2 years postbooster, n = 63), and
three corresponding groups of aP-primed children 4 and 6 years of age
(prebooster, n = 61; 28 days postbooster, n = 40; 2 years postbooster,
n = 61) for antibody determination (Fig. 1). For a randomly selected
subset of these groups of children, memory B-cell responses (1 = 11 to
19 per group) and T-cell responses (n = 5 to 15 per group) also were
determined, by using samples varying in peripheral blood mononu-
clear cell (PBMC) numbers from high to low. In all groups, male and
female subjects were included equally. For each child, both parents
provided informed consent. This study was conducted according to
the Declaration of Helsinki and good clinical practice guidelines, with
the approval of the ethics review committee (STEG-METC, Almere,
Netherlands).

Vaccines. At the time of this study, all children had received either the
Dutch whole-cell pertussis vaccine (diphtheria and tetanus toxoids [DT]-
wP-inactivated poliovirus vaccine [IPV]-Haemophilus influenzae type b
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[Hib] vaccine; NVI, Bilthoven, the Netherlands) or the acellular pertussis
vaccine (DT-aP-IPV-Hib vaccine, Infanrix-IPV-Hib; GlaxoSmithKline
Biologicals S.A., Rixensart, Belgium) at 2, 3, 4, and 11 months of age.
Children who had received the Pediacel vaccine (Sanofi Pasteur) at 11
months of age were excluded from this study. At 4 years of age, all children
had received an additional preschool booster vaccination with Infanrix-
IPV (GlaxoSmithKline Biologicals). Infanrix-IPV contains 25 pg PT, 25
pg FHA, and 8 g Prn.

Serological assays. Plasma levels of IgG directed against PT, FHA, and
Prn were detected in all samples by using a fluorescent bead-based mul-
tiplex immunoassay against PT, FHA (both from Kaketsuken, Kuramoto,
Japan), and recombinant Prn (20), as described previously (2, 21). The
in-house reference was calibrated against FDA human pertussis antise-
rum lot 3 (for PT and FHA) and lot 4 (for Prn). Although a new interna-
tional WHO reference is available, results were expressed in enzyme-
linked immunosorbent assay units (EU)/ml to keep this study in line with
our earlier published data. An arbitrary level of >20 EU/ml for the PT
antigen was defined as protective (22, 23).

For pertussis-specific IgG subclasses, a modified multiplex immuno-
assay was used, as described previously (24). The contribution of the mean
fluorescence intensity (MFI) for each IgG subclass was assessed as a per-
centage from the sum of MFI values for the 4 IgG subclasses together.

The avidity of PT- and Prn-specific antibodies was measured in
plasma with the multiplex immunoassay, as described previously (3). For
FHA, the avidity assay with thiocyanate leads to unacceptably high back-
ground levels. The avidity index was expressed as a percentage of the IgG
levels remaining in the presence of ammonium thiocyanate in compari-
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TABLE 1 Levels of total IgG and IgG subclasses before and after aP preschool booster vaccination

IgG and IgG subclass levels (EU/ml)*

Total IgG IgG1 1gG2 1gG3 1gG4
Time of assessment and antigen wP aP wP aP wP aP wP aP wP aP
Prebooster (WP, n = 61; aP, n = 61)
PT 45 7.7° 1.3 3.2b 1.7 1.7 0.02 0.05” 0.02 0.07”
FHA 8.8 16" 6.2 14° 0.46 0.36 0.08 0.10 0.09 0.60”
Prn 3.1 24° 1.8 20° 0.28 0.36 0.07 0.18% 0.02 0.67"
28 days postbooster (WP, n = 52; aP, n = 40)
PT 61 187° 38 140° 5.5 4.6 0.65 0.56 0.40 14°
FHA 195 521° 181 450° 2.0 8.2¢ 1.6 2.2 3.2 36°
Prn 187 1253 178 1215° 1.2 3.4° 1.3 1.2 1.3 18°
2 yr postbooster (WP, n = 63; aP, n = 61)
PT 11¢ 265 5.1° 167¢ 1.7 2.7 0.03 0.04 0.05° 0.38”¢
FHA 45¢ 81o¢ 42¢ 75%¢ 0.167 0.38° 0.10 0.08 0.97¢ 2.7¢
Prn 19¢ 110%¢ 17¢ 103%¢ 0.19 0.44° 0.11 0.14 0.27° 2.9b¢

@ Data are expressed as geometric mean values specific for PT, FHA, or Prn in children who were primed with either wP or aP. All values for 28 days postbooster were significantly
increased (P < 0.05) compared with prebooster levels, and those for 2 years postbooster were significantly decreased (P > 0.05) compared with 28-day postbooster values.

b Significantly increased levels in aP-primed children compared to wP-primed children (P < 0.05).

¢ Significantly increased values in children 2 years after booster vaccination compared to prebooster levels (P < 0.05).

4 Significantly decreased levels in children 2 years after booster vaccination compared to prebooster levels (P < 0.05).

son with those in phosphate-buffered saline, for which the avidity was set
at 100%.

B-cell ELISPOT assays. PBMCs were isolated from 4-ml BD Vacu-
tainer cell-preparation tubes, washed, and stored at —135°C, and plasma
samples were frozen at —20°C until further testing; subsequently, B cells
were stimulated and antigen-specific enzyme-linked immunosorbent
spot (ELISPOT) assays for PT, FHA, and Prn were performed as de-
scribed, using the same antigens as for the serological assays (25). The
numbers of antigen-specific memory B cells were determined per 10° B
cells. Mean spot values for noncoated wells served as negative-control
values and were subtracted. To determine the geometric mean number
per group, the lower limit of quantification was set at a value of 0.1 mem-
ory B cells per 10° B cells. Fresh and frozen cells were compared previously
and showed no differences in memory B-cell numbers (25).

IFN-y ELISPOT assays and cytokines in T-cell culture supernatants.
Gamma interferon (IFN-v) ELISPOT assays were performed as described
previously (19). In short, 3 X 10° PBMCs depleted of B cells were stimu-
lated with the pertussis antigens as mentioned earlier, i.e., PT (inactivated
for 10 min at 80°C), native FHA, and recombinant Prn for 5 days at 37°C
in 5% CO,. Pokeweed mitogen (PWM) was used as a positive-control
stimulus for all samples, and individual data were included in the data
analysis when more than 200 IFN-y-producing cells per 10,000 PBMCs
were found upon PWM stimulation. Spots were developed using biotin-
labeled anti-IFN-v, streptavidin, and 5-bromo-4-chloro-3-indolylphos-
phate (BCIP)/nitroblue tetrazolium (NBT) and were counted using Im-
munospot analyzer software (CTL-Europe GmbH, Bonn, Germany).

Mean spot values for nonstimulated cells served as negative-control
values and were subtracted from the antigen-stimulated cell values for
each sample. Fresh and frozen cells were compared previously and showed
no differences in IFN-y-producing cell numbers (26).

Cell culture supernatants were stored at —80°C until further use. By
using Bio-Rad cytokine assay kits (Bio-Rad Laboratories, Hercules, CA),
IFN-v, interleukin-10 (IL-10), IL-5, and IL-17 concentrations were deter-
mined according to the manufacturer’s procedure. Samples were ex-
cluded from the data analysis if the number of counted beads was too low,
making the measurements unreliable (27, 28).

Statistical methods. Results are expressed as geometric mean concen-
trations (GMCs) with 95% confidence intervals (CIs) unless otherwise
indicated. The Mann-Whitney test was used to determine significant dif-
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ferences between groups differing in either age or priming. P < 0.05 was
considered significant.

RESULTS

Total IgG and IgG subclass levels in wP- and aP-primed chil-
dren. Before the booster and 28 days after the booster at 4 years of
age and 2 years after the booster at 6 years of age, the GMCs of
pertussis-specific total IgG, IgG1, and I1gG4 for all three antigens
were significantly higher in aP-primed children than in wP-
primed children (Table 1). Additionally, PT- and Prn-specific
IgG3 levels were significantly higher prebooster and FHA- and
Prn-specific 1gG2 levels were higher at both 28 days and 2 years
after preschool booster vaccination.

Following aP booster vaccination, all pertussis-specific total
IgG and subclass levels increased after 28 days, compared with
prebooster levels, and subsequently decreased over the next 2
years in both wP- and aP-primed children. However, total 1gG as
well as IgG1 and IgG4 levels for all 3 antigens still significantly
exceeded the prebooster levels after 2 years. At age 6 years, signif-
icantly more (P = 0.0024) aP-primed children (35/61 children)
still had PT-specific antibody levels above the arbitrary protective
level of 20 EU/ml, compared to 19/63 wP-primed children. IgG1
was the most prevalent subclass for all three pertussis antigens in
all children, especially after booster vaccination. IgG4 levels for all
three pertussis antigens also increased prominently 28 days post-
booster in aP-primed children and remained higher than in wP-
primed children at 6 years of age.

Memory B-cell responses. We found significantly higher
numbers of Prn-specific memory B cells in aP-primed children
than in wP-primed children already at 4 years prebooster, as well
as 28 days and 2 years after booster vaccination, while PT-specific
cell levels were significantly higher only 28 days postbooster
(Fig. 2). For wP-primed children, pertussis-specific B-cell num-
bers for all antigens increased at both 28 days and 2 years post-
booster, compared to prebooster numbers, except for PT at 28
days postbooster. The numbers for FHA-specific memory B-cell
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FIG 2 Numbers of memory B cells specific for PT, FHA, and Prn per 10° B cells in wP-primed children (white bars) and aP-primed children (black bars)
prebooster and 28 days and 2 years after booster vaccination (n = 11 to 19 per group). Bars indicate geometric mean values with 95% Cls. *, significantly different
numbers in aP-primed children compared to wP-primed children, P < 0.05; #, significantly increased numbers postbooster compared to prebooster, P < 0.05;

, significantly decreased numbers 2 years postbooster compared to 28 days postbooster, P < 0.05.

responses in wP-primed children dropped significantly between
28 days and 2 years after booster vaccination. In aP-primed chil-
dren, the numbers of memory B cells for all three antigens were
enhanced at 28 days and subsequently showed a significant decline
at 2 years after booster vaccination. At that time point, only the
PT-specific numbers of memory B cells still exceeded prebooster
numbers. The geometric mean percentages of total IgG-produc-
ing cells showed no differences between groups; values for wP-
vaccinated children were 13.9%, 17.5%, and 14.7% and those for
aP-vaccinated children were 17.4%, 16.3%, and 15.7% pre-
booster, 28 days postbooster, and 2 years postbooster, respec-
tively.

Avidity indices of PT- and Prn-specific IgG antibodies. The
avidity indices of antibodies specific for PT and Prn were higher in
aP-primed children than in wP-primed children at the 3 time
points, but values for PT had become similar in children 6 years of
age (Fig. 3). The aP preschool booster significantly increased the
avidity indices in wP-primed children at 28 days postbooster, and
values remained significantly higher until 2 years postbooster. In
aP-primed children, with already higher prebooster indices, the
avidity pattern for PT resembled the memory B-cell response,
showing a significant increase at 28 days, but the increase was
followed by a significant decrease to prebooster values after 2
years. In contrast, the Prn-specific avidity indices were signifi-
cantly increased at 28 days postbooster but remained high up to 2
years postbooster in aP-primed children.

Numbers of pertussis-specific IFN-y-producing cells. Al-
ready before the preschool booster, higher numbers of IFN-vy-
producing cells were found in aP-primed children than in wP-
primed children (Table 2) (19). In wP-primed children, the
number of IFN-y-producing cells increased upon booster vacci-
nation and still exceeded prebooster values for all three pertussis
antigens after 2 years. In contrast, in aP-primed children, the
number of IFN-y-producing cells remained high during the first
28 days postbooster. At 2 years postbooster, however, cell num-
bers had declined to lower numbers than prebooster values for all
three pertussis antigens and even tended to be lower than in wP-
primed children, although this was not significant.

Cytokine responses in cell culture supernatants. PBMCs de-
pleted of B cells from children 4 and 6 years of age contained high
percentages of CD3™ T cells (72 to 85% of total) after stimulation
for 5 days. The cells from aP-primed children 4 years of age
showed significantly higher prebooster IFN-vy, IL-5, and IL-17
responses for all three antigens except for PT-specific IFN-y and
IL-17 levels and higher FHA-specific IL-10 levels than in wP-
primed children (Fig. 4). In aP-primed children, only the Prn-
specific IL-10 response was still significantly higher 28 days after
booster vaccination; at 2 years postbooster, the FHA-specific
IL-10 response was higher, whereas the FHA-specific 1L-17 re-
sponse was lower, than in wP-primed children.

In wP-primed children, the booster aP vaccination resulted in
increased IFN-vy, IL-5, IL-17, and IL-10 responses for all three

PT Prn
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FIG 3 Affinity indices (Als) of IgG antibodies to PT or Prn prebooster and 28 days and 2 years postbooster in wP-primed (O) or aP-primed (@) children,
expressed as percentages. All groups consisted of 40 samples except for the aP-primed prebooster group (n = 35). Horizontal bars, geometric mean values with
95% Cls. *, significantly increased values in aP-primed children compared to wP-primed children, P < 0.05; 1, significantly decreased values 2 years postbooster
compared to 28 days postbooster, P < 0.05.
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TABLE 2 Numbers of IFN-y-producing cells per 10° PBMCs 5 days after stimulation with PT, FHA, or Prn

No. of cells and GMC after stimulation with:

PT FHA Prn
Vaccine and time of assessment n GMC (95% CI) n GMC (95% CI) n GMC (95% CI)
wP
Prebooster 15 0.5 (0.2-1.6) 14 4.4 (1.2-16) 12 1.0 (0.2-3.8)
28 days postbooster 12 5.3 (1.1-27)" 10 15.1 (2.9-79) 11 7.3 (1.4-39)
2 yr postbooster 15 9.9 (2.2-45)" 15 51 (16-163)° 13 13 (2.4-74)
aP
Prebooster 13 18 (3.6-91) 13 92 (22-374) 13 27 (6.9-108)
28 days postbooster 11 7.0 (1.2-41) 11 46 (10-215) 11 6.0 (1.2-31)
2 yr postbooster 15 3.6 (1.1-12)® 15 44 (21-94)® 13 5.7 (2.1-15)®

“ Significant increase postbooster compared to prebooster vaccination (P < 0.05).
b Significant decrease postbooster compared to prebooster vaccination (P < 0.05).

pertussis antigens at 28 days postbooster, which were significant
only for Prn-specific IFN-vy and IL-5 and FHA-specific IL-5 re-
sponses. Two years postbooster in wP-primed children, all cyto-
kine responses still exceeded the prebooster values and showed
significantly increased IFN-vy, IL-5, and IL-17 responses specific
for all three pertussis antigens except for Prn-specific IL-5 and
IL-17 responses. Additionally, the FHA-specific IL-10 values 2
years after booster vaccination were significantly higher than pre-
booster values.

Remarkably, in aP-primed children, almost all pertussis-spe-
cific cytokine responses remained similar at 28 days postbooster,
compared to prebooster values, and the FHA-specific IFN-y and
IL-17 responses even were decreased. At 2 years postbooster, the
IFN-+y responses increased, which was significant for PT and FHA.
In contrast, IL-5 and IL-10 responses did not change and the FHA-
specific IL-17 response still was significantly decreased, compared
to prebooster values. Although FHA is not strictly Bordetella spe-
cific, T-cell cytokine responses after stimulation with FHA puri-
fied from Bordetella pertussis showed about the same pattern as
found for the strictly pertussis-specific PT and Bordetella-specific
Prn, emphasizing the general pattern of these specific T-cell re-
sults.

DISCUSSION

Although acellular pertussis vaccines have been used in infants for
some decades and a considerable number of countries have intro-
duced preschool booster aP vaccination, long-term postbooster
immunological data are limited. This study investigated the long-
term humoral and cellular immune responses in children 6 years
of age who had received the preschool aP booster 2 years earlier
and had been vaccinated with either wP or aP vaccines during
infancy.

In this study, we showed that the preschool aP booster at 4
years of age resulted in significantly higher pertussis-specific IgG
antibody levels in aP-primed children than those in wP-primed
children, which remained higher for at least 2 years postbooster,
particularly for pertactin. Antibodies consisted mainly of the IgG1
subclass, but primarily aP-primed children also showed elevated
IgG4 antibody levels. The avidity of antibody responses also was
higher in aP-primed children, both before and after the booster. In
wP-primed children, the numbers of pertussis-specific memory B
cells were increased, in line with higher IgG antibody levels and
avidity indices at 2 years after booster vaccination. It is noteworthy
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that the avidities of PT-specific antibodies were similar at 6 years
of age in aP- and wP-primed children. Importantly, all T-cell re-
sponses in aP-primed children were already high prebooster and
did not really change 2 years postbooster, whereas the T-cell re-
sponses in wP-primed children increased over that period. To-
gether, these data indicated that the preschool aP booster im-
proved pertussis immunity until 2 years after the booster
immunization and that aP-primed children might have an advan-
tage over wP-primed children at 6 years of age. However, recent
studies in the United States have shown a high incidence of per-
tussis in aP-vaccinated children from 9 years onward, indicating
that protection against pertussis with aP vaccines is relatively
short-lived and antibody levels wane substantially within 4 to 5
years, even after a fifth aP vaccination (29, 30). It is conceivable
that the pertussis-specific immune responses of aP-primed Dutch
children also will wane quickly within 5 years after the preschool
booster vaccination and that these children will become more vul-
nerable to pertussis as well (29, 30).

We reported earlier that 3 years after wP or aP primary immu-
nizations in the first year of life, only low levels of antibodies to the
pertussis vaccine antigens were found (3), suggesting a fast decay
of these levels with both vaccine types, as previous studies have
already shown (2, 31, 32). Although we cannot exclude the possi-
bility that the findings for wP-primed children at 4 to 6 years of age
are influenced by the use of the nonoptimal Dutch wP vaccine, the
vaccination schedule and vaccines used for the aP-primed chil-
dren in our study were comparable to those in other studies. The
increased antibody levels that gradually decline over 2 years after
the preschool booster in our study are in line with the observations
of Meyer et al., who also showed sharp decreases in antibody levels
3.5 years after a fifth aP vaccination at preschool age (33). Overall,
their data on FHA- and Prn-specific IgG levels at 3.5 years post-
booster are rather comparable to our data at 2 years postbooster,
and the difference in PT-specific antibody levels is likely due to the
difference in time after booster vaccination. Our IgG values
shortly after the fifth preschool booster aP vaccination were at
least 3-fold higher than the data of Singer et al., but a reduced-
antigen-dose booster vaccine was used in that study (34). After an
adolescent booster, antibody levels show the same decay as found
after a preschool booster (35). Although antibody levels rapidly
wane, the avidity indices of Prn-specific antibodies in aP-vacci-
nated versus wP-vaccinated children contributed to greater
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FIG 4 IFN-v, IL-5, IL-17, and IL-10 T-cell cytokine responses in culture supernatants of PBMCs stimulated with PT, FHA, or Prn, from wP-primed (O) or
aP-primed (@) children before booster (n = 12 to 15) and 28 days (n = 5 to 9) and 2 years (n = 10 to 15) after booster vaccination. Horizontal bars, geometric
mean concentrations with 95% Cls. *, significantly different values in aP-primed children compared to wP-primed children, P < 0.05; #, significantly increased
values postbooster compared to prebooster, P < 0.05; %, significantly decreased values postbooster compared to prebooster, P < 0.05; 1, significantly increased

values 2 years postbooster compared to 28 days postbooster, P > 0.05.

strength of antibody binding, which might indicate better protec-
tion. However, this does not apply to PT-specific antibodies, since
their avidity indices in aP-primed children seemed to decline
shortly after booster vaccination. The avidity of FHA-specific an-
tibodies has not been measured, since FHA is not specific for B.
pertussis alone and FHA-specific antibodies show cross-reactivity
with FHA proteins present in other bacteria (36).

Although IgG1 was the predominant subclass for all pertussis
antigens in both groups of children, higher IgG4 levels were pres-
ent postbooster, especially in children who had been aP-primed
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(24). The pertussis vaccine used for priming seems to determine
the IgG subclass composition elicited in a secondary antibody re-
sponse upon booster vaccination. In other studies, 1gGl was
found to be the predominant subclass after pertussis vaccination
and IgG4 contributed only marginally to the total IgG level (16,
24). The more pronounced antipertussis IgG4 response in aP-
primed children, which also was observed by Giammanco et al.
(16), might reflect more Th2 skewing of the immune response
after aP vaccination (37). Previous studies have shown that high
concentrations of PT, FHA, and Prn in most pediatric aP vaccines
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elicit a Th2 or mixed Th1/Th2 immune response (9, 12, 38). The
wP vaccine contains lower concentrations of less purified antigens
and more additional substances (like lipopolysaccharide) that are
capable of inducing a more Th1-associated immune response (9,
12). Although the higher IgG4 responses correlated with PT- and
Prn-specific IgE levels (24), we observed only slightly higher Th2
responses than Th1 responses 1 month after the fifth consecutive
aP vaccination (19). Also, the T-cell data 2 years postbooster do
not show more Th2 skewing. In this study, the samples were not
obtained longitudinally from the children at the different time
points and some group sample sizes in the T-cell assays were rel-
atively small. Therefore, interpretation of the T-cell responses
over time should be made with care, but surely follow-up studies
are indicated based on these results.

We have indications that booster responses induced by vacci-
nation in combination with natural boosting with pertussis have
resulted in increased T-cell responses in wP-primed children 6
and 9 years of age (39, 40). In that study, however, the numbers of
possible undiagnosed cases on the basis of elevated PT antibody
levels were similar for wP-primed and aP-primed children.

We have shown that, in the currently available aP vaccines,
pertactin is the most immunogenic antigen. Recently, anumber of
B. pertussis strains not expressing the vaccine antigen Prn have
been isolated from pertussis patients in a number of countries
where the aP vaccines have been implemented for some time now
(41). We might speculate that the high antibody levels induced by
the aP vaccines, especially against Prn, have triggered the bacteria
to escape from this immune pressure. Until now, these escape
mutants have not been more virulent than the wild-type pertussis
strains; however, we must continue the surveillance of these
strains carefully. Protection against these pertussis strains is now
dependent on immune responses primarily against PT, with FHA
not being specific, making the antibody spectrum of the current
acellular vaccines even narrower.

To summarize, since the wP vaccine has been replaced by aP
vaccines, induction of B-cell and T-cell memory responses has
been improved, resulting in higher levels of circulating antibodies
with better avidity. However, based on the high T-cell immune
responses already present before the preschool booster, the dose of
aP vaccine and the vaccination schedule may need to be reconsid-
ered in order to improve immune responses. The still high T-cell
responses at 4 years of age and the reported local hypersensitivity
after the fifth aP vaccination suggest that the preschool booster
vaccination might be shifted to a later age to induce better long-
term immune responses (19). Also, since Meyer et al. (33) re-
ported that a reduced-antigen-dose aP vaccine was as immuno-
genic as high-dose preschool booster aP vaccines and at least as
well tolerated, the choice between low-dose and high-dose pre-
school boosters should be made carefully. Evaluation oflong-term
humoral and cellular immune responses after vaccination against
pertussis will be important for future decisions concerning per-
tussis vaccination schedules for adolescents and adults. In the
short term, improved vaccination schedules could better stimu-
late the immune systems of children and protect them longer
against pertussis. Our data suggest that postponing the boosters at
11 months and 4 years to later times (15 to 18 months and 6 years,
respectively) would be possible. In the long term, perhaps new-
generation aP vaccines are needed to improve protection against
pertussis for newborns, older age groups, and even the whole pop-
ulation.
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