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To study the pertussis-specific immune response of adolescents with different prevaccination sched-
ules, we measured the humoral and cell-mediated immunity (CMI) to pertussis antigens before and after
a five-component Tdap booster vaccination in 78 adolescents, who had previously received either five
doses of a two-component acellular pertussis vaccine (aP; last dose age 4-6 years), four doses of aP
(last dose age 18-24 months), or four doses of whole cell pertussis vaccine (wcP; last dose age 18-24
months). The proportion of participants with a twofold rise in titre was 79% against pertussis toxin (PT),
94% against filamentous hemagglutinin (FHA), and 99% against pertactin (PRN) without significant dif-
ferences between the three groups. However, participants with primary wcP vaccination showed higher
postvaccination titres to pertussis toxin (geometric mean titre, GMT 50.3 EU/ml) than those with either
four (GMT 17.1 EU/ml) or five (GMT 16.4 EU/ml) previous aP doses. CMI indices to PT, FHA, PRN and fimbriae
(FIM) increased after vaccination and were similar between groups. The current adolescent Tdap booster
immunization induced good humoral and cellular immune response to pertussis. The higher antibody
titres to pertussis toxin may indicate a more effective priming of B cell memory after primary whole-cell

vaccination.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Despite the high-coverage rates of infants and young children
with pertussis vaccines, the number of pertussis cases reported
to the Centers for Disease Control and Prevention (CDC) increased
from 5158 in 1995 to 25,616 in 2005 [1]. The increase in cases was
most pronounced in individuals >10 years of age [2,3]. In Germany,
a prospective study between 2001 and 2004 revealed an incidence
of pertussis disease in adults of about 165/100,000 per year [4].
Most concerning, young adults are a source for transmission of
pertussis to young unvaccinated infants [3,5,6], who are at risk for
pertussis-associated life-threatening complications [7,8]. For this
reason, pertussis booster vaccinations for all adolescents, for all
adults, or for adults with close contact to infants, have recently been
recommended in many countries, e.g. the USA, Germany, France
and Italy.
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For many years, only whole cell pertussis (wcP) vaccines were
available. They had, however, a considerable rate of systemic and
local adverse effects. Therefore, in a number of countries, wcP vac-
cines were replaced by acellular (aP) vaccines in the mid-1990s
because of their better reactogenicity profile [9]. Most wcP vac-
cines had performed moderately better than aP vaccines in efficacy
studies in children after primary vaccination [9,10]. The immune
response induced by wcP and aP vaccines is different: (i) wcP
vaccines show a predominant Th1l associated cytokine pattern,
whereas aP vaccines lead to a Th2-polarized cytokine pattern in
infants and children at 4-6 years of age [11,12]; (ii) wcP vaccines
have a stronger, specific T cell proliferative effect [13], whereas aP
vaccines lead to higher antibody titres in the peak humoral immune
response shortly after immunization in young children [13,14].
Yet, when investigating long-term immune responses, these dif-
ferent effects may be masked by subclinical pertussis infections,
so called silent, natural boosters. In aP-vaccinated children, these
silent boosters may lead to a switch to a Th1 predominant pheno-
type and stronger pertussis-specific T cell proliferation [15].

Most immunogenicity studies of pertussis vaccines were carried
out shortly after primary or postprimary vaccination in infants or
young children. Only a few studies of the long-term immunity in
adolescents [16,17], and even fever in adolescents with exclusive
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aP vaccination background have been conducted [18,19]. No study
up to now has examined the cellular immunity in adolescents with
exclusive aP preimmunization.

The majority of our study population was enrolled in their
infancy in an effectiveness study of the two-component acellular
Biken DTaP vaccine in Germany [10] and had received an immu-
nization schedule with four doses of Biken DTaP at 2, 4, 6 and 15-24
months of age. A part of our study population received a fifth con-
secutive Biken DTaP dose at 4-6 years of age within a safety and
immunogenicity study [20]. They are now among the first cohort
of adolescents to have received five consecutive aP vaccinations
in childhood before their adolescent aP booster vaccination. This
schedule will be followed with increasing frequency in the future.
We were therefore interested in differences in long-term humoral
and cellular immunity and booster immune response to pertussis
antigens between these adolescents, who previously had received
five consecutive doses of Biken DTaP (last dose, age 4-6 years), and
similar aged adolescents, who received either four doses of Biken
DTaP (last dose, age 18-24 months) or four doses of whole cell per-
tussis vaccine (DTwP, Behringwerke, Marburg, Germany; last dose,
age 18-24 months).

2. Materials and methods

This open, nonrandomized, multicenter study was carried
out to examine pertussis-specific cellular and humoral immu-
nity before and after aP booster vaccination in adolescents
with different childhood pertussis vaccination schedules. Patients
were recruited from pediatric practices in Germany and in the
outpatient department of the University Children’s Hospital,
Ludwig-Maximilians-University, Munich.

2.1. Study population

A clinical trial examining reactogenicity of a Tdap vaccination
given as the sixth consecutive acellular pertussis dose in 10-14-
year-old adolescents in Germany was conducted in parallel with
the present study [21]. Study investigators of the reactogenicity
trial were asked to participate as investigators in this study. Adoles-
cents 10-14 years of age with no obvious health problems and no
immunosuppressive treatment were enrolled, provided they had
previously received either five doses of an acellular pertussis vac-
cine (Biken DTaP, last dose age 4-6 years) [10,20] (5aP group), or
four doses of an acellular pertussis vaccine (Biken DTaP, last dose
age 18-24 months) [10] (4aP group), or four doses of a whole-cell
pertussis vaccine (DPT-Impfstoff®, Behringwerke, Marburg, Ger-
many, last dose age 18-24 months) (4wcP group). The Biken DTaP
was a sterile preparation of a two-component acellular pertussis
vaccine with pertussis toxin (PT) and filamentous hemagglutinin
(FHA) manufactured by Biken and Tanabe Corp. (Osaka, Japan) com-
bined with adsorbed diphtheria and tetanus toxoids by Aventis
Pasteur Inc. (Swiftwater, PA). Each 0.5 ml dose contained 6.7 Lf of
diphtheria toxoid, 5.0Lf of tetanus toxoid, 23.4 ug of detoxified
PT and 23.4 pg of detoxified FHA, thimerosal 1/10,000 (25 p.g),
sodium phosphate and sodium chloride. The whole-cell pertus-
sis vaccine DPT-Impfstoff® consisted of 41U of Bordetella pertussis,
301U of diphtheria toxoid, 401U of tetanus toxoid and 0.75 mg of
aluminum hydroxide/aluminum phosphate and was used as com-
parative whole-cell vaccine in an acellular pertussis vaccine efficacy
study in Germany [10]. At the time of the study, a booster vacci-
nation against pertussis (aP vaccine), diphtheria and tetanus was
recommended in Germany for all participants. No participants
with a history of clinical pertussis disease were enrolled in the
study.

The study protocol was approved by the local ethical review
board of the University of Munich, Germany, and by the Paul-
Ehrlich-Institute, Langen, Germany. The study was conducted
according to Good Clinical Practice and in accordance with the Dec-
laration of Helsinki. Written, informed assent from each participant
and written, informed consent from the parent/legal guardian was
obtained prior to study entry.

2.2. Study vaccine

Only licensed products provided by Sanofi Pasteur MSD, Leimen,
Germany were used. Participants received either REPEVAX®,
COVAXIS®, or COVAXIS® and IPV MERIEUX®.

COVAXIS® contains in each 0.5ml dose 2.5 g pertussis tox-
oid, 5 pg filamentous hemagglutinin, 3 g pertactin, 5 pg fimbriae
types 2 and 3, 2Lf diphtheria toxoid, 5Lf tetanus toxoid, 1.5 mg
aluminum phosphate and 0.6% 2-phenoxyethanol. COVAXIS® and
IPV-Merieux® are identical to the US-licensed products Adacel®
and IPOL®, respectively. REPEVAX®, the combination of the two, is
not marketed in North America.

In addition to the same acellular pertussis antigens and content,
each 0.5ml dose of REPEVAX® additionally contains inactivated,
Vero cell-derived poliomyelitis vaccine (vero cell origin) (Poliovirus
Type 1: 40 D units, Poliovirus Type 2: 8 D units, Poliovirus Type 3:
32 D units).

IPV MERIEUX® contains in each 0.5 ml dose inactivated, Vero
cell-derived poliomyelitis vaccine (vero cell origin) (Poliovirus Type
1: 40 D units, Poliovirus Type 2: 8 D units, Poliovirus Type 3: 32 D
units).

2.3. Study procedures

Participants of the 5aP group and the 4wcP group received one
dose of REPEVAX vaccine in the left arm, or one dose of COVAXIS
vaccine in the left arm plus one optional dose of IPV MERIEUX vac-
cine in the right arm, as determined by their randomisation in the
parallel clinical reactogenicity trial [21].

4aP group participants received one dose of REPEVAX vaccine
in the left arm, or one dose of COVAXIS vaccine in the left arm
plus one optional dose of IPV MERIEUX vaccine in the right arm as
recommended by their physician.

From every participant, a 10ml heparinized blood sample
(201U heparin per ml) and a 3ml serum sample were drawn
directly before vaccination and 28-36 days after vaccination. The
blood samples were sent at room temperature to the Laboratory
of Immunology at the University Children’s Hospital, Ludwig-
Maximilians-University, Munich, Germany and were processed
within 24 h.

2.4. Serum antibody determination

Serum antibodies were measured at the Institute for Hygiene
and Laboratory Medicine, Helios Klinikum Krefeld, Germany (the
German reference centre for pertussis diagnostics). IgG antibodies
against native antigens pertussis toxin (PT), filamentous hemagglu-
tinin (FHA), and pertactin (PRN) (antigen source: GlaxoSmithKline
Biologicals SA; Rixensart, Belgium) were determined using a stan-
dardized enzyme-linked immunosorbent assay (ELISA) according
to procedures described earlier [22]. Standardized ELISA for IgG
antibodies against fimbriae (FIM) 2 or 3 were not then available.

The standard curve was calculated by four-parameters logis-
tics (“softmax” evaluation software, Molecular Devices, Sunnyvale,
CA, USA) and results were expressed in ELISA units per milliliter
(EU/ml) as referenced to the serum #3 of the CBER/FDA. The min-
imal level of detection (MLD) for all antibodies was arbitrarily set
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Table 1

Seropositivity before and after adolescent Tdap vaccination and percentage of participants with twofold titre rise. The percentages of participants with detectable IgG
antibodies (>5 EU/ml) to pertussis antigens PT, FHA and PRN before and 28-36 days after adolescent Tdap vaccination and the percentages of participants with twofold rise
in titres against pertussis antigens are shown (5aP group: N=36; 4aP group: N=23; 4wcP group: N=18).

Antibody Group Seropositivity prevaccination (%) (95% CI) Seropositivity postvaccination (%) (95% CI) Twofold titre rise (%) (95% CI)
IgG-anti-PT 5aP group 36.1(20.8-53.8) 86.5(71.2-95.5) 77.8 (60.9-89.9)

4aP group 30.4(13.2-52.9) 82.6(61.2-95.1) 82.6 (61.2-95.1)

4wcP group 55.6 (30.8-78.5) 94.4 (72.7-99.9) 77.8 (52.4-93.6)
IgG-anti-FHA 5aP group 94.4 (81.3-99.3) 100(90.5-100) 91.7 (77.5-98.3)

4aP group 82.6 (61.2-95.1) 100(85.2-100) 100(85.2-100)

4wcP group 61.1(35.8-82.7) 100(81.5-100) 88.9 (65.3-98.6)
IgG-anti-PRN 5aP group 88.9(73.9-96.9) 100(90.5-100) 100(90.3-100)

4aP group 56.5 (34.5-76.8) 100(85.2-100) 100(85.2-100)

4wcP group 72.2 46.5-90.3) 100(81.5-100) 94.4(72.7-99.9)

to 5 EU/ml. Antibody concentrations below the MLD were given a
value of one-half the MLD (2.5 EU/ml).

2.5. Preparation of peripheral blood mononuclear cells (PBMC)

Heparinized blood samples were processed within 24 h. PBMC
were prepared by Ficoll density gradient sedimentation (Lympho-
cyte Separation Medium, Biochrom, Berlin, Germany) and washed
twice in RPMI 1640 (Biochrom, Berlin, Germany). Trypan blue stain-
ing solution at 0.5% differentiated between viable and nonviable
cells. Only samples with viability of >80% were evaluated. PBMCs
were resuspended at 1.5 x 10° cells/ml in RPMI 1640 supplemented
with 5% heat-inactivated (30 min at 56°C) human serum and 1%
penicillin (Biochrom, Berlin, Germany), hereafter referred to as
complete medium.

2.6. Lymphocyte proliferation assay

The capacity of PBMC to respond to the pertussis antigens
PT, FHA, PRN and FIM 2/3 (all provided by Sanofi Pasteur Inc.,
Swiftwater, PA, USA) was assessed by antigen-specific prolifera-
tion [23]. Lymphocytes (1.5 x 10°) were cultured in round-bottom
microtitre plates (Greiner bio-one, Frickenhausen, Germany) in
100 .l complete medium/well in the presence of antigen. The fol-
lowing optimal antigen concentrations were added [11]: PT 2 pg/ml
(heat-inactivated at 80 °C for 20 min), FHA 10 p.g/ml, PRN 10 p.g/ml
and FIM 2/3 10 pg/ml.

Cultures with purified phytohemagglutinin (PHA) (Oxoid, Lon-
don, England) at 1 pg/ml were positive controls; cultures without
antigens were negative controls. Cell cultures were performed in
duplicate in a humidified atmosphere at 37°C and 5% CO,. After
a culture period of 6 days for antigen-specific responses and of
2 days for PHA, 1.5 uCi of [3H]thymidine (Amersham, UK) was
added per well. The cells were harvested after 16 h and incorporated
[3H]thymidine was measured by a scintillation counter (Beckmann,
Germany). The results were expressed as mean counts per minute
(cpm). Cell-mediated immunity (CMI) was defined to be positive
when the antigen-induced proliferation was >4-fold higher than
spontaneous proliferation (stimulation index [SI] >4).

2.7. Data analysis and statistical methods

Data were analyzed with REPORT version 6.6 and TESTIMATE
version 6.4 (IDV, Gauting, Germany) and GraphPad Prism version
4.01 for Windows (GraphPad Software, San Diego, California, USA).
Wilcoxon matched-pair signed-rank test was used for analysis
of prevaccination versus postvaccination values for each indi-
vidual. For the pairwise testing between the three groups, a

Mann-Whitney U-test was performed. Analysis of correlations was
performed using the Spearman rank correlation coefficient. For all
analyses, a two-tailed p-value <0.05 was considered to be signifi-
cant.

3. Results
3.1. Demographic characteristics of participants

The mean age of the 78 study participants (33 female/45 male)
was 12.4 years (age range 10-14 years). There were no substantial
gender or age differences between the three treatment groups.

3.2. Humoral immunity

We analyzed the titres of IgG antibodies against PT, FHA and
PRN (Tables 1 and 2 and Fig. 1). Prior to booster vaccination, IgG
antibodies were detected to PT in 39% of all participants, to FHA in
83%, and to PRN in 75%. For the 5aP group, geometric mean titres
(GMTs) to PT and FHA after the fifth aP dose at 4-6 years of age
were known [20], although these values were measured in a differ-
ent laboratory. A marked decrease was observed for both antigens
since that time point (123.1 EU/ml — 4.22 EU/ml for IgG-anti-PT;
241.1 EU/ml — 25.2 EU/ml for IgG-anti-FHA). Ninety-four percent of
5aP group participants still had measurable anti-FHA-titres; only
36% had measurable anti-PT titres.

Higher prevaccination PT GMTs were found in the 4wcP group
compared with both acellular vaccination groups: i.e. for the 5aP
group (9.7 EU/ml versus 4.2 EU/ml, p=0.12) and for the 4aP group
(9.7 EU/ml versus 3.9 EU/ml, p=0.06). In the 4wcP group, three par-
ticipants (17%) had IgG-anti-PT of >94 EU/ml, which is considered
a threshold indicating recent subclinical or clinical infection [24].

In contrast, the 5aP group showed a significantly higher FHA
prevaccination GMT than the 4wcP group (25.2EU/ml versus
10.7 EU/ml, p =0.04). No differences in prevaccination titres against
PRN were detected between the three groups.

After vaccination, IgG-titres against PT, FHA and PRN increased
significantly (p<0.0001) in all groups. The proportion of partici-
pants with twofold increase in titre was 79% against PT, 94% against
FHA and 99% against PRN with no significant differences between
the three groups.

The postvaccination GMTs to PT were significantly higher in the
4wcP group than in the 5ap group (50.3 EU/ml versus 16.4 EU/ml,
p=0.001) or the 4ap group (50.3 EU/ml versus 17.1 EU/ml, p = 0.006).
No difference between the 5aP group and the 4aP group was
detected.

There was a significant (p <0.0001) positive correlation between
pre- and postvaccination titres for all 3 antigens.
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Table 2
Antibody titres to PT, FHA and PRN before and 28-36 days after adolescent Tdap vaccination. Antibody titres are given in EU/ml. Minimum level of detection (MLD) was
5EU/ml. Antibody levels below the MLD were given an arbitrary value of half of the MLD (=2.5 EU/ml) (5aP group: N=36; 4aP group: N=23; 4wcP group: N=18).

Antibody Group GMT pre GMT post
vaccination vaccination
(EU/mI)(95% ClI) (EU/mI)(95% CI)
1gG-anti-PT 5aP group 4.2(3.2-5.5) 16.4 (11.4-23.6)
4aP group 3.9(2.8-5.3) 17.1 (9.7-30.1) :I \ *
4wcP group 9.7 (4.2-22.5) 50.3 (26.1-97.0)
IgG-anti-FHA  5aP group 25.2 (16.8-37.8) 161.0 (122.3-211.8)
4aP group 15.0 (9.4-23.9) ]* 127.0 (89.1-181.2)
4wcP group 10.7 6.2-21.9) 137.6 (98.9-191.3)
1gG-anti-PRN  5aP group 18.8 (12.5-28.2) 600.7 (449.6-802.6)
4aP group 13.3 (6.3-28.0) 407.3 (260.6-636.7)
4wcP group 14.0 (6.3-30.9) 639.0 (370.0-1103.3)

“Statistically significant difference between groups (Mann-Whitney U-test; see text).

_|—|_53P group

1gG-PT (pre) 1gG-PT (post)

4aP group - 7-, 4wcP group

MLD
1.0

1.0q —
0.8
0.6
0.4

02

0.8
0.6
0.4

0.2

Proportion of subjects
Proportion of subjects

0.0 0.0

T T T T T T T T
5 10 100 300 5 10 100 380

1gG-titre [EU/m] (log 10 transformation) IgG-titre [EU/mI] (log 10 transformation)

1gG-FHA (pre) IgG-FHA (post)

1.0
0.8
0.6
0.4
0.2
0.0

Proportion of subjects

Proportion of subjects

T T T
5 10 100 300 600 20 100 300 875
IgG-titre [EU/mI] (log 10 transformation) IgG-titre [EU/mI] (log 10 transformation)

1gG-PRN (pre) 1gG-PRN (post)

MLD
1.04 —

08
06
04

02

Proportion of subjects
Proportion of subjects

0.0

T T T T T
5 10 100 250 400 50 100 500 1000 2000 3500
IgG-titre [EU/mI] (log 10 transformation) IgG-titre [EU/mI] (log 10 transformation)

Fig. 1. Reverse cumulative distribution curves of pre- and postvaccination IgG antibodies to PT, FHA and PRN. Antibody titres (EU/ml) to PT, FHA and PRN were measured
before and 28-36 days after adolescent Tdap vaccination. Minimum level of detection (MLD) was 5 EU/ml. Antibody levels below the MLD were given an arbitrary value of
half of the MLD (=2.5 EU/ml) (continuous line = 5aP group; dotted line = 4aP group; dashed line = 4wcP group).
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Fig. 2. The stimulation indices (SI) after stimulation with PT, FHA, PRN and FIM before (pre) and 28-36 days after (post) adolescent Tdap vaccination The horizontal line
within the scatter blot indicates the median of the individual stimulation indices. Stimulation indices beyond 50 are merged in this figure for better illustration (5aP group:

N=37; 4aP group: N=21; 4wcP group: N=17).
3.3. Cell-mediated immunity (CMI)

Prior to booster vaccination, specific CMI (SI > 4) was seen in 43%
of participants against PT, 71% against FHA, 47% against PRN and
56% against FIM. The lymphocytic proliferation was highest after
FHA stimulation. SI to all four tested pertussis antigens (PT, FHA,
PRN, FIM) showed a significant increase (Wilcoxon test; p <0.01)
after vaccination (Fig. 2), as did the percentage of participants with
positive CMI (SI>4) (Wilcoxon test; p <0.017). After adolescent
Tdap booster vaccination, specific CMI (SI>4) was seen in 71%
of participants against PT, 91% against FHA, 72% against PRN and
76% against FIM. With the exception of a significantly higher SI
to PRN before vaccination in the 4aP group compared to the 5aP
group (Mann-Whitney U-test; p=0.04), pre- and postvaccination
SI as well as the percentage of participants with positive CMI were
similar between groups.

3.4. Correlation between humoral immunity and CMI

Comparing the quantitative values, our data do not indicate
a clear correlation between antibody titres and SIs to pertussis
antigens before and after booster vaccination. The qualitative com-
parison (positive/negative immune response) was restricted to PT,
because of an overall high-seropositivity rate to FHA and PRN,
which made a qualitative analysis problematic. Of those 45 partici-
pants without detectable PT antibodies before booster vaccination,
15 (33%) had a positive CMI to PT. On the other hand, 12 of 42 (29%)
participants with a negative CMI before booster vaccination had
detectable antibody titres. After vaccination, 5 of 10 (50%) partici-
pants with negative antibody response had a positive CMIresponse,

while 17 of 22 (77%) participants with a negative CMI had detectable
antibody response. Therefore, even if positive and negative immune
responses are compared, the data do not indicate a relationship
between humoral and cell-mediated immunity to PT in our adoles-
cents.

4. Discussion

The aim of this study was to elucidate differences in long-term
humoral and cellular immunity and booster response to pertussis
antigens in adolescents with either a previous exclusive aP sched-
ule of four or five doses or a previous wcP schedule with four doses.
This is the first study to evaluate T cell memory and cellularimmune
response in adolescents who had exclusively received acellular per-
tussis vaccines in infancy and early childhood. The adolescent Tdap
booster immunization induced overall good humoral and cellular
immune responses to pertussis. IgG-titres significantly increased
against PT, FHA, and PRN in all groups after vaccination. No differ-
ences in the proportion of participants with a twofold titre increase
were found between groups. The percentage of participants with
positive CMI to pertussis antigens showed a significant increase
after vaccination, which was similar for all groups.

The reactogenicity data pertaining to this adolescent acellular
pertussis booster immunization will be presented in detail else-
where. Generally, the immunization was well tolerated with fewer
local reactions than seen with the fifth dose of acellular pertussis
vaccine in 4-6 years old children [20,25].

Comparing the CMI with antibody titres before vaccination, we
found similar percentages of participants with either cellular or
humoral long-term immune responses. Therefore, CMI was not
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superior to antibody titres as a parameter of immune persistence
since the last pertussis vaccination, which is in line with other
reports [12,26]. However, the prevaccination immunity may be
largely affected by previous natural boosters. This renders it diffi-
cult to conclude that long-term effects are solely due to vaccination.
The discrepancy with other publications describing a longer persis-
tence of CMI than antibody titre in young children and adolescents
2, 3, and 5 years after pertussis vaccination [16,17,23] may there-
fore be explained by a high rate of previous natural boosters in
our cohort. In our study population, positive prevaccination anti-
body titres to at least one pertussis antigen have been seen at a
rate of 90% 5-12 years after the last pertussis vaccination. Data
from Knuf et al. also indicate a high rate of subclinical pertussis
infections in Germany, showing a seropositivity rate of 37% against
PT and 92% against FHA in an unvaccinated German adolescent
population without history of clinical pertussis [27]. In contrast
to primary immune responses, we did not observe a correlation
between antibody titres and SI to pertussis antigens [12,28]. This
is in concordance with several other reports [17,23,29]. The lack of
correlation might be explained by reactivation of memory B cells,
which is less dependent on T cell help than the primary activation
[30]. Thus, long-term T cell reactivity does not necessarily reflect B
cell memory response.

From prior studies in mice, one might predict a reduced CMI
response in exclusively aP-vaccinated individuals compared with
whole cell vaccinated individuals [13,31]. A possible reduced T cell
priming in our aP vaccinated individuals may have been overcome
by the putative high rate of subclinical natural boosting in our Ger-
man adolescent population [27].

In contrast to anti-FHA and anti-PRN IgG titres, antibody titres
against PT prior to adolescent booster vaccination had declined to
undetectable levels in more than half of the participants since their
last vaccination at 18-24 months or 4-6 of age. This may be partly
explained by the fact, that antibody responses to FHA and PRN also
occur after infections with Bordetella parapertussis and Bordetella
bronchiseptica and may additionally be the result of cross-reacting
epitopes of nonencapsulated Haemophilus influenzae, Mycoplasma
pneumoniae, Chlamydia pneumoniae and perhaps other bacteria
[32]. The antibody titres to PT prior to adolescent booster vac-
cination showed higher values for the primary wcP immunized
adolescents compared with adolescents receiving four or five doses
of aP. Similar data was found in a study by Pichichero et al., where
antibody titres to PT before an adolescent aP booster immuniza-
tion showed higher titres in adolescents after five doses of wcP
(vaccine by Wyeth Lederle) compared with adolescents previously
given five doses aP (vaccine by GlaxoSmithKline or Sanofi Pasteur)
during early childhood [19]. A study by Guiso et al. [33] comparing
long-term humoral and cell-mediated immunity between 7 and
9 years old children previously immunized with wcP (Sanofi Pas-
teur) or aP (GlaxoSmithKline) vaccines did not reveal a difference in
PT antibody titres approximately 6 years after the last vaccination.
The differences that we and others [19] observed in adolescents
aged 10-14 years might not yet be detectable in the 7-9 years
old children. Differences in the whole cell vaccines used in these
studies might also contribute to the unequal results. Remarkably, 3
out of 18 participants in the 4wcP group showed high-IgG-anti-PT
titres of over 94 EU/ml indicating recent contact to B. pertussis [24].
This highlights the difficulties in relating long-term antibody titres
solely to vaccination.

Vaccination of adolescents induced an at least twofold rise in
titre to PT in about 80% of our participants in all three groups.
When, however, the quantitative antibody titres were compared
between the groups the titres to PT were significantly higher in
the group with primary wcP immunization than in the two groups
with primary aP immunization. As shown by Pichichero et al. [14]

the antibody titres to PT 1 month after the postprimary booster
at 18-24 months with the acellular Biken pertussis vaccine were
higher than after wcP vaccination with a Connaught vaccine at the
same time points. Looking now at the antibody titres before and
4 weeks after the adolescent booster vaccination, the results seem
to be reversed. In principle, there are two explanations for this dif-
ference: more recent natural pertussis boosters in the 4wcP group
or a more effective priming of B cell memory to PT through whole
cell vaccination. Since IgG-titres to FHA and PRN prior to booster
vaccination, which are less specific, but may also indicate recent
exposure, were higher in the 5aP group than in the 4wcP group, the
first explanation seems somewhat less likely. The data may there-
fore indicate a better priming of memory PT-specific B cells and
long-lived plasma cells [34] by wcP vaccination, at least with the
wcP vaccine used in our population.

LPS or other TLR-ligands of the bacterial cell wall, so-called
PAMPs (pathogen associated molecular patterns) have been shown
to support the generation of memory B cells and long-lived plasma
cells [34,35]. The stronger memory response to PT in our 4wcP group
might be attributed to an initially more-pronounced generation
of memory B cells and long-lived plasma cells through a specific
combination of co-stimulatory signals [36] exhibited by the whole-
cell pertussis vaccine compared with the alum-containing acellular
vaccine. The specific combination of co-stimulatory factors might
also cause the variable efficacies of different whole-cell vaccines [9].
The cell-mediated immune response to PT was quite similar in the
three groups indicating that the difference in the anti-PT antibody
response is not due to a selectively more efficient induction of PT-
specific memory T cells by primary wcP immunization compared
to aP vaccination.

Several studies have shown that in populations with high-
vaccine coverage of children, B. pertussis tends to shift to
adolescents and adults [2-4]. This may be due to the absence
of a primary vaccination in parts of these age groups and to
the limited long-term protection by the available pertussis vac-
cines. Thus, one major goal in future improvement of pertussis
vaccines is better long-term protection through a more effective
induction of memory B cells and long-lived plasma cells. This
study encourages efforts to identify the essential combinations
of adjuvant signals provided by the most efficacious of the wcP
vaccines. Irrespective of that, adolescent Tdap booster induced reli-
able humoral and cellular immune responses in adolescents who
had been primarily vaccinated with different acellular and cel-
lular vaccination schedules. Therefore, enforcing adolescent and
adult booster vaccination programs will prevent suffering and con-
tracting pertussis disease in these individuals and simultaneously
minimize the risk of transmission of B. pertussis to young infants,
who are at high risk of pertussis-associated life-threatening com-
plications.
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