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Background Pertussis toxin (PT) stimulates IgE production in animals, and
pertussis vaccination and whooping cough may have similar effects in man.
Methods We analyzed IgE responses to PT (PT-IgE) in sera from children
primarily immunized with three doses of either an acellular 2- or 5-
component vaccine, or a whole-cell (Wc) pertussis vaccine, and in children
after whooping cough. The study comprised 50 children with both atopic
disease and positive skin prick test, 99 nonatopic controls, and 40 children
with verified pertussis.

Results Immunoglobulin E antibodies against PT were demonstrated in 19%
and 24% of sera from vaccinated children at 7 and 12 months, respectively,
and in 9% at 2.5 years. At 7 months, PT-IgE was more common after
vaccination with acellular (24%) than with the Wc vaccine (3%, P=0.02).
PT-IgE was also more common (P=0.001) after vaccination in children
classified as atopic (36%) than in the control group (10%). Thirty percent of
the children with pertussis had PT-IgE, more often so in atopic than
nonatopic children (P=0.02).

Conclusions Transient production of PT-IgE seems to be common after
primary pertussis immunization with acellular vaccines, and after whooping
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cough, particularly in atopic subjects.

Pertussis toxin (PT) is widely used in animal
experiments as an adjuvant to enhance sensitiza-
tion to simultaneously administered antigens (1-3).
Similarly, moderate increases of serum IgE and
sensitization to unrelated allergens have been
demonstrated in children after whooping cough
(4, 5). Furthermore, circulating IgE antibodies to
PT (PT-IgE) are commonly detected after pertussis
immunization (6-8).

It was recently claimed that pertussis vaccination
in infancy may increase the risk of asthma by up to
fivefold: i.e., from 2% to 11% (9). We could not
confirm this in a prospective study comprising 669
infants who were immunized either with one of two
acellular pertussis vaccines, or a whole-cell (Wc)
vaccine, employing a control group of diphtheria
and tetanus (DT)-vaccinated infants (10). We here
report the incidence and levels of PT-IgE after
immunization with one of three pertussis vaccines
and after pertussis infection. The main hypothesis
was that children with atopic disease and IgE to
common food or inhaled allergens are more prone
than nonatopic children to produce PT-IgE anti-
bodies. We also assessed the incidence of local side-
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effects after vaccination in relation to the presence
of PT-IgE in children who did or did not develop
atopic disease up to 2.5 years of age.

Material and methods

A double-blind, randomized study comprising 9829
children was performed at 14 centers in Sweden
comparing an experimental two-component (2-¢;
SmithKline Beecham, Rixensart, Belgium), and a
five-component (5-c; Connaught Ltd, Toronto,
Canada) acellular pertussis vaccine, as well as
whole-cell pertussis vaccine (Wc; Connaught
Laboratory, Inc., Swiftwater, PA, USA), with
diphtheria and tetanus vaccine (DT; Swedish
National Bacteriological Laboratory, Stockholm,
Sweden) as placebo (11). The children received
three vaccinations at 2, 4, and 6 months of age.
Blood samples were drawn at 7 and 12 months and
at 2.5 years of age.

The study population in Linkoping, Sweden,
comprised 788 infants, 711 of whom took part in a
study on development of allergy (12). Of these, 669
children were given three vaccine doses and
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Table 1. Questions asked as part of structured interview relating to bronchial asthma. Boldface denotes responses supporting diagnosis

Has your child ever had wheezing or whistling in the chest? No/Yes

Has your child ever had wheezing at any time after 2 years of age? No/Yes

1.
2.
3.
4
5.
6.
7.
8.
8.
0.
1.

i b

Has your child had wheezing or whistling in the chest at any time during the last 12 months? No/Yes

How many episodes with wheezing has your child had during the last 12 months? None/1-3/84-12/ >12

During the fast 12 months, how often, on average, has your child been disturbed by wheezing? Never/Less than one night/week/1or more nights/week
During the last 12 months, has the wheezing of your child ever been so severe that it could only say 1-2 words between the breathings? No/Yes
During the last 12 months, has your child had wheezing in the chest during or after exercise? No/Yes

During the last 12 months, has your child had dry cough in the nights without having a cold or an infection? No/Yes

Has your child ever had three diagnosed episodes of bronchitis before 2 years of age? No/Yes
Has your child ever had treatment with inhaled “Lomudal” (sodium cromoglycate) or inhaled steroids? No/Yes
Has your child ever had a diagnosis of bronchial asthma according to a physician? No/Yes

Cumulative diagnosis of “bronchial asthma” by 2.5 years of age in 10 children was based on affirmative answer to question 1 and:

— affirmative answer to at least one of questions 3-7 and 8 and/or 9 (n=5)
- affirmative answer to question 11 and confirmed in medical records (n=4)

— affirmative answer to at least one of questions 8-10 and confirmed in medical records (n=1)

participated in the follow-up until 2.5 years of age
(10).

The children were assessed at 2 months (before
the first vaccine dose), 7 months (1 month after the
third vaccine dose), and 2.5 years of age (27-32
months). In addition, the families were contacted
by telephone every 6 weeks and asked to report
possible symptoms of pertussis. They were also
instructed to call if their child had had 7 days of
cough. Blood samples for serologic analyses and
nasopharyngeal cultures for Bordetella pertussis
were obtained after 7 days of coughing. Ques-
tionnaires on smoke exposure of their child, home
dampness, pets in the home, type of feeding, and
possible allergic symptoms in the child were
completed by the parents. The diagnosis of allergy
was based on questionnaires completed at 2.5
years, the clinical findings on the follow-up, and
information in medical records. The investigation
was blinded regarding which vaccine the child had
received until the diagnoses were established in all
the children.

Diagnostic criteria

Atopic diseases. Atopy was defined as at least one
positive skin prick test (SPT) to a common allergen.
The diagnoses were established from question-
naires and clinical evaluation by specially trained
research nurses. Standardized questions were used;
e.g., for bronchial asthma (Table 1). Atopic
dermatitis was defined as persistent or recurring
itching eczema for 6 months or more (13). A child
was regarded as having allergic rhinoconjunctivitis
if answering affirmatively both of the following
questions: “‘Has your child suffered from sneezing,
rhinorrhea, or blocked nose without having a cold
during the last 12 months?”” and “Have the nose
complaints been accompanied by itching or running
eyes during the last 12 months?”’ Urticaria was
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defined as allergic if it appeared after exposure to a
particular allergen and with a positive SPT to the
same allergen. The diagnostic criteria for food
allergy included diarrhea, vomiting, urticaria, or
Quincke’s edema after ingestion of a specific food
at least once, and demonstrable IgE antibodies to
the same food.

Whooping cough. The diagnosis of pertussis was
based on the criteria established by the World
Health Organization (14). The families were
contacted every 6 weeks. Blood sampling for
serologic analyses and nasopharyngeal cultures
for B. pertussis were done after 7 days of coughing.
A case was defined as the presence of paroxysmal
cough for at least 21 consecutive days, plus one of
the following criteria: isolation of B. pertussis in
culture, an increase of 100% or more in IgG or IgA
antibodies against pertussis toxin, an increase of
100% or more in IgG or IgA antibodies against
filamentous hemagglutinin (in the absence of
positive results for B. parapertussis on culture or
polymerase chain reaction), or documented contact
with an infected household member with culture-
confirmed B. pertussis infection who began to
cough within 28 days before or after the onset of
cough in the study child.

SPT

SPT were performed in duplicate according to the
guidelines of the European Academy of Allergo-
logy and Clinical Immunology (15) at 7 months and
2.5 years. Pasteurized low-fat cow’s milk; natural
egg white; and extracts of cat, timothy, birch,
Dermatophagoides pteronyssinus, and D. farinae
(10 HEP, ALK, Hgrsholm, Denmark) were used.
Skin wheals with a mean diameter of 3 mm or more
after 15 min were regarded as positive. Histamine



dihydrochloride (10 mg/ml) and blank lancets were
included as positive and negative controls. No
antihistamine should have been used for 3 days
preceding the SPT. The results of the SPT at 7
months of age showed seasonal variation and have
been published elsewhere (12).

Study groups

Blood samples from three groups of children
among the participants in the allergy study (10)
were chosen for the purpose of this study. Atopic
disease developed in 182 of 669 children, SPT were
positive once or more to foods or inhalant allergens
in 120 of the 669 children, and whooping cough was
diagnosed in 47 of the 669 children.

Group 1. Group 1 consisted of all the 50 children
with atopic disease and a positive SPT to food and/
or inhaled allergens but no whooping cough during
the study period. Among the 50 children who were
classified as atopic, 18 had two or more atopic
diseases. Atopic dermatitis occurred in 34 of the
children, and urticaria in 12. Ten had bronchial
asthma, eight food allergy, and six allergic rhino-
conjunctivitis. Forty of the 50 group 1 children were
sensitized to egg and/or milk, and 23 had a positive
SPT to inhalant allergens. Blood samples were
available from 47, 48, and 48 children at 7 months,
12 months, and 2.5 years of age; in all, 143 blood
samples were available for analysis from group 1.

Group 2. Group 2 included 99 children who were
selected at random from among 183 children with
no clinical manifestations of atopic disease, nega-
tive SPT, no pertussis infection, and no parental
history of allergy. In all, 228 blood samples
obtained at 7 months (n=93), 12 months (n=70),
and 2.5 years (n=65) were available for analysis.

Group 3. In group 3, blood samples were available
for analysis from 40/47 children with a verified
pertussis infection between 7 months and 2.5 years
of age, irrespective of any atopic disease and
parental history of allergy. The children had been
vaccinated with We (n=8), 2-c (n=11), 5-c (n= 1),
and placebo (n=20).

Antibodies against pertussis toxin

IgG antibodies against pertussis toxin were ana-
lyzed by an enzyme-linked immunosorbent assay
(ELISA), as described previously (11).

The levels of IgE antibodies to pertussis toxin
were analyzed by the Magic Lite” System (ALK,
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Hgrsholm, Denmark), an immunochemilumino-
metric assay that uses paramagnetic particles as a
solid phase. Paramagnetic particles were coupled to
pertussis toxin, as described below. The solid phase
and serum were incubated overnight at room
temperature for higher sensitivity. The detection
limit was 0.5 SU/ml. We used a cutoff level for a
positive test of 1.43 SU/ml, the cutoff level of the
commercially available Magic Lite method, when
not stated otherwise.

Pertussis toxin was purified from a culture of
B. pertussis, strain D 382/83, which was grown for 5
days at 36°C in 4 | of Stainer-Scholte PE-medium.
The cells were removed by centrifugation at 8300 g.
The supernatant was collected, and pH was
adjusted to 6.0 and then applied to a column of
hydroxyapatite (Biorad SA, Ivry sur Seine, Cedex,
France) and equilibrated with 0.01 phosphate
buffer at pH 6.0. After washing of the column
with 400 ml 0.01 M phosphate buffer, pH 7.0, and
400 ml 0.1 M phosphate buffer, pH 7.0, the bound
material was eluted with 0.1 M phosphate buffer,
pH 7.0, containing 0.5 M sodium chloride. The
protein fractions were pooled and diluted one in
two in distilled water, applied to a fetuin-Sepharose
4B (Pharmacia, Uppsala, Sweden) column, and
equilibrated with 0.1 M NaHCO;, pH 8.3, contain-
ing 0.5 M sodium chloride. After washing of the
column with 50 ml 0.1 M NaAc, pH 7.0, containing
0.5 M sodium chloride, PT was eluted with 0.1 M
NaAc, pH 7.0, containing 3 M NaSCN. The eluate
was dialyzed overnight against 25 mM phosphate
buffer, pH 9.0, containing 0.5 M sodium chloride.
Analysis of the SDS gel showed only the five typical
bands of the toxin subunits.

To ensure proper solution for the coupling
process, medium of solubilized pertussis toxin
was replaced with ammonium bicarbonate 0.005
M by membrane diffusion and freeze-dried. Protein
was reconstituted with PBS, pH 7.4, immediately
before coupling to a concentration of 238 g/l.

Resolubilized pertussis toxin was coupled to
paramagnetic particles with the Magic Lite” SQ
Allergy System Coupling Kit, according to the
instructions of the manufacturer (ALK, Hgrsholm,
Denmark). Coupling efficiency was high, as no
protein could be recovered from the buffer used for
the coupling process. There was no nonspecific
binding, as no signal was detected when the PT
solid phase was incubated with negative control
serum or diluent only.

Statistics

The chi-square test (with Yates’ correction when
N < 100) was employed for categoric variables, and
Fisher’s exact test was used when the expected
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Age: 7 months
N: 82 31 27

12 months 2 1/2 years
68 22 28 67 20 26
Fig. 1. Prevalence of pertussis IgE (PT-IgE) of >1.43 SU/ml at
7 and 12 months and 2.5 years in 149 children immunized with
either acellular (two- or five-component) pertussis vaccines
(stippled), whole-cell pertussis vaccine (filled columns), or

diphtheria/tetanus vaccine (open columns) at 2, 4, and 6 months
(groups 1 and 2).

frequency for any cell was less than 5. The
Kolmogorov-Smirnov test (16) was used for the
nonparametric evaluation of antibody levels, and
the Wilcoxon signed rank test for changes in
antibody levels in the same child. The Spearman
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Age: 7 mo. 12 mo. 2 1/2 years
N: 36 77 : 7 1) 38 49

Fig. 2. Prevalence of PT-IgE (%) of >1.43 SU/ml at 7 and 12
months and 2.5 years in 39 children with atopic disease and
positive skin prick test (filled columns) and 81 nonatopic (open
columns) children after vaccination with acellular (two- or five-
component) or whole-cell pertussis vaccine at 2, 4, and 6
months of age.
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Fig. 3. Proportion of children 7 months of age with PT-IgE
(%), employing different cutoff levels, i.e., >0.5, 1.0, and 1.43
SU/ml, in 36 children with (filled squares) and 77 without (open
squares) atopic manifestations who were pertussis vaccinated at
2, 4, and 6 months of age (groups 1 and 2, DT group excluded).

0 K

rank correlation test, corrected for ties, was
employed for analysis of correlations.

Ethics

The parents of all participating children had
consented to pertussis-related serologic studies
and studies of development of allergies in relation
to vaccination. The study was approved by the
Human Research Ethics Committee of the medical
faculty at Linkoping University.

Results

IgE antibodies against PT were detected in 19%,
24%, and 9% (extended chi-square, P=0.05) of the
pertussis-vaccinated children (groups 1 and 2) at 7
months, 12 months, and 2.5 years of age. The
prevalence of PT-IgE was similar in children who
were vaccinated with 2-c and 5-c acellular vaccines
(data not shown). Children immunized with Wc¢
vaccine developed PT-IgE less often than those
receiving acellular vaccine; i.e., 3% vs 24% at 7
months (P=0.02, Fig. 1), 14% vs 28% at 12 months
(P=NS), and none vs 12% at 2.5 years (NS).

The atopic (group 1) more often had PT-IgE
than the control children (group 2) both at 7
months (36% vs 10%, P=0.001) and at 12 months
(35% vs 17%, P=0.05) (Fig. 2). The corresponding
prevalences at 2.5 years were 13% (5/38) and 6%
(3/49), respectively (NS).



PT-IgG  0-10 11-45 46-75 >75 units/ml
N 33 33 33 31

Fig. 4. Prevalence of PT-IgE (= 1.43 SU/ml) in relation to PT-

1gG levels in 130 children at 7 months who were immunized

with one of three pertussis vaccines at 2, 4, and 6 months.

Statistical significance (chi-square test) is shown for association

between PT-IgG levels and proportion of children with PT-IgE,
employing various PT-IgG cutoff levels.

The rate of PT-IgE at 7 months (Fig. 3), 12
months, and 2.5 years (data not shown) was also
associated with the cumulative incidence of atopic
disease, independent of the chosen cutoff limit.
Among those with detectable PT-IgE antibodies,
the geometric mean value increased slightly from 7
to 12 months of age from 0.8 to 0.9 SU/ml (P=0.02)
and was higher in atopic than in nonatopic children
(1.1 vs 0.7 SU/ml at 7 months, P <0.001 and 1.2 vs
0.8 SU/ml at 12 months, P=0.02).

The only statistically significant relationship
between PT-IgE at 7 months of age and side-
effects was a nodule appearing at the site of the first
vaccine injection at 2 months of age in 25 of 140
(18%) children without and in none of 28 children
with PT-IgE at 7 months of age (P=0.02).

Twelve of 40 children (30%) with whooping
cough (group 3) had PT-IgE more than 1.43 SU/ml
at 2.5 years of age. PT-IgE more than 1.43 SU/ml
was present in 9/20 DT vaccinated, and in 3/11
children vaccinated with the two-component vac-
cine but in none of the eight children who had
received We vaccine, nor in the only child in this
group who was vaccinated with the five-component
vaccine. A PT-IgE of >1.43 SU/ml was signifi-
cantly more often found in DT-vaccinated children
with verified pertussis (9/20) than in pertussis-
vaccinated children (Fig. 1, P<0.01) at 7 months of
age.

Five of the 12 PT-IgE positive children in group 3
also had a positive SPT at 7 months, as compared
with only two among the 28 PT-IgE negative
children in this group (P=0.02). At 2.5 years, PT-
IgE was detected in 22% (4/18) of children who had
whooping cough between 7 months and 1.5 years of
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age, and in 36% (8/22) with the disease after that
age (NS).

There was a moderate correlation between the
PT-IgE and PT-IgG levels at 7 months, 12 months,
and 2.5 years (rho=0.53, 0.48, and 0.35, respec-
tively, P<0.001, for all comparisons) (Fig. 4).

Discussion

Infants immunized with three doses of either of two
acellular pertussis vaccines more often developed
PT-IgE than children vaccinated with a Wc vaccine.
Furthermore, the levels of PT-IgE were higher
after acellular than after Wc pertussis vaccine. The
presence of PT-IgE was mostly transient, and 2
years after the primary immunization, the pre-
valence of PT-IgE was low in all the pertussis-
vaccinated groups, but not in those who had a
confirmed diagnosis of whooping cough. Moderate
PT-IgE responses have previously been shown
after pertussis vaccination (6-8, 17-19). Similarly,
IgE antibodies to diphtheria and tetanus toxoids
were common after booster vaccination with DT
vaccines (20), while the levels of IgE to tetanus
toxoid were low in children 12 months after
primary immunization with tetanus vaccine (21).

Children were classified as atopic (group 1) only
if they had the combination of symptoms suggest-
ing a diagnosis of atopic disease and a positive SPT
to common food and/or inhalant allergens. Tran-
sient low levels of IgE antibodies are common in
healthy children (22), while higher levels early in
life and particularly if found at repeated investiga-
tions are associated with atopic disease later in
childhood (22-24).

Injection of antigens from a stinging insect may
induce IgE antibody production in both atopic and
nonatopic subjects (25). The association between
IgE and IgG antibodies to pertussis toxin, which
has been seen also for IgE and IgG to tetanus and
diphtheria toxoids (20, 21), may indicate that a
transient IgE response after vaccine injection could
be a normal consequence of an injection of
proteins. The similar prevalence of allergic symp-
toms at 2.5 years in a study comprising 9600
children who were immunized with a pertussis-
containing vaccine or only diphtheria/tetanus
indicates that the appearance of PT-IgE in itself
was not necessarily associated with an increased
risk of allergic manifestations (26). This is indicated
even more clearly by our recent prospective allergy
study of 669 children, in which none of the
pertussis-containing vaccines were associated with
a significantly increased incidence of either atopic
disease or positive SPT (10).

The higher prevalence of IgE responses in
children immunized with the acellular vaccines
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than with the Wc pertussis vaccine could be due to
a higher amount of PT injected in the former (27)
or to the adjuvant effects of other components in
We pertussis vaccine such as pertussis lipopolysac-
charide, which can induce a Thl-like response (28).
In fact, mononuclear cells from children immu-
nized with Wc pertussis vaccine and from children
who have had pertussis infection secrete interferon-
gamma (IFN-y), but not interleukin (IL)-5, when
stimulated with pertussis antigens in vitro (29, 30).
In contrast, mononuclear cells from children
immunized with acellular pertussis vaccines secrete
both IFN-y and IL-5, indicating a mixed immune
response (29).

Circulating PT-IgE at 2.5 years of age was
detected in one-third of the children with verified
pertussis, indicating a Th2-like response. Further-
more, we recently reported that asthma appeared
twice as often in the children who had pertussis as
in the children with no such infection (10). Only 2/9
children with a diagnosis of asthma by 2.5 years of
age had positive PT-IgE, however, and none had a
positive SPT, indicating that most of these subjects
had only transient bronchial irritability after
whooping cough (31).

The two- and five-component acellular pertussis
vaccines gave better protection (11) and fewer local
and general side-effects (10), but also a higher
frequency of PT-IgE than the Wc pertussis vaccine.
However, this was not associated with an increased
risk of atopic manifestations; i.e., positive SPT,
atopic symptoms, or diagnosed atopic diseases (10).
Thus, the temporary PT-IgE responses to pertussis
vaccination, particularly after acellular vaccines
and in atopic subjects, appear to be a common
consequence of the vaccination, and not an
indication of an increased risk of atopic disease.
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